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CHAPTER 1—WELDING INSPECTION AND CERTIFICATION WELDING INSPECTION TECHNOLOGY

Introduction
In today’s world there is increasing emphasis placed on
the need for quality, and weld quality is an important part
of the overall quality effort. This concern for product
quality is due to several factors, including economics,
safety, government regulations, global competition, and
the use of less conservative designs. While not singularly
responsible for the attainment of weld quality, the weld-
ing inspector plays a large role in any successful welding
quality control program. In reality, many people partici-
pate in the creation of a quality welded product. How-
ever, the welding inspector is one of the “front line”
individuals who must check to see if all of the required
manufacturing steps have been completed properly.

To do this job effectively, the welding inspector must
have a wide range of knowledge and skills, because it in-
volves more than simply looking at welds. Consequently,
this course is specifically designed to provide both expe-
rienced and novice welding inspectors a basic back-
ground in the more critical job aspects. This does not
imply, however, that each welding inspector will use all
of this information while working for a particular com-
pany. Nor does it mean that the material presented will
include all of the information for every welding inspec-
tor’s situation. Selection of these various topics is based
on the general knowledge desirable for an individual to
do general welding inspection.

The important thing to realize is that effective welding
inspection involves much more than just looking at fin-
ished welds. Section 4 of AWS QC1, Standard for AWS
Certification of Welding Inspectors, outlines the various
functions of the welding inspectors. You should become
familiar with these various responsibilities because the
welding inspector’s job is an ongoing process. A suc-
cessful quality control program begins well before the
first arc is struck. Therefore, the welding inspector must
be familiar with many facets of the fabrication process.
Before welding, the inspector will check drawings and
specifications to determine such information as the con-
figuration of the component, its specific weld quality re-

quirements, and what degree of inspection is required.
This review will also show the need for any special pro-
cessing during manufacturing. Once welding begins, the
welding inspector may observe various processing steps
to assure that they are done properly. If all these subse-
quent steps have been completed satisfactorily, then final
inspection should simply confirm the success of those
operations.

Another benefit of this course is that it has been designed
to provide the welding inspector with the necessary in-
formation for the successful completion of the American
Welding Society’s Certified Welding Inspector (CWI)
examination. The ten chapters listed below are sources
for examination information. The welding inspector
must have at least some knowledge in each of these ar-
eas. Typically, the information presented will simply be
a review, while sometimes it may represent an introduc-
tion to a new topic.

Chapter 1: Welding Inspection and Certification

Chapter 2: Safe Practices for Welding Inspectors

Chapter 3: Metal Joining and Cutting Processes

Chapter 4: Weld Joint Geometry and Welding
Symbols

Chapter 5: Documents Governing Welding
Inspection and Qualification

Chapter 6: Metal Properties and Destructive
Testing

Chapter 7: Metric Practice for Welding Inspection

Chapter 8: Welding Metallurgy for the Welding
Inspector

Chapter 9: Weld and Base Metal Discontinuities

Chapter 10: Visual Inspection and Other NDE
Methods and Symbols

Chapter 1—Welding Inspection and Certification
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Additionally, selected technical references are included
in the “Body of Knowledge” required. These include:

• A Selected Code (AWS D1.1, API 1104, etc.)

• AWS CM, Certification Manual for Welding
Inspectors

• AWS A1.1, Metric Practice Guide for the Welding
Industry

• AWS A2.4, Standard Symbols for Welding, Brazing,
and Nondestructive Examination

• AWS A3.0, Standard Welding Terms and Definitions

• AWS B1.10, Guide for the Nondestructive Examina-
tion of Welds

• AWS B1.11, Guide for the Visual Inspection of Welds

• ANSI Z49.1, Safety in Welding, Cutting, and Allied
Processes

• AWS QC1, Standard for AWS Certification of Weld-
ing Inspectors

• AWS B5.1, Specification for the Qualification of
Welding Inspectors

Who is the Welding Inspector?
Before turning our discussion to the technical subjects,
let us talk about the welding inspector as an individual
and the typical responsibilities that accompany the posi-
tion. The welding inspector is a responsible person, in-
volved in the determination of weld quality according to
applicable codes and/or specifications. In the perfor-
mance of inspection tasks, welding inspectors operate in
many different circumstances, depending primarily for
whom they are working. Thus, there is a special need for
job specifications due to the complexity of some compo-
nents and structures.

The inspection workforce may include destructive test-
ing specialists, nondestructive examination (NDE) spe-
cialists, code inspectors, military or government
inspectors, owner representatives, in-house inspectors,
and others. These individuals may, at times, consider
themselves “welding inspectors,” since they inspect
welds as part of their job responsibility. The three gen-
eral categories into which the welding inspectors’ work-
functions can be grouped are:

• Overseer

• Specialist

• Combination Overseer—Specialist

The Overseer is usually one who oversees the duties of
several inspectors.The specialist, on the other hand, is an
individual who does some specific task(s) in the inspec-
tion process. A specialist may or may not act indepen-
dently of an overseer. The nondestructive examination
(NDE) specialist is an example of this category of in-
spector.

It is common to see inspectors serving as both overseer
and specialist. Such an individual may be responsible for
general weld quality judgments in each of the various
fabrication steps, and be required to perform any nonde-
structive testing that is necessary. Fabricators may em-
ploy several overseer type inspectors, each having their
own area of general weld inspection responsibility. Be-
cause inspection responsibility is divided in these cases,
inspectors may have to rely on others for specific aspects
of the total inspection program.

For the purposes of this course, we will refer to the weld-
ing inspector in general, without regard to how each indi-
vidual will be used by an employer. It is impractical to
address each individual’s situation in the scope of this
discussion.

To emphasize the differences in job requirements, let’s
look at some industries using welding inspectors. We see
welding inspection being done in the construction of
buildings, bridges and other structural units. Energy re-
lated applications include power generation facilities,
pressure vessels and pipelines, and other distribution
equipment requiring pressure containment. The chemical
industry also uses welding extensively in the fabrication
of pressure-containing processing facilities and equip-
ment. The transportation industry requires assurance of
accurate weld quality in such areas as aerospace, auto-
motive, shipbuilding, railroad apparatus and off-road
equipment. Finally, the manufacturing of consumer
goods often requires specific weld quality requirements.
With the diversity shown by this listing, various situa-
tions will clearly require different types and degrees of
inspection.

Important Qualities of the Welding 
Inspector
The first, and perhaps the most important quality, is a
professional attitude. Professional attitude is often the
key factor for welding inspector success. Inspector atti-
tude often determines the degree of respect and coopera-
tion received from others during the performance of
inspection duties. Included in this category is the ability
of the welding inspector to make decisions based on facts
so that inspections are fair, impartial and consistent. A
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welding inspector must be completely familiar with the
job requirements. Inspection decisions must be based on
facts; the condition of the weld and the acceptance crite-
ria specified in the applicable specification must be the
determining factors. Inspectors will often find them-
selves being “tested” by other personnel on the job, espe-
cially when newly assigned to some task. Maintaining a
professional attitude helps overcome obstacles to suc-
cessful job performance.

The individual who does welding inspection should pos-
sess certain qualities to assure that the job will be done
most effectively. Figure 1.1 illustrates these qualities.

Next, the welding inspector should be in good physical
condition. Since the primary job involves visual inspec-
tion, obviously the welding inspector should have good
vision, whether natural or corrected. The AWS CWI pro-
gram requires the inspector to pass an eye examination,
with or without corrective lenses, to prove near vision
acuity on Jaeger J2 at not less than 12 in, and complete a
color perception test. Another aspect of physical condi-
tion involves the size of some welded structures. Welds
can be located anywhere on very large structures, and in-
spectors must often go to those areas and make evalua-
tions. Inspectors should be in good enough physical
condition to go to any location where the welder has

Figure 1.1—The Inspector Possesses a Great Amount of
Knowledge, Attitudes, Skills, and Habits (KASH)

Knowledge of drawings and
specifications

Knowledge of welding terms

Knowledge of welding processes

Knowledge of testing methods

Professional attitude

Inspection experience

Welding experience

Safe practices

Ability to maintain records

Good physical condition

Good vision

Training in engineering and
metallurgy
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been. This does not imply that inspectors must violate
safety regulations just to do their duties. Inspection can
often be hampered if not done immediately after weld-
ing, because access aids for the welder such as ladders
and scaffolding may be removed, making inspection im-
possible or dangerous. Within safety guidelines, welding
inspectors should not let their physical condition prevent
them from doing the inspection properly.

Another quality the welding inspector should develop is
an ability to understand and apply the various documents
describing weld requirements. These can include draw-
ings, codes, standards and specifications. Documents
provide most of the information regarding what, when,
where and how the welding and subsequent inspections
are to be done. Therefore, the rules or guidelines under
which the welding inspector does the job can be found in
these documents. They also state the acceptable quality
requirements against which the welding inspector will
judge the weld quality. It is important that these docu-
ments are reviewed before the start of any work or pro-
duction because the welding inspector must be aware of
the job requirements. Often this pre-job review will re-
veal required “hold points” for inspections, procedure
and welder qualification requirements, special process-
ing steps or design deficiencies such as weld inaccessi-
bility during fabrication. Although welding inspectors
should be thorough in their review, this does not mean
that the requirements should be memorized. These are
reference documents and should be readily available for
detailed information any time in the fabrication process.
Generally, inspectors are the individuals most familiar
with all these documents so they may be called upon by
others for information and interpretation regarding the
welding.

Most people associated with welding inspection will
agree that having inspection experience is very impor-
tant. Textbooks and classroom learning cannot teach an
inspector all of the things needed to inspect effectively.
Experience will aid the welding inspector in becoming
more efficient. Better ways of thinking and working will
develop with time. Experience will also help the inspec-
tor develop the proper attitude and point of view regard-
ing the job. Experience gained working with various
codes and specifications improves an inspector’s under-
standing of welding requirements and generally im-
proves job effectiveness. To emphasize the need for
inspection experience, we often see a novice inspector
paired with an experienced one so the proper techniques
can be passed along. Finally, we see that inspector certi-
fication programs require some minimum level of expe-
rience for qualification.

Another desirable quality of the welding inspector is a
basic knowledge of welding and the various welding pro-

cesses. Because of this, former welders are sometimes
selected to be converted into welding inspectors. With a
basic knowledge of welding, the inspector is better pre-
pared to understand certain problems that a welder en-
counters. This aids in gaining respect and cooperation
from the welders. Further, this understanding helps the
welding inspector to predict what weld discontinuities
may be encountered in a specific situation. The welding
inspector can then monitor critical welding variables to
aid in the prevention of these welding problems. Inspec-
tors experienced in several welding processes, who un-
derstand the advantages and limitations of each process,
can probably identify potential problems before they
occur.

Knowledge of various destructive and nondestructive
test methods are also very helpful to the welding inspec-
tor. Although inspectors may not necessarily perform
these tests, they may from time to time witness the test-
ing or review the test results as they apply to the inspec-
tion. Just as with welding processes, the welding
inspector is aided by a basic understanding of testing
processes. It is important for the inspector to be aware of
alternate methods that could be applied to enhance visual
inspection. Welding inspectors may not actually perform
a given test but they may still be called upon to decide if
the results comply with the job requirements.

The ability to be trained is a necessity for the job
of welding inspector. Often, an individual is selected
for this position based primarily on this attribute. In-
spectors do their job most effectively when they receive
training in a variety of subjects. By gaining additional
knowledge, inspectors become more valuable to their
employers.

Another very important responsibility of the welding in-
spector is safe work habits; good safety habits play a sig-
nificant role in avoiding injury. Working safely requires
a thorough knowledge of the safety hazards, an attitude
that all accidents can be avoided, and learning the neces-
sary steps to avoid unsafe exposure. Safety training
should be a part of each inspector’s training program.

A final attribute, which is not to be taken lightly, is the
welding inspector’s ability to complete and maintain in-
spection records. The welding inspector must accurately
communicate all aspects of the various inspections, in-
cluding the results. All records developed should be un-
derstandable to anyone familiar with the work. Neatness
is important as well. The welding inspector should look
at these reports as his or her permanent records should a
question arise later. When reports are generated, they
should contain information regarding how the inspection
was done so, if necessary, it can be duplicated later by
someone else with similar results. Once records have
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been developed, the welding inspector should facilitate
easy reference later.

There are a few “rules of etiquette” relating to inspection
reports. First, they should be completed in ink, or type-
written. (In today’s “age of computers,” typing of inspec-
tion reports into a computer system is a very effective
way of making legible reports, easily retrieved when
needed.) If an error is made in a handwritten report, it
can be single-lined out in ink and corrected (the error
should not be totally obliterated). This corrective action
should then be initialed and dated. A similar approach is
used when the reports are computer generated. The re-
port should also accurately and completely state the job
name and inspection location as well as specific test in-
formation. The use of sketches and pictures may also
help to convey information regarding the inspection re-
sults. Then the completed report should be signed and
dated by the inspector who did the work.

Ethical Requirements for the Welding 
Inspector
We have described some of the qualities which are de-
sired of a welding inspector. In addition to those listed
above, there are ethical requirements which are dictated
by the position. Ethics simply detail what is considered
to be common sense and honesty. The position of weld-
ing inspector can be very visible to the public if some
critical dispute arises and is publicized. Therefore, weld-
ing inspectors should live by the rules and report to their
supervisors whenever some questionable situation oc-
curs. Simply stated, the welding inspector should act
with complete honesty and integrity while doing the job
since the inspection function is one of responsibility and
importance. A welding inspector’s decisions should be
based totally on available facts without regard to who did
the work in question.

The welding inspector’s position also carries with it a
certain responsibility to the public. The component
and/or structure being inspected may be used by others
who could be injured should some failure occur. While
inspectors may be incapable of discovering every prob-
lem, it is their responsibility to report any condition that
could result in a safety hazard. When performing an in-
spection, inspectors should only do those jobs for which
they are properly qualified. This reduces the possibility
of errors in judgment.

There are situations that occur that may be reported to
the public. If the inspector is involved in a dispute re-
garding the inspection, he or she may be asked to pub-
licly express an opinion. If stated, the opinion should be
based totally on facts that the inspector believes to be

valid. Probably the best way to deal with public state-
ments, however, is simply to avoid them whenever possi-
ble. The inspector should not volunteer information just
to gain publicity. However, in situations where a public
statement is required, the welding inspector may wish
to solicit the advice of a legal representative before
speaking.

The ethical requirements of the job carry with them a
great deal of responsibility. However, the welding in-
spector who understands the difference between ethical
and unethical behavior should have little difficulty in
performing the job with everyone’s best interests in
mind.

The Welding Inspector as a 
Communicator
An important aspect of the welding inspector’s job is that
of communication. The day-to-day inspection effort re-
quires effective communication with many people in-
volved in the fabrication or construction of some item.
What must be realized, however, is that communication
is not a one way street. The inspector should be able to
express thoughts to others, and be ready to listen to a re-
ply. To be effective, this communication sequence must
be a continuous loop so that both parties have an oppor-
tunity to express their thoughts or interpretations (see
Figure 1.2). It is wrong for any individual to think that
their ideas will always prevail. Inspectors must be recep-
tive to opinions to which a further response can be made.
Often, the best inspector is one who listens well.

As mentioned, the welding inspector has to communicate
with several different people involved in the fabrication
sequence (see Figure 1.3). In fact, many situations occur
where welding inspectors are the central figure of the
communication network, since they will constantly be
dealing with most of the people involved. Some people
that the inspector may communicate with are welders,
welding engineers, inspection supervisors, welding su-
pervisors, welding foremen, design engineers, and pro-
duction supervisors. Each company will dictate exactly
how its welding inspectors function.

The communication between the welder and inspector is
important to the attainment of quality work. If there is
good communication, each individual can do a better job.
Welders can discuss problems they encounter, or ask
about specific quality requirements. For example, sup-
pose the welders are asked to weld a joint having a root
opening which is so tight that a satisfactory weld cannot
be accomplished. They may contact the inspector to pass
judgment and get the situation corrected right then rather
than after the weld is rejected for being made improp-
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erly. When effective communication occurs, the welding
inspector has the opportunity to supply answers and/or
begin corrective action to prevent the occurrence of some
problem. The communication between the welder and an
inspector is usually improved if the welding inspector
has some welding experience. Then the welder has more
confidence in the inspector’s decisions. If there is poor
communication between these two parties, quality can
suffer.

Welding engineers rely heavily on welding inspectors to
be their “eyes” on the shop floor or construction site. En-
gineers count on the inspector to spot problems relating
to the techniques and processes specified. The welding
inspector can also confirm whether specified procedures
are being followed. The welding inspector, in turn, can
ask the welding engineer about certain aspects of those
procedures as well. Often, if a welding procedure is not
producing consistent, reliable results, the welding in-
spector may be the first person to spot the problem. At
that point, the welding engineer is notified so that adjust-
ments can be made to alleviate the problem.

The welding inspector will probably work under the di-
rection of some supervisor. This individual is responsible
for verifying a welding inspector’s qualifications to per-
form the work. The supervisor should also answer the

Figure 1.3—Establishing Lines of Communication

Figure 1.2—The Welding Inspector—
A Communicator
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inspector’s questions and aid in the interpretation of
quality requirements. In some industry situations, the
welding inspector must bring all questions to the supervi-
sor. In turn the supervisor takes that question to someone
in engineering, purchasing, etc. The welding inspector
must convey a question clearly so it can be described
properly by the inspection supervisor to the other party.

During the actual fabrication process, the welding in-
spector will have opportunities to speak with many other
personnel. In some situations, instead of communicating
directly with the welders, the welding inspector will deal
with the welding supervisor or foreman. This usually in-
volves specific quality requirements or explanations why
some aspect of the welding is rejected.

The welding inspector may also have to gain information
from design engineers about the actual weld require-
ments. During fabrication, other problems may arise
which can only be answered by the person who actually
designed the structure or component. Another way in
which this aspect of communication takes place is
through drawings and welding symbols. Although a
powerful communication tool, welding and NDE sym-
bols may require clarification by the symbol creator.

Finally, the welding inspector will have some occasion
to discuss job scheduling with production personnel.
This occurs especially when rejections have been noted
which could alter the production schedule. It is important
for the welding inspector to keep the production person-
nel aware of the status of the welding inspection.

When we talk of communication, we are not limiting our
attention to speaking. There are several ways in which
people effectively communicate. They include speaking,
writing, drawing, gesturing, and the use of pictures or
photographs. Each situation may be dealt with using one
or more of these methods. The method is not as impor-
tant as the fact that communication occurs; messages are
sent, received and understood by all concerned.

Personnel Certification Programs

There are several programs presently available to deter-
mine whether an individual possesses the necessary ex-
perience and knowledge to perform welding inspection
effectively. The American Society for Nondestructive
Testing has issued guidelines for certification of NDE
personnel in ASNT SNT-TC-1A. This document de-
scribes the recommended procedures for certifying in-
spectors performing nondestructive testing. ASNT
recognizes three levels of certification: Levels I, II, and
III.

AWS has also initiated an NDE Certification Program.
Presently, AWS can certify one Level of Radiographic
Interpreter (RI). The RI program certifies inspectors for
interpreting weld radiographs. Additional NDE methods’
certification is available through the joint efforts of AWS
and outside training agencies.

For visual inspection of welds, AWS has developed the
Certified Welding Inspector program. The front page of
the Application form for the Certified Welding Inspector
is shown in Figure 1.4.

AWS QC1, Standard for AWS Certification of Welding
Inspectors, and AWS B5.1, Specification for the Qualifi-
cation of Welding Inspectors, establish the requirements
for AWS qualification and certification of welding in-
spection personnel. There are three levels of certification
in AWS QC1. The Senior Certified Welding Inspector
(SCWI) is a person with at least 15 years experience, in-
cluding 6 years experience while certified as a Certified
Welding Inspector (CWI). The SCWI must pass a sepa-
rate examination from the CWI examination explained
below. Information on the SCWI program and examina-
tion are found in a separate course, Welding Quality As-
surance and Inspection Manual—A Guide for the Senior
Certified Welding Inspector. The next certification level
is the CWI and the third level is the Certified Associate
Welding Inspector (CAWI). Both of these certifications
are covered in this course. AWS QC1 and AWS B5.1 de-
scribe how personnel are qualified and certified, lists the
principles of conduct, and notes the practice by which
certification may be maintained. Those major elements
will be discussed here.

The first step toward certification is the documentation
of relevant educational and work experience. To qualify
for the Certified Welding Inspector (CWI) examination,
the individual must document his or her educational
background. In addition, the candidate’s years of weld-
ing-related experience according to some code or specifi-
cation must be documented.

With supporting documentation (e.g., copies of tran-
scripts, reference letters, credited hours of training, quar-
ter hours or semester hours), up to two years of work
experience may be substituted by post high school edu-
cational experience. Substituted educational experience
includes an Associate or higher degree in engineering,
physical sciences or engineering technology. Trade and
vocational courses can be applied to work experience
substitution for completed courses related to welding (up
to one year maximum).

Candidates with a high school education, either by
diploma or state or military equivalence, must have at
least 5 years experience. Individuals with eighth grade
schooling are required to have not less than 9 years job
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Figure 1.4—AWS Certified Welding Inspector Application Form

SAMPLE
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experience to qualify for the examination. For individu-
als with less than eighth grade schooling, not less than
12 years is required.

A subordinate level of qualification is the Certified Asso-
ciate Welding Inspector (CAWI), which requires fewer
years of experience for each educational level. All of the
experience noted for both the CWI and CAWI must be
work associated with some code or specification to be
considered valid.

Individuals who qualify for the Certified Welding In-
spector Examination take a three-part examination:

Part A—Fundamentals. The Fundamental examina-
tion is a closed book test consisting of 150 multiple
choice questions. The topics covered in this portion of
the exam include reports and records, destructive tests,
welding performance, duties and responsibilities, weld
examination, definitions and terminology, safety, weld-
ing and nondestructive examination symbols, nonde-
structive examination methods, welding processes, heat
control, metallurgy, mathematical conversions and cal-
culations.

Part B—Practical. The Practical examination consists
of 46 questions. It requires measurement of weld replicas
with provided measuring tools, and evaluation in accor-
dance with a supplied “Book of Specifications.” Not all
questions require the use of the Book of Specifications;
some require the individual to answer from practical
knowledge. The Practical Test covers welding proce-
dures, welder qualification, mechanical tests and proper-
ties, welding inspection and flaws, and nondestructive
tests. Test candidates should be familiar with fillet and
groove weld gauges, micrometers, dial calipers, and ma-
chinist’s scales.

Part C—Open Book Code. This portion consists of
questions on the code the individual has selected for this
part of the examination. The following codes are applica-
ble to this portion of the examination:

• AWS D1.1. The AWS D1.1, Structural Welding
Code—Steel, examination covers the following sub-
ject areas: general requirements, design of welded
connections, prequalification of WPSs, qualification,
fabrication, inspection, stud welding and the annexes.

• API 1104. The API 1104, Welding of Pipelines and
Related Facilities, examination covers the following
subject areas: general, qualification of welding proce-
dures, welder qualification, design and preparation of
a joint for production welding, inspection and testing
of production welds, standards of acceptability—
NDT, repair or removal of defects, radiographic pro-
cedure, and automatic welding.

• AWS D1.5. The AWS D1.5, Bridge Welding Code,
examination covers the following subject areas: gen-
eral provisions, design of welded connections, work-
manship, technique, qualification, inspection, stud
welding, welded steel bridges, fracture control plan
for nonredundant members and the annexes.

• AWS D15.1. The AWS D15.1, Railroad Welding
Specification for Cars and Locomotives, examination
covers welding of metal at least 1/8 in thick, specific
requirements for welding railroad cars, and the re-
quirements for the manufacturing and reconditioning
of locomotives and passenger train vehicles.

• ASME Section VIII and ASME Section IX, ASME
B31.1, ASME B31.3. ASME Section IX covers the
qualification of Welding and Brazing Procedures, and
Welders/Brazers. ASME B31.1 is the Power Piping
code and ASME B31.3 the process piping code. The
examination for ASME Section VIII and ASME Sec-
tion IX covers the material, design, fabrication, in-
spection and qualification requirements for pressure
vessel construction and welding and brazing qualifi-
cations. ASME Section IX, and ASME B31.1, ASME
B31.3 covers the material, design, fabrication, inspec-
tion and qualification requirements and welding and
brazing qualifications for power and process piping.

To successfully complete the examination, individuals
must pass all three parts of the test. The passing score in
each part for the CWI is 72%; the passing for CAWI is
60%. Beyond completion of the examination, the test
candidate must undergo an eye examination to assure
that the individual possesses adequate vision, whether
natural or corrected. After all test results are successfully
completed, the individual is considered qualified to per-
form visual inspection of welds. When AWS says that
this individual is a Certified Welding Inspector, this sim-
ply implies that the person’s qualifications are docu-
mented with an appropriate certificate. The CWI
certificate does not state what code the inspector used on
the examination, rather the CWI is qualified to use any
code.

Welding inspectors are a very important part of any ef-
fective quality control program. While there are various
categories of welding inspectors, in general they are con-
sidered to be those individuals responsible for evaluation
of the resulting welding. These individuals must possess
physical, mental and ethical qualities in order to be effec-
tive. The remaining chapters will detail those aspects of
welding considered important for the welding inspector.
In addition, these topics are also considered relevant to
the AWS Certified Welding Inspector Examination.
Therefore, this text is an appropriate guide for individu-
als to use in preparation for that series of examinations.
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In preparation for that portion of the CWI examination
covering welding inspector certification requirements,
you are encouraged to read and become familiar with
AWS QC1, Standard for AWS Certification of Welding
Inspectors, and AWS B5.1, Specification for AWS Quali-
fication of Welding Inspectors. Part of the welding in-
spector’s job is the review and interpretation of various
documents relating to the welded fabrication. This re-
quires that the individual have a full understanding of the
proper terms and definitions that are used. For this rea-
son, included at the end of each chapter the reader will
find, “Key Terms and Definitions” applicable to a chap-
ter’s topic. AWS realizes the need for standardized terms
and definitions for use by those involved in the fabrica-
tion of welded products. In answer to this need, AWS
A3.0, Standard Welding Terms and Definitions, was
published.

AWS A3.0 was developed by the Committee on Defini-
tions and Symbols to aid in welding information commu-
nication. Standard terms and definitions published in
A3.0 are those that should be used in the oral and written
language of welding. While these are the standard, or
preferred, terms, they are not the only terms used to de-
scribe various situations. The purpose here is to educate,
and it is often important to mention some of these com-
mon terms, even though they are not preferred terminol-
ogy. When nonstandard terms are mentioned, they
appear in parentheses after the preferred words.

While most of the terms used apply to the actual welding
operation, it is important for the welding inspector to un-
derstand other definitions which apply to other related
operations. Welding inspectors should understand how
to describe weld joint configurations and fit up process
elements requiring comment. After welding, the inspec-
tor may need to describe the location of a weld disconti-
nuity that has been discovered. If a discontinuity requires
further attention, it is important that the inspector accu-
rately describe the location of the problem so that the
welder will know where the repair is to be made. AWS
recommends that standard terminology be used wherever
possible, but the inspector must be familiar with non-
standard terms as well.

Key Terms and Definitions

API—American Petroleum Institute. The technical soci-
ety which provides technical guidance for the petro-
leum industry.

API 1104—The API Standard, Welding of Pipelines and
Related Facilities. This standard is often used in con-
struction of cross-country pipelines.

ASME—American Society of Mechanical Engineers.
The technical society which provides technical guid-
ance for pressure containing vessels and equipment.

ASNT—American Society for Nondestructive Testing.
The technical society which provides technical guid-
ance for NDE.

AWS—American Welding Society. The technical soci-
ety which provides technical guidance and leadership
in all phases of welding.

AWS A3.0—The AWS Standard Welding Terms and
Definitions. This standard defines welding-related
terms with standard definitions.

AWS B5.1—The AWS Specification for the Qualifica-
tion of Welding Inspectors.

AWS B5.11—The AWS Specification for the Qualifica-
tion of Radiographic Interpreters.

AWS D1.1—The AWS Structural Welding Code—Steel.
Used worldwide for construction of buildings and
structures.

AWS D1.5—The AWS Bridge Welding Code used in
the U.S. for construction of bridges.

AWS D15.1—The AWS Railroad Welding Specification
for Cars and Locomotives. This specification covers
welding of railroad cars and locomotives.

AWS QC1—The AWS Standard for AWS Certification
of Welding Inspectors. Defines the requirements and
program for AWS to certify welding inspectors.

CAWI—Certified Associate Welding Inspector.

CWI—Certified Welding Inspector.

KASH—An acronym for Knowledge, Attitude, Skills,
and Habits, the basic tools of a welding inspector.

NDE—Nondestructive Examination. The act of deter-
mining the suitability of some material or component
for its intended purpose using techniques that do not
affect its serviceability. NDE is the preferred term per
ANSI/AWS.

NDI—Nondestructive Inspection. A nonstandard term
for nondestructive examination (see NDE).

NDT—Nondestructive Testing. A nonstandard term for
nondestructive examination (see NDE).

SCWI—Senior Certified Welding Inspector.

SNT-TC-1A—This ASNT Recommended Practice, Per-
sonnel Qualification and Certification in Nondestruc-
tive Testing, outlines the certification program for
NDT technicians.
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CHAPTER 2
Safe Practices for

Welding Inspectors
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CHAPTER 2—SAFE PRACTICES FOR WELDING INSPECTORS WELDING INSPECTION TECHNOLOGY

Introduction
Welding inspectors often work in the same environment
as the welder, so they can be exposed to many potential
safety hazards. These include electric shock, falling,
radiation, eye hazards such as ultraviolet light and partic-
ulate matter in the air, smoke and fumes, and falling
objects. Safety is not to be taken lightly; even though the
welding inspector may only be exposed to these condi-
tions momentarily. The welding inspector should
observe all safety precautions such as use of safety
glasses, hard hats, protective clothing or any other appro-
priate apparatus for a given situation. For a more detailed
look at recommended safety precautions refer to ANSI
Z49.1, Safety in Welding, Cutting, and Allied Processes.

Safety is an important consideration in all welding, cut-
ting, and related work. No activity is satisfactorily com-
pleted if someone is injured. The hazards that may be
encountered, and the practices that will reduce personal
injury and property damage, are discussed here.

The most important component of an effective safety and
health program is leadership support and direction. Man-
agement must clearly state objectives and show its com-
mitment to safety and health by consistent support of
safe practices. Management must designate approved
safe areas for conducting welding and cutting operations.
When these operations are done in other than designated
areas, management must assure that proper procedures are
established and followed to protect personnel and property.

Management must also be certain that only approved
welding, cutting, and allied equipment are used. Such
equipment includes torches, regulators, welding
machines, electrode holders, and personal protection
devices (see Figure 2.1). Adequate supervision must be
provided to assure that all equipment is properly used
and maintained.

Thorough and effective training is a key aspect of a
safety program. Adequate training is mandated under
provisions of the U.S. Occupational Safety and Health
Act (OSHA), especially those of the Hazard Communica-

tion Standard (29 CFR 1910.1200). Welders and other
equipment operators work most safely when they are
properly trained in the subject.

Proper training includes instruction in the safe use of
equipment and processes, and the safety rules that must
be followed. Personnel need to know and understand the
rules and the consequences of disobeying them. For
example, welders must be trained to position themselves
while welding or cutting so that their heads are not in the
gases or fume plume. A fume plume is a smoke-like
cloud containing minute solid particles arising directly
from the area of melting metal. The fumes are metallic
vapors that have condensed into particulates.

Chapter 2—Safe Practices for Welding Inspectors

Figure 2.1—Personal Protective
Equipment (PPE)
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Before work begins, users must always read and under-
stand the manufacturers’ instructions on safe practices
for the materials and equipment, and the Material Safety
Data Sheets (MSDSs). Certain AWS specifications call
for precautionary labels on consumables and equipment.
These labels concerning the safe use of the products
should be read and followed (see Figure 2.2).

Manufacturers of welding consumables must, upon
request, furnish a Material Safety Data Sheet that identi-
fies materials present in their products that have hazard-
ous properties. The MSDS provides OSHA permissible
exposure limits, known as the Threshold Limit Value

(TLV), and any other exposure limit used or recom-
mended by the manufacturer. TLV is a registered trade-
mark of the American Conference of Governmental and
Industrial Hygienists (ACGIH).

Employers that use consumables must make all applica-
ble MSDS data available to their employees, and also
train them to read and understand the contents. The
MSDS contain important information about the ingredi-
ents contained in welding electrodes, rods, and fluxes.
These sheets also show the composition of fumes gener-
ated and other hazards that may be caused during use.
They also provide methods to be followed to protect the
welder and others who might be involved.

Under the OSHA Hazard Communication Standard, 29
CFR 1910.1200, employers are responsible for employee
hazardous material training in the workplace. Many
welding consumables are included in the definition of
hazardous materials according to this standard. Welding
employers must comply with the communication and
training requirements of this standard.

Proper use and maintenance of the equipment must also
be taught. For example, defective or worn electrical insu-
lation in arc welding or cutting should not be used. Also,
defective or worn hoses used in oxyfuel gas welding
and cutting, brazing, or soldering should not be used.
Training in equipment operation is fundamental to safe
operation.

Personnel must also be trained to recognize safety haz-
ards. If they are to work in an unfamiliar situation or
environment, they must be thoroughly briefed on the
potential hazards involved. For example, consider a per-
son who must work in confined spaces. If the ventilation
is poor and an air-supplied helmet is required, the need
and instructions for its proper use must be thoroughly
explained to the employee. The consequences of improp-
erly using the equipment must be covered. When
employees believe that the safety precautions for a given
task are not adequate, or not understood, they should
question their supervisor before proceeding.

Good housekeeping is also essential to avoid injuries. A
welder’s vision is often restricted by necessary eye pro-
tection, and personnel passing a welding station must
often shield their eyes from the flame or arc radiation.
This limited vision makes both the welder and passersby
vulnerable to tripping over objects on the floor. There-
fore, welders and supervisors must always make sure
that the area is clear of tripping hazards. A shop produc-
tion area should be designed so that gas hoses, cables,
mechanical assemblies, and other equipment do not cross
walkways or interfere with routine tasks (see Figure 2.3).

Figure 2.2—Typical Warning Label for
Arc Welding Processes and Equipment

WARNING:

PROTECT yourself and others. Read and under-
stand this label.

FUMES AND GASES can be dangerous to your
health.

ARC RAYS can injure your eyes and burn your
skin.

ELECTRIC SHOCK can KILL.

• Before use, read and understand the manufac-
turer’s instructions, the Material Safety Data
Sheets (MSDSs), and your employer’s safety
practices.

• Keep your head out of fumes.

• Use enough ventilation, exhaust at the arc, or
both, to keep fumes and gases from your breath-
ing zone and the general area.

• Wear correct eye, ear, and body protection.

• Do not touch live electrical parts.

• See American National Standard Z49.1, Safety
in Welding, Cutting, and Allied Processes, pub-
lished by the American Welding Society, 550
N.W. LeJeune Road, Miami, FL 33126; and
OSHA Safety and Health Standards, available
from U.S. Government Printing Office, Wash-
ington, DC 20402.

DO NOT REMOVE LABEL
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When work is above ground or floor level, safety rails or
lines must be provided to prevent falls because of
restricted vision from eye protection devices. Safety
lines and harnesses can be helpful to restrict workers to
safe areas, and to restrain them in case of a fall. Unex-
pected events, such as fume releases, fire and explosions
do occur in industrial environments. All escape routes
should be identified and kept clear so that orderly, rapid,
and safe evacuation of an area can take place. Employees
must be trained in evacuation procedures. Storage of
goods and equipment in evacuation routes must be
avoided. If an evacuation route must be temporarily
blocked, employees who would normally use that route
must be trained to use an alternate route.

Equipment, machines, cables, hoses, and other apparatus
should always be placed so that they do not present a haz-
ard to personnel in passageways, on ladders, or on stair-
ways. Warning signs should be posted to identify welding
areas, and to specify that eye protection must be worn.
Occasionally, a “fire watch” person must be assigned to
maintain safety during welding or cutting operations.

Personnel in areas next to welding and cutting must also
be protected from radiant energy and hot spatter. This is
accomplished with flame-resistant screens or shields, or
suitable eye and face protection and protective clothing.
Appropriate radiation-protective, semi-transparent mate-
rials are permissible. Where operations allow, work sta-
tions should be separated by noncombustible screens or
shields (see Figure 2.4). Booths and screens should allow
circulation of air at floor level and above the screen.

Where arc welding or cutting is regularly performed next
to painted walls, the walls should be painted with a finish

having low reflectivity of ultraviolet radiation. Paint fin-
ish formulated with certain pigments, such as titanium
dioxide or zinc oxide, have low reflectivity to ultraviolet
radiation. Color pigments may be added if they do not
increase reflectivity. Pigments based on powdered or
flaked metals are not recommended because they reflect
ultraviolet radiation.

In most welding, cutting, and allied processes, a high-
temperature heat source is present. Open flames, electric
arcs, hot metal, sparks, and spatter are ready sources of
ignition. Many fires are started by sparks, which can
travel horizontally up to 35 ft from their source. Sparks
can pass through or lodge in cracks, holes, and other
small openings in floors and walls.

The risk of fire is increased by combustibles in the work
area, or by welding or cutting too close to combustibles
that have not been shielded. Materials most commonly
ignited are combustible floors, roofs, partitions, and
building contents including trash, wood, paper, textiles,
plastics, chemicals, and flammable liquids and gases.
Outdoors, the most common combustibles are dry grass
and brush.

The best protection against fire is to do welding and cut-
ting in specially designated areas or enclosures of non-
combustible construction kept free of combustibles.
Combustibles should always be removed from the work
area or shielded from the operation.

Common combustibles found in welding manufacturing
include fuels for both equipment engines and welding or
cutting operations. These fuels should be stored and used
with care. Equipment manufacturers’ instructions should

Figure 2.3—Designated
Welding Area

Figure 2.4—Protective Screening
Between Workstations
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be followed because fuels and their vapors are combusti-
ble and can be explosive under some conditions. Acety-
lene, propane and other flammable gases used in cutting
and welding areas require careful handling. Special
attention should be given to fuel gas cylinders, hoses,
and apparatus to prevent gas leakage.

Combustibles that cannot be removed from the area
should be covered with tight fitting, flame-resistant
material. These include combustible walls and ceilings.
Floors around the work area should be free of combusti-
ble materials for a radius of 35 ft. All doorways, win-
dows, cracks, and other openings should be covered with
a flame-resistant material. If possible, the work area
should be enclosed with portable flame-resistant screens.

Combustibles on the other side of metal walls, ceilings or
partitions must be moved to safe locations when welding
or cutting is done on or next to the location. If this cannot
be done, a fire watch should be stationed near the com-
bustibles. Welding heat can conduct through metal parti-
tions and ignite combustibles on the opposite side. A
thorough examination for evidence of fire should be
made before leaving the work area. Fire inspection
should be continued for at least 30 minutes after the
operation is completed.

Welding or cutting should not be done on material hav-
ing a combustible coating or internal structure, as in
walls or ceilings. Hot scrap or slag must not be placed in
containers holding combustible materials. Suitable fire
extinguishers should always be available nearby, and the
fire watch trained in their use.

Welding, brazing, or cutting should not be done on com-
bustible floors or platforms that may readily be ignited
by heat from the operation. Welders and inspectors must
be alert for traveling vapors from flammable liquids.
Vapors are often heavier than air. Vapors from flamma-
ble liquid storage areas can travel several hundred feet
along floors and in depressions. Light vapors can travel
along ceilings to adjacent rooms.

When welding, cutting or similar hot working operations
are to be performed in areas not normally assigned for
such operations, a “hot work permit” system should be
used (see Figure 2.5). The purpose of the hot work per-
mit system is to alert area supervisors to an extraordinary
danger of fire that will exist at a particular time. The per-
mit system should include a checklist of safety precau-
tions. A checklist often includes fire extinguisher
inspection, establishes the fire watches if necessary, a
flammable material search, and area safety instructions
for personnel not involved in the hot work. When a hot
work permit is issued, the welding inspector must be
aware of and adhere to all its requirements.

Flammable gases, vapors, and dust mixed with certain
proportions of air or oxygen present explosion and fire
dangers. To prevent explosions, avoid all sources of igni-
tion. Welding, brazing, soldering, cutting, or operating
equipment that can produce heat or sparks must not be
done in atmospheres containing flammable gases,
vapors, or dusts. Such flammables must be kept in leak-
tight containers or be well removed from the work area.
Heat or sparks may cause otherwise low-volatility mate-
rials to produce flammable vapors.

Hollow containers must be vented before, and during,
any application of heat. Heat must not be applied to a
container that has held an unknown material, a combusti-
ble substance or a substance that may form flammable
vapors without considering the potential hazards. Such
containers must first be thoroughly cleaned or filled with
an inert gas. Adequate eye and body protection must be
worn if the operation involves explosion risks. Burns of
the eye or body are serious hazards in the welding indus-
try. Eye, face, and body protection for the operator and
others in the work area are required to prevent burns
from ultraviolet and infrared radiation, sparks, and spatter.

Eye and Face Protection
Arc Welding and Cutting

Welding helmets or handshields containing appropriate
filter plates and cover plates must be used by welders and
welding operators and nearby personnel when viewing
an arc. Standards for welding helmets, handshields, face
shields, goggles, and spectacles are given in ANSI publi-
cation Z87.1, Practice for Occupational and Educational
Eye and Face Protection, latest edition.

Safety spectacles, goggles, or other suitable eye protec-
tion must also be worn during other welding and cutting
operations (see Figure 2.6). Such devices must have full
conforming side shields when there is danger of expo-
sure to injurious rays or flying particles from grinding or
chipping operations. Spectacles and goggles may have
clear or colored lenses. Shading depends on the intensity
of the radiation that comes from adjacent welding or cut-
ting operations when the welding helmet is raised or
removed. Number-2 filter plates are recommended for
general purpose protection (see Table 2.1).

Oxyfuel Gas Welding and Cutting, 
Submerged Arc Welding

Safety goggles with filter plates and full conforming side
shields must be worn while performing oxyfuel gas
welding and cutting (see Table 2.1). During submerged
arc welding, the arc is covered by flux and is not readily
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Figure 2.6—Eye, Ear, and Face Protective Equipment

PERMIT NO. __________

For electric and acetylene burning and welding with portable
equipment in all locations outside of shop.

Date _________________________________________

Time Started___________ Finished ______________

Building_______________________________________

Dept._________________ Floor_________________

Location on Floor _______________________________

Nature of job___________________________________

_____________________________________________

Operator ______________________________________

Clock No. _____________________________________

All precautions have been taken to avoid any possible fire
hazard, and permission is given for this work.

Signed _______________________________________
Foreman

Signed _______________________________________
Safety supervisor or
plant superintendent

_____________________________________________

PERMIT NO. OU812

Date _________________________________________

Bldg _________________ Floor_________________

Nature of Job __________________________________

Operator ______________________________________
_____________________________________________

INSTRUCTIONS TO OPERATORS

This permit is good only for the location and time shown.
Return the permit when work is completed.
_____________________________________________

PRECAUTIONS AGAINST FIRE

1. Permits should be signed by the foreman of the
welder or cutter and by the safety supervisor or plant
superintendent.

2. Obtain a written permit before using portable cutting or
welding equipment anywhere in the plant except in
permanent safe-guarded locations.

3. Make sure sprinkler system is in service.

4. Before starting, sweep floor clean, wet down wooden
floors, or cover them with sheet metal or equivalent. In
outside work, don’t let sparks enter doors or windows.

5. Move combustible material 25 feet away. Cover what
can’t be moved with asbestos curtain or sheet metal,
carefully and completely.

6. Obtain standby fire extinguishers and locate at work site.
Instruct helper or fire watcher to extinguish small fires.

7. After completion, watch scene of work a half hour for
smoldering fires, and inspect adjoining rooms and floors
above and below.

8. Don’t use the equipment near flammable liquids, or on
closed tanks which have held flammable liquids or
other combustibles. Remove inside deposits before
working on ducts.

9. Keep cutting and welding equipment in good condition.
Carefully follow manufacturer’s instructions for its use
and maintenance.

_____________________________________________

_____________________________________________

Figure 2.5—National Safety Council “Hot Work Permit”
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Key Words—Eye protection and lens shade AWS F2.2:2001

Table 2.1
Lens Shade Selector

Shade numbers are given as a guide only and may be varied to suit individual needs.

Process
Electrode Size

in (mm)
Arc Current
(Amperes)

Minimum
Protective Shade

Suggested*
Shade No. (Comfort)

Shielded Metal Arc Welding (SMAW) Less than 3/32 (2.4)
3/32–5/32 (2.4–4.0)
5/32–1/4 (4.0–6.4)
More than 1/4 (6.4)

Less than 60
60–160

160–250
250–550

7
8

10
11

—
10
12
14

Gas Metal Arc Welding (GMAW) and 
Flux Cored Arc Welding (FCAW)

Less than 60
60–160

160–250
250–500

7
10
10
10

—
11
12
14

Gas Tungsten Arc Welding (GTAW) Less than 50
50–150

150–500

8
8

10

10
12
14

Air Carbon Arc Cutting (CAC-A)
(Light)
(Heavy)

Less than 500
500–1000

10
11

12
14

Plasma Arc Welding (PAW) Less than 20
20–100

100–400
400–800

6
8

10
11

6–8
10
12
14

Plasma Arc Cutting (PAC) Less than 20
20–40
40–60
60–80
80–300

300–400
400–800

4
5
6
8
8
9

10

4
5
6
8
9

12
14

Torch Brazing (TB) — — 3 or 4

Torch Soldering (TS) — — 2

Carbon Arc Welding (CAW) — — 14

Plate Thickness
Suggested*

Shade No. (Comfort)in mm

Oxyfuel Gas Welding (OFW)
Light
Medium
Heavy

Under 1/8
1/8 to 1/2
Over 1/2

Under 3
3 to 13
Over 13

4 or 5
5 or 6
6 or 8

Oxygen Cutting (OC)
Light
Medium
Heavy

Under 1
1 to 6
Over 6

Under 25
25 to 150
Over 150

3 or 4
4 or 5
5 or 6

*As a rule of thumb, start with a shade that is too dark to see the weld zone. Then go to a lighter shade which gives sufficient view of
the weld zone without going below the minimum. In oxyfuel gas welding, cutting, or brazing where the torch and/or the flux produces
a high yellow light, it is desirable to use a filter lens that absorbs the yellow or sodium line of the visible light spectrum.
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visible; therefore, an arc welding helmet is not needed.
However, because the arc occasionally flashes through
the flux burden, the operator should wear tinted safety
glasses.

Torch Brazing and Soldering

Safety spectacles with side shields and appropriate filter
plates are recommended for torch brazing and soldering.
As with oxyfuel gas welding and cutting, a bright yellow
flame may be visible during torch brazing. A filter simi-
lar to that used with those processes should be used for
torch brazing (see Table 2.1).

Other Brazing Processes and Resistance 
Welding

Operators and helpers engaged in these processes must
wear safety spectacles, goggles, and a face shield to pro-
tect their eyes and face from spatter. Filter plates are not
necessary but may be used for comfort (refer to Table 2.1).

Protective Clothing

Sturdy shoes or boots, and heavy clothing should be
worn to protect the whole body from flying sparks, spat-
ter, and radiation burns. Woolen clothing is preferable to
cotton because it is not so readily ignited. Cotton cloth-
ing, if used, should be chemically treated to reduce its
combustibility. Clothing treated with nondurable flame
retardants must be treated again after each washing or
cleaning. Clothing or shoes of synthetic or plastic materi-
als, which can melt and cause severe burns, should not be
worn. Outer clothing should be kept free of oil and
grease, especially in an oxygen-rich atmosphere.

Cuffless pants and covered pockets are recommended to
avoid spatter or spark entrapment. Pockets should be
emptied of flammable or readily ignitable material
before welding because they may be ignited by sparks or
weld spatter and result in severe burns. Pants should be
worn outside shoes. Protection of the hair with a cap is
recommended, especially if a hairpiece is worn. Flamma-
ble hair preparations should not be used.

Durable gloves of leather or other suitable material
should always be worn. Gloves not only protect the
hands from burns and abrasion, but also provide insula-
tion from electrical shock. A variety of special protective
clothing is also available for welders. Aprons, leggings,
suits, capes, sleeves, and caps, all of durable materials,
should be worn when welding overhead or when special
circumstances warrant additional protection of the body.

Sparks or hot spatter in the ears can be particularly pain-
ful and serious. Properly fitted, flame-resistant ear plugs
should be worn whenever operations pose such risks.

Noise

Excessive noise, particularly continuous noise at high
levels, can severely damage hearing. It may cause either
temporary or permanent hearing loss. U.S. Department
of Labor Occupational Safety and Health Administration
regulations describe allowable noise exposure levels.
Requirements of these regulations may be found in Gen-
eral Industry Standards, 29 CFR 1910.95.

In welding, cutting, and allied operations, noise may be
generated by the process or the equipment, or both. Hear-
ing protection devices are required for some operations
(see Figure 2.6). Additional information is presented in
Arc Welding and Cutting Noise, American Welding
Society, 1979. Air Carbon Arc and Plasma Arc Cutting
are processes that have very high noise levels. Engine-
driven generators sometimes emit a high noise level, as
do some high-frequency, and induction welding power
sources.

Machinery Guards

Welders and other workers must also be protected from
injury by machinery and equipment they are operating or
by other machinery operating in the work area. Moving
components and drive belts must be covered by guards to
prevent physical contact (see Figure 2.7).

Figure 2.7—Machinery Guard

Copyright American Welding Society 
Provided by IHS under license with AWS Licensee=ISATIS Group in iran Revised Sub Account/5620002316 

Not for Resale, 08/27/2013 00:11:03 MDTNo reproduction or networking permitted without license from IHS

-
-
`
`
,
`
,
,
,
,
,
`
,
,
,
`
`
`
,
,
`
`
,
`
,
`
,
`
,
,
,
,
-
`
-
`
,
,
`
,
,
`
,
`
,
,
`
-
-
-



WELDING INSPECTION TECHNOLOGY CHAPTER 2—SAFE PRACTICES FOR WELDING INSPECTORS

2-9

Because welding helmets and dark filter plates restrict
the visibility of welders, these people may be even more
susceptible than ordinary workers to injury from unseen,
unguarded machinery. Therefore, special attention to this
hazard is required.

When repairing machinery by welding or brazing, the
power to the machinery must be disconnected, locked
out, tried, and tagged to prevent inadvertent operation
and injury. Welders assigned to work on equipment with
safety devices removed should fully understand the haz-
ards involved, and the steps to be taken to avoid injury.
When the work is completed, the safety devices must be
replaced. Rotating and automatic welding machines, fix-
tures, and welding robots must be equipped with appro-
priate guards or sensing devices to prevent operation
when someone is in the danger area.

Pinch points on welding and other mechanical equipment
can also result in serious injury. Examples include resis-
tance welding machines, robots, automatic arc welding
machines, jigs, and fixtures. To avoid injury with such
equipment, the machine should be equipped so that both
of the operator’s hands must be at safe locations when
the machine is actuated. Otherwise, the pinch points
must be suitably guarded mechanically. Metalworking
equipment should not be located where a welder could
accidentally fall into or against it while welding. During
maintenance of the equipment, pinch points should be
blocked to prevent them from closing in case of equip-
ment failure. In very hazardous situations, an observer
should be stationed to prevent someone from turning the
power on until the repair is completed.

Fumes and Gases
Welders, welding operators, and other persons in the area
must be protected from over-exposure to fumes and
gases produced during welding, brazing, soldering, and
cutting. Overexposure is exposure that is hazardous to
health, or exceeds the permissible limits specified by a
government agency. The U.S. Department of Labor,
Occupational Safety and Health Administration (OSHA),
Regulations 29 CFR 1910.1000, covers this topic. Also,
the American Conference of Governmental Industrial
Hygienists (ACGIH) lists guidelines in their publication,
Threshold Limit Values for Chemical Substances and
Physical Agents in the Workroom Environment. Persons
with special health problems may have unusual sensitiv-
ity that requires even more stringent protection.

Fumes and gases are usually a greater concern in arc
welding than in oxyfuel gas welding, cutting, or brazing.
A welding arc may generate a larger volume of fume and

gas, and a greater variety of materials are usually
involved. Protection from excess exposure is usually
accomplished by ventilation. Where exposure would
exceed permissible limits with available ventilation, suit-
able respiratory protection must be used. Protection must
be provided for welding, cutting, and other personnel in
the area.

Exposure Factors

Position of the Head

The single most important factor influencing exposure to
fumes is the position of the welder’s head with respect to
the fumes plume. When the head is in such a position
that the fumes envelop the face or helmet, exposure lev-
els can be very high. Therefore, welders must be trained
to keep their head to one side of the fume plume. Some-
times, the work can be positioned so the fume plume
rises to one side.

Types of Ventilation

Ventilation has a significant influence on fume amounts
in the work area, and the welder’s exposure to them.
Ventilation may be local, where the fumes are extracted
near the point of welding (see Figure 2.8), or general,
where the shop air is changed or filtered. The appropriate
type will depend on the welding process, the material
being welded, and other shop conditions. Adequate ven-
tilation is necessary to keep the welder’s exposure to
fumes and gases within safe limits.

Work Area

The size of the welding or cutting enclosure is important.
It affects the background fume level. Fume exposure
inside a tank, pressure vessel, or other confined space
will be higher than in a high-bay fabrication area.

Background Fume Level

Background fume levels depend on the number and type
of welding stations and the duty cycle for each power
source.

Design of Welding Helmet

The extent a helmet curves under the chin toward the
chest affects the amount of fume exposure. Close-fitting
helmets can be effective in reducing exposure.
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Base Metal and Surface Condition

The type of base metal being welded influences fume
components and the amount generated. Surface contami-
nants or coatings may contribute significantly to the haz-
ard potential of the fume. Paints containing lead or
cadmium generate dangerous fumes during welding and
cutting. Galvanized material creates zinc fumes which
are harmful.

Ventilation
The bulk of fumes generated during welding and cutting
consists of small particles that remain suspended in the
atmosphere for a considerable time. As a result, fume
concentration in a closed area can build up over time, as
can the concentration of any gases evolved or used in the
process. Particles eventually settle on the walls and floor,
but the settling rate is low compared to the generation

rate of the welding or cutting processes. Therefore, fume
concentration must be controlled by ventilation.

Adequate ventilation is the key to control of fumes and
gases in the welding environment. Natural, mechanical,
or respirator ventilation must be provided for all weld-
ing, cutting, brazing, and related operations. The ven-
tilation must ensure that concentrations of hazardous
airborne contaminants are maintained below recommended
levels.

Many ventilation methods are available. They range from
natural drafts to localized devices, such as air-ventilated
welding helmets. Examples of ventilation include:

1. Natural

2. General area mechanical ventilation

3. Overhead exhaust hoods

4. Portable local exhaust devices

Figure 2.8—Movable Fume Extractor Positioned Near the Welding Arc
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5. Downdraft tables

6. Crossdraft tables

7. Extractors built into the welding equipment

8. Air-ventilated helmets

Welding in Confined Spaces

Special consideration must be given to the safety and
health of welders and other workers in confined spaces.
See ANSI publication Z117.1, Safety Requirements for
Working in Tanks and Other Confined Spaces, latest
edition, for further precautions. Gas cylinders must be
located outside the confined space to avoid possible con-
tamination of the space with leaking gases or volatiles.
Welding power sources should also be located outside to
reduce danger of engine exhaust and electric shock.
Lighting inside the work area should be low voltage,
12 V, or if 110 V is required, the circuit must be pro-
tected by an approved Ground-Fault Circuit-Interrupter
(GFCI).

A means for removing persons quickly in case of emer-
gency has to be provided. Safety belts and lifelines, when
used, should be attached to the worker’s body in a way
that avoids the possibility of the person becoming
jammed in the exit. A trained helper, a “standby,” should
be stationed outside the confined space with a pre-
planned rescue procedure in case of an emergency
(including not entering the confined space to aid the first
worker without proper breathing apparatus).

Besides keeping airborne contaminants in breathing
atmospheres at or below recommended limits, ventila-
tion in confined spaces must also (1) assure adequate
oxygen for life support (at least 19.5% by volume); (2)
prevent accumulation of an oxygen-enriched atmo-
sphere, (i.e., not over 23.5% by volume); and (3) prevent
accumulation of flammable mixtures (see Figure 2.9).
Asphyxiation can quickly result in unconsciousness and
death without warning if oxygen is not present in suffi-
cient concentration to support life. Air contains approxi-
mately 21% oxygen by volume. Confined spaces must
not be entered unless well ventilated, or the inspector is
wearing an approved air supplied breathing apparatus
and has proper training to work in such spaces. A similarly
equipped second person must be present as a standby.

Before entering confined spaces, the space should be
tested for toxic or flammable gases and vapors, and ade-
quate or excess oxygen. The tests should be made with
instruments approved by the U.S. Bureau of Mines.

Heavier-than-air gases, such as argon, methylacetylene-
propadiene, propane, and carbon dioxide, may accumu-
late in pits, tank bottoms, low areas, and near floors.

Lighter-than-air gases, such as helium and hydrogen,
may accumulate in tank tops, high areas, and near ceil-
ings. The precautions for confined spaces also apply to
those areas. If practical, a continuous monitoring system
with audible alarms should be used for work in a con-
fined space.

Oxygen-enriched atmospheres pose great danger to
occupants of confined areas. They are especially hazard-
ous at oxygen concentrations above 25%. Materials that
burn normally in air may flare up violently in an oxygen-
enriched atmosphere. Clothing may burn fiercely; oil or
grease soaked clothing or rags may catch fire spontane-
ously; paper may flare into flame. Very severe and fatal
burns can result.

Protection in confined spaces must be provided welders
and other personnel in the enclosure. Only clean, respira-
ble air must be used for ventilation. Oxygen, other gases,
or mixtures of gases must never be used for ventilation.

Positive pressure self-contained breathing apparatus
must be used when welding or cutting related processes

Figure 2.9—Welding in Confined Spaces
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are done in confined areas where proper ventilation can-
not be provided and there is immediate danger to life and
health. It must have an emergency air supply of at least
five minutes duration in the event that the main source
fails.

Welding of Containers

Welding or cutting outside or inside containers and ves-
sels that have held dangerous substances presents special
hazards. Flammable or toxic vapors may be present, or
may be generated by the applied heat. The immediate
area outside and inside the container should be cleared of
all obstacles and hazardous materials. If repairing a con-
tainer in place, entry of hazardous substances into the
container from the outside must be avoided. The required
personal and fire protection equipment must be avail-
able, serviceable, and in position for immediate use.

When welding or cutting inside vessels that have held
dangerous materials, the precautions for confined spaces
must also be observed. Gases generated during welding
should be discharged in a safe and environmentally
acceptable manner according to government rules and
regulations. Provisions must be made to prevent pressure
buildup inside containers. Testing for gases, fumes, and
vapors should be conducted periodically to ensure that
recommended limits are maintained during welding.

An alternative method of providing safe welding of con-
tainers is to fill them with an inert medium such as water,
inert gas, or sand. When using water, the level should be
kept to within a few inches of the point where the weld-
ing is to be done. The space above the water should be
vented to allow the heated air to escape. With inert gas,
the percentage of inert gas that must be present in the
tank to prevent fire or explosion must be known. How to
safely produce and maintain a safe atmosphere during
welding must also be known.

Highly Toxic Materials

Certain materials, which are sometimes present in con-
sumables, base metals, coatings, or atmospheres for
welding or cutting operations, have permissible exposure
limits of 1.0 mg/m3 or less. Among these materials are
the metals noted in Table 2.2.

Manufacturer’s Material Safety Data Sheets should be
consulted to find out if any of these materials are present
in welding filler metals and fluxes being used. Material
Safety Data Sheets should be requested from suppliers.
However, welding filler metals and fluxes are not the
only source of these materials. They may also be present
in base metals, coatings, or other sources in the work
area. Radioactive materials under Nuclear Regulatory

Commission jurisdiction require special considerations
and may also require compliance with state and local
regulations. These materials also include X-ray machines
and radiographic isotopes.

When toxic materials are encountered as designated con-
stituents in welding, brazing, or cutting operations, spe-
cial ventilation precautions must be taken. The
precautions assure that the levels of these contaminants
in the atmosphere are at or below the limits allowed for
human exposure. All persons in the immediate vicinity
of welding or cutting operations involving these materi-
als must be similarly protected.

Handling of Compressed Gases

Gases used in welding and cutting operations are pack-
aged in containers called cylinders. Only cylinders
designed and maintained in accordance with U.S.
Department of Transportation (DOT) specifications may
be used in the United States. The use of other cylinders
may be extremely dangerous and is illegal. Cylinders
requiring periodic retest under DOT regulations may not
be filled unless the retest is current.

Cylinders may be filled only with the permission of the
owner, and should be filled only by recognized gas sup-
pliers or those with the proper training and facilities to do
so. Filling one cylinder from another is dangerous and
should not be attempted by anyone not qualified to do so.
Combustible or incompatible combinations of gases
must never be mixed in cylinders.

Welding must not be performed on gas cylinders. Cylin-
ders must not be allowed to become part of an electrical
circuit because arcing may result. Cylinders containing
shielding gases used in conjunction with arc welding
must not be grounded. Electrode holders, welding
torches, cables, hoses, and tools should not be stored on
gas cylinders to avoid arcing or interference with valve

Table 2.2
Toxic Metals

1. Antimony
2. Arsenic
3. Barium
4. Beryllium
5. Cadmium
6. Chromium
7. Cobalt
8. Copper

9. Lead
10. Manganese
11. Mercury
12. Nickel
13. Selenium
14. Silver
15. Vanadium
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operation. Arc-damaged gas cylinders may rupture and
result in injury or death.

Cylinders must not be used as work rests or rollers. They
should be protected from bumps, falling objects,
weather, and should not be dropped. Cylinders should
not be kept in passageways where they might be struck
by vehicles. They should be kept in areas where tempera-
tures do not fall below –20°F or exceed 130°F. Any of
these exposures, misuses, or abuses could damage them
to the extent that they might fail with serious conse-
quences.

Cylinders must not be hoisted using ordinary slings or
chains. A proper cradle or cradle sling that securely
retains the cylinder should be used. Electromagnets
should not be used to handle cylinders.

Cylinders must always be secured by the user against
falling during either use or storage (see Figure 2.10).
Acetylene and liquefied gas cylinders (dewars) should
always be stored and used in the upright position. Other
cylinders are preferably stored and used in the upright
position, but this is not essential in all circumstances.

Before using gas from a cylinder, the contents should be
identified by the label thereon. Contents should not be
identified by any other means such as cylinder color,
banding, or shape. These may vary among manufactur-
ers, geographical area, or product line and could be com-
pletely misleading. The label on the cylinder is the only
proper notice of the contents. If a label is not on a cylin-
der, the contents should not be used and the cylinder
should be returned to the supplier.

A valve protection cap is provided on many cylinders to
protect the safety device and the cylinder valve. This cap
should always be in place unless the cylinder is in use.
The cylinder should never be lifted manually or hoisted
by the valve protection cap. The threads that secure these
valve protection caps are intended only for that purpose,
and may not support full cylinder weight. The caps
should always be threaded completely onto the cylinders
and hand tightened.

Gas cylinders and other containers must be stored in
accordance with all state and local regulations and the
appropriate standards of OSHA and the National Fire
Protection Association. Safe handling and storage proce-
dures are discussed in the Handbook of Compressed
Gases, published by the Compressed Gas Association.

Many gases in high-pressure cylinders are filled to pres-
sures of 2000 psi or more. Unless the equipment to be
used with a gas is designed to operate at full cylinder
pressure, an approved pressure-reducing regulator must
be used to withdraw gas from a cylinder or manifold.
Simple needle valves should never be used. A pressure-

relief or safety valve, rated to function at less than the
maximum allowable pressure of the welding equipment,
should also be employed. Valve functions prevent equip-
ment failure at pressures over working limits if the regu-
lator should fail in service.

Valves on cylinders containing high pressure gas, partic-
ularly oxygen, should always be opened slowly to avoid
the high temperature of adiabatic recompression. Adia-
batic recompression can occur if the valves are opened
rapidly. With oxygen, the heat can ignite the valve seat
that, in turn, may cause the metal to melt or burn. The
cylinder valve outlet should point away from the opera-
tor and other persons when opening the valve to avoid
injury should a fire occur. The operator should never
stand in front of the regulator when opening a cylinder to
avoid injury from high pressure release if the regulator
fails.

Figure 2.10—Inert Gas Cylinders
Attached to Manifold System
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Before connecting a gas cylinder to a pressure regulator
or a manifold, the valve outlet should be cleaned. The
valve outlet should be wiped clean with a clean, oil-free
cloth to remove dirt, moisture, and other foreign matter.
Then the valve should be opened momentarily and
closed immediately. This is known as “cracking the cyl-
inder valve.” Fuel gas cylinders must never be cracked
near sources of ignition (i.e., sparks and flames), while
smoking, nor in confined spaces.

A regulator should be relieved of gas pressure before
connecting it to a cylinder, and also after closing the cyl-
inder valve upon shutdown of operation. The outlet
threads on cylinder valves are standardized for specific
gases so that only regulators or manifolds with similar
threads can be attached (e.g., flammable gas cylinders
typically have a left-hand thread while nonflammable
gas cylinders have a right-hand thread).

It is preferable not to open valves on low pressure, fuel
gas cylinders more than one turn. This usually provides
adequate flow and allows rapid closure of the cylinder
valve in an emergency. High pressure cylinder valves, on
the other hand, usually must be opened fully to backseat
(seal) the valve to prevent leaks during use.

The cylinder valve should be closed after each use of a
cylinder and when an empty cylinder is to be returned to
the supplier. This prevents loss of product through leaks
that might develop and go undetected while the cylinder
is unattended, and avoids hazards that might be caused
by leaks. It also prevents backflow of contaminants into
the cylinder. It is advisable to return cylinders to the sup-
plier with about 25 psi of contents remaining. This pre-
vents possible contamination by the atmosphere during
shipment.

Pressure Relief Devices

Only trained personnel should be allowed to adjust pres-
sure relief devices on cylinders. These devices are
intended to provide protection in the event the cylinder is
subjected to a hostile environment, usually fire or other
source of heat. Such environments may raise the pressure
within cylinders. To prevent cylinder pressures from
exceeding safe limits, the safety devices are designed to
relieve the contents.

A pressure reducing regulator should always be used
when withdrawing gas from gas cylinders for welding or
cutting operations. Pressure reducing regulators must be
used only for the gas and pressure given on the label.
They should not be used with other gases or at other
pressures although the cylinder valve outlet threads may
be the same. The threaded connections to the regulator
must not be forced. Improper fit of threads between a gas

cylinder and regulator, or between the regulator and hose
suggests an improper combination of devices being used.

Use of adapters to change the cylinder connection thread
is not recommended because of the danger of using an
incorrect regulator or of contaminating the regulator. For
example, gases that are oil-contaminated can deposit an
oily film on the internal parts of the regulator. This film
can contaminate oil-free gas and result in fire or explo-
sion when exposed to pure oxygen.

The threads and connection glands of regulators should
be inspected before use for dirt and damage. If a hose or
cylinder connection leaks, it should not be forced with
excessive torque. Damaged regulators and components
should be repaired by properly trained mechanics or
returned to the manufacturer for repair.

A suitable valve or flowmeter should be used to control
gas flow from a regulator (see Figure 2.11). The internal
pressure in a regulator should be released before it is
connected to or removed from a gas cylinder or manifold.

Manifolds
A manifold is used when gas is needed without interrup-
tion or at a higher delivery rate than can be supplied from
a single cylinder. A manifold must be designed for the
specific gas and operating pressure, and be leak tight (see
Figures 2.12 and 2.13). The manifold components should
be approved for such purpose, and should be used only
for the gas and pressure for which they are approved.
Oxygen and fuel gas manifolds must meet specific
design and safety requirements.

Piping and fittings for acetylene and methylacetylene-
propadiene (MPS) manifolds must not be unalloyed cop-
per or alloys containing 70% or more copper. These fuel
gases react with copper under certain conditions to form
unstable copper acetylide. This compound may detonate
under shock or heat.

Manifold piping systems must contain an appropriate
overpressure relief valve. Each fuel gas cylinder branch
line should incorporate a backflow check valve and flash
arrester. Backflow check valves must also be installed in
each line at each station outlet where both fuel gas and
oxygen are provided for a welding, cutting, or preheating
torch. These check valves must be checked periodically
for safe operation.

Unless it is known that a piping system is specifically
designed and constructed to withstand full cylinder pres-
sure or tank pressure of the compressed gas source sup-
plying it, the piping system must be protected with safety
pressure relief devices. The devices must be sufficient to
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prevent development of pressure in the system beyond
the capacity of the weakest element.

Such pressure relief devices may be relief valves or
bursting discs. A pressure reducing regulator must never
be solely relied upon to prevent over pressurization of
the system. A pressure relief device must be located in
every section of the system that could be exposed to the
full source supply pressure while isolated from other pro-
tective relief devices (such as by a closed valve). Some
pressure regulators have integral safety relief valves.
These valves are designed for the protection of the regu-
lator only, and should not be relied upon to protect the
downstream system.

In cryogenic piping systems, relief devices should be
located in every section of the system where liquefied
gas may become trapped. Upon warming, such liquids
vaporize to gas, and in a confined space, the gas pressure

can increase dramatically. Pressure relief devices pro-
tecting fuel gas piping systems or other hazardous gas
systems should be vented to safe locations.

Gases

Oxygen

Oxygen is nonflammable but it supports the combustion
of flammable materials. It can initiate combustion and
vigorously accelerate it. Therefore, oxygen cylinders and
liquid oxygen containers should not be stored near com-
bustibles or with cylinders of fuel gas. Oxygen should
never be used as a substitute for compressed air. Pure
oxygen supports combustion more vigorously than air,
which contains only 21% oxygen. Therefore, the identifi-
cation of the oxygen and air should be differentiated.

Figure 2.11—Acetylene and Oxygen
Regulators and Inert Gas Flowmeters

Figure 2.12—Acetylene
Manifold System
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Oil, grease, and combustible dusts may spontaneously
ignite on contact with oxygen. All systems and apparatus
for oxygen service must be kept free of any combusti-
bles. Valves, piping, or system components that have not
been expressly manufactured for oxygen service must be
cleaned and approved for this service before use.

Apparatus expressly manufactured for oxygen service,
and so labeled, must be kept in the clean condition as
originally received. Oxygen valves, regulators, and appa-
ratus should never be lubricated with oil. If lubrication is
required, the type of lubricant and the method of apply-
ing the lubricant should be specified in the manufac-
turer’s literature. If it is not, then the device should be
returned to the manufacturer or authorized representative
for service.

Oxygen must never be used to power compressed air
tools. These are usually oil lubricated. Similarly, oxygen

must not be used to blow dirt from work and clothing
because they are often contaminated with oil, or grease,
or combustible dust.

Only clean clothing should be worn when working with
oxygen systems. Oxygen must not be used to ventilate
confined spaces. Severe burns may result from ignition
of clothing or hair in an oxygen-rich atmosphere.

Fuel Gases

Fuel gases commonly used in oxyfuel gas welding
(OFW) and cutting (OFC) are acetylene, methylacety-
lene-propadiene (MPS), natural gas, propane, and propy-
lene. Hydrogen is used in a few applications. Gasoline is
sometimes used as fuel for oxygen cutting (it vaporizes
in the torch). These gases should always be referred to by
name.

Acetylene in cylinders is dissolved in a solvent (such as
acetone) so that it can be safely stored under pressure. In
the free state, acetylene should never be used at pressures
over 15 psi [103 kPa] because it can dissociate with
explosive violence at higher pressures.

Acetylene and MPS should never be used in contact with
silver, mercury, or alloys containing 70% or more cop-
per. These gases react with these metals to form unstable
compounds that may detonate under shock or heat.
Valves on fuel gas cylinders should never be opened to
clean the valve outlet near possible sources of flame igni-
tion, or in confined spaces.

When fuel gases are used for a brazing furnace atmo-
sphere, they must be vented to a safe location. Before
filling a furnace with fuel gas, the equipment must first
be purged with a nonflammable gas. Nitrogen or argon
can be used to prevent formation of an explosive air-fuel
mixture.

Special attention must be given when using hydrogen.
Flames of hydrogen may be difficult to see and parts of
the body, clothes, or combustibles may, therefore,
unknowingly come in contact with hydrogen flames.

Fuel Gas Fires

The best procedure for avoiding fire from a fuel gas or
liquid is to keep it contained within the system, that is,
prevent leaks. All fuel systems should be checked care-
fully for leaks upon assembly and at frequent intervals
after that. Fuel gas cylinders should be examined for
leaks, especially at fuse plugs, safety devices, and valve
packing. One common source of fire in welding and cut-
ting is ignition of leaking fuel by flying sparks or spatter.

In case of a fuel fire, an effective means for controlling
the fire is to shut off the fuel valve, if accessible. A fuel

Figure 2.13—Oxygen Manifold System
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gas valve should not be opened beyond the point neces-
sary to provide adequate flow. Opened in this way, it can
be shut off quickly in an emergency. Usually, this is less
than one turn of the handle. If the immediate valve con-
trolling the burning gas is inaccessible, another upstream
valve may cut off the flow of gas.

Most fuel gases in cylinders are in liquid form or dis-
solved in liquids. Therefore, the cylinders should always
be used in the upright position to prevent liquid surges
into the system.

A fuel gas cylinder can develop a leak and sometimes
result in a fire. In case of fire, the fire alarm should be
sounded, and trained fire personnel should be summoned
immediately. A small fire near a cylinder valve or a
safety device should be extinguished. When possible,
extinguish the fire by closing the valve, using water, wet
cloths, or fire extinguishers. If the leak cannot be
stopped, after the fire is extinguished, the cylinder should
be removed by trained fire personnel to a safe outdoor
location, and the supplier notified. A warning sign
should be posted, and no smoking or other ignition
sources should be allowed in the area.

With a large fire at a fuel gas cylinder, the fire alarm
should be actuated, and all personnel should be evacu-
ated from the area. The cylinder should be kept wet by
fire personnel with a heavy stream of water to keep it
cool. It is usually better to allow the fire to continue to
burn and consume the issuing gas rather than attempt to
extinguish the flame. If the fire is extinguished, there is
danger that the escaping gas may ignite with explosive
violence.

Shielding Gases

Argon, helium, carbon dioxide (CO2), and nitrogen are
used for shielding with some welding processes. All,
except carbon dioxide, are used as brazing atmospheres.
They are odorless and colorless and can displace air
needed for breathing.

Confined spaces containing these gases must be well
ventilated before personnel enter them. If there is any
question about the space, it should be checked first for
adequate oxygen concentration with an oxygen analyzer.
If an analyzer is not available, an air-supplied respirator
should be worn by anyone entering the space. Containers
of these gases should not be placed in confined spaces, as
discussed previously.

Electric Shock
Electric shock can cause sudden death. Injuries and fatal-
ities from electric shock in welding and cutting opera-

tions can occur if proper precautionary measures are not
followed. Most welding and cutting operations employ
some type of electrical equipment. For example, auto-
matic oxyfuel gas cutting machines use electric motor
drives, controls and systems. Lightning-caused electrical
accidents may not be avoidable. However, all others are
avoidable, including those caused by lack of proper
training.

Electric shock occurs when an electric current of suffi-
cient amount to create an adverse effect passes through
the body. The severity of the shock depends mainly on
the amount of current, the duration of flow, the path of
flow, and the state of health of the person. The current is
caused to flow by the applied voltage. The amount of
current depends upon the applied voltage and the resis-
tance of the body path. The frequency of the current may
also be a factor when alternating current is involved.

Shock currents greater than about 6 milliamperes (mA)
are considered primary because they can cause direct
physiological harm. Steady state currents between
0.5 mA and 6 mA are considered secondary shock cur-
rents. Secondary shock currents can cause involuntary
muscular reactions without normally causing direct
physiological harm. The 0.5 mA level is called the per-
ception threshold because it is the point at which most
people just begin to feel the tingle from the current. The
level of current sensation varies with the weight of the
individual and to some extent between men and women.

Most electrical equipment, if improperly installed, used,
or maintained, can be a shock hazard. Shock can occur
from lightning-induced voltage surges in power distribu-
tion systems. Even earth grounds can attain high poten-
tial relative to true ground during severe transient
phenomenon. Such circumstances, however, are rare.

In welding and cutting work, most electrical equipment
is powered from AC sources of between 115 V and
575 V, or by engine-driven generators. Most welding is
done with less than 100 arc volts. (Fatalities have
resulted with equipment operating at less than 80 V.)
Some arc cutting methods operate at over 400 V and
electron beam welding machines at up to about 150 kV.
Most electric shocks in the welding industry occur as the
result of accidental contact with bare or poorly insulated
conductors operating at such voltages. Therefore, weld-
ers must take precautions against contacting bare ele-
ments in the welding circuit, and also those in the
primary circuits.

Electrical resistance is usually reduced in the presence of
water or moisture. Electrical hazards are often more
severe under such circumstances. When arc welding or
cutting is to be done under damp or wet conditions
including heavy perspiration, the inspector must wear
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dry gloves and clothing in good condition to prevent
electric shock. The welding inspector should be pro-
tected from electrically conductive surfaces, including
the earth. Protection can be afforded by rubber-soled
shoes as a minimum, and preferably by an insulating
layer such as a rubber mat or a dry wooden board. Simi-
lar precautions against accidental contact with bare con-
ducting surfaces must be taken when the welding
inspector is required to work in a cramped kneeling, sit-
ting, or lying position. Rings and jewelry should be
removed before welding to decrease the possibility of
electric shock.

The technology of heart pacemakers and the extent to
which they are influenced by other electrical devices is
constantly changing. It is impossible to make general
statements concerning the possible effects of welding
operations on such devices. Wearers of pacemakers or
other electronic equipment vital to life should check with
the device manufacturer or their doctor to find out
whether any hazard exists.

Electric shock hazards are reduced by proper equipment
installation and maintenance, good operator practice,
proper clothing and body protection, and equipment
designed for the job and situation. Equipment should
meet applicable NEMA or ANSI standards, such as
ANSI/UL 551, Safety Standard for Transformer Type
Arc Welding Machines.

If significant amounts of welding and cutting are to be
done under electrically hazardous conditions, automatic
machine controls that safely reduce open circuit voltage
are recommended. When special welding and cutting
processes require open circuit voltages higher than those
specified in NEMA publication EW-1, Arc Welding Power
Sources, insulation and operating procedures that are
adequate to protect the welder from these higher voltages
must be provided.

A good safety training program is essential. Employees
must be fully instructed in electrical safety by a compe-
tent person before being allowed to commence opera-
tions. As a minimum, this training should include the
points covered in ANSI Z49.1, Safety in Welding, Cut-
ting, and Allied Processes (published by the American
Welding Society). Persons should not be allowed to oper-
ate electrical equipment until they have been properly
trained.

Equipment should be installed in a clean, dry area. When
this is not possible, it should be adequately guarded from
dirt and moisture. Installation must be done to the
requirements of NFPA 70, National Electrical Code, and
local codes. This includes disconnects, fusing, and types
of incoming power lines.

Terminals for welding leads and power cables must be
shielded from accidental contact by personnel or by
metal objects, such as vehicles and cranes. Connections
between welding leads and power supplies may be
guarded using (1) dead front construction and receptacles
for plug connections, (2) terminals located in a recessed
opening or under a nonremovable hinged cover, (3) insu-
lating sleeves, or (4) other equivalent mechanical means.

The workpiece being welded and the frame or chassis of
all electrically powered machines must be connected to a
good electrical ground. Grounding can be done by locat-
ing the workpiece or machine on a grounded metal floor
or platen. The ground can also be connected to a properly
grounded building frame or other satisfactory ground.
Chains, wire ropes, cranes, hoists, and elevators must
not be used as grounding connectors or to carry welding
current.

The work lead is not the grounding lead. The work lead
connects the work terminal on the power source to the
workpiece. A separate lead is required to ground the
workpiece or power source to earth ground.

Care should be taken when connecting the grounding cir-
cuit. Otherwise, the welding current may flow through a
connection intended only for grounding, and may be of a
higher amount than the grounding conductor can safely
carry. Special radio-frequency grounding may be neces-
sary for arc welding machines equipped with high-fre-
quency arc initiating devices.

Connections for portable control devices, such as push
buttons carried by the operator, must not be connected to
circuits with operating voltages above 120 V. Exposed
metal parts of portable control devices operating on cir-
cuits above 50 V must be grounded by a grounding con-
ductor in the control cable. Controls using intrinsically
safe voltages below 30 V are recommended.

Electrical connections must be tight and be checked peri-
odically for tightness. Magnetic work clamps must be
free of adherent metal particles and spatter on contact
surfaces. Coiled welding leads should be spread out
before use to avoid overheating and damage to the insu-
lation. Jobs alternately requiring long and short leads
should be equipped with insulated cable connectors so
that idle lengths can be disconnected when not needed.

Equipment, cables, fuses, plugs, and receptacles must be
used within their current-carrying and duty cycle capaci-
ties. Operation of apparatus above the current rating or
the duty-cycle results in overheating and rapid deteriora-
tion of insulation and other parts. Actual welding current
may be higher than that shown by indicators on the weld-
ing machine if welding is done with short leads or low
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voltage, or both. High currents are likely with general
purpose welding machines when they are used with pro-
cesses that use low arc voltage, such as gas tungsten arc
welding.

Welding leads should be the flexible type of cable
designed especially for the rigors of welding service.
Insulation on cables used with high voltages or high-fre-
quency oscillators must provide adequate protection. The
recommendations and precautions of the cable manufac-
turer should always be followed. Cable insulation must
be kept in good condition, and cables repaired or
replaced promptly when necessary.

Welders should not allow the metal parts of electrodes,
electrode holders, or torches to touch their bare skin or
any wet covering of the body. Dry gloves in good condi-
tion must always be worn. The insulation on electrode
holders must be kept in good repair. Electrode holders
should not be cooled by immersion in water. If water-
cooled welding guns or holders are used, they should be
free of water leaks and condensation that would
adversely affect the welder’s safety. Welders should not
drape or coil the welding leads around their bodies.

A welding circuit must be de-energized to avoid electric
shock while the electrode, torch, or gun is being changed
or adjusted. One exception concerns covered electrodes
with shielded metal arc welding. When the circuit is
energized, covered electrodes must be changed with dry
welding gloves, not with bare hands. De-energization of
the circuit is desirable for optimum safety even with cov-
ered electrodes.

When a welder has completed the work or has occasion
to leave the work station for an appreciable time, the
welding machine should be turned off. Similarly, when
the machine is to be moved, the input power supply
should be electrically disconnected at the source. When
equipment is not in use, exposed electrodes should be
removed from the holder to eliminate the danger of acci-
dental electrical contact with persons or conducting
objects. Also, welding guns of semiautomatic welding
equipment should be placed so that the gun switch can-
not be operated accidentally.

Fires resulting from electric welding equipment are gen-
erally caused by overheating of electrical components.
Flying sparks or spatter from the welding or cutting oper-
ation, and mishandling fuel in engine driven equipment
are among other causes. Most precautions against electri-
cal shock are also applicable to the prevention of fires
caused by overheating of equipment. Avoidance of fire
from sparks and spatter was covered previously.

The fuel systems of engine driven equipment must be in
good condition. Leaks must be repaired promptly.

Engine driven machines must be turned off before refuel-
ing, and any fuel spills should be wiped up and fumes
allowed to dissipate before the engine is restarted. Other-
wise, the ignition system, electrical controls, spark pro-
ducing components, or engine heat may start a fire.

Key Terms and Definitions

ACGIH—American Conference of Governmental and
Industrial Hygienists. This group is concerned with
the proper, safe levels of exposure to hazardous
materials.

adiabiatic recompression—the term given to the tem-
perature rise that can occur when some gases at high
pressures are released suddenly. (Normal pressure gas
releases usually result in a cooling of the gas by the
decompression.)

ANSI—American National Standards Institute. An orga-
nization promoting technical and safety standards.

ANSI Z49.1—Safety in Welding, Cutting, and Allied
Processes, a document outlining safe practices for
welding and cutting operations.

ANSI Z87.1—Practice for Occupational and Educa-
tional Eye and Face Protection.

asphyxiation—loss of consciousness as a result of too lit-
tle oxygen or too much carbon dioxide in the blood.

AWS—American Welding Society. AWS is the techni-
cal leader in welding and related issues.

combustibles—any material that can easily catch fire.

cryogenic—very cold service, usually well below 0°F.

DOT—Department of Transportation. A federal or state
agency covering the transport of materials.

filter lens—in welding, a shaded lens, usually glass, that
protects the eyes from radiation from the welding arc
and other heat sources. Welding lenses are numbered,
with the higher numbers offering the greatest protec-
tion. See Table 2.1, Lens Shade Selector, for appro-
priate lens selection.

fire watch—a person whose primary responsibility is to
observe the work operation for the possibility of fires,
and to alert the workers if a fire occurs.

flammable—anything that will burn easily or quickly.
(Inflammable has the same meaning.)

Copyright American Welding Society 
Provided by IHS under license with AWS Licensee=ISATIS Group in iran Revised Sub Account/5620002316 

Not for Resale, 08/27/2013 00:11:03 MDTNo reproduction or networking permitted without license from IHS

--``,`,,,,,`,,,```,,``,`,`,`,,,,-`-`,,`,,`,`,,`---



CHAPTER 2—SAFE PRACTICES FOR WELDING INSPECTORS WELDING INSPECTION TECHNOLOGY

2-20

fume plume—in welding, a smoke-like cloud containing
minute solid particles arising directly from molten
metal.

fuse plug—a plug filled with a material, usually a metal
that has a very low melting point. Often used as a heat
and/or pressure relief device.

fume release—a general term given to the unexpected
and undesired release of materials.

galvanized material—any material having a zinc coat-
ing on its surface. Common galvanized items are
sheet metal and fasteners.

hot work permit—a form designed to ensure that all
safety precautions have been considered prior to any
operation having open flames or high heat.

lock, tag, and try—the phrase noting the physical lock-
ing-out of equipment, tagging it for identification, and
trying the equipment to make sure it is not operable
prior to beginning any repair work.

MSDS—Material Safety Data Sheet. A document that
identifies materials present in products that have haz-
ardous or toxic properties.

NEMA—National Electrical Manufacturers Association.

OSHA—Occupational Safety and Health Act. This fed-
eral law outlines the requirements for safety in the
workplace.

pascal (Pa)—in the metric system, the unit for pressure,
or tensile strength. The U.S. customary equivalent is
psi, pounds per square inch. One psi equals 6895 Pa.

pinch points—any equipment geometry that can lead to
pinching parts of the body, especially the hands or
feet, while working on the equipment.

safety glasses—spectacles with hardened and minimum
thickness lenses that protect the eyes from flying
objects. Improved eye protection occurs when side
shields are attached to the safety glasses.

standby—in welding, a person trained and designated to
stand by and watch for safety hazards, and to call for
help if needed. Most often used for vessel entry
safety.

TLV—Threshold Limit Value. The permissible level of
exposure limits for hazardous materials.

toxic—poisonous.

vapors—the gaseous form of a substance.
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CHAPTER 3
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CHAPTER 3—METAL JOINING AND CUTTING PROCESSES WELDING INSPECTION TECHNOLOGY

Introduction
Since the welding inspector is primarily concerned with
welding, knowledge of the various joining and cutting
processes can be very helpful. While it is not mandatory
that the inspector be a qualified welder, any hands-on
welding experience is beneficial. In fact, many welding
inspectors are selected for that position after working as
a welder for some time. History has shown that former
welders often make good inspectors.

There are certain aspects of the various joining and cut-
ting processes which the successful welding inspector
must understand in order to perform most effectively.
First, the inspector should realize the important advan-
tages and limitations of each process. The inspector
should also be aware of those discontinuities which may
result when a particular process is used. Many disconti-
nuities occur regardless of the process used; however,
there are others which can occur during the application
of a particular process.

The welding inspector should also have some knowledge
of the equipment requirements for each process, because
often discontinuities occur which are the result of equipment
deficiencies. The inspector should be somewhat familiar
with the various machine controls and what effect their
adjustment will have on the resulting weld quality.

When the welding inspector has some understanding of
these process fundamentals, he or she is better prepared
to perform visual welding inspection. This knowledge
will aid in the discovery of problems when they occur
rather than later when the cost of correction is greater.
The inspector who is capable of spotting problems in-
process will be a definite asset to both production and
quality control.

Another benefit of having experience with these welding
methods is that the production welders will have greater
respect for the inspector and resulting decisions. Also, a
welder is more likely to bring some problem to the
inspector’s attention if he or she knows that the inspector
understands the practical aspects of the process. Possess-

ing this knowledge will help the inspector gain the coop-
eration of the welders and others involved with the
fabrication operation.

The processes discussed here can be divided into three
basic groups: welding, brazing/soldering and cutting.
Welding and brazing/soldering describe methods for
joining metals, while cutting results in the removal or
separation of material. As each of the joining and cutting
processes are discussed, there will be an attempt to
describe their important features, including process
advantages, process limitations, equipment require-
ments, electrodes/filler metals, techniques, applications,
and possible process problems.

There are numerous joining and cutting processes avail-
able for use in the fabrication of metal products. These
are shown by the American Welding Society’s Master
Chart of Welding and Allied Processes, shown in Figure
3.1. This chart separates the welding and joining meth-
ods into seven groups, Arc Welding, Solid-State Weld-
ing, Resistance Welding, Oxyfuel Gas Welding,
Soldering, Brazing, and Other Welding. Allied processes
include Thermal Spraying, Adhesive Bonding, and Ther-
mal Cutting (Oxygen, Arc and Other Cutting).

With so many different processes available, it would be
difficult to describe each one within the scope of this
course. Therefore, the processes selected for discussion
include only those which are applicable for the AWS
Certified Welding Inspector examination. On that basis,
the following processes will be described:

Welding Processes

• Shielded Metal Arc Welding

• Gas Metal Arc Welding

• Flux Cored Arc Welding

• Gas Tungsten Arc Welding

• Submerged Arc Welding

• Plasma Arc Welding

Chapter 3—Metal Joining and Cutting Processes
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Figure 3.1—Master Chart of Welding and Allied Processes
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• Electroslag Welding

• Oxyacetylene Welding

• Stud Welding

• Laser Beam Welding

• Electron Beam Welding

• Resistance Welding

Brazing Processes

• Torch Brazing

• Furnace Brazing

• Induction Brazing

• Resistance Brazing

• Dip Brazing

• Infrared Brazing

Cutting Processes

• Oxyfuel Cutting

• Air Carbon Arc Cutting

• Plasma Arc Cutting

• Mechanical Cutting

Welding Processes
Before our discussion of the various welding processes,
it is appropriate to define what is meant by the term
welding. According to AWS, a weld is, “a localized coa-

lescence of metals or nonmetals produced either by heat-
ing the materials to the welding temperature, with or
without the application of pressure, or by the application
of pressure alone and with or without the use of filler
metal.” Coalescence means “joining together.” Therefore
welding refers to the operations used to accomplish this
joining operation. This section will present important fea-
tures of some of the more common welding processes,
all of which employ the use of heat without pressure.

As each of these welding processes is presented, it is
important to note that they all have certain features in
common. That is, there are certain elements which must
be provided by the welding process in order for it to be
capable of producing satisfactory welds. These features
include a source of energy to provide heating, a means of
shielding the molten metal from the atmosphere, and a
filler metal (optional with some processes and joint con-
figurations). The processes differ from one another
because they provide these same features in various
ways. So, as each process is introduced, be aware of how
it satisfies these requirements.

Shielded Metal Arc Welding (SMAW)

The first process to be discussed is shielded metal arc
welding. Even though this is the correct name for the
process, we more often hear it referred to as “stick weld-
ing.” This process operates by heating the metal with an
electric arc between a covered metal electrode and the
metals to be joined. Figure 3.2 shows the “business end”
and the various elements of the shielded metal arc
welding process.

Figure 3.2—Shielded Metal Arc Welding, Including Schematic of Details

SOLIDIFIED SLAG

ELECTRODE COVERING

CORE WIRE

SHIELDING ATMOSPHERE

WELD POOL

PENETRATION
DEPTH

BASE METAL

WELD
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DIRECTION OF WELDING

METAL AND SLAG
DROPLETS
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This illustration shows that the arc is created between the
electrode and the workpiece due to the flow of electric-
ity. This arc provides heat, or energy, to melt the base
metal, filler metal and electrode coating. As the welding
arc progresses to the right, it leaves behind solidified
weld metal covered by a layer of converted flux, referred
to as slag. This slag tends to float to the outside of the
metal since it solidifies after the molten metal has solidi-
fied. In doing so, there is less likelihood that it will be
trapped inside the weld resulting in a slag inclusion.

Another feature noted in Figure 3.2 is the presence of
shielding gas which is produced when the electrode coat-
ing is heated and decomposed. These gases assist the
flux in the shielding of the molten metal in the arc
region.

The primary element of the shielded metal arc welding
process is the electrode itself. It is made up of a metal
core wire covered with a layer of granular flux held in
place by some type of bonding agent. All carbon and low
alloy steel electrodes use essentially the same type of
steel core wire, a low carbon, rimmed steel. Any alloying
is provided from the coating, since it is more economical
to achieve alloying in this way.

The electrode coating when dry is a nonconductor of
electricity. When an arc is struck the following happens;

1. Shielding—some of the coating decomposes to form
a gaseous shield for the molten metal.

2. Deoxidation—the coating provides a fluxing action
to remove impurities and oxygen and other atmo-
spheric gases.

3. Alloying—the coating provides additional alloying
elements for the weld deposit.

4. Ionizing—when the flux coating becomes molten it
improves electrical characteristics to increase arc
stability.

5. Insulating—the solidified slag provides an insulating
blanket to slow down the weld metal cooling rate. The
thickness of the slag will have an effect on the weld
bead appearance. Heavier slag will produce beads that
are smooth and have a good appearance. Thin slag
will produce deposits that have rougher surfaces.

The metal droplets are transferred across the arc by a
magnetic pinch effect. As current is passed through a
conductor a circular magnetic field is induced in the con-
ductor. As it gets near the end of the electrode the mag-
netic field becomes concentrated and pinches off the
droplets on the end of the electrode aiding in metal
transfer.

Since the electrode is such an important feature of the
shielded metal arc welding process, it is necessary to
understand how the various types are classified and iden-
tified. The American Welding Society has developed a
system for the identification of shielded metal arc weld-
ing electrodes. Figure 3.3 illustrates the various parts of
this system.

American Welding Society Specifications A5.1 and A5.5
describe the requirements for carbon and low alloy steel
electrodes, respectively. They describe the various clas-
sifications and characteristics of these electrodes.

The identification consists of an “E,” which stands for
electrode, followed by four or five digits. The first two,
or three, numbers refer to the minimum tensile strength
of the deposited weld metal. These numbers state the
minimum tensile strength in thousands of pounds per
square inch. For example, an E7018 means that the ten-
sile strength of the deposited weld metal is at least
70 000 psi. while an E12018 means the tensile strength
of the deposited weld metal is at least 120 000 psi.

The next number refers to the positions in which the
electrode can be used. A “1” indicates the electrode is
suitable for use in any position. A “2” means that the
molten metal is so fluid that the electrode can only be
used in the flat position for all welding types and in the
horizontal position for fillet welds only. A “4” means the
electrode is suitable for welding in a downhill progres-
sion. The number “3” is no longer used as a designation.

The last number in the designation describes other char-
acteristics which are determined by the composition of
the coating present on the electrode. This coating will
determine its operating characteristics and recommended
electrical current: AC (alternating current), DCEP (direct
current, electrode positive) or DCEN (direct current,
electrode negative). Table 3.1 lists the significance of the
last digit of the SMAW electrode identification system.

Figure 3.3—SMAW Electrode
Identification System

Coating/Operating
Characteristics

Position

Strength
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It is important to note that those electrodes ending in “5,”
“6,” or “8” are classified as “low hydrogen” types. To
maintain this low hydrogen (moisture) content, they
must be stored in their original factory-sealed metal con-
tainer or an acceptable storage oven. This oven should be
heated electrically and have a temperature control capa-
bility in the range of 150°F to 350°F. Since this device
will assist in the maintenance of a low moisture content
(less than 0.2%), it must be suitably vented. Any low
hydrogen electrodes which are not to be used immedi-
ately should be placed into the holding oven as soon as
their airtight container is opened. Most codes require that
low hydrogen electrodes be held at a minimum oven
temperature of 250°F [120°C] after removal from their
sealed container.

However, it is important to note that electrodes other
than those mentioned above may be harmed if placed in
the oven. Some electrode types are designed to have a
certain moisture level. If this moisture is eliminated, the
operating characteristics of the electrode will deteriorate
significantly.

Those SMAW electrodes used for joining low alloy
steels may also have an alpha-numeric suffix which is
added to the standard designation after a hyphen. Table
3.2 shows the significance of these designations.

The equipment for shielded metal arc welding is rela-
tively simple. A transformer-rectifier is shown in Figure
3.4, and an inverter power supply is shown in Figure 3.5.
One lead from the welding power source is connected to
the piece to be welded and the opposite lead goes to the
electrode holder into which the welder places the weld-
ing electrode to be consumed. The electrode and base

metal are melted by the heat produced from the welding
arc created between the end of the electrode and the
workpiece when they are brought close together.

The power source for shielded metal arc welding is
referred to as a constant current power source, having a
“drooping” characteristic. This terminology can be more
easily understood by looking at the characteristic volt-
ampere (V-A) curve for this type of power source.

As a welder increases arc length, the resistance in the
welding circuit increases due to the larger gap the current
must cross. As can be seen in the typical volt-amp curve
in Figure 3.6, this increase in resistance causes a slight

Table 3.1
Significance of Last Digit of SMAW Identification

F-No. Classification Current Arc Penetration Covering & Slag Iron Powder

F-3 EXX10
F-3 EXXX1
F-2 EXXX2
F-2 EXXX3
F-2 EXXX4
F-4 EXXX5
F-4 EXXX6
F-4 EXXX8
F-1 EXX20
F-1 EXX24
F-1 EXX27
F-1 EXX28

DCEP
AC & DCEP
AC & DCEN
AC & DC
AC & DC
DCEP
AC or DCEP
AC or DCEP
AC or DC
AC or DC
AC or DC
AC or DCEP

Digging
Digging
Medium
Light
Light
Medium
Medium
Medium
Medium
Light
Medium
Medium

Deep
Deep
Medium
Light
Light
Medium
Medium
Medium
Medium
Light
Medium
Medium

Cellulose-sodium
Cellulose-potassium
Rutile-sodium
Rutile-potassium
Rutile-iron powder
Low hydrogen- sodium
Low hydrogen-potassium
Low hydrogen-iron powder
Iron oxide-sodium
Rutile-iron powder
Iron oxide-iron powder
Low hydrogen-iron powder

0%–10%
0%

0%–10%
0%–10%

25%–40%
0%
0%

25%–45%
0%

50%
50%
50%

Note: Iron powder percentage is based on weight of the covering.

Table 3.2
Steel Alloy Suffixes for SMAW Electrodes

Suffix Major Alloy Element(s)

A1
B1
B2
B3
B4
C1
C2
C3
D1
D2
G*
W

0.5% Molybdenum
0.5% Molybdenum—0.5% Chromium
0.5% Molybdenum—1.25% Chromium
1.0% Molybdenum—2.25% Chromium
0.5% Molybdenum—2.0% Chromium
2.5% Nickel
3.5% Nickel
1.0% Nickel
0.3% Molybdenum—1.5% Manganese
0.3% Molybdenum—1.75% Manganese
0.2% Molybdenum; 0.3% Chromium; 0.5% 
Nickel; 1.0% Manganese; 0.1% Vanadium
Weathering Steel

*Need to have minimum content of one element only.
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decrease (10%) in the current flow across the arc gap.
This decrease in current results in a significant increase
in voltage (32%) supplied by the power source, which
limits the drop in current.

Since heat is a function of voltage, amperage, and time,
it can be readily seen that a long arc length (32 volts ×
135 amps × 60)/10 ipm = 25 920 J/in) will result in more
heat produced than a short arc length (22 volts ×
150 amps × 60)/10 ipm = 19 800 J/in).

This is significant from a process control standpoint,
because the welder can increase or decrease the fluidity
of the weld pool simply by changing the arc length.
However, an extremely long arc length will cause a loss
of heat in the weld pool due to loss of arc concentration.
An excessively long arc length will also result in a loss of
arc stability and weld pool shielding gases.

Shielded metal arc welding is used in most industries for
numerous applications. It is used for most materials
except for some of the more exotic alloys. Even though it
is a relatively old method and newer processes have
replaced it in some applications, shielded metal arc weld-
ing remains as a popular process which will continue to
be in great use by the welding industry.

There are several reasons why the process continues to
be so popular. First, the equipment is relatively simple
and inexpensive. This helps to make the process quite

Figure 3.5—Shielded Metal Arc
Inverter Power Supply

Figure 3.6—Volt-Ampere Curve
for Constant Current Power Source

Voltage
Change 32%

Figure 3.4—Shielded Metal Arc
Transformer-Rectifier
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portable. In fact, there are numerous gasoline or diesel
engine-driven types which don’t rely on electrical input;
thus, shielded metal arc welding can be accomplished in
remote locations. Also, some of the newer solid state
power sources are so small and lightweight that the
welder can easily carry them to the work. And, due to the
availability of numerous types of electrodes, the process
is considered quite versatile. Finally, with the improved
equipment and electrodes available today, the resulting
weld quality can be consistently high.

One of the limitations of shielded metal arc welding is its
speed. The speed is primarily hampered by the fact that
the welder must periodically stop welding and replace
the consumed electrode with a new one, since they are
typically only 9 in to 18 in in length. SMAW has been
replaced by other semiautomatic, mechanized and auto-
matic processes in many applications simply because
they offer increased productivity when compared to
manual shielded metal arc welding.

Another disadvantage, which also affects productivity, is
the fact that following welding, there is a layer of solidi-
fied slag which must be removed. A further limitation,
when low hydrogen type electrodes are used, is that they
require storage in an appropriate electrode holding oven
which will maintain their low moisture levels.

Now that some of the basic principles have been pre-
sented, it is appropriate to discuss some of the disconti-
nuities which may result during the shielded metal arc
process. While these are not the only discontinuities we
can expect, they may result because of the misapplica-
tion of this particular process.

One potential problem is the presence of porosity in the
finished weld. When porosity is encountered, it is nor-
mally the result of the presence of moisture or con-
tamination in the weld region. It could be present in the
electrode coating, on the surface of the material, or come
from the atmosphere surrounding the welding operation.
Porosity can also occur when the welder is using an arc
length which is too long. This problem of “long arcing”
is especially likely when using low hydrogen electrodes.
So, the preferred shorter arc length will aid in the elimi-
nation of porosity in the weld metal.

Porosity can also result from the presence of a phenome-
non referred to as arc blow. While this can occur with
any arc welding process, it will be discussed here since it
is a common problem which plagues the manual welder.

To understand arc blow, one must first understand that
there is a magnetic field developed whenever an electric
current is passed through a conductor. This magnetic
field is developed in a direction perpendicular to the
direction of the electric current, so it can be visualized as

a series of concentric circles surrounding the conductor,
as shown in Figure 3.7.

This magnetic field is strongest when contained entirely
within a magnetically permeable material and resists
having to travel through the air outside this magnetically
permeable material. Consequently, when welding a mag-
netically permeable material, such as steel, the field can
become distorted when the arc approaches the edge of a
plate, the end of a weld, or some abrupt change in con-
tour of the part being welded. This is shown in Figure
3.8.

To reduce the effects of arc blow, several alternatives
can be tried. They include:

1. Change from DC to AC.

2. Hold as short an arc as possible.

3. Reduce welding current.

4. Angle the electrode in the direction opposite the arc
blow.

5. Use heavy tack welds at either end of a joint, with
intermittent tack welds along the length of the joint.

6. Weld toward a heavy tack or toward a completed
weld.

7. Use a backstep technique.

8. Weld away from the work connection to reduce
back blow; weld toward the work connection to
reduce forward blow.

Figure 3.7—Magnetic Field
Around Electric Conductor

Direction
of current

Direction
of flux
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9. Attach the work cable to both ends of the joint to be
welded.

10. Wrap work cable around the workpiece and pass
work current through it in such a direction that the
magnetic field set up will tend to neutralize the mag-
netic field causing the arc blow.

11. Extend the end of the joint by attaching runoff
plates.

In addition to porosity, arc blow can also cause spatter,
undercut, improper weld contour, and decreased penetration.

Slag inclusions can also occur with SMAW simply
because it relies on a flux system for weld protection.
With any process incorporating a flux, the possibility of
trapping slag within the weld deposit is a definite con-
cern. The welder can reduce this tendency by using tech-
niques which allow the molten slag to flow freely to the
surface of the metal. Thorough cleaning of the slag from
each weld pass prior to deposition of additional passes
will also reduce the occurrence of slag inclusions in
multipass welds.

Since shielded metal arc welding is primarily accom-
plished manually, numerous discontinuities can result
from improper manipulation of the electrode. Some of
these are incomplete fusion, incomplete joint penetra-
tion, cracking, undercut, overlap, incorrect weld size,
and improper weld profile.

Gas Metal Arc Welding (GMAW)

The next process to be discussed is gas metal arc weld-
ing, GMAW. While gas metal arc welding is the AWS
designation for the process, we also hear it commonly
referred to as “MIG” welding. It is most commonly
employed as a semiautomatic process; however, it is also
used in mechanized and automatic applications as well.
Therefore, it is very well-suited for robotic welding

applications. Gas metal arc welding is characterized by a
solid wire electrode which is fed continuously through a
welding gun. An arc is created between this wire and the
workpiece to heat and melt the base and filler materials.
Once molten, the wire becomes deposited in the weld
joint. Figure 3.9 depicts the essential elements of the
process.

An important feature for GMAW is that all of the shield-
ing for welding is provided by a protective gas atmo-
sphere which is also emitted from the welding gun from
some external source. Gases used include both inert and
reactive types. Inert gases such as argon and helium are
used for some applications. They can be applied singly,
or in combination with each other, or mixed with reac-
tive gases such as oxygen or carbon dioxide. Many gas
metal arc welding applications use carbon dioxide
shielding alone, because of its relatively low cost com-
pared to inert gases.

The electrodes used for this process are solid wires
which are supplied on spools or reels of various sizes. As
is the case for shielded metal arc welding electrodes,
there is an approved American Welding Society identifi-
cation system for gas metal arc welding electrodes. They
are denoted by the letters “ER,” followed by two or three
numbers, the letter “S,” a hyphen, and finally, another
number, as shown in Figure 3.10.

“ER” designates the wire as being an electrode and a rod,
meaning that it may conduct electricity (electrode), or
simply be applied as a filler metal (rod) when used with
other welding processes. The next two or three numbers
state the minimum tensile strength of the deposited weld
metal in thousands of pounds per square inch. So, like
the SMAW types, an ER70S-6 denotes a filler metal
whose tensile strength is at least 70 000 psi. An ER120S-
6 denotes a filler metal whose tensile strength is at least
120 000 psi The letter “S” stands for a solid wire.

Figure 3.8—Distorted Magnetic Fields at Ends of Welds

Electrode

Travel

Forward
blow

Back
blow

Copyright American Welding Society 
Provided by IHS under license with AWS Licensee=ISATIS Group in iran Revised Sub Account/5620002316 

Not for Resale, 08/27/2013 00:11:03 MDTNo reproduction or networking permitted without license from IHS

--``,`,,,,,`,,,```,,``,`,`,`,,,,-`-`,,`,,`,`,,`---



CHAPTER 3—METAL JOINING AND CUTTING PROCESSES WELDING INSPECTION TECHNOLOGY

3-10

Finally, the number after the hyphen refers to the particu-
lar chemical composition of the electrode. This will dic-
tate both its operating characteristics as well as what
properties are to be expected from the deposited weld.
Gas metal arc electrodes typically have increased
amounts of deoxidizers such as manganese, silicon, and
aluminum to help avoid the formation of porosity.

Even though the wire doesn’t have a flux coating, it is
still important to store the material properly when not in
use. The most critical factor here is that the wire must be
kept clean. If allowed to remain out in the open, it may
become contaminated with rust, oil, moisture, grinding
dust or other materials present in a weld shop environ-
ment. So, when not being used, the wire should be kept
in its original plastic wrapping and/or shipping container.

Even when a spool of wire is in place on the wire feeder,
it should be covered with a protective covering when not
used for prolonged periods of time.

The power supply used for gas metal arc welding is quite
different from the type employed for shielded metal arc
welding. Instead of a constant current type, gas metal arc
welding uses what is referred to as a constant voltage, or
constant potential, power source. That is, welding is
accomplished using a preset value of voltage over the
range of welding currents.

Gas metal arc welding is normally accomplished using
direct current, electrode positive (DCEP). When this type
of power source is combined with a wire feeder, the
result is a welding process which can be semiautomatic,
mechanized or fully automatic. Figure 3.11 shows a typi-
cal gas metal arc welding setup.

As can be seen, the equipment is a bit more complex than
that used for shielded metal arc welding. A complete
setup includes a power source, wire feeder, gas source,
and welding gun attached to the wire feeder by a flexible
cable through which the electrode and gas travel. To set
up for welding, the welder will adjust the voltage at the
power source and the wire feed speed at the wire feeder.
As the wire feed speed is increased, the welding current
increases as well. The melt-off rate of the electrode is
proportional to the arc current, so the wire feed speed
actually controls this feature as well.

It was mentioned that this power source is a constant
potential type; however, a look at a typical V-A curve,

Figure 3.9—Gas Metal Arc Welding, Including Schematic of Details
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Figure 3.12, will show that the line is not flat but actually
has a slight slope.

This feature allows the process to function as a semiauto-
matic type, meaning that the welder does not have to
control the feeding of the filler metal as was the case for
manual shielded metal arc welding. Another way to
describe this system is to call it a “Self-Regulating Con-
stant Potential” system.

This is accomplished because a minor change in the
guns’ position with respect to the workpiece will result in
a substantial increase or decrease in the arc current.

Looking at Figure 3.12, it can be seen that moving the
gun closer to the workpiece will reduce the electrical
resistance and produce an instantaneous increase in cur-
rent. This, in turn, instantaneously burns off the addi-
tional electrode to bring the arc length and current back
to their original values. This reduces the effect of the
operator’s manipulation on the welding characteristics,
making the process less operator-sensitive and therefore
easier to learn the manipulative aspects.

When the machine adjustments are changed, the result is
the operating characteristics will be drastically altered.
Of primary concern is the manner in which the molten
metal is transferred from the end of the electrode, across
the arc region, to the base metal. With gas metal arc
welding, there are four basic modes of metal transfer.
They are spray, globular, pulsed arc (see Figure 3.13),
and short circuiting.

Figure 3.14 shows three of the four modes. Their charac-
teristics are so different that it’s almost as if there are
four separate welding processes. Each specific type has
definite advantages and limitations which make it better
for some applications than others. The type of metal
transfer depends upon several factors, including shield-
ing gas, current and voltage levels, and power source
characteristics.

One of the basic ways in which these four types differ
is that they provide varying amounts of heat to the
workpiece. Spray transfer is considered to be the hottest,
followed by pulsed arc, globular, and finally short cir-
cuiting. Therefore, spray transfer is the best for heavier
sections and full penetration weld joints, as long as they
can be positioned in the flat position.

Globular transfer provides almost as much heating and
weld metal deposition, but its operating characteristics
tend to be less stable, resulting in increased spatter.

Pulsed arc gas metal arc welding requires a welding
power source capable of producing a pulsing direct cur-
rent output which allows the welder to program the exact
combination of high and low currents for improved heat
control and process flexibility. The welder can set both
the amount and duration of the high current pulse. So
during operation, the current alternates between a high
pulse current and a lower pulse current, both of which
can be set with machine controls.

Short circuiting transfer results in the least amount of
heating to the base metal, making it an excellent choice
for welding of sheet metal and joints having excessive
gaps due to poor fit up. The short circuiting transfer
method is characteristically colder due to the electrode
actually coming in contact with the base metal, creating a
short circuit for a portion of the welding cycle. So, the
arc is intermittently operating and extinguishing. The
brief periods of arc extinction allow for some cooling to
occur to aid in reducing the tendency of burning through
thin materials. Care must be taken when short circuiting
transfer is used for heavier section welding, since incom-
plete fusion can result from insufficient heating of the
base metal.

As mentioned, the shielding gases have a significant
effect on the type of metal transfer. Spray transfer can be

Figure 3.11—Gas Metal Arc
Welding Equipment
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achieved only when there is at least 80% argon present in
the gas mixture. Ar-CO2 is probably the most popular
gas for GMAW of carbon steel.

Joining the GMAW family of filler metals are metal
cored electrodes. Metal cored wire is a tubular electrode

that consists of a metal sheath and a core of various pow-
ered materials, primarily iron. The core of metal cored
wire contributes almost entirely to the deposited weld
metal.

The current in metal cored wires is concentrated on the
outside sheet, the metal powders inside are less conduc-
tive because of the granular nature. Focusing current on
the wires’ outer diameter creates a broader, bowl shaped
arc cone. It also can create finer molten droplets and a
less turbulent weld pool Some of the advantages of metal
cored wires are: high deposition rates, no slag and almost
no spatter, ability to bridge gaps without burn through,
and excellent side wall fusion and root penetration

An E70C-6M is a typical metal cored wire designation. E
stand for electrode. The next two digits indicate that the
tensile strength of the weld deposit is at least 70 000 psi.
C stands for Composite Metal Cored Electrode. The 6 is
the category for the wire and the M means mixed gas

The versatility offered by this process has resulted in its
use in many industrial applications. GMAW can be
effectively used to join or overlay many types of ferrous
and nonferrous metals. The use of gas shielding, instead
of a flux which can become contaminated, can reduce the
possibility of introducing hydrogen into the weld zone,
so GMAW can be used successfully in situations where
the presence of hydrogen could cause problems.

Due to the lack of a slag coating which must be removed
after welding, GMAW is well suited for automatic and
robotic welding or other high production situations. This
is one of the major advantages of the process. Since there
is little or no cleaning required following welding, the

Figure 3.12—Typical Constant Potential V-A Curve
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overall operator productivity is greatly improved. This
efficiency is further increased by the fact that the contin-
uous spool of wire doesn’t require changing nearly as
often as the individual electrodes used in SMAW. All of
this increases the amount of time in which actual produc-
tion welding can be accomplished.

The chief advantage of GMAW is lbs/hr of metal depos-
ited, which reduces labor costs. Another benefit of gas
metal arc welding is that it is a relatively clean process,
primarily due to the fact that there is no flux present.
With the existence of numerous types of electrodes, and
equipment which has become more portable, the versatil-
ity of gas metal arc welding continues to improve. One
additional benefit relates to the visibility of the process.
Since no slag is present, the welder can more easily
observe the action of the arc and molten puddle to
improve control.

While the use of shielding gas instead of flux does pro-
vide some benefits, it can also be thought of as a limita-
tion, since this is the primary way in which the molten
metal is protected and cleaned during welding. If the
base metal is excessively contaminated, the shielding gas
alone may not be sufficient to prevent the occurrence of
porosity. GMAW is also very sensitive to drafts or wind
which tend to blow the shielding gas away and leave the
metal unprotected. For this reason, gas metal arc welding
is not well suited for field welding.

It is important to realize that simply increasing the gas
flow rate above recommended limits will not necessarily
guarantee that adequate shielding will be provided. In
fact, high flow rates cause turbulence and may tend to
increase the possibility of porosity because these

increased flow rates may actually draw atmospheric
gases into the weld zone.

Another disadvantage is that the equipment required is
more complex than that used for shielded metal arc weld-
ing. This increases the possibility that a mechanical
problem could cause weld quality problems. Such things
as worn gun liners and contact tubes can alter the feeding
and electrical characteristics to the point that defective
welds can be produced.

The primary inherent problems have already been dis-
cussed. They are: porosity due to contamination or loss
of shielding, incomplete fusion due to the use of short
circuiting transfer on heavy sections, and arc instability
caused by worn liners and contact tips. Although such
problems could be very harmful to weld quality, they can
be alleviated if certain precautions are taken.

To reduce the possibility of porosity, parts should be
cleaned prior to welding and the weld zone protected
from any excessive wind using enclosures or wind-
breaks. If porosity persists, the gas supply should be
checked to assure that there is not excessive moisture
present.

The problem of incomplete fusion is a real one for
GMAW, especially when short circuiting transfer is
used. This is due in part to the fact that this is an “open
arc” process since no flux is used. Without this layer of
shielding from the arc heat, the increased heat intensity
can lead the welder to believe that there is a tremendous
amount of heating of the base metal. Such a feeling can
be very deceiving, so the welder must be aware of this
condition and assure that the arc is being directed to
ensure melting of the base metal.

Figure 3.14—Modes of Metal Transfer: (a) Spray, (b) Globular,
and (c) Short Circuiting (Pulsed Arc Not Shown)
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Finally, equipment should be well maintained to allevi-
ate the problems associated with unstable wire feeding.
Each time a roll of wire is replaced, the liner should be
blown out with clean compressed air to remove particles
which could cause jamming. If a wire feed problem per-
sists, the liner should be replaced. The contact tube
should be changed periodically as well. When it becomes
worn, the point of electrical contact changes so that the
electrode extension is increased without the welder
knowing it. The electrode extension is also referred to as
the contact tube to electrode end distance, as illustrated
in Figure 3.15.

Flux Cored Arc Welding (FCAW)

The next process to be described is flux cored arc weld-
ing. This is very similar to gas metal arc welding except
that the electrode is tubular and contains a granular flux
instead of the solid wire used for gas metal arc welding.
The difference can be noted in Figure 3.16, which shows
a weldment welded with the self shielded FCAW process
and a close-up of the arc region during welding, and Fig-
ure 3.17 shows the dual shielded FCAW process.

It shows the tubular electrode being fed through the con-
tact tube of the welding gun to produce an arc between
the electrode and the workpiece. As the welding
progresses, a bead of solidified weld metal is deposited.
Covering this solidified weld metal is a layer of slag, as
occurs for shielded metal arc welding.

With flux cored arc welding, there may or may not be an
externally-supplied shielding gas, depending upon what
type of electrode is used. Some electrodes are designed
to provide all of the necessary shielding from the internal
flux, and are referred to as self-shielding. Other elec-
trodes require additional shielding from an auxiliary
shielding gas. With FCAW, as with other processes,
there is a system for identification of the various types of
welding electrodes, illustrated in Figure 3.18. A review
of each electrode type shows that the designations refer
to the polarity, shielding requirements, chemical compo-
sition and welding position.

Identification begins with the letter “E” which stands for
electrode. The first number refers to the minimum tensile
strength of the deposited weld metal in ten thousands of

Figure 3.15—Gas Metal Arc
Welding Gun Nomenclature
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pounds per square inch, so a “7” means that the weld
metal tensile strength is at least 70 000 psi. The second
digit is either a “0” or a “1.” A “0” means that the elec-
trode is suitable for use in the flat or horizontal fillet
positions only, while a “1” describes an electrode which
can be used in any position. Following these numbers is

the letter “T” which refers to a tubular electrode. This is
followed by a hyphen and then another number which
denotes the particular grouping based upon the chemical
composition of deposited weld metal, type of current,
polarity of operation, whether it requires a shielding gas,
and other specific information for the category.

With this identification system, it can be determined
whether or not a certain classification of electrode
requires an auxiliary shielding gas. This is important to
the welding inspector since flux cored arc welding can be
performed with or without an external shielding gas. Fig-
ure 3.19 shows the two nozzle types.

Some electrodes are formulated to be used without any
additional shielding other than that contained within the
electrode. They are designated by the suffixes 3, 4, 6, 7,
8, 10, 11, 13, and 14. However, those electrodes having
the numerical suffixes 1, 2, 5, 9, or 12 require some
external shielding to aid in protecting the molten metal.
Both types offer advantages, depending upon the appli-

Figure 3.17—Dual-Shielded Flux Cored Arc Welding

Figure 3.18—FCAW Electrode 
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cation. Additionally, the suffixes G and GS refer to
multiple-pass and single-pass respectively.

For example, the self-shielded types are better suited for
field welding where wind could result in a loss of gas-
eous shielding. Gas shielded types are typically used
where the need for improved weld metal properties war-
rants the additional cost. Gases typically used for flux
cored arc welding are CO2, or 75% Argon—25% CO2,
but other combinations of gases are available.

FCAW is further defined as FCAW-G, (gas shielded)
and FCAW-S, (self shielded).

The equipment used for FCAW is essentially identical to
that for GMAW, as shown in Figure 3.20. Some differ-
ences might be higher current capacity guns and power
sources, lack of gas apparatus for self-shielded elec-
trodes, and knurled wire feed rolls. Like GMAW, FCAW
uses a constant voltage direct current power supply.
Depending on the type of electrode, the operation may be
DCEP (1, 2, 3, 4, 6, 9, 12) or DCEN (7, 8, 10, 11, 13, 14)
or both DCEN or DCEP (5).

The flux cored arc welding process is rapidly gaining
acceptance as the welding process of choice in some
industries. Its’ relatively good performance on contami-
nated surfaces and increased deposition rates have
helped flux cored arc welding replace SMAW and
GMAW for many applications. The process is used in
many industries where the predominant materials are fer-
rous. It can be used with satisfactory results for both
shop and field applications. Although the majority of the
electrodes produced are ferrous (for both carbon and
stainless steels), some nonferrous ones are available as
well. Some of the stainless types actually employ a car-

bon steel sheath surrounding the internal flux which con-
tains the granular alloying elements such as chromium
and nickel.

FCAW has gained wide acceptance because of the many
advantages it offers. Probably the most significant

Figure 3.19—FCAW Guns for Gas-Shielding
(Top) and Self-Shielding Electrodes (Bottom)

Figure 3.20—Gas-Shielded (Top) and
Self-Shielded (Bottom) Flux Cored

Arc Welding Equipment
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advantage is that it provides high productivity in terms of
the amount of weld metal that can be deposited in a given
period of time. It is among the highest for a hand-held
process. This is aided by the fact that the electrode comes
on continuous reels which increases the “arc time” just
as with gas metal arc welding. The process is also char-
acterized by an aggressive, deeply penetrating arc which
tends to reduce the possibility of fusion-type discontinui-
ties. Since it is typically used as a semiautomatic process,
the skill required for operation is somewhat less than
would be the case for a manual process. With the pres-
ence of a flux, whether assisted by a gaseous shield or
not, FCAW is capable of tolerating a greater degree of
base metal contamination than is GMAW. For this same
reason, FCAW lends itself well to field situations where
the loss of shielding gas due to winds would greatly ham-
per GMAW quality.

It is important to realize that this process does have cer-
tain limitations of which the inspector should be aware.
First, since there is a flux present, there is a layer of
solidified slag which must be removed before depositing
additional layers of weld or before a visual inspection
can be made.

Due to the presence of this flux, there is a significant
amount of smoke generated during welding. Prolonged
exposure in unvented areas could prove to be unhealthy
for the welder. This smoke also reduces the welder’s vis-
ibility to the point where it may be difficult to properly
manipulate the arc in the joint. Although smoke extractor
systems are available, they tend to add bulk to the gun
which increases the weight and decreases visibility. They
also may disturb the shielding if an external gas is being
used.

Even though FCAW is considered to be a smoky pro-
cess, it is not as bad as SMAW in terms of the amount of
smoke generated for a given amount of deposited weld
metal. The equipment required for FCAW is more com-
plex than that for SMAW, so the initial cost and the pos-
sibility of machinery problems may limit its acceptability
for some situations.

As with any of the processes, FCAW does have some
inherent problems. The first has to do with the flux. Due
to its presence, there exists a possibility that the solidi-
fied slag could become trapped in the finished weld. This
could be due to either improper interpass cleaning or
improper technique.

With FCAW, it is critical that the travel speed is fast
enough to maintain the arc on the leading edge of the
molten puddle. When the travel speed is slow enough to
allow the arc to be toward the middle or back of the pud-
dle, molten slag may roll ahead of the puddle and
become trapped. Another inherent problem involves wire

feeding apparatus. As is the case for GMAW, lack of
maintenance can cause wire feeding problems which
may affect the quality of the weld. FCAW is also subject
to typical discontinuities including incomplete joint pen-
etration, slag inclusions, and porosity.

Gas Tungsten Arc Welding (GTAW)

The next process to be discussed is gas tungsten arc
welding, which has several interesting differences when
compared to those already discussed. Figure 3.21 shows
the basic elements of the process.

The most significant feature of GTAW is that the elec-
trode used is not intended to be consumed during the
welding operation. It is made of pure or alloyed tungsten
which has the ability to withstand very high tempera-
tures, even those of the welding arc. Therefore, when
current is flowing, there is an arc created between the
tungsten electrode and the work.

Figure 3.21—Gas Tungsten Arc Welding
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When filler metal is required, it must be added exter-
nally, usually manually, or with the use of some mechan-
ical wire feed system. All of the arc and metal shielding
is achieved through the use of a gas (typically inert)
which flows out of the nozzle surrounding the tungsten
electrode. The deposited weld bead has no slag requiring
removal because no flux is used.

As with the other processes, there is a system whereby
the various types of tungsten electrodes can be easily
identified. The designations consist of a series of letters
starting with an “E” which stands for electrode. Next
comes a “W” which is the chemical symbol for tungsten.
These letters are followed by letters and numbers which
describe the alloy type. Since there are only several dif-
ferent classifications, they are more commonly differen-
tiated using a color code system. Table 3.3 shows the
classifications and the appropriate color code.

The presence of the thoria or zirconia aids in improving
the electrical characteristics by making the tungsten
slightly more emissive. This simply means that it is eas-
ier to initiate an arc with these thoriated or zirconiated
types than is the case for pure tungsten electrodes. Pure
tungsten is quite often used for the welding of aluminum
because of its ability to form a “ball” end when heated.
With a ball end instead of a sharper point, there is a
lower concentration of current which reduces the possi-
bility of damaging the tungsten. The EWTh-2 type is
most commonly used for the joining of ferrous materials.

The filler metals for GTAW have the same designation
as for GMAW filler metals (ER70S-3, ER70S-6, etc.).
The bare, solid filler wire usually is purchased in 36 in
lengths, with identification on each end.

GTAW can be performed using DCEP, DCEN, or AC.
The DCEP will result in more heating of the electrode,
while the DCEN will tend to heat the base metal more.
AC alternately heats the electrode and base metal. AC is

typically used for the welding of aluminum because the
alternating current will increase the cleaning action to
improve weld quality. Square Wave AC welding power
sources have been developed for welding Aluminum.
Square Wave machines with AC balance control feature
adjustable penetration and cleaning action while increas-
ing arc stability on aluminum alloys, and help eliminate
tungsten spitting and arc rectification. DCEN is most
commonly used for the welding of steels. Figure 3.22
illustrates the effects of these different types of current
and polarity in terms of penetration ability, oxide clean-
ing action, heat balance of the arc, and electrode current-
carrying capacity.

As mentioned, most GTAW utilizes inert gases for
shielding. By inert, we mean that the gases will not com-
bine with the metal, but will protect it from contami-
nants. Argon and helium are the two inert gases used in
GTAW. Some mechanized stainless steel or nickel weld-
ing applications use a shielding gas consisting of argon
and a small amount of hydrogen, but this represents a
very minor portion of the gas tungsten arc welding which
is performed.

The equipment required for GTAW has as its primary
element a power source like the one used for SMAW,
that is, a constant current type. Since there is a gas
present, it is now necessary to have apparatus for its con-
trol and transmission. Figure 3.23 shows a typical gas
tungsten arc welding setup.

An added feature of this welding system, which is not
shown, is a high frequency generator which aids in the
initiation of the welding arc. In DCEN the high fre-
quency aids in arc initiation, and after the arc is initiated
it turns off. When using AC current the high frequency
remains on all the time to help initiate the arc every half
cycle during current reversals. In order to alter the weld-
ing heat during the welding operation, a remote current
control may also be attached. It can be foot-operated or
controlled by some device mounted on the torch itself.
This is particularly useful for welding thin materials and
open root pipe joints, where instantaneous control is
necessary.

There are numerous applications for GTAW in many
industries. It is capable of welding virtually all materials
because the electrode is not melted during the welding
operation. Its ability to weld at extremely low currents
makes gas tungsten arc welding suitable for use on the
thinnest (down to 0.005 in) of metals. It’s typically clean
and controllable operation causes it to be the perfect
choice for extremely critical applications such as those
found in the aerospace, food and drug processing, petro-
chemical, and power piping industries.

Table 3.3
AWS Tungsten Electrode Classification

Class Alloy Color

EWP
EWCe-2
EWLa-1
EWLa-1.5
EWLa-2
EWTh-1
EWTh-2
EWZr

Pure tungsten
1.8%–2.2% cerium oxide
1% lanthanum oxide
1.5% lanthanum oxide
2.0% lanthanum oxide
0.8%–1.2% thorium oxide
1.7%–2.2% thorium oxide
0.15%–0.40% zirconium oxide

Green
Orange
Black
Gold
Blue
Yellow
Red
Brown
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The principal advantage of GTAW lies in the fact that it
can produce welds of high quality and excellent visual
appearance. Also, since no flux is used, the process is
quite clean and there is no slag to remove after welding.
As mentioned before, extremely thin sections can be
welded. Due to the nature of its operation, it is suitable
for welding most metals, many of which are not as easily
welded using other welding processes. If joint design
permits, these materials can be welded without the use of
additional filler metal.

When required, numerous types of filler metals exist in
wire form for a wide range of metal alloys. In the case
where there is no commercially-available wire for a par-
ticular metal alloy, it is possible to produce a suitable
filler metal by simply shearing a piece of identical base
metal to produce a narrow piece which can be hand-fed
into the weld zone just as if it were a wire.

Contrasting these advantages are several disadvantages.
First, GTAW is among the slowest of the available weld-
ing processes. While it produces a clean weld deposit, it
is also characterized as having a low tolerance for con-
tamination. Therefore, base and filler metals must be
extremely clean prior to welding. When used as a manual
process, gas tungsten arc welding requires a high skill
level; the welder must coordinate the arc with one hand
while feeding the filler metal with the other. GTAW is
normally selected in situations where the need for very

Figure 3.23—Gas Tungsten
Arc Welding Equipment

Figure 3.22—Effect of Welding Current Type on Penetration for Gas Tungsten Arc Welding

CURRENT–TYPE                                    DC                                                     DC                                       AC (balanced)

ELECTRODE POLARITY                       Negative                                           Positive
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ELECTRON AND
ION FLOW

PENETRATION
CHARACTERISTICS

OXIDE CLEANING                                      NO                                              YES                                          YES - Once every
ACTION                                                                                                                                                                    half cycle

HEAT BALANCE IN                       70% At work end                              30% At work end                              50% At work end
THE ARC (approx.)                    30% At electrode end                       70% At electrode end                      50% At electrode end

PENETRATION                                 Deep; narrow                                   Shallow; wide                                      Medium

ELECTRODE                                         Excellent                                             Poor                                               Good
CAPACITY                         (e.g., 1/8 in [3.18 mm]–400 A)       (e.g., 1/4 in [6.35 mm]–120 A)        (e.g., 1/8 in [3.18 mm]–225 A) 
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high quality warrants additional cost to overcome these
limitations.

One of the inherent problems associated with this
method has to do with its inability to tolerate contamina-
tion. If contamination or moisture is encountered,
whether from the base metal, filler metal or shielding
gas, the result could be porosity in the deposited weld.
When porosity is noted, this is a sign that the process is
out of control and some preventive measures are neces-
sary. Checks should be made to determine the source of
the contamination so that it can be eliminated.

Another inherent problem which is almost totally con-
fined to the GTAW process is that of tungsten inclusions.
As the name implies, this discontinuity occurs when
pieces of the tungsten electrode become included in the
weld deposit. Tungsten inclusions can occur due to a
number of reasons, and several are listed below.

1. Contact of electrode tip with molten metal;

2. Contact of filler metal with hot tip of electrode;

3. Contamination of the electrode tip by spatter;

4. Exceeding the current limit for a given electrode
diameter or type;

5. Extension of electrodes beyond their normal dis-
tances from the collet, resulting in over-heating of
the electrode;

6. Inadequate tightening of the collet;

7. Inadequate shielding gas flow rates or excessive
wind drafts resulting in oxidation of the electrode
tip;

8. Defects such as splits or cracks in the electrode;

9. Use of improper shielding gases; and

10. Improper grinding of the electrode tip.

Submerged Arc Welding (SAW)

The last of the more common welding processes to be
discussed is submerged arc welding. This method is typi-
cally the most efficient one mentioned so far in terms of
the rate of weld metal deposition. SAW is characterized
by the use of a continuously-fed solid wire electrode
which provides an arc that is totally covered by a layer of
granular flux; hence the name “submerged” arc. Figure
3.24 shows how a weld is produced using this process.

As mentioned, the wire is fed into the weld zone much
the same way as with gas metal arc welding or flux cored
arc welding. The major difference, however, is in the
method of shielding. With submerged arc welding, a
granular flux is distributed ahead of or around the wire

electrode to facilitate the protection of the molten metal.
As the welding progresses, in addition to the weld bead,
there is a layer of formed slag and still-granular flux
covering the solidified weld metal. The slag must be
removed and is usually discarded. The granular flux that
has not been used in the weld can be salvaged and mixed
with new flux for reuse. Care must be taken to maintain
the original flux granular composition.

Since SAW uses a separate electrode and flux, there are
numerous combinations available for specific applica-
tions. There are two general types of combinations which
can be used to provide an alloyed weld deposit: an alloy
electrode with a neutral flux, or a mild steel electrode
with an alloy flux. Therefore, to properly describe the
filler material for SAW, the American Welding Society
identification system consists of designations for both the
electrode and flux. Figure 3.25 shows what the various
parts of the electrode/flux classification system signify,
with two examples.

The equipment used for submerged arc welding consists
of several components, as shown in Figure 3.26. Since
this process can be used as a fully mechanized or semiau-
tomatic method (see Figure 3.27), the equipment used for
each is slightly different. In the semiautomatic method
the wire and flux is feed through a gun and the operator
provides the travel along the joint. This is called “hand
held SAW.” In either case, however, some power source
is required. Although most submerged arc welding is
performed with a constant voltage power source, there
are certain applications where a constant current type is
preferred. As with gas metal arc welding and flux cored
arc welding, a wire feeder forces the wire through the
cable liner to the welding torch.

Figure 3.24—Submerged Arc Welding
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Indicates flux

Indicates the minimum tensile strength, in increments of 10 000 psi [69 MPa] of weld metal made
in accordance with the welding conditions given, and using the flux being classified and the specific
classification of electrode indicated.

Designates the condition of heat treatment in which the tests were conducted: •A• for as-
welded and •P• for postweld heat treated. The time and temperature of the PWHT are as
specified.

Indicates the lowest temperature at which the impact strength of the weld metal referred
to above meets or exceeds 20 ft·lb [27J].

E indicates a solid electrode; EC indicates a composite electrode.

L (low), M (medium), or H (high) manganese content, or C (composite electrode)

FXXX-EXXX

Classification of the electrode used in producing the weld referred to above.

Figure 3.25—SAW Filler Metal Identification System

Examples

F7A6-EM12K is a complete designation. It refers to a flux that will produce weld metal which, in the as-welded
condition, will have a tensile strength no lower than 70 000 psi [480 MPa] and Charpy V-notch impact strength of a
least 20 ft·lb [27 J] at –60°F [–51°C] when produced with an EM12K electrode under the conditions called for in this
specification.

F7A4-EC1 is a complete designation for a flux when the trade name of the electrode used in the classification is
indicated as well. It refers to a flux that will produce weld metal with that electrode, which in the as-welded condition,
will have a tensile strength no lower than 70 000 psi [480 MPa] and Charpy V-notch of at least 20 ft·lb [27 J] at –40°F
[–40°C] under the conditions called for in this specification.

Figure 3.26—Submerged Arc Welding Equipment
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The flux must be moved to the weld zone; for mecha-
nized systems, the flux is generally placed into a hopper
above the welding torch and fed by gravity so that it is
distributed either slightly ahead of the arc or around the
arc from a nozzle surrounding the contact tip. In the case
of semiautomatic submerged arc welding, the flux is
forced to the gun using compressed air which “fluidizes”
the granular flux, causing it to flow easily, or there is a
hopper connected directly to the hand-held gun.

Another equipment variation is the choice of alternating
or direct current, either polarity. The type of welding cur-
rent will affect both penetration and weld bead contour.
For some applications, multiple electrodes can be used.
The electrodes may be energized by a single power
source, or multiple power sources may be necessary. The
use of multiple electrodes provides even more versatility
for the process.

SAW has found acceptance in many industries, and it
can be performed on numerous metals. Due to the high

rate of weld metal deposition, it has shown to be quite
effective for overlaying or building up material surfaces.
In situations where a surface needs improved corrosion
or wear resistance, it is often more economical to cover a
susceptible base metal with a resistant weld overlay. If
this application can be mechanized, submerged arc weld-
ing is an excellent choice.

Probably the biggest advantage of SAW is its high depo-
sition rate. It can typically deposit weld metal more effi-
ciently than any of the more common processes. The
submerged arc welding process also has high operator
appeal because of the lack of a visible arc which allows
the operator to control the welding without the need for a
filter lens and other heavy protective clothing. The other
beneficial feature is that there is less smoke generated
than with some of the other processes. Another feature of
the process which makes it desirable for many applica-
tions is its ability to penetrate deeply.

The major limitation of SAW is that it can only be done
in a position where the flux can be supported in the weld
joint. When welding in a position other than the nor-
mally-used flat or horizontal fillet positions, some device
is required to hold the flux in place so it can perform its
job. Another limitation is that, like most mechanized pro-
cesses, there may be a need for extensive fixturing and
positioning equipment. As with other processes using a
flux, finished welds have a layer of solidified slag which
must be removed. If welding parameters are improper,
weld contours could be such that this job of slag removal
is even more difficult.

The final disadvantage relates to the flux which covers
the arc during welding. While it does a good job of pro-
tecting the welder from the arc, it also prevents the
welder from seeing exactly where the arc is positioned
with respect to the joint. With a mechanized setup, it is
advisable to track the entire length of the joint without
the arc or the flux to check for alignment. If the arc is not
properly directed, incomplete fusion can result.

There are some inherent problems related to SAW. The
first has to do with the granular flux. Just as with low
hydrogen SMAW electrodes, it is necessary to protect
the submerged arc welding flux from moisture. It may be
necessary to store the flux in heated containers prior to
use. If the flux becomes wet, porosity and underbead
cracking may result.

Another characteristic problem of SAW is solidification
cracking. This results when the welding conditions pro-
duce a weld bead having an extreme width-to-depth
ratio. That is, if the bead width is much greater than its
depth, or vice versa, centerline shrinkage cracking can
occur during solidification. Figure 3.28 shows some con-
ditions which can cause cracking.

Figure 3.27—Semiautomatic
Submerged Arc Welding Equipment
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Plasma Arc Welding (PAW)

The next process to be discussed is plasma arc welding.
Plasma is defined as an ionized gas. With any process
using an arc, plasma is created. However, PAW is so
named because of the intensity of this plasma region. At
first glance, PAW could be easily mistaken for GTAW
because the equipment required is quite similar. A typi-
cal setup is shown in Figure 3.29.

Both GTAW and PAW use the same type of power
source. However, when we look closely at the torch
itself, the difference becomes more obvious. Figure 3.30
shows a graphic comparison of the two types of welding

torches and the resulting difference in the amount of
heating, and therefore penetration, which will occur.

Both the PAW and GTAW torches use a tungsten elec-
trode for the creation of the arc. However, with the PAW
torch, there is a copper orifice within the ceramic nozzle.
There is a “plasma” gas which is forced through this ori-
fice and past the welding arc resulting in the constriction
of the arc.

This constriction, or squeezing, of the arc causes it to be
more concentrated, and therefore more intense. One way
to illustrate the difference in arc intensity between
GTAW and PAW would be to use the analogy of an

Figure 3.28—Solidification Cracking Because of Weld Profile
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adjustable water hose nozzle. The GTAW arc would be
comparable to the gentle mist setting, while the PAW arc
would behave more like the setting which provides a
concentrated stream of water having a greater force.

There are two categories of plasma arc operation, the
transferred and nontransferred arc. They are shown in
Figure 3.31.

With the transferred arc, the arc is created between the
tungsten electrode and the workpiece. The nontrans-

ferred arc, on the other hand, occurs between the tung-
sten electrode and the copper orifice. The transferred arc
is generally used for both welding and cutting of conduc-
tive materials, because it results in the greatest amount of
heating of the workpiece. The nontransferred arc is pre-
ferred for the cutting of nonconductive materials and for
welding of materials when the amount of heating of the
workpiece must be minimized.

The similarities between GTAW and PAW extend to the
equipment as well. The power sources are identical in
most respects. However, as shown in Figure 3.32, there
are some additional elements necessary, including the
plasma control console and a source of plasma gas.

The torch, as discussed above, does differ slightly; how-
ever, a careful check of the internal configuration must
be made to be certain. Figure 3.33 illustrates some of the
internal structure of a typical PAW torch for manual
welding.

As indicated, two separate gases are required: the shield-
ing gas and the orifice (or plasma) gas. Argon is most
commonly employed for both types of gas. However,
welding of various metals might warrant the use of
helium or combinations of argon/helium or argon/hydro-
gen for one of the other gases.

The primary applications for PAW are similar to those
for GTAW. PAW is used for the same materials and
thicknesses. PAW becomes the choice where applica-
tions warrant the use of a more localized heat source. It is

Figure 3.29—Plasma Arc Welding

Figure 3.30—Comparison of
GTAW and PAW Torches

Figure 3.31—Transferred and
Nontransferred PAW Comparison
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used extensively for full penetration welds in material up
to 1/2 in thick by employing a technique referred to as
“keyhole welding.” Figure 3.34 shows the typical
appearance of a keyhole weld.

Keyhole welding is performed on a square butt joint with
no root opening. The concentrated heat of the arc pene-
trates through the material thickness to form a small key-
hole. As welding progresses, the keyhole moves along

Figure 3.34—Keyhole Technique
for Plasma Arc Welding

(Face—Top and Root—Bottom)

Figure 3.32—Plasma Arc Welding Equipment, Including Control Console

Figure 3.33—Internal Structure
of a Typical Manual PAW Torch
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the joint melting the edges of the base metal which then
flow together and solidify after the welding arc passes.
This creates a high quality weld, with no elaborate joint
preparation and fast travel speeds compared to GTAW.

One advantage of PAW, which was mentioned before, is
that it provides a very localized heat source. This allows
for faster welding speeds and therefore less distortion.
Since the standoff used between the torch end and the
workpiece is typically quite long, the welder has better
visibility of the weld being made. Also, since the tung-
sten electrode is recessed within the torch, the welder is
less likely to contact the molten metal and produce a
tungsten inclusion.

The ability to use this process in a keyhole mode is
also desirable. The keyhole is a positive indication of
complete penetration and weld uniformity. This weld
uniformity is in part due to the fact that plasma arc weld-
ing is less sensitive to changes in arc length. The pres-
ence of its collimated arc will permit relatively large
changes in torch-to-work distance without any change in
its melting capacity.

PAW is limited to the effective joining of materials 1 in
or less in thickness. The initial cost of the equipment is
slightly greater than that for GTAW, primarily because
there is additional apparatus required. Finally, the use of
PAW may require greater operator skill than would be
the case for GTAW due to the more complex equipment
setup.

Among the problems that may be encountered with this
process are two types of metal inclusions. Tungsten
inclusions may result from too-high current levels; how-
ever, the fact that the tungsten is recessed helps to pre-
vent this occurrence. Too-high current could also result
in the copper orifice melting and being deposited in the
weld metal. Another problem that may be encountered
when keyhole welding is being done is referred to as tun-
neling. This occurs when the keyhole is not completely
filled at the end of the weld, leaving a cylindrical void
which may extend entirely through the throat of the
weld. When using the keyhole technique, there is also a
possibility of getting incomplete fusion since the arc and
joint are so narrow. As a result, even small amounts of
mistracking can produce incomplete fusion along the
joint.

Electroslag Welding (ESW)

The next process of interest is electroslag welding, but it
is not nearly as commonly used as the processes men-
tioned previously. It typically exhibits the highest depo-
sition rate of any of the welding processes. ESW is
characterized by the joining of members who are placed
edge to edge so that the joint is vertical. The welding is

done in a single pass such that the progression is from the
bottom to the top of the joint, without interruption. Even
though the welding progresses vertically up the joint, the
position of welding is considered flat due to the location
of the electrode with respect to the puddle. During weld-
ing, the molten metal is supported on two sides by water
cooled copper shoes (see Figure 3.35).

An interesting feature of ESW is that it is not considered
to be an arc welding process. It relies on heating from the
electrical resistance of the molten flux to melt the base
and filler metals. The process does use an arc to initiate
the operation; however, that arc is extinguished once
there is sufficient flux melted to provide the heating to
maintain the welding operation as it progresses upward
along the joint. When the flux becomes molten, the cur-
rent supplied to the wire causes resistance heating of the
slag that makes it hot enough to melt the sidewalls. The
filler wire melts off and combines with the side walls to
make a weld. The slag, being lighter than the weld metal,
stays on top of the weld and continues to melt the side-
walls as it progresses upward along the joint. The slag
has to be replenished as the weld progresses. Consum-
able guide tubes that have flux on them can be used, or
the operator can continually add flux to the top of the
“melt.”

ESW is used when very heavy sections are being joined.
It is essentially limited to the welding of carbon steels in
thickness greater than 3/4 in. So, only industries dealing
with heavy weldments have any real interest in ESW.
Figure 3.36 shows an ESW equipment setup.

Figure 3.35—Electroslag Welding
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The major advantage of ESW is its high deposition rate.
If single electrode welding is not fast enough, then multi-
ple electrodes can be used. In fact, metal strip can be
used instead of wire to increase the deposition rate even
more. Another benefit is that there is no special joint
preparation required. In fact, a rough, flame cut surface
is satisfactory for this method. Since the entire thickness
of the joint is fused in a single pass, there is no tendency
for any angular distortion to occur during or after weld-
ing, so alignment is easily maintained.

The primary limitation of ESW is the extensive time
required to set up and get ready to weld. There is a tre-
mendous amount of time and effort required to position
the workpieces and guides before any welding takes
place. That is why ESW is not economical for thinner
sections, even though the deposition rate is quite high.

The ESW process has associated with it several inherent
problems. When these problems arise, they can be of
major proportions. Gross porosity can occur due to wet
flux or the presence of a leak in one of the water cooled
shoes. Since electroslag welding resembles a casting pro-
cess in many respects, there is a possibility of getting

centerline cracks due to weld metal shrinkage. Also, due
to the tremendous amount of heating, there is a tendency
for grain growth in the weld metal. These large grains
may result in degradation of the weldments’ mechanical
properties.

Oxyacetylene Welding (OAW)

The next process is oxyacetylene welding. While the
term “oxyfuel welding” is also used, acetylene is the
only fuel gas capable of producing high enough tempera-
tures for effective welding of steel. With OAW, the
energy for welding is created by a flame, so this process
is considered to be a chemical welding method. Just as
the heat is provided by a chemical reaction, the shielding
for oxyacetylene welding is accomplished by this flame
as well. Therefore, no flux or external shielding is neces-
sary. Figure 3.37 illustrates the process being applied
with filler metal added from some external source.

The equipment for oxyacetylene welding is relatively
simple. A typical setup is shown in Figure 3.38. It con-
sists of several parts: oxygen tank, acetylene tank, pres-
sure regulators, torch, and connecting hoses. The oxygen
cylinder is a hollow, high pressure container capable of
withstanding a pressure of approximately 2200 psi. The
acetylene cylinder on the other hand, is filled with a
porous material similar to cement.

Acetylene exists in the cylinder dissolved in liquid ace-
tone. Care must be taken since gaseous acetylene is
extremely unstable at pressures exceeding 15 psi and an
explosion could occur even without the presence of oxy-
gen. Since the acetylene cylinder contains a liquid it is
important that it remains upright to prevent drawing off
the liquid.

Each cylinder has attached to its top a pressure regulator
which reduces the high internal tank pressure to working

Figure 3.36—Electroslag Welding 
Equipment
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Figure 3.37—Oxyacetylene Welding
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pressures. Hoses then connect these regulators to the
torch. The torch includes a mixing section where the
oxygen and acetylene combine to provide the necessary
mixture. The ratio of these two gases can be altered by
the adjustment of two separate control valves. Normally,
for carbon steel welding, they are adjusted to provide a
mixture which is referred to as a neutral flame. A higher
amount of oxygen will create an oxidizing flame and a
higher amount of acetylene will produce a carburizing
flame. After the gases are mixed, they flow through a

detachable tip. Tips are made in a variety of sizes to
allow welding of different metal thicknesses.

The filler material used for OAW on steel has a simple
identification system. Two examples are RG-45 and RG-
60. The “R” designates it as a rod, “G” stands for gas and
the 45 and 60 relate to the minimum tensile strength of
the weld deposit in thousands of pounds per square inch
(psi). So RG 45 designates a weld deposit having a
tensile strength of at least 45 000 psi. and RG 65 desig-
nates a weld deposit having a tensile strength of at least
65 000 psi.

Although not used as extensively as it once was, OAW
still sees some usage. Its primary tasks include the weld-
ing of thin steel sheet and small diameter steel piping. It
is also applied in many maintenance situations as well.

The advantages of OAW include some desirable features
of the equipment itself. First, it is relatively inexpensive
and can be made very portable. This portability relates
not only to the compact size but also to the fact that there
is no electrical input required. Care should be taken
when moving the equipment so that the primary valves
on the cylinders are not damaged. If broken off, a cylin-
der can turn into a lethal missile. So, whenever trans-
ported, the regulators should be removed and the valves
covered with special screw-on caps for protection from
impact.

The process also has certain limitations. For one, the
flame does not provide as concentrated a heat source as
can be achieved by an arc. Therefore, if a groove weld is
being made, the joint preparation should exhibit a thin
“feather edge” to assure that complete fusion is obtained
at the root of the joint. This lower heat concentration also
results in a relatively slow process, so we typically con-
sider OAW best suited for thin section welding. As with
any of the welding processes requiring the filler metal to
be fed manually, OAW requires a substantial skill level
for best results.

There are certain inherent problems associated with
OAW. They are primarily related to either improper
manipulation or adjustment of the flame. Since the heat
source is not concentrated, care must be taken to direct
the flame properly to assure adequate fusion. If the flame
is adjusted such that an oxidizing flame or carburizing
flame is produced, weld metal properties could be
degraded, so it is important to have equipment capable of
providing uniform gas flow.

Stud Welding (SW)

The next welding process to be discussed is stud weld-
ing. This method is used to weld studs, or attachments, to
some metal surface. SW is considered to be an arc weld-

Figure 3.38—Oxyacetylene
Welding Equipment
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ing process because the heat for welding is generated by
an arc between the stud and the base metal.

The process is controlled by a mechanical gun which is
attached to a power supply through a control panel. So,
welding is accomplished very easily and repetitively.
The process is performed in four cycles which are timed
and sequenced by the control box once the stud is posi-
tioned and the trigger is pulled. Figure 3.39 illustrates
this sequence.

Sketch (a) shows the stud gun with the stud and ferrule in
position, and then in (b) being positioned against the
workpiece. In (c) the trigger has been pulled to initiate
the current flow, and the gun lifts the stud to maintain the
arc. In (d) the arc quickly melts the stud end and a spot
on the workpiece beneath the stud. A timer in the gun
then cuts off the current and the guns’ mainspring
plunges the stud into the workpiece (e). The finished stud
weld is shown in (f). When properly done, the stud weld
should exhibit complete fusion throughout the stud cross
section as well as a reinforcing fillet, or “flash,” around
the entire circumference of the stud base.

Typical SW equipment is shown in Figure 3.40. Stud
welding equipment consists of a DC power source, a
control unit, and a stud welding gun. Variations can
include automatic stud feeding apparatus as well as gas
shielding for use in the welding of aluminum studs.

Due to the convenience and simplicity offered by SW, it
has seen tremendous usage in many industries for a vari-
ety of metals. Figure 3.41 shows some of the wide vari-
ety of stud shapes and sizes available.

The building and bridge industries use SW extensively as
shear connectors to structural steel members. Once the
concrete is poured, covering the studs attached to the
beams, the mechanical connection obtained allows the
steel and concrete to act as a composite unit to enhance
the overall strength and rigidity of the structure.

Figure 3.39—Stud Welding Cycle

(A) (B) (C)

(D) (E) (F)

Figure 3.40—Stud Welding Equipment, Including Power Console and Stud Gun
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Its wide range of applications is due to the number of
advantages which are offered. First, since the process is
controlled essentially by the electrical control unit and
attached gun, little operator skill is required once the
control unit settings are made. Also, SW is a tremen-
dously economical and effective method for welding var-
ious attachments to a surface. Its use eliminates the need
for hole drilling, tapping or tedious manual welding using
some other process. Once welded, a stud can be easily
inspected. First a visual examination is made to assure
the presence of a 360° flash. Then the stud can be either
struck with a hammer or pulled to judge its acceptability.
When struck with a hammer, a good stud weld will ring
while a poor joint will result in a dull “thud.” If the stud is
threaded it can be torque tested to determine its quality.

Since the process is controlled electrically and mechani-
cally, its predominant limitation relates to this equip-
ment. An electrical or mechanical malfunction could
produce poor weld quality. Also, stud shape is limited to
some configuration which can be held in the gun’s chuck.

SW has two possible discontinuities. They are lack of
360° flash and incomplete fusion at the interface. Both
are caused by improper machine settings. Presence of
water or heavy rust or mill scale on the base metal sur-
face could also affect the resulting weld quality.

Laser Beam Welding (LBW)

Laser Beam Welding (LBW) is a fusion joining process
that produces coalescence of materials with the heat
obtained from a concentrated beam of coherent, mono-

chromatic light impinging on the joint to be welded (see
Figures 3.42 and 3.43). The high energy of the laser
beam causes some of the metal at the joint to vaporize,
producing a “keyhole,” which is surrounded by molten
metal. As the beam is then advanced along the joint (or
the part is moved under the beam), molten metal flows
from the forward portion of the keyhole around its
periphery and solidifies at the rear to form weld metal.
The equipment is fairly complex, as seen in Figure 3.45.

Figure 3.41—Some Typical Stud
and Fastener Configurations
Available for Stud Welding

Figure 3.42—Laser Beam Welding Gun

Figure 3.43—Laser Weld Being Made on 1/8 in 
[3.2 mm] Thick Type 304 Stainless Steel
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The main element for laser welding and cutting equip-
ment is the laser device. Inside the equipment, the laser
device is placed between end mirrors. When the laser
medium is excited or “pumped,” the atoms or molecules
in the medium are put into a higher than normal energy
state, which generates a source of coherent, monochro-
matic electromagnetic radiation in the form of light. This
light reflects back and forth between the end mirrors,
which increases the energy state even more. This results
in the device emitting a beam of laser light. Laser is an
acronym for “light amplification by stimulated emission
of radiation.”

The laser beam has a very small cross section and does
not diverge, or broaden, much. Thus, it can be trans-
ported over relatively long distances through fiber optics
and mirrors. The beam is then focused to a very small
spot size at the workpiece through the use of either lenses
or reflective-type focusing. This provides the high level
of beam power density needed to do a variety of material
processing tasks, such as welding, cutting, and heat treat-
ing. The small laser beam produces a very narrow and
deep weld bead (see Figure 3.44).

The lasers predominantly used for welding are either
solid-state or gas lasers. In the solid-state laser, neody-
mium-doped, yttrium aluminum garnet (Nd-YAG) crys-
tal rods are utilized to produce a continuous
monochromatic laser beam output in the 1 kW to 10 kW
power range. In gas lasers for welding, the typical type is
the carbon dioxide (CO2) laser. These are electrically
excited and can put out a continuous or a pulsed laser
beam, with power levels of up to 25 kW. Such lasers are
capable of producing full penetration, single-pass welds
in steel up to 1-1/4 in [32 mm] thick.

LBW is a noncontact process, and thus requires that no
pressure be applied. Inert gas shielding is often
employed to prevent oxidation of the molten pool, and
filler metal is occasionally used.

Major advantages of laser beam welding include the
following:

• Low overall heat input results in less grain growth in
the heat-affected zone and less workpiece distortion.

• High depth-to-width ratios (on the order of 10:1) are
attainable when the weld is made in the keyhole weld-
ing mode.

• Single pass laser welds have been made in materials
up to 1-1/4 in [32 mm] thick.

• The laser beam can be focused on a small area, per-
mitting the joining of thin, small, or closely spaced
components.

Figure 3.44—Cross Section of a Laser Beam
Weld Joining a Boss to a Ring

Figure 3.45—Production Welding System for
Automotive Transmission Components
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• A wide variety of materials can be welded, including
combinations of materials with dissimilar physical
properties.

• The laser beam can be readily focused, aligned,
and directed by optical elements. Thus, the laser can
be located away from the workpiece and the laser
beam directed around tooling and obstacles to the
workpiece.

• The laser beam is not influenced by the presence of
magnetic fields, as in arc and electron beam welding.

• No vacuum or X-ray shielding is required, as in elec-
tron beam welding.

• The beam can be transmitted to more than one work
station using beam switching optics.

Some limitations of the laser beam welding process
include:

• Joints must be accurately positioned under the beam.

• Square groove butt joints are required.

• Workpieces must often be forced together.

• The high reflectivity and high thermal conductivity of
some materials, such as aluminum and copper alloys,
can affect their weldability with lasers.

• The fast cooling rates can produce cracking and
embrittlement in the heat-affected zone and can trap
porosity in the weld metal.

• With higher power lasers, a plume of vapors is often
produced above the weld joint, which interferes with
the ability of the laser to reach the joint. A plasma
control device is often required, which utilizes an
inert gas to blow away the plume of vapors.

• Equipment is expensive, typically in the $100,000
range.

Electron Beam Welding (EBW)

Since electron beam welding (EBW) was initially used
as a commercial welding process in the late 1950s, the
process has earned a broad acceptance by industry. The
process was initially limited strictly to operation in a
high vacuum chamber. However, a system was soon
developed that required a high vacuum only in the beam
generation portion. This permitted the option of welding
in either a medium vacuum chamber or a nonvacuum
environment. This advancement led to its acceptance by
the commercial automotive and consumer product manu-
facturers. As a consequence, EBW has been employed in
a broad range of industries worldwide (see Figure 3.46
through 3.48).

Figure 3.46—Exterior View of an
Electron Beam Vacuum Pump

Figure 3.47—Electron Beam
Welding Control Panel

Figure 3.48—Electron Beam
Welding Machine Designed for

Joining Bimetallic Strip
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EBW is a fusion joining process that produces coales-
cence of materials with heat obtained by impinging a
beam of high-energy electrons onto the joint to be
welded.

The heart of the electron beam welding process is the
electron beam gun/column assembly. Electrons are gen-
erated by heating a negatively charged emitting cathode
or “filament” to its thermionic emission temperature
range, thus causing electrons to “boil off” and be
attracted to the positively charged anode (see Figure
3.49). A precisely configured grid or bias cup surround-
ing the emitter helps accelerate and shape the electrons
into the beam. The beam then exits the gun through an
opening in the anode and continues on toward the work-

piece (see Figure 3.50). Once the beam exits from the
gun, it will gradually broaden with distance. To counter-
act this inherent divergence effect, an electromagnetic
lens system is used to converge the beam, which focuses
it into a small spot on the workpiece. The beam diver-
gence and convergence angles are relatively small,
which gives the concentrated beam a usable focal range,
or “depth-of-focus” extending over a distance of an inch
or so.

There are four basic welding variables: beam accelerat-
ing voltage, beam current, beam focal spot size, and
welding travel speed. The basic equipment includes a
vacuum chamber, controls and an electron beam gun (see
Figures 3.46 through 3.48). Typical power levels are
30 kV to 175 kV and 50 mA to 1000 mA.

The electron beam produces even higher power densities
than a laser beam. Like laser beam welding, electron
beam welding is usually done in the “keyhole” mode,
which produces very deep and narrow weld beads (see
Figure 3.51). In most applications, the weld penetration

Figure 3.49—Simplified Representation of
a Triode Electron Beam Gun Column

Figure 3.50—Electron Beam Welding
a Gear in Medium Vacuum
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formed is much deeper than it is wide, and the heat-
affected zone produced is very narrow. For example, the
width of a butt weld in 0.5 in [13 mm] thick steel plate
may be as small as 0.030 in [0.8 mm] when made in a
vacuum. This stands in remarkable contrast to the weld
zone produced in arc and gas welded joints, where pene-
tration is achieved primarily through conduction melting.

An electron beam can be readily moved by electromag-
netic deflection. In most instances, this deflection is used
to adjust the beam-to-joint alignment, or to apply a
deflection pattern of a circle, ellipse or other shape. This
deflection modifies the average power density into the joint,
and results in a change in the weld bead shape. The focal
spot can also be adjusted, which will alter the weld shape.

Electron beam welding has unique performance capabili-
ties. The high-power densities and outstanding control
solve a wide range of joining problems.

The following are advantages of electron beam welding:

• Low overall heat input results in less grain growth in
the heat-affected zone and less workpiece distortion.

• High depth-to-width ratio (on the order of greater than
10:1) are attainable when the weld is made in the key-
hole welding mode.

• Single pass electron beam welds have been made in
steels up to 4 in [102 mm] thick.

• A high-purity environment (vacuum) for welding
minimizes contamination of the metal by oxygen and
nitrogen.

• Rapid travel speeds are possible because of the high
melting rates associated with this concentrated heat
source.

• Hermetic closures can be welded with the high- or
medium-vacuum modes of operation while retaining a
vacuum inside the component.

• The beam of electrons can be magnetically deflected
to produce various shaped welds and magnetically oscil-
lated to improve weld quality or increase penetration.

• The focused beam of electrons has a relatively long
depth of focus, which will accommodate a broad
range of work distances.

• Full penetration, single-pass welds with nearly paral-
lel sides, and exhibiting nearly symmetrical shrink-
age, can be produced.

• Dissimilar metals and metals with high thermal con-
ductivity such as copper can be welded.

Some of the limitations of electron beam welding are as
follows:

• Joints must be accurately positioned under the beam.

• Square groove butt joints are required.

• Workpieces must often be forced together.

• The fast cooling rates can produce cracking and
embrittlement in the heat-affected zone and can trap
porosity in the weld metal.

• Equipment is expensive.

• For high and medium vacuum welding, work chamber
size must be large enough to accommodate the assem-
bly operation. The time needed to evacuate the cham-
ber will influence production costs.

• Because the electron beam can be deflected by mag-
netic fields, nonmagnetic or properly degaussed met-
als should be used for tooling and fixturing close to
the beam path.

• With all modes of EBW, radiation shielding must be
maintained to ensure that there is no exposure of per-
sonnel to the X-radiation generated by EB welding.

• Adequate ventilation is required with nonvacuum
EBW, to ensure proper removal of ozone and other
noxious gases formed during this mode of EB welding.

Figure 3.51—Cross Section of a
Nonvacuum Electron Beam Weld

in 3/4 in [19 mm] Stainless Steel Plate
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Resistance Welding (RW)

Resistance welding (RW) is a group of welding pro-
cesses that produces coalescence of the joining surfaces
with heat obtained from resistance of the workpieces to
the flow of welding current in a circuit of which the
workpieces are a part, and by the application of pressure.
It is typically used for sheet metal applications, up to
about 1/8 in [3 mm] thick. No filler metals or fluxes are
used.

There are three major resistance welding processes:
resistance spot welding (RSW), resistance seam welding
(RSEW), and projection welding (PW). Electrodes are
usually copper alloys, but many different types of elec-
trode materials have been developed for specific pur-
poses, such as for welding of galvanized steel.

The most common of these processes is resistance spot
welding (RSW), which is shown in Figure 3.52. The
electrodes are typically cylindrical in shape, but can have
various configurations. The two electrodes apply a force
to hold the two pieces of sheet metal in intimate contact.
Current is then passed through the electrodes and the
workpieces. Resistance to the flow of current produces
heat at the faying surfaces, forming a weld nugget (see
Figure 3.52). The electrodes continue to apply pressure
to hold the sheets in intimate contact during welding.

The workpiece surfaces must be very clean to obtain
consistent electrical contact and to produce a sound weld
nugget. Typically, one spot weld is made at a time.

With projection welding (PW), one sheet has projections
or dimples formed in it. When the two sheets are placed
together, the current is concentrated to pass through the
projections at the faying surfaces. Large, flat electrodes
are used on opposite sides of the sheets, and current
passes through the projections while the electrodes force
the sheets together. This allows several welds to be made
during a single welding cycle.

In resistance seam welding (RSEW) a continuous seam
weld is made that is actually a series of overlapping spot
welds. The electrodes are typically rotating wheels
between which the two sheets pass. Current and pressure
are applied in a timed manner to produce a continuous
seam weld.

Equipment ranges from semiautomatic to fully automatic
equipment. With semiautomatic equipment, the operator
places the sheets to be welded between the electrodes or
places a hand-held gun around the pieces and pushes a
switch or foot pedal. The weld is made in a prepro-
grammed sequence. In automatic equipment, parts are
automatically loaded into the machine, welded, and then
ejected. Robotic resistance spot welding is utilized
extensively in the automotive industry.

The main welding variables are welding current, welding
time, electrode force, and electrode material and design.
Typical welding times for a resistance weld are less than
a second with current levels of hundreds to thousands of
amperes.

Figure 3.52—Resistance Spot Welding Process

WATER-COOLED
COPPER ALLOY ELECTRODE

WATER-COOLED
COPPER ALLOY ELECTRODE

BASE
METAL

BASE
METAL
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Brazing and Soldering Processes
Now that the welding processes have been discussed, we
will turn our attention to brazing and soldering. Brazing
differs from welding in that brazing is accomplished
without any melting of the base metals. The heat applied
is only sufficient for the melting of the filler metal.
Another joining process, soldering, is similar in that it
too only requires melting of the filler metal to create a
bond. Brazing and soldering are differentiated by the
temperature at which the filler metal melts. Filler metals
melting above 840°F [450°C] are considered braze mate-
rials, while those melting at or below this temperature
are used for soldering. Therefore, the common term “sil-
ver soldering” is actually incorrect, because silver braz-
ing filler metals melt above 840°F.

Even though the base metals are not melted and there is
no fusion between the filler metal and base metals, a
bond is created which has substantial strength. When
properly applied, the braze joint can develop a strength
equal to or greater than the base metal even though the
braze material may be much weaker than the base metal.
This is possible because of two factors.

First, the braze joint is designed to have a large surface
area. Second, the clearance, or gap, between the two
pieces to be joined is kept to a minimum. Gaps greater
than about 0.010 in [0.25 mm] may result in a joint hav-
ing substantially reduced strength. Some typical braze
joint configurations are shown in Figure 3.53. As can be
seen, all of these joints have relatively large surface areas
and tight gaps between parts.

To perform brazing, one of the most important steps is to
thoroughly clean the joint surfaces. If the parts are not
sufficiently clean, an inadequate joint will result. Once
the parts are cleaned and fitted together, heat is applied
in some manner. When the parts have been heated to a
temperature above the melting point of the braze filler
material, the filler metal will be drawn into the joint
when placed in contact with the parts as a result of capil-
lary action.

Capillary action is that phenomenon which causes a liq-
uid to be pulled into a tight space between two surfaces.
You could observe this occurrence if two pieces of plate
glass were held tightly together and stood on edge in a
shallow pan of water. Capillary action will cause the liq-
uid between the pieces of glass to rise to a level above
that of the water in the pan. Since capillary action is
related to surface tension, it is drastically affected by the
presence of surface contamination.

So, if the surfaces of the braze joint are not properly
cleaned, the ability of the capillary action to occur will
be reduced to the point that the braze material will not be
drawn sufficiently into the joint. When this occurs, an
insufficient bond will result.

The braze filler material is available in a number of con-
figurations and alloy types. The configurations include
wire, strip, foil, paste and preforms. Preforms are spe-
cially shaped pieces of braze alloy designed for a particu-
lar application so that they are preplaced in or near the
braze joint during assembly of the parts. Figure 3.54
shows how these braze preforms can be preplaced within
a joint prior to the application of the brazing heat. Figure
3.55 then shows how the braze filler metal flows into the
joint leaving voids where the preform had been placed.

As with the welding consumables, braze alloys also have
American Welding Society designations. Braze alloy
designations are preceded by a “B” followed by abbrevi-
ations of the most prominent chemical elements included
(see Table 3.4). Within these general groups are types
with slightly different properties which are differentiated
by individual numbers. The brazing filler metals having
an “R” in front of the “B” in their designations denotes
their chemistry is identical with Copper and Copper-
Alloy Gas Welding Rods.

To maintain the cleanliness of the joint during the appli-
cation of heat, brazing fluxes are often used. They too
carry American Welding Society classifications accord-
ing to the types of base and filler metals being used.
They are designated alphanumerically as shown in Table
3.5.

There are numerous methods of brazing, with the pri-
mary difference being the manner in which the joint is

Figure 3.53—Examples of Various
Braze Joint Configurations

(Red Shows Resulting Braze Zone)
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heated. The most familiar method is referred to as torch
brazing (TB) where heating is accomplished using an
oxyfuel flame. It can be done either manually, mechani-
cally or automatically. Other common heating methods
include furnace, induction, resistance, dip, and infrared.

Furnace brazing (FB) is performed in a furnace, often
with a controlled atmosphere. The braze filler material
and flux are preplaced at or near the joint and the parts to
be joined are then placed in a furnace which heats them
in a very controlled manner. FB can be used to produce
numerous braze joints simultaneously once the assembly
is brought to the brazing temperature.

Induction brazing (IB) relies on the heat produced in a
metal when placed within an induction coil. The induc-
tion coil is simply a coil through which a high frequency
electric current is passed. This flow of electricity will
produce substantial heating of a piece of metal placed
inside the coil.

Resistance brazing (RB) is accomplished by heating the
base metal using its own inherent electrical resistance.
When an electric current is passed through the base met-
als on either side of the braze joint, resistance heating
occurs and melts the braze filler metal placed in the joint.

Dip brazing (DB) differs from the other types in that the
parts to be joined are immersed in some type of molten
bath to provide the necessary heating. This bath can be
either molten braze filler metal or some type of molten
chemical, such as chemical salts.

Infrared brazing (IRB) relies on heating provided by
radiant energy. That is, the joint to be brazed is heated
using a high intensity infrared light source.

Brazing is used in many industries, especially aerospace
and heating and air conditioning. It can be applied to join
virtually all metals, and can also be used to join metals to
nonmetals.

Figure 3.54—Placement of Brazing
Preforms in Braze Joints (Red
Shows Resulting Braze Zone)

Figure 3.55—Location of Braze Filler
Material in Joint After the Application of
Heat (Red Shows Resulting Braze Zone)

Table 3.4
AWS Brazing Filler Metal Classifications

Designation Primary Element

BAlSi
BCuP
BAg
BAu
BCu
RBCuZn
BMg
BNi

Aluminum-Silicon
Copper-Phosphorus
Silver
Gold
Copper
Copper-Zinc
Magnesium
Nickel
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One of the biggest advantages of brazing is that it can be
used to join dissimilar metals. This is possible since
brazing does not melt the base metals to produce a hybrid
alloy which may not have desirable properties. It is also
well-suited for the joining of metals which simply don’t
lend themselves to welding of any type. Another advan-
tage of brazing is the equipment can be relatively inex-
pensive. Since brazing uses lower temperatures than
welding, thin metals are readily joined without as much
fear of melt-through or distortion.

The primary limitation is that the parts must be
extremely clean prior to brazing. Another limitation is
that the joint design must provide sufficient surface area
to develop the required strength. Some configurations do
not provide such a situation.

There are several inherent problems associated with
brazing. The first is the formation of voids or unbonded

areas within the joint. These can result from insufficient
cleaning or improper heating of the parts. Another prob-
lem occurs when too much localized heat is applied to
the base metal, resulting in melting and erosion of the
base metal. This is normally associated with torch braz-
ing where the combination of the flames’ heat and its
mechanical action will wear away the base metal adja-
cent to the braze joint. Another concern is the corrosion
of the base metal by some of the extremely reactive
fluxes; flux residue must be removed to avoid subse-
quent corrosion of the joint or base metal.

Cutting Processes
So far the discussion has involved only those methods
used for joining metals together. Also of importance in
metal fabrication are those processes used to cut or

Table 3.5
AWS Brazing Flux Identification System (Partial Listing)

Classification Form

Filler 
Metal 
Type

Typical 
Ingredients Application

Activity
Temperature Range

Recommended
Base Metals°F °C

FB1-A Powder BAISi Fluorides
Chlorides

For torch or furnace 
brazing.

1080–1140 560–615 All brazeable aluminum 
alloys.

FB2-A Powder BMg Fluorides
Chlorides

Because of very limited 
use of brazing to join 
magnesium, a detailed 
classification of brazing 
fluxes for magnesium is 
not included.

900–1150 480–620 Magnesium alloys whose 
designators start with AZ.

FB3-A Paste BAg
and 

BCuP

Borates
Fluorides

General purpose flux for 
most ferrous and non-
ferrous alloys. (Notable 
exception Al bronze, etc. 
See Flux 4A.

1050–1600 565–870 All brazeable ferrous and 
nonferrous metal except 
those with aluminum or 
magnesium as a constituent. 
Also used to braze carbides

FB4-A Paste BAg and 
BCuP

Fluorides
Chlorides
Borates

General purpose flux for 
many alloys containing 
metals that form refractory 
oxides

1100–1600 595–870 Brazeable base metals 
containing up to 9% 
aluminum (aluminum brass, 
aluminum bronze, Monel 
K500). May also have 
application when minor 
amounts of Ti, or other 
metals are present, which 
form refractory oxides.

Note: The selection of a flux designation for a specific type of work may be based on the filler metal type and the description above, but the informa-
tion here is generally not adequate for flux selection.

The above chart represents a partial listing of Table 4.1 Brazing Fluxes from the AWS Brazing Handbook.

Source: AWS Brazing Handbook © 1991.
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remove metal. These processes are often required prior
to welding to produce proper part shapes or make spe-
cific joint preparations. During or after welding, some of
these same processes can also be employed to remove
defective areas of welds or to produce a specific configu-
ration if the as-welded shape is not satisfactory for the
intended purpose of the part.

Oxyfuel Gas Cutting (OFC)

The first of these cutting processes is oxyfuel gas cutting.
Here, we use an oxyfuel flame to heat the metal to a tem-
perature at which it will readily oxidize, or burn. The
temperature needed is referred to as the kindling temper-
ature, and for steels, it is about 1700°F [925°C]. Once
that temperature has been achieved, a high pressure
stream of cutting oxygen is directed on the heated sur-
face to produce an oxidation reaction. This stream of
oxygen also tends to remove the slag and oxide residue
which is produced by this oxidation reaction. Therefore,
OFC can be thought of as a type of chemical cutting pro-
cess. Figure 3.56 shows the basic placement of the cut-
ting torch necessary to achieve a cut in carbon steel.

The equipment used for OFC is essentially the same as
that for OAW except that, instead of a welding tip, there
is now a cutting attachment which includes an additional
lever or valve to turn on the cutting oxygen. Figure 3.57
shows a typical OFC equipment setup found in most
welding and fabrication shops.

The cutting operation also requires a special cutting tip
which is attached to the end of the torch. It consists of a
series of small holes arranged in a circle around the out-
side edge of the end of the cutting tip. This is where the
oxyfuel gas mixture flows to provide the preheat for cut-
ting. Located in the center of these holes is a single cut-

ting-oxygen passage. Cross-sectional views of typical
cutting tips are shown in Figure 3.58, and torches used
for manual and machine cutting are shown in Figure 3.59.

It should be noted that OFC can be accomplished using
several different types of fuel gases, such as acetylene,
methane (natural gas), propane, gasoline, and methyl-
acetylene-propadiene (MPS). Each provides various
degrees of efficiency and may require slightly modified
cutting tips. Other factors which should be considered
when selecting the proper fuel gas include preheating
time required, cutting speeds, cost, availability, amount
of oxygen required to burn gas efficiently, and ease and
safety of transporting fuel containers.

Cutting is accomplished by applying heat to the part
using the preheat flame which is an oxyfuel mixture.
Once the metal has been heated to its oxidation tempera-
ture, the cutting oxygen is turned on to oxidize the hot
metal. The oxidation of the metal produces a tremendous
amount of heat. This exothermic chemical reaction pro-
vides the necessary heat to rapidly melt the metal and
simultaneously blow the oxidation products from theFigure 3.56—Oxyfuel Cutting

CUTTING
OXYGEN

SHORT GAP

TRAVEL

PREHEATING
OXYGEN

ACETYLENE

PREHEATING
FLAMES

PREHEAT TO
CHERRY RED
BEFORE START-
ING TO CUT

Figure 3.57—Oxyfuel Cutting Equipment
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joint. The width of the cut produced is referred to as the
kerf, as shown in Figure 3.60. Also shown is the drag,
which is the amount of offset between the cut entry and
exit points, measured along the cut edge.

Although OFC is used extensively by most industries, it
is usually limited to the cutting of carbon and low alloy
steels. As the amounts of various alloying elements
increase, one of two things can happen; either they make
the steel more difficult to cut or they may give rise to
hardened or heat-checked cut surfaces, or both. The
effects of various alloying elements are summarized in
Table 3.6.

As can be seen, in most cases, the addition of certain
amounts of alloying elements may prevent conventional
OFC. In many cases, these elements are oxidation resis-
tant types. In order for an oxyfuel cut to be effectively
accomplished, the material must comply with the follow-
ing criteria: (1) it must have the capability of burning in a
stream of oxygen, (2) its ignition temperature for burning
must be lower than its melting temperature, (3) its heat
conductivity should be relatively low, (4) the metal oxide
produced must melt at some temperature below the melt-
ing point of the metal, and (5) the formed slag must be of
low viscosity. Therefore, in order to cut cast iron or
stainless steel with this process, special techniques
involving additional equipment are necessary. These
techniques include torch oscillation, use of a waster
plate, wire feeding, powder cutting, and flux cutting.

OFC’s advantages include its relatively inexpensive and
portable equipment, making it feasible for use in both
shop and field applications. Cuts can be made on thin or
thick sections; ease of cutting usually increases with
thickness. When mechanized (Figure 3.61), OFC can
produce cuts of reasonable accuracy. When compared to
mechanical cutting methods, oxyfuel cutting of steels is
more economical. To improve this efficiency even more,
multiple torch systems or stack cutting can be used to cut
several layers at once.

One of the limitations of OFC is that the finished cut may
require additional cleaning or grinding to prepare it for
welding. Another important limitation is that since it
requires high temperatures, there may be a heat-affected
zone produced having a very high hardness. This is espe-
cially important if there is a need for machining of this
surface. Employment of preheat and postheat will aid in
the alleviation of this problem. Also, even though cuts
can be reasonably accurate, they still don’t compare to
the accuracy possible from mechanical cutting methods.
Finally, the flame and hot slag produced result in safety
hazards for personnel near the cutting operation.

Figure 3.59—OFC Torches for Machine
and Manual Oxyfuel Cutting

Figure 3.60—Illustration of Kerf
and Drag in Oxyfuel Cutting

(A) One Piece Tip (B) Two Piece Tip

Figure 3.58—Cross Section
Through Cutting Tips

KERF

DRAG
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Air Carbon Arc Cutting (CAC-A)

Another very effective cutting process is air carbon arc
cutting. This process uses a carbon electrode to create an
arc for heating, along with a high pressure stream of
compressed air to mechanically remove the molten
metal. Figure 3.62 shows the process in use.

The equipment used for CAC-A consists of a special
electrode holder which is attached to a constant current
power source and a compressed air supply. This special
holder, shown in Figure 3.63, grasps the carbon electrode
in copper jaws, one of which has a series of holes
through which the compressed air passes.

To achieve a cut, the carbon electrode is brought close to
the work to create an arc. Once the arc melts the metal,

the stream of compressed air is initiated and blows away
the molten metal to produce a gouge or cut.

The electrode holder is attached to a power source as
well as a source of compressed air. Any nonflammable
compressed gas could be used, but compressed air is by
far the least expensive, if available. The entire system for
air carbon arc cutting is shown in Figure 3.64.

CAC-A has applications in most industries. Even though
it will cut most metals, there are other considerations that
may require other cutting methods for particular alloys.
Table 3.7 shows the current type and polarity for CAC-A
cutting of several metals and alloys.

While we tend to think of its application to remove
defective areas of the weld or base metal, it is important

Table 3.6
Effects of Chemical Elements on Oxyfuel Cutting

Element Effect of Element on Oxygen Cutting

Carbon Steels up to 0.25% carbon can be cut without difficulty. Higher carbon steels should be preheated to
prevent hardening and cracking. Graphite and cementite (Fe2C) are detrimental but cast irons containing
4% carbon can be cut by special techniques.

Manganese Steels of about 14% manganese and 1.5% carbon are difficult to cut and should be preheated for best
results.

Silicon Silicon, in amounts usually present, has no effect. Transformer irons containing as much as 4% silicon are
being cut. Silicon steel containing large amounts of carbon and manganese must be carefully preheated and
post-annealed to avoid air hardening and possible surface fissures.

Chromium Steels up to 5% chromium are cut without much difficulty when the surface is clean. Higher chromium
steels, such as 10% chromium steels, require special techniques and the cuts are rough when the usual
oxyacetylene cutting process is used. In general, carburizing preheat flames are desirable when cutting this
type of steel. The flux injection and iron powder cutting processes enable cuts to be readily made in the
usual straight chromium irons and steels as well as stainless steel.

Nickel Steels containing up to 3% nickel may be cut by the normal oxygen cutting processes; up to about 7%
nickel content, cuts are very satisfactory. Cuts of excellent quality may be made in the usual engineering
alloys of the stainless steels (18–8 to about 35–15 as the upper limit) by the flux injection or iron powder
cutting processes.

Molybdenum This element affects cutting about the same as chromium. Aircraft quality chrome-molybdenum steel offers
no difficulties. High molybdenum-tungsten steels, however, may be cut only by special techniques.

Tungsten The usual alloys with up to 14% may be cut very readily, but cutting is difficult with the higher percentage
of tungsten. The limit seems to be about 20% tungsten.

Copper In amounts up to about 2%, copper has no effect.

Aluminum Unless present in large amounts (about 10%) the effect of aluminum is not appreciable

Phosphorus This element has no effect in amounts usually tolerated in steel.

Sulfur Small amounts, such as are present in steels, have no effect. With high percentages of sulfur, the rate of
cutting is reduced and sulfur dioxide fumes are noticeable.

Vanadium In the amounts usually found in steels, this alloy may improve rather than interfere with cutting.
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to realize that it can be used quite effectively as a weld
joint preparation tool. For example, two pieces to be butt
welded can be aligned with their square-cut edges touch-
ing. The CAC-A process can then be employed to pro-
duce a uniform U-groove preparation, as shown in
Figure 3.65. CAC-A is also used for rough machining of

large, complex parts, as well as backgouging of a double-
sided complete joint penetration weld.

One of the basic advantages of CAC-A is that it is a rela-
tively efficient method for removal of metal. Since it
uses the same power sources as those used for some

Figure 3.61—Machine OFC Cutting

Figure 3.62—Air Carbon Arc Cutting

Figure 3.63—Air Carbon Arc
Cutting Electrode Holder

Figure 3.64—Air Carbon
Arc Cutting Equipment
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types of welding, the equipment costs are minimal. All
that is necessary is the purchase of the special electrode
holder which is attached to an existing power source and
a compressed air supply.

The primary disadvantage of the process is safety-
related. It is inherently a very noisy and dirty process.
The use of ear protection to reduce the noise level, and
respirators to eliminate the inhaling of the metal particles
produced is required. A fire watch may also be required
to make sure the gouged metal droplets do not create a
fire hazard. Another limitation is that the finished cut
may require some cleanup prior to additional welding.
Carburization of the cut may occur.

Table 3.7
CAC-A Electrical Requirements

for Various Metals

Metal
Current
Type

Electrode 
Polarity

Aluminum
Copper and alloys
Iron, cast, malleable, etc.
Magnesium
Nickel and alloys
Carbon steels
Stainless steels

DC
AC
DC
DC
AC
DC
DC

Positive
NA

Negative
Positive

NA
Positive
Positive

Figure 3.65—Illustration of Joint Preparation
Using Mechanized (left) and Manual (right)

Air Carbon Arc Cutting
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Plasma Arc Cutting (PAC)

The final thermal cutting method for discussion is
plasma arc cutting. This process is similar in most
respects to PAW except that now the purpose is to
remove metal rather than join pieces together. The equip-
ment requirements are similar except that the power
required may be much higher than that used for welding.
The transferred arc type torch is used because of the
increased heating of the base metal. Typical PAC torches
for manual and machine cutting are shown in Figure 3.66,
and a PAC equipment setup is shown in Figure 3.67.

For mechanized PAC cutting, not only is the torch water-
cooled internally, but the actual cutting may take place
under water or oil to reduce noise and particulate levels.

While its primary application is for the cutting of nonfer-
rous metals, PAC is also useful for the cutting of carbon
steels. Advantages include the ability to cut metals which
cannot be cut with OFC, the resulting high quality cut,
and increased cutting speeds for carbon steel.

One limitation is that the kerf is generally quite large and
the cut edges may not be square. Special techniques,
such as water injection, can be used to improve this edge
configuration if desired. Another limitation is the higher
cost of equipment as compared to oxyfuel cutting.

Mechanical Cutting

Finally, brief mention of mechanical cutting methods
used in conjunction with welding will be presented.
These methods can include shearing, sawing, grinding,
milling, turning, shaping, drilling, planing, and chipping.
They are used for joint preparation, weld contouring,
parts preparation, surface cleaning, and removal of
defective welds (see Figure 3.68).

A welding inspector should understand how these meth-
ods are used. Their misapplication may have a degrading
effect on final weld quality. For example, many of these
methods use cutting fluid to aid their operation. If the
fluids are not completely removed from material surfaces
prior to welding, problems such as porosity and cracking
may result.

Figure 3.66—Typical Manual and Machine
Plasma Arc Cutting Torches

Figure 3.67—Plasma Arc Cutting Equipment Figure 3.68—Mechanical Grinder
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Summary
There are numerous joining and cutting processes used in
metal fabrication. A welding inspector who understands
the fundamentals of various processes can spot problems
before or when they occur. Technical understanding
combined with information gained from practical experi-
ence allows the welding inspector to be better prepared
to perform a visual inspection of welds.

Key Terms and Definitions
AC—alternating current; in the U.S., the polarity alter-

nates at 60 cycles per second.

alloy—a substance with metallic properties and com-
posed of two or more elements of which at least one is
a metal.

alphanumeric—a combination of numbers and letters
used in designations.

ampere—standard unit for measuring the strength of an
electric current.

arc blow—the deflection of a welding arc from its nor-
mal path because of magnetic forces.

arc length—the distance from the tip of the welding
electrode to the adjacent surface of the weld pool.

brazing—joining materials without melting the base
metal using a filler metal with a melting point above
840°F [450°C]. See soldering.

capillary action—in welding, the force by which a liq-
uid, in contact with a solid, is distributed between
closely fitted faying surfaces of the joint to be brazed
or soldered.

carbon steel—a mixture of iron and small amounts of
carbon.

carburizing—in welding, a term denoting the addition
of carbon into the surfaces of hot metals through a
solid solution mechanism. May occur during Air Car-
bon Arc Cutting, CAC-A.

coalescence—joining together of two or more materials.

code—a document adopted by a city, municipality, state
or nation, and having legal status.

DC—direct current; constant electric polarity.

DCEN—direct current, electrode negative. Referred to
as straight polarity.

DCEP—direct current, electrode positive. Referred to as
reverse polarity.

discontinuity—any interruption of the typical structure
of a material; not necessarily a defect.

drag—in OFC and PAC, the amount of the offset
between the cut entry and exit points, measured along
the cut edge.

electrode—a component of the electrical circuit that ter-
minates at the arc, molten conductive slag, or base
metal.

faying surface—the mating surface of a member that is
in contact with or in close proximity to another mem-
ber to which it is to be joined.

ferrous—a term referring to metals that are primarily
iron-based, such as steels.

filler metal—the metal or alloy added in making a weld,
brazed or soldered joint.

flux—a material used to hinder the formation of oxides
and other undesirable substances in molten metal and
on solid metal surfaces, and to dissolve or otherwise
facilitate the removal of such substances.

inclusion—entrapped foreign solid material, such as
slag, flux, tungsten, or oxides.

incomplete fusion—a weld discontinuity in which
fusion did not occur between weld metal and fusion
faces or adjoining weld beads.

incomplete joint penetration—a joint root condition in
a groove weld in which weld metal does not extend
through the joint thickness.

inert gas—a gas that does not combine chemically with
other materials. Argon and helium are the most com-
monly used in welding.

kerf—the width of the cut produced during a cutting pro-
cess.

keyhole welding—a procedure that produces a hole
completely through the workpiece. As the weld
progresses, molten metal flows in behind the keyhole
to form the weld.

ksi—designation for a thousand pounds per square inch.
70 000 psi is equal to 70 ksi.

low alloy steel—an alloy of iron and carbon, with other
elements added for increased strength.

nonferrous—refers to alloys other than the iron-based
alloys. Copper, nickel and aluminum alloys are non-
ferrous.

orifice—in welding, an opening, usually small, that aids
in controlling or constricting the flow of materials.

plasma—in welding, an ionized gas stream.

Copyright American Welding Society 
Provided by IHS under license with AWS Licensee=ISATIS Group in iran Revised Sub Account/5620002316 

Not for Resale, 08/27/2013 00:11:03 MDTNo reproduction or networking permitted without license from IHS

--``,`,,,,,`,,,```,,``,`,`,`,,,,-`-`,,`,,`,`,,`---



CHAPTER 3—METAL JOINING AND CUTTING PROCESSES WELDING INSPECTION TECHNOLOGY

3-46

porosity—cavity-type discontinuities formed by gas
entrapment during solidification.

position—in welding, the relationship between the weld
pool, joint, joint members, and welding heat source
during welding. Examples are flat, horizontal, verti-
cal, and overhead.

prefix—an alpha/numeric added at the beginning of an
item to modify its meaning.

progression—in welding, the term applied to the direc-
tion of vertical welding, uphill or downhill.

psi—pounds per square inch.

reactive gas—a gas that will combine chemically with
other materials.

rimmed steel—a steel having a rim, or surface zone hav-
ing a shallow depth, of extremely low carbon content.
Occurs during the steel making practice.

shielding—protecting from contamination.

slag—a nonmetallic product resulting from the mutual
dissolution of flux and nonmetallic impurities in some
welding and brazing processes.

soldering—joining materials without melting the base
metal, using a filler metal having a melting point at or
below 840°F [450°C]. See brazing.

solid solution—for metals, one solid dissolving into
another solid.

spatter—metal particles expelled during fusion welding
that do not form a part of the weld.

suffix—an alpha/numeric following an item which usu-
ally changes or modifies its meaning.

tensile strength—usually stated in pounds per square
inch (psi); calculated by dividing the maximum load
by the cross-sectional area. SI units are megapascals
(MPa).

undercut—a groove melted into the base metal adjacent
to the weld toe or weld root and left unfilled by weld
metal.

voltage—electromotive force, or difference in electric
potential, expressed in volts.

waster plate—the carbon steel plate placed over austen-
itic stainless steel plate to permit cutting by the OFC
method. CAC-A or PAC are more efficient for cutting
these stainless steels.

weld—a localized coalescence of metals or nonmetals
produced either by heating the materials to the weld-
ing temperature, with or without the application of
pressure, or by the application of pressure alone, and
with or without the use of filler material.
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CHAPTER 4
Weld Joint Geometry
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CHAPTER 4—WELD JOINT GEOMETRY AND WELDING SYMBOLS WELDING INSPECTION TECHNOLOGY

Introduction
The determinations made about welding specifications
are part of the design or project engineers’ responsibility;
and so too are joint design and joint selection. However,
it is still the responsibility of fabrication personnel to
accurately interpret, and then prepare these joints for fab-
rication. Knowledge of welded joint terminology is
essential in every day job communication. Use of proper
terms makes it much easier for welding personnel to
relay various fit up and welding problems encountered
during the fabrication process to other involved person-
nel. There is a direct relationship between welded joint
terms and supplementary welding symbol data and
dimensioning. It is imperative for the welding inspector
to master these aspects of communications.

Welded Joints
There are five basic joints used in welded metal fabrica-
tion: butt, corner, T-, lap, and edge. As illustrated in Fig-
ure 4.1, certain welds and weld symbols are applicable to
the five basic joint designs. A number of different welds
can be applied to each joint type depending on the joint
design, and these are shown adjacent to each joint type.
Joint design identifies, “the shape, dimensions, and con-
figuration of the joint.”

Figure 4.2 shows the five basic joint types in which at
least one of the joint members has a flanged edge shape
at the weld joint. A spliced joint is “a joint in which an
additional workpiece spans the joint and is welded to
each joint member” (see Figure 4.3).

The individual workpieces of a joint are called members.
Members are classified in three ways; butting members,
nonbutting members, or splice members. Figures 4.3 and
4.4 provide illustrations of each type of member.

A butting member is “a joint member that is prevented by
the other member from movement in one direction per-
pendicular to its thickness dimension.” For example,
both members of a butt joint, or one member of a T-joint

or corner joint are butting members. A nonbutting mem-
ber is “a joint member that is free to move in any direc-
tion perpendicular to its thickness dimension.” For
example, both members of a lap joint, or one member of
a T-joint or corner joint are nonbutting members.

A splice member is “the workpiece that spans the joint in
a spliced joint.” In Figure 4.3 two examples are provided
for splices used in connection with butt joints.

Identification of the weld type is indicated in the joint
geometry. Joint geometry is “the shape and dimensions
of a joint in cross section prior to welding.” When a joint
is viewed in cross section, the edge shape of each mating
member often resembles the weld type and weld symbol
specified. Figure 4.5 identifies basic edge shapes used in
welded metal fabrication and the welds applicable to
each. The cross-sectional views provided in Figures 4.6
through 4.10 show the relationship between weld symbol
appearance and combinations of various edge shapes.
These combinations of different edge shapes illustrate a
variety of joint configurations for some of the applicable
welds identified in the five basic joint arrangements
shown in Figure 4.1. Additional weld types and groove
designs can be made using various structural or formed
shapes when applicable edge or surface preparations are
applied to them.

Parts of the Weld Joint

Once the type of joint is identified, it may be necessary
to describe the exact joint design required. To do this,
welding and inspection personnel must be capable of
identifying individual features that make up the joint
geometry for a particular joint. The nomenclature associ-
ated with these features include:

• joint root

• groove face

• root face

• root edge

• root opening

Chapter 4—Weld Joint Geometry and Welding Symbols

Copyright American Welding Society 
Provided by IHS under license with AWS Licensee=ISATIS Group in iran Revised Sub Account/5620002316 

Not for Resale, 08/27/2013 00:11:03 MDTNo reproduction or networking permitted without license from IHS

-
-
`
`
,
`
,
,
,
,
,
`
,
,
,
`
`
`
,
,
`
`
,
`
,
`
,
`
,
,
,
,
-
`
-
`
,
,
`
,
,
`
,
`
,
,
`
-
-
-



WELDING INSPECTION TECHNOLOGY CHAPTER 4—WELD JOINT GEOMETRY AND WELDING SYMBOLS

4-3

Figure 4.1—The Five Basic Types of Joints and Applicable Welds
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Figure 4.2—Flanged Joints

(A) FLANGED BUTT JOINTS

(B) FLANGED CORNER JOINT (C) FLANGED T-JOINT

(D) FLANGED LAP JOINTS

(E) FLANGED EDGE JOINTS
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• bevel

• bevel angle

• groove angle

• groove radius

Depending upon the particular type of joint design, the
joint geometry may take on slightly different shapes.
One example is the joint root. Joint root is defined as,

“that portion of a joint to be welded where the members
approach closest to each other. In cross section, the joint
root may be either a point, line, or an area.” Figure 4.11
illustrates some of the variations in the joint root for sev-
eral different joint designs. The joint roots are shown as
shaded areas in sketches (A)–(D), or a dark line in
sketches (E) and (F).

The nomenclature associated with groove face, root face
and root edge is identified in Figure 4.12. Groove face is

Figure 4.3—Spliced Butt Joints

SPLICE MEMBER

JOINT MEMBERS

(A) SINGLE-SPLICED BUTT JOINT

JOINT
MEMBERS

(B) DOUBLE-SPLICED BUTT JOINT WITH JOINT FILLER

SPLICE
MEMBERS

JOINT FILLER
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“that surface of a member included in the groove.” The
root face (commonly called the “land”) is “that portion
of the groove face within the joint root.” Finally, root
edge is defined as “a root face of zero width.”

Other features that may require description by welding
personnel are shown in Figure 4.13. These elements are
often the essential variables in welding procedures, as
well as production welding, and welding personnel may
be required to actually measure them to determine their
compliance with applicable drawings or other documents.

The root opening is described as “the separation between
the workpieces at the joint root.” The bevel (also com-
monly referred to as the chamfer) is “an angular edge
preparation.” Bevel angle is defined as “the angle
between the bevel of a joint member and a plane perpen-
dicular to the surface of the member.” Groove angle is
“the total included angle of the groove between work-
pieces.” For a single-bevel-groove-weld, the bevel angle

and the groove angle are equal. Groove radius applies
only to J- and U-groove-welds. It is described as “the
radius used to form the shape of a J- or U-groove weld.”
Normally, a J- or U-groove weld configuration is speci-
fied by both a bevel (or groove) angle and a groove
radius.

Types of Welds

As was shown in Figure 4.1, numerous welds can be
applied to the various types of joints. Using AWS A2.4,
Standard Symbols for Welding, Brazing, and Nonde-
structive Examination, as a guideline, there are nine cate-
gories of welds associated with weld symbols. In each of
these categories, certain weld types apply. The categories
are:

1. Groove Welds

2. Fillet Welds

Figure 4.4—Butting and Nonbutting Members

BUTTING MEMBERS

NONBUTTING MEMBERS
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Figure 4.5—Edge Shapes of Members

(A) SQUARE EDGE SHAPE

(B) SINGLE-BEVEL EDGE SHAPE

(C) DOUBLE-BEVEL EDGE SHAPE

(D)  SINGLE-J-GROOVE EDGE SHAPE

(E) DOUBLE-J-GROOVE EDGE SHAPE

(F) FLANGE EDGE SHAPE

                                                      OR

(G) ROUND EDGE SHAPE

APPLICABLE WELDS
Double-Bevel-Groove                        Single-J-Groove

Double-Bevel-Flare-Groove              Square-Groove

Double-J-Groove                               Edge

Single-Bevel-Groove                         Fillet

Single-Flare-Bevel-Groove

APPLICABLE WELDS
Single-Bevel-Groove

Single-V-Groove

APPLICABLE WELDS
Double-Bevel-Groove

Double-V-Groove

APPLICABLE WELDS
Single-J-Groove

Single-U-Groove

APPLICABLE WELDS
Double-J-Groove

Double-U-Groove

APPLICABLE WELDS
Double-Flare-Bevel-Groove               Projection

Single-Flare-V-Groove                       Seam

Edge                                                   Spot

Fillet

APPLICABLE WELDS
Double-Flare-Bevel-Groove

Double-Flare-V-Groove
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Figure 4.6—Edge Shape Combinations for Butt Joint Variations
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Figure 4.7—Edge Shape Combinations for Corner Joint Variations
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3. Plug or Slot Welds

4. Stud Welds

5. Spot or Projection Welds

6. Seam Welds

7. Back or Backing Welds

8. Surfacing Welds

9. Edge Welds

With the variety of joint geometries and weld types
available, the welding designer can choose the one which
best suits his or her needs. This choice could be based on
considerations such as:

• accessibility to the joint for welding

• type of welding process being used

• suitability to the structural design

• cost of welding

Figure 4.8—Edge Shape Combinations for T-Joint Variations
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Figure 4.9—Edge Shape Combinations for Lap Joint Variations
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Figure 4.10—Edge Shape Combinations for Edge Joint Variations
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Figure 4.11—Joint Roots
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Groove Welds

A groove weld is “a weld made in a groove between the
workpieces.” There are eight types of groove welds:

1. square-groove

2. scarf

3. V-groove

4. bevel-groove

5. U-groove

6. J-groove

7. flare-V-groove

8. flare-bevel-groove

Their names imply what the actual configurations look
like when viewed in cross section. All of these groove
weld types can be applied to joints which are welded
from a single side or both sides. Figure 4.14 illustrates

Figure 4.12—Groove Face, Root Face, and Root Edge

(A)

(B)ROOT FACE AND GROOVE FACE

ROOT FACE AND
GROOVE FACE

ROOT EDGE

ROOT FACE AND
GROOVE FACE

GROOVE
FACE

ROOT FACE AND
GROOVE FACE

GROOVE
FACE

GROOVE FACE

(C)

(D)
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Figure 4.13—Bevel Angle, Depth of Bevel, Groove Angle, Groove Radius, and Root Opening

GROOVE ANGLE

BEVEL
ANGLE

GROOVE ANGLE

BEVEL
ANGLE

GROOVE ANGLE
BEVEL
ANGLE

BEVEL
ANGLE

BEVEL
ANGLE

BEVEL
ANGLE

DEPTH OF BEVEL ROOT OPENING

DEPTH OF BEVEL

DEPTH OF BEVEL

ROOT
OPENING

GROOVE RADIUS

GROOVE
RADIUS

GROOVE ANGLE
AND
BEVEL ANGLE

GROOVE
ANGLE

(A) (B)

(C) (D)

(E) (F)
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Figure 4.14—Single- and Double-Groove Welds

(B1) Single-Square-Groove Weld                         (B2) Double-Square-Groove Weld

(A) Single-Scarf-Groove Weld (often used for brazing)

(C1) Single-V-Groove Weld                                (C2) Double-V-Groove Weld

(D1) Single-Bevel-Groove Weld                              (D2) Double-Bevel-Groove Weld
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Figure 4.14 (Continued)—Single- and Double-Groove Welds

(E1) Single-U-Groove Weld                                         (E2) Double-U-Groove Weld

(F1) Single-J-Groove Weld                                  (F2) Double-J-Groove Weld

(G1) Single-Flare-Bevel-Groove Weld                  (G2) Double-Flare-Bevel-Groove Weld

(H1) Single-Flare-V-Groove Weld                             (H2) Double-Flare-V-Groove Weld
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typical configurations for single and double groove
welded joints. As would be expected, a single-welded
joint is “a fusion welded joint that is welded from one
side only.” Similarly, a double-welded joint is “a fusion
welded joint that is welded from both sides.”

Groove welds of different types are used in many combi-
nations. Selection is influenced by accessibility, econ-
omy, adaptation to structural design, expected distortion
and the type of welding process used.

Square-groove welds are the most economical to use, but
are limited by the thickness of the members. Complete
penetration square groove welds, welded from one side,
are generally not used for material thicker than one
quarter inch.

Thicker material requires the selection of joint geome-
tries that accommodate other types of groove welds. On
thicker joints, the particular geometry must provide
accessibility for welding, ensure weld soundness and
strength, and minimize the amount of metal removed.
For economical reasons, these joint designs should be
selected with root openings and groove angles that
require the least amount of weld metal, but still meet the
service conditions of the weldment. Selection of root
openings and groove angles are influenced by the metal
to be joined, location of the joint within the weldment,
and required service conditions.

Welds in J- and U-grooves can be used to minimize weld
metal requirements when economic factors outweigh the
cost of edge preparation. These types of welds are partic-
ularly useful in thicker sections. Single-bevel and J-
groove welds are more difficult to weld than V- or U-
groove welds because of the one vertical edge. Flare V-
groove and flare-bevel groove welds are used in connec-
tion with flanged or round members.

Fillet Welds

AWS A2.4 defines a fillet weld as “a weld of approxi-
mately triangular cross section joining two surfaces
approximately at right angles to each other in a lap joint,
T-joint, or corner joint.” When the design permits, fillet
welds are used in preference to groove welds because of
economic reasons. Edge preparations are usually not
required for fillet welding, but surface cleaning may be
needed. Unlike groove welds, a fillet weld does not take
its name from an associated joint geometry; it is a partic-
ular type of weld applied to a lap, T-, or corner joint. Fil-
let welds are sometimes used in combination with groove
welds. Figure 4.15 shows typical fillet welds applied to
corner, T-, and lap joints.

Fillet welds are made using both single and double sided
welds. They are also applied using a single weld pass or

multiple weld passes. Examples of both are shown in
Figure 4.15.

In addition to continuous pass welds (the complete
length of the joint), fillet welds are often intermittently
staggered or chained. A staggered intermittent fillet weld
is “an intermittent weld on both sides of a joint in which
the weld increments on one side are alternated with those
on the other.” A chain intermittent fillet weld is “an inter-
mittent weld on both sides of a joint in which the weld
increments on one side are approximately opposite those
on the other side.” Figure 4.15(E) and (F) illustrates both
types of intermittent fillet welds.

Plug and Slot Welds

Two types of welds used for joining overlapping mem-
bers are plug and slot welds. The plug weld is “a weld
made in a circular hole in one member of a joint fusing
that member to another member.” A slot weld is “a weld
made in an elongated hole in one member of a joint fus-
ing that member to another member. The hole may be
open at one end.” Plug and slot welds require definite
depths of filling. Figure 4.16(A) and (B) shows illustra-
tions of plug and slot welds. A fillet weld applied in a
circular hole, Figure 4.15(D), or slot is not considered a
plug or slot weld.

Stud Welds

Figure 4.16(C) provides an example of a stud weld.

The most common stud materials welded with the arc
stud welding process are low carbon steel, stainless steel,
and aluminum. Other materials are used for studs on a
special application basis.

Most stud weld bases are round. However, there are
many applications which use a square or rectangular
shaped stud. Applications of stud welds include attach-
ing wood floors to steel decks or framework; fastening
linings or insulation in tanks, boxcars, and other contain-
ers; mounting machine accessories; securing tubing and
wire harnesses; and welding shear connectors and con-
crete anchors to structures.

Spot and Projection Welds

A spot weld is “a weld made between and upon overlap-
ping members in which coalescence (the act of combin-
ing or uniting) may start and occur on the faying surfaces
or may begin from the outer surface of one member.” A
faying surface is defined as, “the mating surface of a
member that is in contact with or in close proximity to
another member to which it is to be joined.” Spot welds
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Figure 4.15—Fillet Weld Applications

(A)  Double Sided - Single Pass Fillet Welds                 (B)  Single Sided - Multiple Pass Fillet Welds
       on a Lap Joint                                                                   on a Corner Joint

(C)  Double Sided - Multiple Pass Fillet Welds             (D) Fillet Welds around the diameter of a hole
       on a T-Joint                                                                   

(E)  Staggered Intermittent Fillet Welds Top View               (F)  Chain Intermittent Fillet Welds Top View
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are commonly associated with resistance welding. How-
ever, a very effective way to join a lap joint shape on thin
metals is with an arc spot weld. In arc spot welding, the
weld forms by melting through the top member using an
arc welding process, and fusion occurs between it and
the overlapping member.” Figure 4.17(A) and (B) illus-
trates resistance and arc spot welds.

Projection welds are made using the resistance welding
process. The weld is formed by the heat obtained from
the resistance to the flow of the welding current. The
resulting welds are localized at predetermined points by
projections, embossments, or intersections. Figure
4.17(C) shows cross-sectional views of an embossed
member of a lap joint to be projection welded, and the
desired weld upon completion.

Seam Welds

A seam weld is “a continuous weld made between or
upon overlapping members, in which coalescence may
start and occur on the faying surfaces, or may have pro-
ceeded from the outer surface of one member. The con-
tinuous weld may consist of a single weld bead or a
series of overlapping spot welds.” Some means must
be provided to move the welding head along the seam
during welding, or to move the workpiece beneath the
welding head. This type of weld is associated with arc
and resistance welding. Seam welds for both welding
processes are illustrated in Figure 4.18(A)–(D).

Back and Backing Welds

As their names imply, these welds are made on the back
side of a weld joint. Although they apply to the same
location, they are deposited differently. AWS A3.0
describes a back weld as “a weld made at the back of a
single groove weld.” A backing weld is “backing in the
form of a weld.” A back weld is applied after the front
side is welded, while the backing weld is deposited
before welding the front side. Figure 4.18(E) and (F)
illustrates the application of both back and backing welds.

Surfacing Welds

As the name implies, this type of weld is applied to the
surface of a metal. A surfacing weld is defined as “a
weld applied to a surface, as opposed to making a joint,
to obtain desired properties or dimensions.” Figure
4.18(G) illustrates a typical surfacing weld. Other terms
associated with surfacing are:

• Buildup, “a surfacing variation in which surfacing mate-
rial is deposited to achieve the required dimensions.”

• Buttering, “a surfacing variation that deposits surfac-
ing metal on one or more surfaces to provide metal-
lurgically compatible weld metal for the subsequent
completion of a weld.”

• Cladding, “a surfacing variation that deposits or
applies surfacing material, usually to improve corro-
sion or heat resistance.”

Figure 4.16—Plug, Slot, and Stud Welds

(A) PLUG WELD                                                      (B)  SLOT WELD

(C) STUD WELD
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• Hardfacing, “a surfacing variation in which surfacing
material is deposited to reduce wear.”

Edge Welds

An edge weld is “a weld in an edge joint, a flanged butt
joint, or a flanged corner joint in which the full thickness
of the members are fused.” An edge-flange joint has two
flanged members, while a corner-flange joint has only
one of the members flanged. Figure 4.19 illustrates edge
weld placements on corner and edge flange joints.

Completed Welds

Welding and inspection personnel should be aware of
terms associated with certain conditions or features of
completed welds. Knowledge of these terms aids in the
communication process and enhances one’s ability to
interpret welding symbol information and locate areas of
a weld that may require additional postweld cleaning or
detailing.

Terms related to groove welds (see Figure 4.20) consist
of:

• Weld Face

• Weld Toe

• Weld Root

• Root Surface

• Face Reinforcement

• Root Reinforcement

The weld face is “the exposed surface of a weld on the
side from which welding was done.” Weld toe is “the
junctions of the weld face and the base metal.” Opposite
the weld toe is the weld root. Weld root is “the points,
shown in cross section, at which the root surface inter-
sects the base metal surfaces.” Similar to weld face is the
root surface, or “the exposed surface of a weld opposite
the side from which welding was done.” In other words
the root surface is bounded by the weld root on either
side.

Additional terminology associated with groove welds
relates to weld reinforcement; weld reinforcement is
“weld metal in excess of the quantity required to fill a
joint.” The face reinforcement (commonly referred to as
the crown or cap), refers to “weld reinforcement on the
side of the joint from which welding was done.”

Conversely, the root reinforcement is “weld reinforce-
ment opposite the side from which welding was done.”
Root reinforcement is used only in the case of a single
welded joint, meaning, welding performed from one side

Figure 4.17—Spot and Projection Welds

(A)  RESISTANCE SPOT WELD                                           (B) ARC SPOT WELD

Embossed Top Member                                                        Desired Weld

(C) PROJECTION WELD
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Figure 4.18—Seam, Back, Backing, and Surfacing Welds

(A)  ARC SEAM WELD                                                     (B)  ARC SEAM WELD

(C)  ELECTRON BEAM SEAM WELD                             (D)  RESISTANCE SEAM WELD

(G)  SURFACING WELD

Groove Weld Made
Before Welding Other Side

Back Weld

Groove Weld Made
After Welding Other Side

Backing Weld

(E)  BACK WELD                                                              (F)  BACKING WELD
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[see Figure 4.20(C)]. When a double sided weld is made,
the term face reinforcement is applied to the amount of
reinforcement present on both sides. This point is illus-
trated in Figure 4.20(A) where a back weld is used.

Standard terminology also exists for parts of fillet welds.
As with the groove weld, the surface of the fillet weld is
referred to as the weld face. The junctions of the weld
face with the base metal are the weld toes. The furthest
penetration of the weld metal into the joint is the weld
root. “The distance from the beginning of the joint root
to the toe of the fillet weld” is called the fillet weld leg.
Figure 4.21 identifies various parts of a fillet weld.

Three other dimensional features of fillet welds are con-
cavity, convexity, and throat. Concavity and convexity
are the amount of curvature of the weld face, and throat
is the length through the weld cross section. The method
for measuring these is shown in Figure 4.26.

Fusion and Penetration Terminology

In general, fusion refers to the actual melting together of
the filler metal and base metal, or of the base metal only.

Penetration is a term which relates to the distance that the
weld metal has progressed into the joint. The degree of
penetration achieved has a direct effect on the strength of
the joint and is therefore related to the weld size.

Numerous terms exist that describe the degree or loca-
tion of either fusion or penetration. During the welding
operation, the original groove face is melted so that the
final limits of the weld metal are deeper than the original
surfaces. The groove face (before welding) is now
referred to as the fusion face, since it will be melted dur-
ing welding. The boundary between the weld metal and
base metal is referred to as the weld interface. The depth
of fusion is “the distance from the fusion face to the weld
interface.” The depth of fusion is always measured per-
pendicular to the fusion face. The fusion zone is “the area
of base metal melted as determined on the cross section
of a weld. These terms are applied similarly for other
types of welds such as fillet and surfacing welds. Figure
4.22 illustrates various terms associated with fusion.

Figure 4.19—Edge Welds

(A)  Edge Weld in a Flange Butt Joint

(B)  Edge Weld in a Flange Corner Joint

Figure 4.20—Completed Groove
Weld Terms

GROOVE WELD MADE BEFORE
WELDING OTHER SIDE WELD

FACE

GROOVE WELD MADE AFTER
WELDING OTHER SIDE

WELD ROOT

BACK WELD

BACKING WELD
WELD TOE

FACE
REINFORCEMENT

FACE
REINFORCEMENT

ROOT SURFACE
WELD ROOT

(A)

(B)

(C)

ROOT
REINFORCEMENT
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As shown in Figure 4.23, there are also several terms
which refer to penetration of the weld. Root penetration
is “the distance that the weld metal has melted into the
joint beyond the joint root.” The joint penetration is “the
distance from the furthest extension of the weld into the
joint to the weld face, excluding any weld reinforcement
which may be present.” For groove welds, this same
length is also referred to as the weld size.

Another related term is heat-affected zone (HAZ). This
region, shown in Figure 4.24, is defined as “that portion
of the base metal that has not been melted, but whose
mechanical properties or microstructure have been
altered by the heat of welding, brazing, soldering, or
cutting.”

Weld Size Terminology

The previous discussion describes joint penetration, and
the relationship to weld size, for single-groove weld con-
figurations. For a double-groove weld configuration
where the joint penetration is less than complete, the
weld size is equal to the sum of the joint penetrations
from both sides [see Figure 4.25(A)].

Figure 4.21—Completed Fillet Weld Terms

Figure 4.22—Fusion Terminology

FUSION FACE

DEPTH OF FUSION

WELD INTERFACEWELD INTERFACE

DEPTH OF FUSION

WELD INTERFACE FUSION FACE

(B) Surfacing Weld

DEPTH OF FUSION

DEPTH OF
FUSION

FUSION FACE

WELD INTERFACE

(A) Groove Weld

(C) Fillet Weld

Note: Fusion zones indicated by shading.

Figure 4.23—Penetration Terminology

Figure 4.24—Heat-Affected Zone

ROOT
PENETRATION

JOINT PENETRATION
GROOVE WELD SIZE

Incomplete Joint Penetration

HEAT-AFFECTED
ZONE

WELD METAL
AREA
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In a complete penetration groove weld, the weld size is
equal to the thickness of the thinner of the two members
joined, since there is no credit given for any weld rein-
forcement that is present [see Figure 4.25(B)].

To determine the size of a fillet weld, you must first
know whether the final weld configuration is convex or
concave. Convex means that the weld face exhibits some
buildup causing it to appear curved slightly outward.
This is referred to as the amount of convexity. Convexity
in a fillet weld is synonymous with weld reinforcement
in a groove weld. If a weld has a concave profile, this
means that its face is “dished in.”

For either configuration, the fillet weld size for equal leg
fillet welds is described as “the leg lengths of the largest
isosceles (two legs of equal length) right triangle which
can be inscribed within the fillet weld cross section.”

These inscribed isosceles right triangles are shown with
dotted lines in the two illustrations of Figure 4.26. So, for
the convex fillet weld, the leg and size are equal. How-
ever, the size of a concave fillet weld is slightly less than
its leg length.

For unequal leg fillet welds, the fillet weld size is defined
as, “the leg lengths of the largest right triangle that can
be inscribed within the fillet weld cross section.” Figure
4.27 shows this.

It can be noted that there are additional notations on the
illustrations in Figure 4.26 which refer to fillet weld
throats. There are really three different types of weld
throats. The first is the theoretical throat, or “the mini-

mum amount of weld that the designer counts on when
originally specifying a weld size.”

The theoretical throat is described as “the distance from
the beginning of the joint root perpendicular to the
hypotenuse (side of the triangle opposite the right angle)
of the largest right triangle that can be inscribed within
the cross section of a fillet weld. This dimension is based
on the assumption that the root opening is equal to zero.”

Figure 4.25—Penetration and Weld Size

E1

E2

(B) Complete Joint Penetration

(A) Incomplete Joint Penetration
Joint Penetration and Weld Size

Joint Penetration
Groove Weld Size Groove Weld Size*

Incomplete
Joint Penetration *Weld Size, E, Equals E1 plus E2

Figure 4.26—Fillet Weld Size

Figure 4.27—Unequal Leg Fillet Weld

LEG and SIZE

LEG and SIZE

CONVEXITY
ACTUAL THROAT

EFFECTIVE THROAT

THEORETICAL THROAT

CONVEX FILLET WELD

SIZE   LEG

SIZE

CONCAVITY

ACTUAL THROAT
and
EFFECTIVE THROAT

THEORETICAL THROAT

CONCAVE FILLET WELD

LEG

WELD ROOT

LEG and SIZE

LEG and SIZE
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Effective throat takes into account any additional joint
penetration that may be present. So, the effective throat
can be defined as “the minimum distance minus any con-
vexity between the weld root and the face of a fillet
weld.” The final throat dimension, the actual throat,
takes into account both the joint penetration as well as
any additional convexity present at the weld face.

Actual throat is “the shortest distance between the weld
root and the face of a fillet weld.” For a concave fillet
weld, the effective throat and actual throat are equal,
since there is no convexity present.

Inspection personnel may also be asked to determine the
sizes of other types of welds. One example might be a
spot or seam weld, where the weld size is equal to the
diameter of the weld metal in the plane of the faying sur-
faces as shown in Figure 4.28. A second example is for
an edge or flange weld as shown in Figure 4.29; the weld
size is equal to the total thickness of the weld from the
weld root to the weld face.

Weld Application Terminology

To complete this discussion of welding terms, it is appro-
priate to mention additional terminology associated with

the actual application of welds. Often welding proce-
dures will refer to these details, so inspection personnel
should be familiar with their meanings. The first aspect
is the difference among the terms weld pass, weld bead
and weld layer. A weld pass is a single progression of
welding along a joint. The weld bead is that weld which
results from a weld pass. A weld layer is a single level of
weld within a multiple-pass weld. A weld layer may con-
sist of a single bead or multiple beads (see Figure 4.30).

When a weld bead is deposited, it could have a different
name, depending upon the technique the welder uses. If
the welder progresses along the joint with little or no
side-to-side motion (oscillation), the resulting weld bead
is referred to as a stringer bead. A weave bead results
when the welder manipulates the electrode laterally, or
side to side, as the weld is deposited along the joint. The
weave bead is typically wider than the stringer bead. Due
to the amount of lateral motion used, the travel speed, as
measured along the longitudinal axis of the weld, is less
than would be the case for a stringer bead. Examples of
these are shown in Figure 4.31.

When fillet welds are required, there will be some cases
where the design does not warrant the use of continuous
welds. The designer may therefore specify intermittent
fillet welds. If there are intermittent fillet welds specified

Figure 4.28—Size of Seam or Spot Weld

Figure 4.29—Edge Weld Size

WELD SIZE (Diameter)

NUGGET

JOINT
PENETRATION

SIZE

Figure 4.30—Weld Pass, Bead, and Layer

1

3
4

56
78

91011

2

LAYERS

WELD
BEADS

CROSS-SECTIONAL WELDING SEQUENCE

1
2
3

4
5
6

7

LAYERS

WELD
BEADS
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on both sides of a particular joint, they can be detailed as
either chain intermittent or staggered intermittent fillet
welds. The chain intermittent fillet weld has the incre-
ments on either side of the joint directly opposite each
other. Similarly, a staggered intermittent fillet weld is an
intermittent fillet weld on both sides of a joint in which
the weld increments on one side are alternated with
respect to those on the other side. Both types of the inter-
mittent fillet welds are shown in Figure 4.32.

Another term related to the actual welding operation is
boxing (commonly referred to as an end return). Boxing
is defined as “the continuation of a fillet weld around a
corner of a member as an extension of the principal
weld” (see Figure 4.33).

Finally, there are several terms that describe the actual
sequence in which the welding is to be done. This is
commonly done to reduce the amount of distortion
caused by welding. Three common techniques are back-
step sequence, block sequence, and cascade sequence
(see Figure 4.34). The backstep sequence is a technique
where each individual weld pass is deposited in the
direction opposite that of the overall progression of
welding.

A block sequence is defined as “a combined longitudinal
and cross-sectional sequence for a continuous multiple
pass weld in which separated increments are completely
or partially welded before intervening increments are
welded.” With the block sequence, it is important that

each subsequent layer is slightly shorter than the previ-
ous one so that the end of the block has a gentle slope.
This will provide the best chance of obtaining adequate
fusion when the adjacent block is filled in later.

A cascade sequence is described as “a combined longitu-
dinal and cross-sectional sequence in which weld passes
are made in overlapping layers.” This method differs
from the block sequence in that each subsequent pass is
longer than the previous one.

Figure 4.31—Stringer and Weave Beads

PATH OF ELECTRODE

PATH OF ELECTRODE

STRINGER BEAD

WEAVE BEAD

Figure 4.32—Intermittent Fillet Welds

Figure 4.33—Boxing Technique

CHAIN INTERMITTENT FILLET WELD

STAGGERED INTERMITTENT FILLET WELD

BOXING
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Welding Symbols

Welding symbols provide a system for placing complete
welding information on drawings. They quickly indicate
to the designer, draftsman, supervisors, and welding per-
sonnel, including welding inspectors, which welding
technique is needed for each joint to satisfy the require-
ments for material strength and service conditions.

For layout and fitting personnel, welding symbols often
relay information that affect the finished size of a pre-
pared part. For example, root opening changes will cause
a change in the actual size of a member when only design
size dimensions are provided on a drawing. The inspec-
tor must be aware of these requirements, and the effects
of changes in the specified parameters.

Fitters and layout personnel must be aware of the place-
ment and size of tack welds. Oversized tack welds, and
tack welds placed outside the designated weld area,
cause extra steps in the finishing phases of a project. One
example of this is the placement of tack welds outside
the designated area of intermittent fillet welds. Another
example is the appearance of the weld face after the
welder has fused an oversized tack weld into the required

weld. These examples usually fall under the requirement
of inspection responsibilities and the welding inspector
must be familiar with the meaning of welding symbols to
complete the inspection duties.

In this section, the welding inspector will be provided a
basic understanding of the information which can appear
in a welding symbol, the identification of basic weld
symbols, the use of supplementary symbols, and an
understanding of the terminology associated with the
basic welding symbol.

A detailed reference regarding weld and welding sym-
bols and the associated terminology is found in the cur-
rent edition of AWS A2.4, Standard Symbols for
Welding, Brazing, and Nondestructive Examination.
This document is published by the American Welding
Society.

Weld Symbol vs. Welding Symbol

AWS makes a distinction between the terms weld sym-
bol and welding symbol. The weld symbol (see Figure
4.36) identifies each specific type of weld and is only
part of the total information contained in the welding
symbol. Weld symbols are drawn above and below the

Figure 4.34—Backstep, Block, and Cascade Welding Sequences

DIRECTION OF WELD PROGRESS

1

2
3

4

(A) BACKSTEP SEQUENCE
UNWELDED SPACES FILLED AFTER WELDING
OF INTERMITTENT BLOCKS

(B) BLOCK SEQUENCE

(C) CASCADE SEQUENCE
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reference line of the welding symbol. The welding sym-
bol (Figure 4.37) indicates the total symbol, including all
information applied to it, to specify the weld(s) required.
All welding symbols require a reference line and an
arrow, and these are shown in Figure 4.35.

Welding Symbol Elements

Except for the reference line and arrow, not all elements
need be used unless required for clarity. A welding
symbol may include the following elements:

• Reference Line (required element)

• Arrow (required element)

• Tail

• Basic weld symbol

• Dimensions and other data

• Supplementary symbols

• Finish symbols

• Specification, process, or other reference

Figure 4.36—Weld Symbols

Figure 4.35—Reference Line and Arrow

REFERENCE LINE
(always shown horizontally)

ARROW

Required Welding Symbol Elements
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The reference line is always drawn horizontally. It is
used to apply weld symbols and other data, and has a
particular significance that remains the same regardless
of any elements added to it. The lower side of the refer-
ence line is termed the arrow side and the upper side of
the reference line is termed the other side. This conven-
tion is shown in Figure 4.38. The direction of the arrow
creates no change in the significance of the reference
line. Multiple reference lines may also be used with the
basic weld symbols and are shown in Figure 4.39.

The arrow connects the reference line to the weld joint or
area to be welded. It may be shown with or without a
break, or with multiple arrows. When the arrow is shown
with a break, the broken arrow always breaks toward the

member of the joint that is to be prepared or shaped, and
is shown in Figure 4.40. Figure 4.40 also shows that mul-
tiple arrows may be added to show the same weld
required in several different locations. Additional exam-
ples of multiple arrows are shown in Figure 4.58.

Arrows point to a line or lines on the drawing which
clearly identify the proposed joint or weld area. When
possible the arrow should point to a solid line (object
line, visible line) but the arrow may point to a dashed
line (hidden line).

The tail of the welding symbol is used to indicate the
welding and cutting processes, as well as the welding
specifications, procedures, or the supplementary infor-
mation to be used in making the weld. When the welding

Figure 4.37—Standard Location of Elements of Welding Symbol
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process, specification, procedure, or supplementary
information is not necessary to identify the welding
information, the tail is omitted from the welding symbol.
Figure 4.41 illustrates the tail.

Process, references, specifications, codes, drawing notes,
or any other applicable documents pertaining to the
welding may be specified by placing the reference in the
tail of the welding symbol. The information contained in
the referenced documents does not have to be repeated in
the welding symbol (see Figure 4.42).

Repetitions of identical welding symbols on the drawing
are avoided by designating a single welding symbol as typ-
ical or abbreviated as “TYP,” and pointing the arrow to the
representative joint (see Figure 4.43). Typical designations
must clearly identify all applicable joints, e.g., “TYP @ 4
stiffeners.” See Figure 4.60 for “typical” weld applications.

Weld Symbol Locations

Regardless which way the arrow points, when weld sym-
bols are placed below the reference line the weld must be
made on the arrow side of the joint. Weld symbols
placed above the reference line require the weld to be
made on the other side of the joint. Weld symbols placed
on both sides of the reference line indicate the weld is to
be made on both sides of the joint. The both sides desig-
nation does not apply to all weld symbols. Some symbols
have no arrow side or other side significance, although
supplementary symbols used in conjunction with them
may (see Figure 4.44).

Figure 4.40—Placement and
Location Significance of Arrow

Figure 4.41—Conventions for use of a Tail

Tail (omitted when process,
specification, procedure or 
supplementary information is 
not used)

To include process
welding specification,
procedures or supple-
mentary information

Figure 4.38—Arrow Side—Other Side 
Positions

Figure 4.39—Multiple Reference Lines

(OTHER SIDE)

(ARROW SIDE)

(OTHER SIDE)

(ARROW SIDE)
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For fillet and groove symbols, the arrow always connects
the welding symbol reference line to one side of the
joint. That side is considered the arrow side of the joint,
with the opposite side considered the other side of the
joint. In addition, the perpendicular leg for fillet, bevel-
groove, J-groove, and flare-bevel-groove symbols is
always drawn to the left, as shown in Figure 4.45.

With plug, slot, spot, projection and seam weld symbols,
the arrow connects the weld symbol reference line to the
outer surface of one of the joint members, at the center
line of the desired weld. The member toward which the
arrow points is considered the arrow side member. The
opposite member is considered to be the other side mem-
ber. This is shown in Figure 4.46.

When only one member of a joint is to be prepared, such
as for a bevel-groove, the arrow will have a break and
point toward the member that must be prepared. Such
joints will always be shown with a broken arrow when
no joint details are given. If it is obvious which member
is to be prepared, the arrow does not need to be broken.
Figure 4.47 illustrates the broken arrow use.

Figure 4.44—Reference Line Location for Basic Weld Symbols

Figure 4.42—Examples of use of a Tail

Figure 4.43—Use of “Typical” Notes

GTAW

See Note 1A

TYP - 5 Gussets

TYP - 5 places (See Det. A)
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Combined Weld Symbols

Some welded joints require more than one type of weld.
This is a common occurrence in groove welded joints for
structural fabrication. Often the groove weld is finished
with a fillet weld. As shown in Figure 4.48, a number of
different combinations may apply to welded joints.

Multiple Reference Lines

The addition of two or more reference lines to the weld-
ing symbol are applied for several reasons. First, they are
used to show the sequence of operations. That is, the first
operation (shown on the reference line closest to the
arrow) must be completed before the next operation can

be performed and so on. Second, the addition of extra
reference lines are also used when supplementary data
applicable to each weld must be included, either in com-
bination with the symbol or in the tail. Figure 4.49 illus-
trates this usage.

Supplementary Symbols
Supplementary symbols are used in connection with the
weld symbol and can indicate extent of welding, weld
appearance, material included in the preparation of the
welded joint, or to indicate welding which is performed
in some place other than in the shop. Certain supplemen-
tary symbols are used in combination with the basic weld
symbols; others will appear on the reference line. Figure
4.50 identifies these supplementary symbols.

Finish Methods

Supplementary symbols specifying contour are included
with the weld symbol when the finished face of the weld
is to appear flat, flush, convex or concave. Certain
mechanical finishing symbols may be added to indicate
the type of method used to obtain the desired contour.
These mechanical methods are indicated by the use of a
letter designation, shown below, that signifies the finish-
ing method required, but not the degree of finish. The let-
ter “U” may be used when finish is necessary but the
method has not been determined. Figure 4.51 illustrates
the use of the contour and finish supplementary symbols
in the upper two sketches.

Mechanical Methods:

C = Chipping

G = Grinding

H = Hammering

M = Machining

R = Rolling

U = Unspecified

Field Weld Symbols

Field welds are welds not made in a shop or at the place
where the parts or assemblies were initially constructed.
The symbol known as a field flag is placed either above
or below, and at a right angle to, the reference line at the
junction of the arrow. It has no side significance in
regards to the weld required. The flag may point in either
direction, either opposite or in the same direction as the
arrow. Figure 4.51, bottom sketch, shows a number of
welding symbols used in combination with the field weld
symbol.

Figure 4.45—Perpendicular
Leg of Weld Symbol

Figure 4.46—Example of Plug Weld Side

Figure 4.47—Use of Broken Arrow

OTHER SIDE
OF JOINT

ARROW SIDE OF JOINT

Perpendicular leg drawn to the left

OTHER SIDE MEMBER

ARROW SIDE MEMBER

SYMBOL WELD CROSS SECTION

Break in arrow Prepared member
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Melt-Through Symbols

The melt-through symbol is used only when complete
root penetration plus visible root reinforcement is
required in welds made from one side. The symbol is
placed on the side of the reference line opposite the weld
symbol. The height requirement of root reinforcement is
specified by placing the required dimension to the left of
the melt-through symbol. Examples are shown in Figure
4.52. The height of root reinforcement may be unspecified.

Melt-through symbols used with an edge welding sym-
bol is also placed on the opposite side of the reference
line and the symbol remains the same whether the joint is
detailed or not detailed on the print. When the melt-
through symbol is used in connection with a corner-
flange welding symbol it is also placed on the opposite
side of the reference line; however, the arrow will have a
break pointing to the member that is flanged when no
detail is given (see Figure 4.53). See Figure 4.59 for
examples of melt-through applications.

Backing and Spacer Symbols

Joints with backing are specified by placing the backing
symbol on the side of the reference line opposite the
groove weld symbol. If the backing is to be removed
after welding, an “R” is placed within the backing sym-
bol (see Figure 4.54). The material and dimensions of the
backing are specified in the tail of the symbol or in a note
placed on the drawing near the weld joint. The backing
symbol is distinct from the back weld and backing weld
symbol. Backing is material or a device placed on the
back side of the groove. Backing welds and back welds
are welds applied to the backside of the joint. The back-
ing symbol, although similar to a plug or slot weld sym-
bol is distinguished by the presence of groove weld
symbols with which it is used.

Figure 4.48—Combinations
of Weld Symbols

Figure 4.49—Use of Multiple Reference
Line to Signify Sequence of Operations

3rd OPERATION

2nd OPERATION

1st OPERATION

1st

2nd

3rd

Figure 4.50—Supplementary Symbols

WELD-ALL
AROUND FIELD WELD

MELT
THROUGH

CONSUMABLE
INSERT

(SQUARE)

BACKING
OR

SPACER
(RECTANGLE)

CONTOUR

FLUSH
OR

FLAT
CONVEX CONCAVE
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Joints that require spacers are specified by modifying the
groove symbol to show a rectangle within it. Spacers are
illustrated in Figure 4.55. The spacer is applied to joints
welded from both sides and is generally centered on the
root faces of the prepared members. It may be used to
hold critical root openings in position. The spacer may

be removed after welding from one side has been com-
pleted, or may remain as part of the welded joint. When
used in connection with multiple reference lines, the
symbol appears on the line closest to the arrow. Material
and dimensions of the spacer are shown in the tail of the
symbol or noted on the drawing near the welded joint.
The spacer symbol is centered (straddled) on the refer-
ence line, and is similar to the appearance of the welded
joint; centering it on the reference line distinguishes it
from the backing symbol.

Consumable Insert Symbols

Consumable inserts are strips or rings of filler metal,
added to the weld joint, that completely fuse to the join-
ing members. The insert may have a special composition
of filler metal to prevent porosity and enable the weld
metal to meet specific requirements. Inserts are used on
certain groove welded plate and pipe joints to improve
the likelihood of full penetration. Generally, consumable
inserts are welded with the GTAW welding process. The
symbol is specified by placing the symbol on the oppo-
site side of the groove weld symbol. The AWS consum-
able insert class (type) is placed in the tail of the symbol;
the insert symbols are shown in Figure 4.56.

Weld-All-Around Symbol

This symbol, shown in Figure 4.57, is used to show weld
applications made completely around the joints speci-
fied. The symbol can be used with combination or single
type welds. The series of joints may involve different
directions and may be on more than one plane. The sym-
bol is centered on the junction between the reference and
the arrow line. Weld-all-around symbols are not used for
circumferential welds made around pipe.

Weld Symbol Dimensioning
It has been previously noted that each basic weld symbol
is a miniature detail of the weld to be placed at the
welded joint. Therefore, if a specific set of dimensions
are applied to the welding symbol, and notations, specifi-
cations, or references are placed in the tail of the welding
symbol, the need for an enlarged, detailed view may be
eliminated on the drawing.

There are certain specific and definite locations on the
welding symbol that designate weld dimensions. The
weld’s size or strength, length, pitch, or number can be
specified. In addition, dimension information regarding
root openings, depth of fill, depth of preparation, and
groove angle preparation can also be included.

Figure 4.51—Contour, Finish,
and Field Weld Symbols

Figure 4.52—Melt-Through Symbol Use

1/8

.06
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Each element of the welding symbol becomes an impor-
tant tool for welding personnel and the welding inspec-
tor. Your ability as an inspector to accurately interpret
welding symbols is extremely important since welding
symbol information definitely affects part or assembly
preparations. The data gathered while interpreting a
drawing must include the information specified for joint
or weld preparation. This section examines in detail the
dimensioning aspects of welding symbols for each type
of weld.

Fillet Welds

Fillet welds are dimensioned according to size, length,
and pitch when required. Dimensions of fillet welds are
placed on the same side of the reference line as the weld

Figure 4.53—Corner-Flange Weld with Melt-Through Symbol

Figure 4.54—Backing Symbol Use

R

1/4 x 1
A36

Figure 4.55—Groove Weld
Symbol with Spacer

Double-V-Groove with spacer

Double-U-Groove with spacer

Double-Bevel-Groove with spacer

1/4 X 1/2
SAE 1020

Double-J-Groove with spacer
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symbol. Double fillet dimensions are placed on both
sides of the reference line whether they are different or
identical. Fillet dimensions specified in drawing notes
need not be repeated on the symbol. Figures 4.61 through
4.63 illustrate these fillet weld dimensioning aspects.

Fillet size is located to the left of the weld symbol, and is
not enclosed in parentheses as is the case for groove
welds. Unequal leg fillet sizes are also placed to the left
of the weld symbol. Dimensioning data will not indicate
which size applies to either leg; this must be shown by a
drawing detail or note.

Fillet length is placed to the right of the symbol. Length
dimensions do not appear when the weld is made for the
full length of the joint. The extent of fillet weld length
may be represented graphically with the use of cross
hatching in conjunction with drawing objects and dimen-
sions. The welding symbol for specific sizes and loca-
tions can also be made in conjunction with the drawing
dimension lines. Pitch dimensions (center to center spac-
ing) of welds are placed to the right of the length dimen-
sion and separated by a hyphen.

Chain intermittent fillet weld dimensions are placed on
both sides of the reference line; the welds are made
opposite of each other on both joints. Staggered intermit-
tent fillet welds are dimensioned in the same manner,
with welds placed on opposite sides of the joint, but not
opposite of each other; instead, they are spaced symmet-

rically. Figure 4.64 shows the length and intermittent
convention for fillet welds, and Figures 4.68 through
4.73 show additional examples of fillet weld dimensioning.

Plug and Slot Welds

Plug and slot welds are identified by the same weld sym-
bol; the weld symbol location for both types can be
placed on either side of the reference line. Three dimen-
sioning elements distinguish plug welds from slot welds;
first, plug weld diameter is measured as size, while slot
welds are measured for width. Plug weld size is indicated
through the use of a diameter symbol—Ø. This symbol is
omitted in the width specification for slot welds. Second,
a length dimension is used for slot welds. The spacing
(pitch) dimension for a plug weld is located in the same
position as slot weld length. Third, the location and ori-
entation of slots must be shown on the drawing (see Fig-
ures 4.65 and 4.67).

Plug welds are dimensioned according to weld size,
angle of countersink, depth of filling, pitch and the num-
ber of welds required. Plug weld information is placed
on the side of the reference line where the weld symbol
appears. The arrow of the welding symbol must connect
the welding symbol reference line to the outer surface of
one of the joint members at the centerline of the desired
weld (see Figure 4.66).

Plug weld size is located to the left of the symbol, regard-
less of arrow or other side significance. Size is deter-
mined by the diameter of the hole at the faying surface
(the point where the surfaces of the members come in
contact with each other).

Angle of countersink for plug welds is located above or
below the weld symbol depending upon symbol location
on the reference line. Angle of countersink is the
included angle for tapered holes.

Depth of filling is indicated by placing the filling dimen-
sion inside the plug weld symbol for filling that is less
than complete. If the dimension has been omitted, this
indicates that the hole is to be completely filled.

Spacing or pitch is placed to the right of the weld sym-
bol. Plug weld spacing in any configuration other than a
straight line must be dimensioned on the drawing.

Number of plug welds. When definite numbers of plug
welds are required, the desired number is specified in
parentheses on the same side of the reference line as the
weld symbol. This dimension is located above or below
the weld symbol depending upon symbol placement on
the reference line.

Figure 4.56—Consumable Inserts

Figure 4.57—Weld-All-Around Symbol

CLASS
3

INSERT

CLASS
2

INSERT
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Figure 4.58—Specification of Extent of Welding

WELDS SYMBOLS

WELDS
SYMBOLS

WELDS SYMBOLS

(A) WELDS WITH ABRUPT CHANGES IN DIRECTION
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Figure 4.58 (Continued)—Specification of Extent of Welding

WELDS

SYMBOL

WELDS

SYMBOL

WELDS SYMBOL

(B) APPLICATION OF WELD-ALL-AROUND SYMBOL
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Figure 4.58 (Continued)—Specification of Extent of Welding

A

A

WELDS SYMBOL

SECTION A-A

WELD SYMBOL

WELD

SYMBOL

SEAL
WELD1/8

(C) WELD IN SEVERAL PLANES

(D) WELD AROUND A SHAFT

(E) SEAL WELD
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Figure 4.59—Applications of Melt-Through Symbol
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Plug weld contours that are obtained by welding, will
have face appearances which are approximately flush or
convex. When post weld finishing is specified, the
appropriate letter is applied above the contour symbol.

At times, the type of weld specified for holes will require
a fillet weld. In these instances, the plug weld symbol
will not be specified; instead, the fillet weld symbol will
be used, and a weld-all-around symbol is usually
included to complete the required weld configuration.
See Figure 4.71(A) previously noted, and Figure 4.72 for
other examples of plug weld dimensioning.

Slot Welds

Slot welds are dimensioned according to width, length,
angle of countersink, depth of filling, pitch and the
number of welds required. Slot weld information is
placed on the side of the reference line where the weld
symbol appears. The arrow of the welding symbol must
connect the welding symbol reference line to the outer
surface of one of the joint members at the centerline of
the desired weld. In addition, the location and orientation
of the slots must be specified on the drawing (see Figure
4.69).

Figure 4.60—Applications of “Typical” Welding Symbols

TYP EACH END
TWO FLANGES

3/8

3/8

TYP BOTH ENDS
3/8

3/8

A

A

5/16

TYP BOTH FLANGES

5/16

SECTION A-A

1/4

1/4

TYP 4 PAIR
STIFFENERS
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Slot weld width is located to the left of the symbol,
regardless of arrow or other side significance. Width is
the dimension of the slot, measured in the direction of
the minor axis at the faying surface.

Slot weld length is located to the right of the symbol,
regardless of arrow or other side significance. Length is
the dimension of the slot, measured in the direction of
the major axis at the faying surface.

Angle of countersink for slot welds is located above or
below the weld symbol depending upon symbol location
on the reference line. Angle of countersink is the
included angle for tapered slots.

Depth of filling is indicated by placing the dimension
inside the slot weld symbol for filling that is less than
complete. If the dimension has been omitted, this indi-
cates that the slot is to be completely filled.

Figure 4.61—Fillet Weld Dimensions

Figure 4.62—Size—Unequal Leg Fillet Welds

Dimension Location.

3/8

1/4

8              200

1/4             2-6

size length pitch

Size Location.

3/16

5/16

5/16

6

Unequal Leg Size.

SEE
DET. A1/4 x 3/8

1/4 x 3/8

1/4

Figure 4.63—Length,
Pitch Fillet Welds

Figure 4.64—Intermittent
Fillet Welds

Length Location.

6

250

10

10

6                       4                      6

1/2

Length (Extent specified by Hatching).

Pitch Location.

2-5
75-200

5/16

Chain Intermittent Fillet Welds.

Staggered Intermittent Fillet Welds.

2-5

2-5
75-200

75-200

4-7

4-7

100-250

100-250
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Spacing or pitch (the center-to-center distance of two or
more slot welds), is placed to the right of the length
dimension, separated by a hyphen.

Number of slot welds. When definite numbers of slot
welds are required, the desired number is specified in
parentheses on the same side of the reference line as the
weld symbol. This dimension is located above or below
the weld symbol depending upon symbol placement on
the reference line. If the angle of countersink is included
in the welding symbol, then the number of slots required
is placed in parentheses above or below the angle of
countersink as appropriate. See Figure 4.73 for examples
of slot weld dimensioning.

Slot weld contours that are obtained by welding, will
have face appearances which are approximately flush or
convex. When post weld finishing (contour obtained
after welding) is specified, the appropriate letter is
applied above the contour symbol. This signifies the
method used for obtaining the desired contour, but does
not specify the degree of finish. The degree of finish is
indicated by a drawing note, or detail.

At times the type of weld specified for a slot will require
a fillet weld. In these instances, the slot weld symbol will
not be specified; instead the fillet weld symbol will be
applied and a weld-all-around symbol included.

Spot and Projection Welds

Spot welds and projection welds share the same symbol,
a circle placed above, below, or straddling the reference
line. They can be differentiated by differences in the
welding process, joint design, detailing on the drawing,
and the reference placed in the tail.

Spot Welds

A spot weld can be made using resistance welding, gas
tungsten arc welding (GTAW), electron beam welding,
ultrasonic, and many other welding processes. It has lim-
ited applications when used with the gas metal arc weld-
ing (GMAW), and shielded metal arc welding (SMAW)
processes. Depending upon the welding process speci-
fied, the spot welding symbol is placed below, above, or
centered on the reference line.

Welding symbol dimensions for spot welds include:
weld size or strength, spacing and number of spots
required. The welding process is always indicated in the
tail of the symbol. Dimensions are placed on the same
side of the reference line as the symbol, or on either side
in the case of no arrow or other side significance. When
spot welds are grouped, or the extent of spot welding is
specified, dimensioning and location will be clearly
marked on the drawing.

Figure 4.65—Differences in
Plug and Slot Welds

Figure 4.66—Plug Weld Dimensions

Figure 4.67—Slot Weld Dimensions
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Figure 4.68—Specification of Size and Length of Fillet Welds
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Figure 4.69—Specification of Location and Extent of Fillet Welds
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Figure 4.70—Applications of Fillet Weld Symbols
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Figure 4.71—Applications of Fillet Weld Symbol
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Figure 4.72—Applications of Plug Weld Dimensions
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Figure 4.73—Applications of Slot Weld Dimensions

105 10 10 10 5

3/4

30° 3

8

ORIENTATION
AS SHOWN ON DRAWING

3/4 3-10

30°
(5)

DETAIL A                                          WELD CROSS SECTION

SEE DETAIL A

(A) COMPLETELY  FILLED SLOT WELDS

ORIENTATION AS SHOWN ON DRAWING

2 3 3 3 2

3

3/4       3/8       2-3

(4)

A

A
DETAIL B                                  SECTION A-A

2

3/4

3/8

3/4

(B) PARTIALLY FILLED SLOT WELDS

Copyright American Welding Society 
Provided by IHS under license with AWS Licensee=ISATIS Group in iran Revised Sub Account/5620002316 

Not for Resale, 08/27/2013 00:11:03 MDTNo reproduction or networking permitted without license from IHS

-
-
`
`
,
`
,
,
,
,
,
`
,
,
,
`
`
`
,
,
`
`
,
`
,
`
,
`
,
,
,
,
-
`
-
`
,
,
`
,
,
`
,
`
,
,
`
-
-
-



WELDING INSPECTION TECHNOLOGY CHAPTER 4—WELD JOINT GEOMETRY AND WELDING SYMBOLS

4-51

Spot weld size or strength is placed to the left side of the
symbol. Weld size is measured by the diameter of the
weld at the point of contact between the faying surfaces
of the members. Either size or strength, but not both
dimensions, will appear in conjunction with the welding
symbol.

Spacing or pitch of two or more spot welds made in a
straight line are indicated by placing the appropriate dis-
tance dimension to the right of the spot weld symbol.

The number of spot welds required is placed above or
below the symbol, depending upon symbol placement,
and is specified in parentheses.

Grouped spot welds may be represented by the use of
intersecting center lines on the drawing. If this is the
case, multiple arrows connecting the reference line of the
welding symbol will point to at least one of the center-
lines passing through each weld location. Should the spot
welds be grouped randomly, the area where the welds
will be applied must be clearly indicated on the drawing.

Extent of spot welding. At times, spot welds may extend
less than the distance between abrupt changes in the
direction of welding, or less than the full length of the
joint. In situations where this occurs, the desired extent
of welding must be dimensioned on the drawing.

Spot weld contours that are obtained by welding, will
have face appearances which are approximately flush or
convex. When post weld finishing is specified, the
appropriate letter is applied above the contour symbol.
This signifies the method used for obtaining the desired
contour, but does not specify the degree of finish. The
degree of finish is indicated by a drawing note. Examples
of spot weld dimensioning are shown in Figures 4.75 and
4.76.

Projection Welds

The projection weld symbol is placed either above or
below the reference line because of the joint design and
welding process used (resistance type welding). The
symbol for this weld type is never placed to straddle the
reference line. When projection welding is used, the
welding process, will always be identified in the tail of
the welding symbol. The side designation of the projec-
tion weld symbol indicates which member is embossed
(see Figure 4.74).

Seam Welds

The seam weld symbol, dependent upon its location on
the reference line and the welding process used, may or
may not have arrow-side or other side significance.
When the symbol is placed centered on the line, it does

not indicate a both sides designation; rather, it specifies
no arrow or other side significance.

Seam welds are dimensioned according to size or
strength, length and/or pitch and the number of welds
required. The welding process used will be specified in
the tail of the welding symbol.

Size or strength dimensions are placed to the left of the
symbol on the same side as the weld symbol location, or
to the left on either side in the case of no side signifi-
cance. Seam weld size is measured according to the
width of the weld at the faying surfaces of the members.
Strength is specified by pounds per linear inch or in new-
tons per millimeter for metric measurements. Size and
strength designations are not specified at the same time.

Length and pitch of seam welds. The length dimension of
a seam weld is placed on the right side of the weld sym-
bol. Length dimensioning is omitted if the seam extends
for the full length of the weld joint, or the full distance
between abrupt changes in the direction of welding.

Sometimes seam welds are made intermittently. In these
instances a pitch dimension will be placed to the right of
the length dimension separated by a hyphen (-). If two or
more seam welds are applied intermittently, length and
pitch are understood to measure parallel to the weld axis.
When the orientation is other than parallel to the weld
axis, a detailed drawing is used to clarify the specific
orientation.

The number of seam welds required is placed above or
below the symbol (depending upon symbol placement)
and is specified in parentheses.

Seam weld contours that are obtained by welding, will
have face appearances which are approximately flush or
convex. When post weld finishing is specified, the
appropriate letter is applied above the contour symbol.
This signifies the method used for obtaining the desired
contour, but does not specify the degree of finish. The
degree of finish is indicated by a drawing note, or detail.
See Figures 4.77 and 4.78 for seam weld dimensioning
examples.

Stud Welds

The stud welding symbol is a new category of weld sym-
bol. In the ordinary sense, the stud weld symbol does not
indicate the welding of a joint. For this reason it has no
arrow-side or other-side significance. The symbol is
always placed below the reference line and points
directly to the surface where the studs are welded. Studs
are dimensioned according to stud size (left of the sym-
bol), spacing (right of the symbol), and number of studs
required (placed below the symbol in parenthesis). The
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location of the first and last stud placed on a single line
will be dimensioned on the drawing, and the arrow will
point directly to the start of each line of studs. In the case
of multiple lines of studs, multiple arrows will point to
each line (see Figure 4.79).

Surfacing Welds

Many times welders will be called upon to place layers
of welds (buildup) on metal surfaces, or make cross
hatched surfacing patterns on the outside of heavy equip-
ment. In fabrication shops that include machine shops,
the welder may be called upon to build up shafts or other

pieces of materials so the machinist can turn the part
down to sound base metal and achieve a desired dimen-
sion or diameter. Surfacing welds may also be employed
to correct dimensions of parts.

Surfacing is also used to provide corrosion or heat resis-
tant surfaces (cladding). In certain surfacing applica-
tions, “butter passes” are welded to the surfaces of
existing members, before the prepared parts are installed.
“Buttering” is done to keep the weld metal uniform (met-
allurgically compatible), and in some applications, make
a transition between two dissimilar weld metals. Surface
welds can be applied using single or multiple pass welds,
and can include single or multiple layers.

Figure 4.74—Projection Weld Dimensioning

PW
(SEE DET. B)

A

A

∅1/4

1/16

SECTION A-A                                    DETAIL B

WELD CROSS SECTION                                                                                                                       SYMBOLNOTE:  SYMBOL REQUIRES THE ARROW-SIDE
             MEMBER TO BE EMBOSSED

(A) ARROW-SIDE PROJECTION WELD SYMBOL

PW
(SEE DET. C)

A

A

∅1/4

1/16

SECTION A-A

WELD CROSS SECTION                                                                                                                       SYMBOLNOTE:  SYMBOL REQUIRES THE OTHER-SIDE
             MEMBER TO BE EMBOSSED

(B) OTHER-SIDE PROJECTION WELD SYMBOL

DETAIL C

Copyright American Welding Society 
Provided by IHS under license with AWS Licensee=ISATIS Group in iran Revised Sub Account/5620002316 

Not for Resale, 08/27/2013 00:11:03 MDTNo reproduction or networking permitted without license from IHS

-
-
`
`
,
`
,
,
,
,
,
`
,
,
,
`
`
`
,
,
`
`
,
`
,
`
,
`
,
,
,
,
-
`
-
`
,
,
`
,
,
`
,
`
,
,
`
-
-
-



WELDING INSPECTION TECHNOLOGY CHAPTER 4—WELD JOINT GEOMETRY AND WELDING SYMBOLS

4-53

Figure 4.75—Applications of Spot Weld Symbol
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Figure 4.76—Spot Weld Dimensioning
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Figure 4.76 (Continued)—Spot Weld Dimensioning
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Figure 4.77—Applications of Seam Weld Symbol
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Figure 4.78—Seam Weld Dimensioning
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Figure 4.78 (Continued)—Seam Weld Dimensioning
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Surfacing weld symbols do not indicate welded joints;
therefore, there is no arrow side or other side signifi-
cance. The symbol always appears below the reference
line. Dimensions are placed on the same side of the refer-
ence line as the weld symbol. The arrow of the welding
symbol points clearly to the area to be built up by the sur-
face welds.

Size (minimum thickness) dimensions are placed to the
left of the weld symbol. Welding direction is placed in
the tail of the welding symbol. The direction can also be
specified on the drawing.

In the case of multiple layer surfacing welds, the use
of multiple reference lines can be used and these can
show the required size (thickness) of each layer and
direction of welding in the tail of the symbol or on the
drawing.

When the entire area of the surface is to be built up, no
dimension other than thickness is necessary on the weld-
ing symbol. In cases where only a portion of the area will
be built-up by surface welds, the extent of weld, location,
and orientation will be shown on the drawing. See Figure
4.80 for surfacing weld dimensioning.

Figure 4.79—Applications of Stud Weld Symbols
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Figure 4.80—Surfacing Weld Dimensioning
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Back or Backing Weld Symbols

Back and backing weld symbols are identical. The term
back weld or backing weld is specified in the tail of the
welding symbol and provides an indication of the weld-
ing sequence when used in a combined weld symbol hav-
ing a single reference line.

Backing welds are made to the opposite side of a groove
before the groove weld is applied. When shown in con-
junction with a welding symbol using multiple reference
lines, the backing symbol will be located on the refer-
ence line closest to the arrow.

Back welds are made after the groove has been welded,
usually after some type of backgouge operation has been
performed to ensure that the first weld root is sound.
When used with a welding symbol having multiple refer-
ence lines, the symbol will appear on the line after the
one containing the groove welding symbol. The symbol
will always appear on the opposite side of the welded
groove.

Back or backing weld contours that are obtained by
welding, will have face appearances which are approxi-
mately flush or convex. When post weld finishing is
specified, the appropriate letter is applied above the con-
tour symbol. This signifies the method used for obtaining
the desired contour, but does not specify the degree of
finish. The degree of finish is indicated by a drawing
note, or detail. See Figure 4.81 for examples of back and
backing weld symbol use.

Groove Welds

Previously, a statement was made that the weld symbol
is actually a miniature detail of the part or surface which
it points to. Groove welds usually require some edge
preparation at the joint, and the root opening of all
grooved joints affects part preparation when a separation
of members is specified. Eight types of groove weld
symbols have been developed according to AWS A2.4
standards and are illustrated as shown in Figure 4.82.

All groove weld symbols have an arrow-side, other-side,
and both-sides significance. The square groove weld
symbol may have no arrow side or other-side signifi-
cance, meaning the weld can be started from either side.
As with other weld symbols, location significance is
determined by the side of the reference line on which the
symbol is placed.

Broken arrows are used with the bevel-groove weld sym-
bol, the J-groove weld symbol and the flare bevel groove
weld symbol. Use of a broken arrow for these three sym-
bols identifies the joint member that must be prepared. A

broken arrow need not be used if the joint is detailed on
the drawing.

Single-groove dimensions are placed on the same side of
the reference line as the symbol. Double-groove dimen-
sions are placed on both sides of the reference line for
each groove, except for the root opening which appears
only once [see Figure 4.86(B)].

Dimensions that are common to all groove welds
include, depth of bevel, groove weld size, root opening,
and groove angle. Additional dimensioning applicable to
J- and U-groove welds include a radius and root face.
Radius is also used in the size specification for flare-
bevel and flare-V-groove welds (see Figures 4.86–4.91).

Depth of bevel dimensioning is placed to the left of the
weld symbol represented by “S” in Figure 4.83. Depth of
bevel is defined as “the perpendicular distance from the
base metal surface to the root edge or the beginning of
the root face” [see Figure 4.88(A), (B), and (C)].

Groove weld size is “the joint penetration of the weld
placed into a groove.” Penetration may include the
fusion of the base metal at or beyond the depth of bevel,
the groove face and/or the root face, represented by “(E)”
in Figure 4.83. Groove weld size dimensions are placed
in parentheses between the dimension for depth of bevel
and the weld symbol (see Figures 4.86–4.91).

Except for square-groove welds, groove weld size “(E),”
in relation to the depth of bevel “S,” is shown as “S(E)”
to the left of the weld symbol. Because of the joint geom-
etry of square edge shapes, only weld size “(E)” is shown
for a square-groove weld (see Figures 4.88–4.90 and
4.94).

Root opening is “a separation at the joint root between
the workpieces” forming the joint. The root of a joint is
either “open” or “closed.” When a separation, the root
opening, is indicated, the dimension appears inside the
groove weld symbol. This dimension is specified only
once for double groove welded joints, generally in the
arrow side welding symbol [see Figure 4.95(D)].

Root openings affect member preparation when a draw-
ing specifies design size (overall size of both members
after fit up), rather than actual size (true size of a member
after allowance or tolerances are applied). Allowances
must be made when a root opening dimension is speci-
fied in the welding symbol and design size dimensions
are specified for a particular object in the field of a
drawing.

Groove angle is specified outside the weld symbol, posi-
tioned above or below the symbol dependent upon sym-
bol placement on the reference line. Angle dimensioning
is specified by degree, °, indicating the angle formed by
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the members to be welded. When the groove angle affects
both members (such as a V or U), the bevel angle for each
member equals half the given dimension. For example: a
V-groove weld with a dimension of 60°, requires each
member to be beveled at 30°. When combined, both
members then form an included angle, the groove angle,
of 60°. This is not the case when only one member is pre-
pared. For example: a double-J groove weld specifying
15° on the arrow-side, and 20° on the other-side, is inter-
preted as 15° included angle arrow-side, 20° included

angle other-side. In this case the arrow-side member is
prepared on both sides (at different angles), but the other-
side member remains square [see Figure 4.96(E)].

Radius and root face dimensions can apply for U- or J-
groove joints. These dimensions do not appear in con-
nection with the welding symbol. Radius and root faces
are indicated by a reference to a particular drawing
detail, cross section or other data in the tail of the weld-
ing symbol.

Figure 4.81—Application of Back and Backing Weld Symbols

WELD CROSS SECTION                                                                                SYMBOL

(A) APPLICATION OF BACK WELD SYMBOL

WELD CROSS SECTION                                                                                SYMBOL

(B) APPLICATION OF BACKING WELD SYMBOL

WELD CROSS SECTION                                                                                SYMBOL

(C) APPLICATION OF BACKING WELD WITH ROOT OPENING SPECIFIED

V-GROOVE WELD MADE AFTER
BACKING WELD ON OTHER SIDE

BACKING WELD

3/4

1/8

7/8

V-GROOVE WELD MADE AFTER
BACKING WELD ON OTHER SIDE

BACKING WELD

V-GROOVE WELD MADE BEFORE
BACK WELD FROM OTHER SIDE

BACK WELD

BACK
WELDOR

BACKING
WELDOR

BACKING
WELDOR

1/8
3/4 (7/8)

1/8
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Weld Size and Depth of Bevel Considerations

Groove weld size may be smaller than the dimension
given for depth of bevel (partial joint penetration); at
other times it will equal the depth of bevel (complete
joint penetration). Where double grooves are specified,
the groove weld size can be larger than the depth of bevel
on either side of the joint, and the welds will overlap
beyond depth of bevel (complete joint penetration) (see
Figures 4.86, 4.95, and 4.96).

The inspector may encounter a groove welding symbol
with no depth of bevel or weld size specified. When
these dimensions are left out of the welding symbol,
complete joint penetration is required. This rule holds
true for all single-groove welds, and those double-groove
welds having symmetrical joint geometries, with double-
groove prepared members having the same edge shape
on both sides of each member [see Figures 4.87(D) and
(E), 4.96(A), (B), and (D), and 4.97]. Asymmetrical
groove welds that extend completely through the joint
(complete joint penetration), require the use of groove
weld size dimensions [see Figure 4.90(A) and (B)].

In some instances depth of bevel will not be specified by
the welding symbol; only a groove weld size will appear.
This groove weld dimensioning technique applies to
groove welds that extend only partly through the joint
(partial penetration) [see Figure 4.89(A), (C), and (F)].

At times, the type of groove welded joint, may not be
specified on the drawing. Joint preparation becomes
optional, and in some cases, determined by layout or fit-
ting personnel. In these situations, the weld symbol is
omitted. When no weld symbol is provided and the refer-
ence line and arrow point to the joint or weld area and the
letters “CJP” are shown in the tail, this indicates com-
plete joint penetration is required and joint geometry is
optional (see Figure 4.92).

A second instance used to indicate optional joint geome-
try gives groove weld size only and also omits the weld

Figure 4.82—Groove Weld Symbols

Figure 4.83—Depth of Bevel—
Groove Weld Size

Figure 4.84—Flare Groove Size versus Radius

GROOVE

    SQUARE           SCARF                    V                    BEVEL

U                        J                   FLARE-V        FLARE BEVEL

Note:  The reference line is shown dashed for illustrative purposes.

(3)S (E)

1/4 (3/8)

5/16 (7/16)

WELD SIZE

RADIUS

Figure 4.85—Flare Groove Depth of Bevel

S

FLARE-BEVEL-GROOVE
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symbol. Groove weld size is placed on either side of the
reference line as required to show weld placement from
the arrow or other side (see Figure 4.94).

For bevel-, V-, J- or U-grooves, depth of bevel may only
be placed to the left of their respective weld symbols and
groove weld size may appear elsewhere on the drawing.
If this is the case, reference to the location of any

required groove weld size will be made in the tail of the
welding symbol.

Flare-Groove Welds

So far the discussion has addressed all groove weld sym-
bols except flare grooves. In many respects flare grooves
are special cases since they do not conform to all of the

Figure 4.86—Applications of Dimensions to Groove Weld Symbols

WELD CROSS SECTION                                                                                         SYMBOL

(B) DOUBLE GROOVE WELD SYMBOL WITH COMBINED DIMENSIONS

2 1/82

2 2 1/8

4 1/2

2 (2 1/8)

2 (2 1/8)
0

25°

25°

25°

25°

WELD CROSS SECTION                                                                        SYMBOL

(1/2)1/2

WELD CROSS SECTION                                                                        SYMBOL

(3/4)

3/4

(A) APPLICATIONS OF SINGLE GROOVE WELD SYMBOL DIMENSIONING
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Figure 4.87—Groove Welds—Depth of Bevel Not Specified
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Figure 4.88—Groove Weld Size (E) Related to Depth of Bevel (S)

WELD CROSS SECTION                                                                           SYMBOL

(B) DEPTH OF BEVEL LESS THAN WELD SIZE

5/8 (3/4)

3/4 5/8
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Figure 4.89—Specification of Groove Weld Size and Depth of Bevel
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Figure 4.90—Specification of Groove Weld Size Only
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Figure 4.91—Combined Groove and Fillet Welds
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conventions associated with other types of groove welds.
Dimensions related to depth of bevel and groove angle in a
normal groove weld are functions of the edge shape. With
flare groove welds these same dimensions are related to
the curvature of the base metal and may be beyond the
control of the welder. Complete penetration may not be
obtainable in many flare groove welds since the fusion
occurs along the surface of one or both members rather
than through the thickness. Likewise, the amount of curva-
ture in these types of grooves may result in a weld size that
is only some fraction of the radius (see Figure 4.84).

A distinction also exists in the interpretation of the “S”
dimension (depth of bevel) for flare-groove welds and its
interpretation for other groove weld types. With flare
groove joints, depth of bevel is defined as the radius, or
the point of tangency, indicated by dimension lines
shown in Figure 4.85.

Groove weld size “(E),” dimensioning also applies to
flare-groove welds. Figure 4.94 illustrates the various
dimensioning aspects of flare-groove welds.

Supplementary Symbols for Groove Welds

Groove weld contours that are obtained by welding will
have face appearances which are approximately flush or
convex. When post weld finishing is specified, the
appropriate letter is applied above the contour symbol.
This signifies the method used for obtaining the desired
contour, but does not specify the degree of finish. The
degree of finish is indicated by a drawing note or detail.

Groove welded joints that employ a backing material or
device are specified by placing the backing symbol on
the side of the reference line opposite the groove weld
symbol. If the backing will be removed after welding, an
“R” is placed in the backing symbol to indicate removal.
The type of material or device used, and the dimensions
of the backing are specified in the tail of the welding
symbol or on the drawing. Use of a backing symbol
should not be confused with the use of back or backing
weld symbols. Although a backing weld is backing in the
form of a weld, the backing symbol represents a material
or device. Compare Figures 4.98 and 4.99.

Figure 4.92—Complete Joint Penetration with Joint Geometry Optional

CJP

WELD CROSS SECTION                                                                      SYMBOL
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CJP
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Figure 4.93—Partial Joint Penetration with Joint Geometry Optional
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Figure 4.94—Applications of Flare-Bevel and Flare V-Groove Weld Symbols
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Figure 4.94 (Continued)—Applications of Flare-Bevel and Flare V-Groove Weld Symbols
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Figure 4.95—Specifications of Root Openings for Groove Welds
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Figure 4.96—Specification of Groove Angle of Groove Welds
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Figure 4.97—Applications of Flush and Convex Contour Symbols
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Figure 4.98 —Applications of Back or Backing Weld Symbol
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(C) APPLICATION OF BACKING WELD WITH ROOT OPENING SPECIFIED

V-GROOVE WELD MADE AFTER
BACKING WELD ON OTHER SIDE

BACKING WELD

3/4

1/8

7/8

V-GROOVE WELD MADE AFTER
BACKING WELD ON OTHER SIDE

BACKING WELD

V-GROOVE WELD MADE BEFORE
BACK WELD FROM OTHER SIDE

BACK WELD

BACK
WELDOR

BACKING
WELDOR

BACKING
WELDOR

1/8
3/4 (7/8)

1/8
3/4 (7/8)

1
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Figure 4.99—Joints with Backing or Spacers

WELD CROSS SECTION                                                                SYMBOL

WELD CROSS SECTION                                                                                         SYMBOL

WELD CROSS SECTION                                                              SYMBOL

(A) SINGLE-V-GROOVE WELD WITH BACKING

(B) DOUBLE-V-GROOVE WELD WITH SPACER

(C) DOUBLE-BEVEL-GROOVE WELD WITH SPACER

1 (1)
1/4
30°

R 1/4 x 1
A572
GR 50

11

1

1/4 REMOVED AFTER
WELDING

30°

1/4

20°
1/2

5/8 1/2

1/25/8

20°

1/2
20°

20°
1/2 (5/8)

1/2 (5/8)

1 1/4

1/4 x 1/2
SAE 1010

BACK
GOUGE

CJP

1/4
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Figure 4.100—Application of Consumable Insert Symbol

(A) JOINT WITH WELDING SYMBOL

(B) JOINT GEOMETRY WITH INSERT IN PLACE

(C) JOINT WITH ROOT PASS COMPLETED

CLASS 1 INSERT
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Figure 4.101—Groove Welds with Backgouging
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If a particular groove welded joint requires use of a
spacer, the specific groove weld symbol is modified to
show a rectangle within it. When multiple reference lines
are used in connection with groove welds and spacers,
the spacer symbol will appear on the reference line clos-
est to the arrow. Material and dimensions for spacers are
indicated in the tail of the welding symbol or on the
drawing [see Figure 4.99(B) and (C)].

Consumable inserts are also used with groove welded
joints. When specified, the consumable insert symbol is
placed on the side of the reference line opposite the
groove weld symbol. AWS Class of Consumable Insert
information is placed in the tail of the welding symbol
(see Figure 4.100). Additional information regarding
insert class can be obtained by consulting AWS A5.30,
Specification for Consumable Inserts.

A common practice associated with groove welds and
complete joint penetration involves backgouging. When
backgouging is involved, the operation may be specified
using either a single or multiple reference line welding
symbol (see Figure 4.101).

Reference to backgouging is included in the tail of the
welding symbol. When backgouging is used for asym-
metrical double-groove welds, the welding symbol must

show the depth of bevel on both sides, along with groove
angle and root opening dimensions [see Figure
4.101(A)]. When the operation involves single-groove
welds or symmetrical double-groove welds, the only
information required is weld symbols, with groove
angles and root opening [see Figure 4.101(B) and (C)].

Key Terms and Definitions
actual throat—The shortest distance between the weld

root and the face of a fillet weld (see Figure 4.27.)

back weld—A weld made at the back of a single groove
welded joint after the completion of the groove weld
[see Figure 4.19(E)].

backing—A material or device placed against the back
side of the joint, or at both sides of a weld in electro-
slag and electrogas welding, to support and retain
molten weld metal. The material may be partially
fused or remain unfused during welding and may be
either metal or nonmetal.

backing weld—Backing in the form of a weld, made
before the primary weld [see Figure 4.19(F)].

Figure 4.101 (Continued)—Groove Welds with Backgouging
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backstep sequence—A longitudinal sequence in which
weld passes are made in the direction opposite to the
progression of welding [see Figure 4.35(A)].

bevel—An angular edge shape.

bevel angle—The angle between the bevel of a joint
member and a plane perpendicular to the surface of
the member (see Figure 4.14). This dimension equals
one-half of the groove or included angle when the
edges of both members are prepared at the same
angle. When only one member is prepared at an angle,
this dimension is still indicated in the same position
on the welding symbol for groove angle, but equals
the total degree of preparation for the groove.

bevel groove weld—A type of groove weld in which the
mating members of the joint have one single-bevel or
double-bevel edge and one square edge preparation
[see Figure 4.15(D1, D2)].

block sequence—A combined longitudinal and cross-
sectional sequence for a continuous multiple-pass
weld in which separated increments are completely or
partially welded before intervening increments are
welded [see Figure 4.35(B)].

boxing—The continuation of a fillet weld around a cor-
ner of a member as an extension of the principle weld
(see Figure 4.34).

buildup—A surfacing variation in which surfacing mate-
rial is deposited to achieve the required dimensions.

butt joint—A joint between two members aligned
approximately in the same plane [see Figures 4.2(A),
4.3(A), 4.4, 4.5, upper left corner sketch, and 4.7].

buttering—A surfacing variation that deposits surfacing
metal on one or more surfaces to provide metallurgi-
cally compatible weld metal for the subsequent com-
pletion of the weld.

butting member—A joint member that is prevented, by
the other member, from movement in one direction
perpendicular to its thickness dimension. For exam-
ple, both members of a butt joint, or one member of a
T-joint or corner joint (see Figure 4.5).

cascade sequence—A combined longitudinal and cross-
sectional sequence in which weld passes are made in
overlapping layers [see Figure 4.35(C)].

chain intermittent fillet weld—An intermittent weld on
both sides of a joint in which the weld increments
(lengths) on one side are approximately opposite
those on the other side [see Figures 4.16(F) and 4.33].

cladding—A surfacing variation that deposits or applies
surfacing material usually to improve corrosion or
heat resistance.

complete joint penetration—A joint root condition in a
groove weld in which weld metal extends completely
through the joint thickness (see Figure 4.26).

complete joint penetration weld—A groove weld in
which weld metal extends completely through the
joint thickness (see Figure 4.26).

concave fillet weld—A fillet weld having a concave face
(see Figure 4.27).

concavity—The maximum distance from the face of a
concave fillet weld perpendicular to a line joining the
weld toes (see Figure 4.27).

convex fillet weld—A fillet weld having a convex face
(see Figure 4.27).

convexity—The maximum distance from the face of a
convex fillet weld perpendicular to a line joining the
weld toes (see Figure 4.27).

corner joint—A joint between two members located
approximately at right angles to each other in the form
of an L [see Figures 4.2(B), 4.3(B), and 4.8].

depth of bevel—the perpendicular distance from the
base metal surface to the root edge or the beginning of
the root face (see Figure 4.14).

depth of fusion—The distance that fusion extends into
the base metal or previous bead from the surface
melted during welding (see Figure 4.23).

edge joint—A joint between the edges of two or more
parallel or nearly parallel members [see Figures
4.2(E), 4.3(E), and 4.11].

edge preparation—The preparation of the edges of the
joint members, by cutting, cleaning, plating, or other
means.

edge shape—The shape of the edge of the joint member
(see Figures 4.3–4.11).

edge weld—A weld in an edge joint, a flanged butt joint
or a flanged corner joint in which the full thickness of
the members are fused [see Figure 4.20(A) and (B)].

effective throat—The minimum distance, minus any
convexity, between the weld root and the face of a fil-
let weld (see Figure 4.27).

face reinforcement—Weld reinforcement on the side of
the joint from which welding was done [see Figure
4.21(A)].
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faying surface—The mating surface of a member that is
in contact with or in close proximity to another mem-
ber to which it is to be joined.

fillet weld—A weld of approximately triangular cross
section joining two surfaces approximately at right
angles to each other in a lap-, T-, or corner-joint (see
Figure 4.16).

fillet weld leg—The distance from the joint root to the
toe of the fillet weld (see Figures 4.22 and 4.27).

flanged butt joint—A form of a butt joint in which at
least one of the members has a flanged edge shape at
the joint [see Figures 4.3(A) and 4.7].

flanged corner joint—A form of a corner joint in which
the butting member has a flanged edge shape at the
joint [see Figures 4.3(B) and 4.8].

flanged edge joint—A form of an edge joint in which at
least one of the members has a flanged edge shape at
the joint (see Figure 4.8).

flanged joint—A form of one of the five basic joint
types in which at least one of the joint members has a
flanged edge shape at the weld joint (see Figures 4.3
and 4.6–4.11).

flanged lap joint—A form of a lap joint in which at least
one of the members has a flanged edge shape at the
joint, and edge weld is not applicable (see Figures 4.3
and 4.10).

flanged T-joint—A form of a T-joint in which the butt-
ing member has a flanged edge shape at the joint, and
an edge weld is not applicable (see Figures 4.3 and
4.9).

flare-bevel-groove weld—A type of groove weld in
which the mating members of the joint can consist of
one half-round, round or flanged edge shape, com-
bined with one square edge shape [see Figure
4.15(G1, G2)].

flare-V-groove weld—A type of groove weld in which
the mating members of the joint can consist of two
half-round, two round or two flanged edge shapes [see
Figure 4.15(H1, H2)].

fusion—The melting together of filler metal and base
metal, or of base metal only, to produce a weld.

fusion face—A surface of the base metal that will be
melted during welding [see Figure 4.23(A)] or the
area of base metal melted as determined on the cross
section of a weld.

groove angle—The total included angle of the groove
between workpieces (see Figure 4.14). In joints where
both edges of the workpieces are prepared at an angle
this dimension is the total of both (shown as a degree
dimension, placed directly above the weld symbol on
other side designations, and directly below the symbol
on arrow side designations).

groove face—The surface of a joint member included in
the groove. The angular distance between the surface
of the base metal to the root edge, including any root
face (see Figure 4.13).

groove radius—The radius used to form the shape of a J
or U groove weld (see Figure 4.14).

groove weld—A weld made in a groove between the
workpieces (see Figure 4.15).

hardfacing—A surfacing variation in which surfacing
material is deposited to reduce wear.

incomplete joint penetration—A joint root condition in
a groove weld in which weld metal does not extend
completely through the joint thickness (see Figures
4.25 and 4.26).

J-groove weld—A type of groove weld in which the
mating members of the joint have one single-J or dou-
ble-J and one square edge preparation [see Figure
4.15(F1, F2].

joint—The junction of members or the edges of mem-
bers that are to be joined or have been joined.

joint design—The shape, dimensions and configuration
of the joint.

joint filler—A metal plate inserted between the splice
member and thinner joint member to accommodate
joint members of dissimilar thickness in a spliced butt
joint (see Figure 4.4).

joint geometry—The shape and dimensions of a joint in
cross section prior to welding.

joint penetration—The distance the weld metal extends
from the weld face into a joint, exclusive of weld rein-
forcement (see Figure 4.24).

joint root—That portion of a joint where the members
approach closest to each other. When viewed in cross
section the joint root may be either a point, a line, or
an area (see Figure 4.12).

joint type—A weld joint classification based on five
basic joint configurations such as a butt joint, corner
joint, edge joint, lap joint and T-joint (see Figure 4.2).
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lap joint—A joint between two overlapping members in
parallel planes [see Figure 4.2(D), 4.3(D), 4.5, and
4.10].

nonbutting member—A joint member that is free to
move in any direction perpendicular to its thickness
dimension. For example, both members of a lap joint,
or one member of a T-joint or corner joint (see Figure
4.5).

partial joint penetration weld—A joint root condition
in a groove weld in which incomplete joint penetra-
tion exists as designed.

plug weld—A weld made in a circular hole in one mem-
ber of a joint fusing that member to another member.
A fillet-welded hole is not to be construed as con-
forming to this definition [see Figure 4.17(A)].

projection weld—A type of weld associated with a
resistance welding process that produces a weld by
the heat obtained from the resistance to the flow of the
welding current. The resulting welds are localized at
predetermined points by projections, embossments, or
intersections [see Figure 4.18(C)].

root edge—is a root face of zero width (see Figure 4.13).

root face—that portion of the groove face within the
joint root (see Figure 4.13) (also known as “land”).
Although not shown by dimension on the weld sym-
bol, when the depth of preparation for groove welds is
subtracted from the thickness of the workpiece, the
difference equals the root face of the joint.

root opening—a separation at the joint root between the
workpieces [see Figure 4.14(A) and (E)].

root penetration—The distance the weld metal extends
into the joint root (see Figure 4.24).

root reinforcement—Weld reinforcement opposite the
side from which welding was done [see Figure
4.21(C)].

root surface—The exposed surface of a weld opposite
the side from which welding was done [see Figure
4.21(C)].

scarf weld—A type of groove weld associated with
brazing in which the mating members of the joint
have single-bevel edge shapes. The groove faces of
the joint are parallel (face the same way or same
hand) [see Figure 4.15(A)].

seam weld—A continuous weld made between or upon
overlapping members, in which coalescence may start
and occur on the faying surfaces, or may have pro-
ceeded from the outer surface of one member. The
continuous weld may consist of a single weld bead or

a series of overlapping spot welds [see Figure
4.19(A)–(D)].

slot weld—A weld made in an elongated hole in one
member of a joint fusing that member to another
member. The hole may be open at one end. A fillet
welded slot is not to be construed as conforming to
this definition [see Figure 4.17(B)].

spliced joint—A joint in which an additional workpiece
spans the joint and is welded to each member (see
Figure 4.4).

splice member—The workpiece that spans the joint in a
spliced joint (see Figure 4.4).

spot weld—A weld made between or upon overlapping
members in which coalescence may start and occur
on the faying surfaces or may proceed from the outer
surface of one member. The weld cross section (plan
view) is approximately circular [see Figure 4.18(A)
and (B)].

square groove weld—A type of groove weld in which
the mating members of the joint have square edge
shapes [see Figure 4.15(B1) and (B2)].

staggered intermittent fillet weld—An intermittent
weld on both sides of a joint in which the weld incre-
ments (lengths) on one side are alternated with respect
to those on the other side [see Figures 4.16(E) and
4.33].

stringer bead—A type of weld bead made without
appreciable weaving motion (see Figure 4.32).

stud weld—A type of weld associated with a general
term for joining a metal stud or similar part to a work-
piece. The weld can be made using arc, resistance,
friction or other welding processes with or without an
external gas shielding [see Figure 4.17(C)].

surface preparation—The operations necessary to pro-
duce a desired or specified surface condition. For
example the holes or slots cut into one member of a
lap joint to accommodate a spot or slot weld.

surfacing weld—A weld applied to a surface, as
opposed to making a joint, to obtain desired properties
or dimensions [see Figure 4.19(G)].

T-joint—A joint between two members located approxi-
mately at right angles to each other in the form of a T
[see Figures 4.2(C), 4.3(C), 4.5, and 4.9].

theoretical throat—The distance from the beginning of
the joint root perpendicular to the hypotenuse of the
largest right triangle that can be inscribed within the
cross section of a fillet weld. The dimension is based
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on the assumption that the root opening is equal to
zero (see Figure 4.27).

U-groove weld—A type of groove weld in which the
mating members of the joint both have single-j or
double-j edge shapes [see Figure 4.15(E1) and (E2)].

V-groove weld—A type of groove weld in which the
mating members of the joint have single-bevel or dou-
ble-bevel edge shapes. The groove faces of the joint
are opposed to each other (face the opposite way or
opposite hand) [see Figure 4.15(C1) and (C2)].

weave bead—A type of weld bead made with transverse
oscillation (see Figure 4.32).

weld bead—A weld resulting from a pass (see Figure
4.31).

weld face—The exposed surface of a weld on the side
from which welding was done [see Figure 4.21(A)].

weld groove—the channel in the surface of a workpiece
or an opening between two joint members that pro-
vides space to contain a weld.

weld interface—The interface between weld metal and
base metal in a fusion weld, between base metals in a

solid-state weld without filler metal, or between filler
metal and base metal in a solid-state weld with filler
metal (see Figure 4.23).

weld layer—A single level of weld within a multiple-
pass weld. A weld layer may consist of a single bead
or multiple beads (see Figure 4.31).

weld pass—A single progression of welding along a
joint. The result of a pass is a weld bead or layer (see
Figure 4.31).

weld reinforcement—Weld metal in excess of the quan-
tity required to fill a joint [see Figure 4.21(A)].

weld root—The points, shown in cross section, at which
the root surface intersects the base metal surfaces [see
Figure 4.7(C)].

welding sequence—The order of making welds in a
weldment (see Figures 4.33, 4.34, and 4.35).

weld throat—See actual throat, effective throat, and
theoretical throat.

weld toe—The junction of the weld face and the base
metal [see Figure 4.21(B)].
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CHAPTER 5—DOCUMENTS GOVERNING WELDING INSPECTION & QUALIFICATION WELDING INSPECTION TECHNOLOGY

Introduction
The job of welding inspection requires that the inspector
possess, or have access to, a great deal of information
and guidance. Although welding inspection for different
industries can be similar in many respects, each particu-
lar job can have requirements that make it unique. The
simple statement, “The welds must be good,” is not suffi-
cient information for judging the weld quality. Many
times inspectors are asked to evaluate other fabrication
aspects besides weld quality. The condition of various
materials used for welded structures will affect the over-
all quality. Welding inspectors cannot evaluate a welded
structure without information from the designer or the
welding engineer regarding weld quality. The inspector
also needs to know when and how to evaluate the
welding.

To satisfy this need, there are numerous documents
available to the designer, welding engineer, and welding
inspector that state what, when, where, and how the
inspection is to be performed. Many of these documents
also include acceptance criteria. They exist in various
forms depending upon the specific application. Some of
the documents the welding inspector may use include
drawings, codes, standards, and specifications. Contract
documents or purchase orders may also convey informa-
tion such as which of the above documents will be used
for that job. In the case where more than one of the above
are specified, they are intended to be used in conjunction
with each other. Job specifications may include supple-
mental requirements altering portions of the governing
code or standard.

It is essential for the welding inspector to have an oppor-
tunity to study all applicable documents before the start
of the job. This prewelding effort provides the welding
inspector with information about the upcoming inspec-
tion. Some of the information that can be gained from
this document review includes the following:

• Part size and geometry

• Base and filler metals to be used

• Requirements for hold points

• Processing details

• Processes to be used

• Specification for nondestructive inspection

• Extent of inspection

• Acceptance/rejection criteria

• Qualification requirements for personnel

• Procedure and welder qualification

• Materials control requirements

Drawings
Drawings describe the part or structure in graphic detail.
Drawing dimensions, tolerances, notes, weld and weld-
ing details, and accompanying documents should be
reviewed by the inspector. This gives the welding
inspector some idea of the part size and configuration.
Drawings also help the inspector understand how a com-
ponent is assembled. And, they can assist in the identifi-
cation of problems that could arise during fabrication.

Dimensions provided on a blueprint have two basic
functions:

• To provide the sizes needed to fabricate the parts.

• To indicate locations where the individual components
of each part should be placed.

Dimensions are shown in several different ways on
drawings. Shape and size of an object determine which
method is chosen for each dimension. The location is
then indicated by the use of a leader and an arrow. Place-
ment of the dimension itself is dependent on the amount
of space available. In the workplace of today, you will
often encounter drawing dimensioning expressed in
inches and decimals of an inch. As the workforce moves
toward the future and the world becomes a marketplace
for the goods and services of all nations, increasingly the

Chapter 5—Documents Governing Welding Inspection and Qualification
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inspector will be called upon to work with dimensioning
expressed in the metric system. Presently, many compa-
nies doing business internationally use dual dimension-
ing systems on their drawings. This permits the
manufactured parts to be fabricated in either U.S. Units
(Customary) or SI Units (International System of Units).
One dual-dimensioning practice puts the U.S. Customary
measurement first, and the SI measurement in parenthe-
sis directly behind or slightly below it:

1-1/2 in [38.1 mm]

or

1.50 in
[38.1 mm]

Some companies also place a chart in the upper left-hand
corner of the drawing which shows the SI equivalents.
This is done to help workers begin to “think metric.”

Another important piece of information shown on draw-
ings is tolerances. Tolerances are the total amount of
variation permitted from the design size of a part. Toler-
ances (see Figure 5.1), may be expressed in three ways:

1. as a variation between limits,

2. as the design size followed by the tolerance,

3. when only one value is given, the other value is
assumed to be zero.

Tolerances are also applied to location dimensions for
other features such as holes, slots, notches, surfaces,
welds, etc. Generally tolerances should always be as
large as practical, all other factors considered, to reduce
manufacturing costs. Tolerances may be very specific
and given with a particular dimension value. They may
also be more general and given as a note or included in
the title block of the drawing. General tolerances will
apply to all dimensions in the blueprint unless otherwise
noted. Tolerances give the CWI some latitude in terms of
acceptance/rejection during size inspections of welds and
weldments.

Drawing notes provide both instructions and information
which are additions to the illustrations, as well as the
information contained in the Title Block, or List of Mate-
rials (see Figure 5.2). Notes eliminate the need for repeti-
tion on the face of the drawing, such as the size of holes
to be drilled, fasteners (hardware) used, machining oper-
ations, inspection requirements and so forth. When notes
become too extensive, which is often the case in large,
structural fabrication and architectural drawings; they are
typed or printed on separate sheets and included along
with the set of drawings or in the contractual documents.
This is one reason why the inspector must review the
contractual documents.

Notes can be classified as General, Local, or Specifica-
tions depending on their application on the blueprint.
General Notes apply to the entire drawing and are usu-
ally placed above or to the left of the title block in a hori-
zontal position. These types of notes are not referenced
in the list of materials and are not from specific areas of
the drawings. If there are exceptions to general notes on
the drawing field, the note will usually be followed by
the phrase “Except As Shown,” “Except As Noted,” or
“Unless Otherwise Specified.” These exceptions are
shown by a local note or data in the field of the drawing.

Local Notes or specific notes apply only to certain fea-
tures or areas and are located near, and directed to, the
feature or area by a “leader” (bold arrow with reference
line). Local notes may also be referenced from the field
of the drawing or the list of materials by the note number
enclosed in an equilateral triangle (commonly referred to
as a “flag”).

Specifications presented as local notes will denote mate-
rials required, welding processes to be used, type and
size of electrodes, and the kind and size of the welding
rod. Specifications are located near a view when it refers
specifically to that view. When the specifications are
general and apply to all or several different features, they
may be placed within a ruled space provided on the print
for this purpose, included in the specifications package,
or contractual documents.

The term “specification” will often be included in front
of the information package to clarify that it is a specifica-
tion for that particular drawing or job assignment. In the
case of materials, however, the word specification is not
necessarily used, but is implied. Further discussion will
be presented about specifications later in this chapter.

Welding details shown on drawings or other documents
include locations, lengths and sizes of welds, joint
configurations, material call-outs, specification of non-
destructive examination, and special processing require-
ments. Some materials require special techniques such asFigure 5.1—Examples of Tolerances
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preheating. The welding inspector should be aware of
this before the start of any welding.

Some of the applicable documents might also dictate
“hold points” during the fabrication process. Hold points
are specific, prearranged steps in the fabrication process
to permit interim inspections. The inspector must be
present to make an inspection or perform some specific
operation during these steps. Only after the completed
work has been inspected and approved can the fabrica-
tion continue. The welding inspector may be required to
choose when those hold points are to occur or they may
be outlined in the job specifications.

Processing details should also be noted in the informa-
tion package. Such things as the specification of a certain
amount of camber in a girder are examples of features
that necessitate additional attention by the inspector. The
welding inspector should be aware of such details so
that he or she can monitor the operation and review
the results. The specification of the welding process for

a particular job is an example of a processing detail
that the inspector should be aware of. If the inspector
knows the welding process and material to be used, sug-
gestions can be made about what problems may occur
and what methods could be applied to prevent their
occurrence.

Before welding, the inspector should review welding
procedures to ensure that all combinations of material,
thickness, process, and position are adequately covered.
These procedures will also indicate what important
aspects of the welding operation should be monitored to
aid in the achievement of a satisfactory weld.

Another example of a processing detail that might be
included in the job specifications is the requirement for
nondestructive examination of a finished weld. Nonde-
structive examination specifications must be accompa-
nied by additional information, including method to be
used, test procedure, location and extent of testing, and
applicable acceptance/rejection criteria.

Figure 5.2—Example of Fabrication Drawing
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The specification documents should provide the inspec-
tor with a detailed description of the necessary visual
inspection requirements as well. They should state the
extent of visual inspection, indicating whether that
inspection is to be continual or on a spot check basis.
Accompanying this information should be statements
regarding the quality requirements, including the specific
acceptance or rejection criteria. The welding inspector
cannot perform adequately if not provided with the
appropriate acceptance/rejection criteria.

One final aspect of this information relates to the qualifi-
cations of the personnel who will perform the specified
work. There may be specific requirements for qualified
people in the areas of welding, visual inspection and
nondestructive examination. The welding inspector may
be actively involved in welder certification review or
qualification testing. Inspectors should be aware of the
requirements for these certifications and qualifications.
Some contracts require certain qualification levels for
persons performing visual weld inspection and non-
destructive examination. If such a requirement exists,
documentation must show evidence of the proper levels
of qualification for each individual performing the
inspections.

From the discussion above, it is evident that there is a
wealth of information provided in the various types of
documents. The documents must be made available to
the welding inspector in time to perform an effective
inspection. Experienced inspectors can identify possible
trouble spots and locate details that might make assem-
bly difficult. If found early enough in the fabrication pro-
cess, allowances can be made so potential problems can
be avoided. This preliminary step of the fabrication pro-
cess is too often taken lightly. Many costly mistakes can
be avoided if this preliminary review is performed by
experienced individuals.

Our discussion to this point has been limited to a general
treatment of the types of information contained in vari-
ous documents governing weld quality. At this point it is
appropriate to describe each document type in detail. The
welding inspector will probably be required to refer to
them during the course of the job. Three basic types
(codes, standards and specifications) will be reviewed.
This does not imply that these are the only documents
with which the welding inspector will be concerned.
Each inspector is responsible for the review of all docu-
ments that are involved in the projects inspected. Further,
the inspector must become familiar with various require-
ments and methods that are described therein.

If you will recall from “Chapter 1—Welding Inspection
and Certification,” one important welding inspector
attribute is knowledge of drawings, codes and standards.

This does not mean that the welding inspector must
memorize the contents of these documents. However,
inspectors should be sufficiently familiar with a docu-
ment to locate appropriate information promptly. All
documents should be available for ready reference as
questions arise. The welding inspector must be familiar
with all specific documents relating to a particular job.
Basic understanding of other documents and their areas
of concern are also beneficial. This could prove to be
helpful in explaining certain conditions. So, mention will
be made of several of these standards, codes and specifi-
cations which could be consulted for answers to ques-
tions in various general areas. The following discussion
deals specifically with three general document catego-
ries: codes, standards and specifications. A number of
organizations are responsible for the production and
revision of various documents. They include, but are not
limited to:

• American Welding Society (AWS)

• American Society of Mechanical Engineers (ASME)

• American National Standards Institute (ANSI)

• American Petroleum Institute (API)

• American Bureau of Shipping (ABS)

• Department of Transportation (DOT)

• Military Branches (Army, Navy, etc.)

• Other Government Agencies

Codes
The first category of document to be discussed is a code.
By definition, a code is “a body of laws, as of a nation,
city, etc., arranged systematically for easy reference.”
When a structure is built within the jurisdiction of a city
or state, it must often comply with certain “building
codes.” Since a code consists of laws having legal status,
it will always be considered mandatory. Therefore, we
will see text containing words such as “shall” and “will.”
A specific code includes certain conditions and require-
ments for the item in question. Quite often it will also
include descriptions of methods to determine if those
conditions and requirements have been achieved.

The welding inspector will often inspect work according
to some code. Several organizations including AWS and
ASME have developed codes for various areas of con-
cern. AWS has published nine codes, each of which cov-
ers different types of industrial welding applications:

• AWS D1.1 Structural Welding Code—Steel

• AWS D1.2 Structural Welding Code—Aluminum
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• AWS D1.3 Structural Welding Code—Sheet Steel

• AWS D1.4 Structural Welding Code—Reinforcing
Steel

• AWS D1.5 Bridge Welding Code

• AWS D1.6 Structural Welding Code—Stainless
Steel

• AWS D1.8 Structural Welding Code—Seismic
Supplement

• AWS D1.9 Structural Welding Code—Titanium

• AWS D9.1 Sheet Metal Welding Code

Depending on the type of welding being performed, one
or more of the above codes would be selected to detail
the weld quality requirements.

ASME has also developed several codes that apply to
pressure-containing piping and vessels. Two of these,
ASME B31.1, Power Piping, and B31.3, Process Piping,
detail those requirements for two types of pressure pip-
ing. While they carry an ANSI designation, they were
developed by ASME. ASME has also developed a series
of codes applicable to the design and construction of
pressure vessels. Due to the variety of applications of
these vessels, the ASME codes exist as a set of twelve
separate sections. The twelve sections are:

• Section I Power Boilers

• Section II Materials

• Section III Rules for Construction of Nuclear Facility
Components, Divisions 1 and 2

• Section IV Rules for Construction of Heating Boilers

• Section V Nondestructive Examination

• Section VI Recommended Rules for the Care and
Operation of Heating Boilers

• Section VII Recommended Guidelines for the Care
of Power Boilers,

• Section VIII Rules for Construction of Pressure
Vessels, Divisions 1, 2, and 3

• Section IX Welding and Brazing Qualifications

• Section X Fiber-Reinforced Plastic Pressure Vessels

• Section XI Rules for Inservice Inspection of
Nuclear Power Plant Components

• Section XII Rules for Construction and Continued
Service of Transport Tankers

In addition to the ASME Code Sections listed, some sec-
tions have further subdivisions. Welding inspectors who
inspect according to ASME criteria may be required to

refer to several individual sections of the code. For
example, in the fabrication sequence of a carbon steel,
unfired pressure vessel, the sections used might include:

• Section II Part A—Ferrous Material Specifications

• Section II Part B—Nonferrous Material Specifica-
tions

• Section II Part C—Specifications for Welding
Rods, Electrodes, and Filler Metals

• Section II Part D—Properties

• Section V Nondestructive Examination

• Section VIII Rules for Construction of Pressure
Vessels, Divisions 1, 2, or 3

• Section IX Welding and Brazing Qualifications

With so many different sections involved, it is impera-
tive that the welding inspector understand where each
specific type of information can be found. It should be
noted that Section II, Part C, is essentially identical to the
AWS Filler Metal Specifications; ASME adopted the
AWS specifications almost in their entirety. If the
inspector specializes in a certain area, then only the sec-
tion covering the topic concerned needs to be reviewed.

Standards
The next document type to be covered will be the stan-
dard. The dictionary describes a standard as, “something
established for use as a rule or basis of comparison in
measuring or judging capacity, quantity, content, extent,
value, quality, etc.” A standard is treated as a separate
document classification; however, the term standard also
applies to numerous types of documents, including codes
and specifications. Other types of documents considered
to be standards are procedures, recommended practices,
groups of graphic symbols, classifications, and defini-
tions of terms.

Some standards are considered to be mandatory. This
means the information is an absolute requirement. A
mandatory standard is precise, clearly defined and suit-
able for adoption as part of a law or regulation. There-
fore, the welding inspector must make judgments based
on the content of these standards. These mandatory stan-
dards use such words as “shall” and “will” because their
requirements are not a matter of choice. Codes are exam-
ples of mandatory standards because they have legal
status.

There are numerous standards that provide important
information, but are considered to be nonmandatory. An
example of a nonmandatory standard would be a recom-
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mended practice. They are nonmandatory because they
may provide other ways in which objectives can be
accomplished. Nonmandatory standards include words
such as “should” and “could” in place of “shall” and
“will.” The implication here is that the information has
been put forth to serve as a guideline for the performance
of a particular task. However, it doesn’t mean that some-
thing is rejectable just because it fails to comply with that
guideline.

Even though a standard may be considered nonmanda-
tory, it still provides important information that should
not be ignored by the inspector. Nonmandatory standards
can provide a basis for mandatory document develop-
ment. Such is the case for ASNT’s Recommended Prac-
tice No. SNT-TC-1A. ASNT prepared this document; “to
establish guidelines for the qualification and certification
of NDT personnel.”

National standards are the result of elaborate voting and
review procedures. They are developed according to
rules established by the American National Standards
Institute (ANSI). Standards produced by various techni-
cal organizations such as AWS and the American Soci-
ety of Mechanical Engineers (ASME) are reviewed by
ANSI. When adopted, they carry the identification of
both organizations. Examples include: ASME Boiler and
Pressure Vessel Code, Section IX, and AWS D1.1,
Structural Welding Code—Steel.

Another common standard used by certain welding
inspectors is the American Petroleum Institute’s API
1104, Standard for Welding of Pipelines and Related
Facilities. As the name implies, this standard applies to
the welding of cross-country pipelines and other equip-
ment used in the transportation and storage of petroleum
products. This standard covers the requirements for qual-
ification of welding procedures, welders and welding
operators. It applies to gas and arc welding of butt and T-
joints in pipe used in the compression, pumping, and
transmission of crude petroleum, petroleum products,
and fuel gases. API 1104 also includes requirements for
the visual and radiographic inspection of these welds.

The American Society for Testing and Materials
(ASTM) produces many volumes of specifications cov-
ering numerous materials and test methods. These stan-
dards include both metal and nonmetal products for
many industries. As their name implies, they are also
involved in the details of methods for evaluating these
materials. These specifications are widely recognized by
both buyers and suppliers. The result is a better under-
standing of the requirements for particular materials and
test methods. When a specific material or test is required,
it is easier to communicate the necessary information if
the specification exists and is readily available.

Specifications

The final document classification to be discussed is the
specification. This type is described as, “a detailed
description of the parts of a whole; statement or enumer-
ation of particulars, as to actual or required size, quality,
performance, terms, etc.” A specification is a detailed
description or listing of required attributes of some item
or operation. Not only are those requirements listed, but
there may also be some description of how they will be
measured.

Depending upon a specific need, specifications can exist
in different forms. Companies often develop in-house
specifications describing the necessary attributes of a
material or a process used in their manufacturing opera-
tion. The specification may be used entirely within the
confines of that company, or it may be sent to suppliers
to detail exactly what the company wants to purchase.
When these requirements are put into writing, there is
more assurance that the item or service that is supplied
will meet the customer’s needs. Both the engineering and
purchasing departments rely heavily on specifications to
describe their requirements.

Besides in-house or company specifications, various
organizations publish specifications and standards that
are available industry-wide. A partial listing of these
organizations is shown in Table 5.1.

The interest of many of these groups overlap with regard
to welding, and some agreements have been reached to
reduce duplication of effort. Specifications that apply to
a particular product are usually prepared by the group
that has overall responsibility. Each organization that
prepares consensus standards or specifications has vol-
unteer committees or task groups to perform this func-
tion. Members of these committees or task groups are
specialists in their fields. They prepare drafts of specifi-
cations or standards that are reviewed and approved by a
larger group. Each main committee is selected to include
persons with diverse interests including producers, users,
and government representatives. To avoid control or
undue influence by one interest group, consensus must
be achieved by a high percentage of all members.

Other organizations that have developed specifications
for their particular industries are API and AWS. API
specifications govern the requirements for materials and
equipment used by the petroleum industry. AWS has
developed a number of specifications that describe
requirements for welding filler metals and specialized
types of fabrication. The A5.XX series of specifications,
AWS A5.1 through A5.34, cover the requirements for
various types of welding consumables and electrodes.
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American Welding Society (AWS)1

550 N.W. LeJeune Road
Miami, FL 33126
tel. (305) 443-9353
fax (305) 443-7559

Aluminum Association (AA)1

1525 Wilson Boulevard
Suite 600
Arlington, VA 22209
tel. (703) 358-2960
fax (703) 358-2961

American Petroleum Institute (API)
1220 L Street, N.W.
Washington, DC 20005-4070
tel. (202) 682-8000
fax (202) 682-8115

American Association of State Highway and Trans-
portation Officials (AASHTO)
44 North Capital Street, N.W.f
Suite 249
Washington, DC 20001
tel. (202) 624-5800
fax (202) 624-5806

American Bureau of Shipping (ABS)
ABS Plaza
16855 Northchase Drive
Houston, TX 77060
tel. (281) 877-5800
fax (281) 877-5803

Abrasives Engineering Society (AES)
144 Moore Road
Butler, PA 16001
tel. (724) 282-6210
fax (724) 234-2376

American Gas Association (AGA)
400 North Capital Street, N.W.
4th Floor
Washington, DC 20001
tel. (202) 824-7000

American Institute of Mining, Metallurgical, and
Petroleum Engineers (AIME)
8307 Shafer Parkway
Littleton, CO 80127-4012
tel. (303) 948-4255
fax (303) 948-4260

Association of Facilities Engineering
8160 Corporate Park Drive
Suite 125
Cincinnati, OH 45242
tel. (513) 489-2473

American Institute of Steel Construction (AISC)
One East Wacker Drive
Suite 700
Chicago, IL 60601-1802
tel. (312) 670-2400
fax (312) 670-5403

American Iron and Steel Institute (AISI)1

1140 Connecticut Avenue, N.W.
Suite 105
Washington, DC 20036
tel. (202) 452-7100
fax (202) 463-6573

American Nuclear Society (ANS)
555 North Kensington Avenue
La Grange Park, IL 60526
tel. (708) 352-6611
fax (708) 352-0499

American National Standards Institute (ANSI)
1819 L Street, N.W.
6th Floor
Washington, DC 20036
tel. (202) 293-8020
fax (202) 293-9287 

American Railway Engineering and Maintenance of
Way Association (AREMA)
10003 Derekwood
Suite 210
Lanham, MD 20706
(301) 459-3200
fax (301) 459-8077

American Society of Civil Engineers (ASCE)
1801 Alexander Bell Drive
Reston, VA 20191-4400
tel. (800) 548-2723
fax (703) 295-6222

American Society of Mechanical Engineers (ASME)
3 Park Avenue
New York, NY 10016-5990
tel. (800) 843-2763
fax (973) 882-1717

Table 5.1
Standards Producing Organizations
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American Society of Nondestructive Testing (ASNT)
1711 Arlingate Lane
P.O. Box 23518
Columbus, OH 43228-0518
tel. (614) 274-6003
fax (614) 274-6899

American Association for Quality (ASQ)
P.O. Box 3005
611 East Wisconsin Avenue
Milwaukee, WI 53201-3005
tel. (800) 248-1946
fax (414) 272-1734

American Society of Safety Engineers (ASSE)
1800 East Oakton
Des Plaines, IL 60018-2187
tel. (847) 699-2929
fax (847) 296-3769

American Society for Testing and Materials (ASTM)1

100 Barr Harbor Drive
P.O. Box C700
Conshohocken, PA 19428 -2959
tel. (610) 832-9500
fax (610) 832-9555

American Water Works Association (AWWA)
6666 West Quincy Avenue
Denver, CO 80235
tel. (303) 794-7711
fax (303) 347-0804

ASM International (ASM)
9539 Kimsmin Road
Materials Park, OH 44073
tel. (440) 338-5151

Association of American Railroads (AAR)
50 F Street, N.W.
Washington, DC 20001-1564
tel. (202) 639-2100
fax (202) 639-5546

Association of Iron and Steel Technology (AIST)
186 Thornhill Road
Warrendale, PA 15086-7528
tel. (724) 776-6040

Canadian Standards Association (CSA)
5060 Spectrum Way
Mississauga, Ontario L4W 5N6
Canada
tel. (416) 747-4000
fax (416) 747-2473

Canadian Welding Bureau (CWB)
224 Merton Street
Toronto, Ontario M4S 1A9
Canada
tel. (905) 487-5415

Copper Development Association1

260 Madison Avenue
New York, NY 10016-2401
tel. (212) 251-7200
fax (212) 251-7234

Compressed Gas Association (CGA)
4221 Walney Road
5th Floor
Chantilly, VA 20151-2923
tel. (703) 788-2700
fax (703) 961-1831

Cryogenic Society of America (CSA)
c/o Laurie Huget, Executive Director
218 Lake Street
Oak Park, IL 60302-2609
tel. (708) 383-6220
fax (708) 383-9337

Edison Welding Institute (EWI)
1250 Arthur E. Adams Drive
Columbus, OH 43221-3585
tel. (614) 688-5000
fax (614) 688-5001

Fabricators & Manufacturers Association International
(FMA)
833 Featherstone Road
Rockford, IL 61107-6302
tel. (815) 399-8775
fax (815) 484-7701

Grinding Wheel Institute (GWI)
30200 Detroit Road
Cleveland, OH 44115-1967
tel. (216) 899-0010
fax (216) 892-1404

Industrial Accident Prevention Association (IAPA)
5110 Creekbank Road
Suite 300
Mississauga, Ontario L4W OA1
Canada
tel. (905) 614-4272
fax (914) 614-1414

Table 5.1 (Continued)
Standards Producing Organizations
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International Safety Equipment Association (ISEA)
1901 North Moore Street
Suite 808
Arlington, VA 22209
tel. (703) 525-1695
fax (703) 528-2148

International Institute of Welding (IIW)
550 N.W. LeJeune Road
Miami, FL 33126
tel. (305) 443-9353
fax (305) 443-7559

International Titanium Association
2655 West Midway Boulevard
Suite 300
Broomfield, CO 80020
tel. (303) 404-2221
fax (303) 404-9111

Material Handling of America (MHA)
8720 Red Oak Boulevard
Suite 200
Charlotte, NC 28217-3992
tel. (704) 676-1190
fax (704) 676-1199

National Association of Corrosion Engineers (NACE)
1440 South Creek Drive
Houston, TX 77084-4906
tel. (281) 228-6200
fax (281) 228-6300

National Board of Boiler and Pressure Vessel Inspec-
tors (NBBPVI)
1055 Crupper Avenue
Columbus, OH 43229
tel. (614) 888-8320
fax (614) 888-0750

National Electrical Manufacturers Association
(NEMA)
1300 North 17th Street
Suite 1752
Roselyn, VA 22209
tel. (703) 841-3200
fax (703) 841-5900

National Fire Protection Association (NFPA)
1 Batterymarch Park
Quincy, MA 02169-7471
tel. (617) 770-3000
fax (617) 770-0700

Steel Tank Institute (STI)
570 Oakwood Road
Lake Zurich, IL 60047-1559
tel. (847) 438-8265
fax (847) 438-8766

Ultrasonic Industry Association (UIA)
3738 Hilliard Cemetery Road
P.O. Box 2307
Dayton, OH 45401-2307
tel. (937) 586-3725
fax (937) 586-3699

Underwriters Laboratories, Inc. (UL)
333 Pfingsten Road
Northbrook, IL 60062-2096
tel. (877) 854-3577
fax (847) 404-1395

Welding Research Council (WRC)
3 Park Avenue
27th Floor
P.O. Box 1942
New York, NY 10156
tel. (212) 591-7956
fax (212) 591-7183

Welded Steel Tube Institute (WSTI)
522 Westgate Tower
Cleveland, OH 44116
tel. (216) 333-4550

1 Number Assigner for “UNS”

Table 5.1 (Continued)
Standards Producing Organizations
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For example, A5.1 details those requirements for carbon
steel covered electrodes for shielded metal arc welding.
Information provided includes electrode classifications,
chemical and mechanical properties of the weld deposit,
required testing, details of tests, dimensional require-
ments, and packaging information. The AWS Specifi-
cation A5.01, Filler Metal Procurement Guidelines,
outlines procedures for ordering filler metals.

Another series of specifications has been developed by
AWS to describe various fabrication requirements for
individual types of apparatus. These are denoted by the
numbers D14.1 through D14.6. Included in this group of
documents are:

• D14.1 Specification for Welding Industrial and
Mill Cranes and Other Material Handling
Equipment

• D14.3 Specification for Welding Earthmoving,
Construction and Agricultural Equipment

• D14.4 Specification for Welded Joints in Machinery
and Equipment

• D14.5 Specification for Welding of Presses and
Press Components

• D14.6 Specification for Welding of Rotating Ele-
ments of Equipment

While each of the above refers to the general require-
ments of AWS D1.1, there are details provided which
meet the specific needs of that particular structure or
component.

The American National Standards Institute (ANSI) is a
private organization responsible for coordinating
national standards for use within the United States. ANSI
does not actually prepare standards. Instead, it forms
national interest review groups to determine whether
proposed standards are in the public’s interest. Each
group is composed of persons from various organizations
concerned with the scope and provisions of a particular
document. If the consensus is reached for the general
value of a particular standard, then it may be adopted as
an American National Standard. However, adoption of a
standard by ANSI does not, of itself, give it mandatory
status.

Other industrial countries also develop and issue stan-
dards on the subject of welding. There is an International
Organization for Standardization (ISO). Its goal is the
establishment of uniform standards for use in interna-
tional trade and exchange of services. ISO is made up of
the standards-writing bodies of more than 80 countries
and has adopted or developed over 4000 standards.
ANSI is the designated U.S. representative to ISO. ISO
standards and publications are available from ANSI.

The American Welding Society (AWS) publishes
numerous documents covering the use and quality con-
trol of welding. These documents include codes, specifi-
cations, recommended practices, classifications, methods
and guides. AWS publications cover the following subject
areas: definitions and symbols; filler metals; qualification
and testing; welding processes; welding applications; and
safety.

Control of Materials

In many industries, an important aspect of fabrication is
the identification and traceability of materials. This cer-
tainly holds true in pressure vessel and nuclear work.
Some inspectors may be required to assist in this material
control program as part of their regular duties. If this is
the case, the individual must be capable of properly iden-
tifying material and comparing that information with
related documentation.

Materials for welded fabrication are often ordered with
the stipulation that they meet a particular standard or
specification. To demonstrate this compliance, the sup-
plier can furnish documentation that describes the impor-
tant characteristics of the material. This documentation
for metals is sometimes referred to as an “MTR,” which
is the abbreviation for Material (or Mill) Test Report, or
“MTC,” which is the abbreviation for Material (or Mill)
Test Certificate. These documents are usually notarized
statements from the manufacturer tabulating the chemi-
cal and physical properties for the material. The
attributes are usually listed as either “typical” or
“actual,” or both. Typical properties are simply those
limits described by the particular specification. Actual
attributes are material properties that have been physi-
cally measured and specifically listed on the MTR. Both
indicate that the material complies with some specifica-
tion. The actual limits describe the measured chemical
and mechanical properties of tests representing that par-
ticular plate, pipe, bar, shape, welding filler metal, etc.
(see Figure 5.3).

When material ordered to some specification arrives at
the fabrication site, the inspector may be responsible for
reviewing the accompanying MTRs. This review can aid
in determining whether or not the material meets all the
applicable requirements of that specification. Normally,
the material will be physically identified as to its type,
grade, heat number, etc. This identification may be
painted, stenciled, or otherwise noted in some conspicu-
ous location on the material’s surface. The inspector
should compare that identification with the information
contained on the MTR to ensure that the proper docu-
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Figure 5.3—Example of a Mill Test Report
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mentation has been provided and that the material is
actually that which was ordered.

For a material control program to be successful there
must be some system whereby the received material can
then be traced through the various fabrication steps. The
goal is to be able to trace each piece of material used in
some fabricated component all the way back to the MTR,
and therefore, its manufacturer. Positive Material Identi-
fication (PMI) is finding its way into the industry. Those
using PMI do not rely on MTRs solely for material iden-
tification. There have been instances where Notarized
MTRs have been wrong. In some critical applications
such as chemical plants and refineries the material is
checked 100% to verify its chemistry. While this is not
an absolute requirement for many types of fabrication,
there are industries, such as the nuclear industry or aero-
space industry, which are extremely concerned about this
aspect of fabrication. Company policy will dictate what
part, if any, the welding inspector will play in a material
control system. The inspector may actually review docu-
ments for compliance or simply check to ensure that
someone else has already performed this task. The
inspector may be involved with the total material control
system or just a particular aspect, such as the identifica-
tion of materials for procedure qualification.

A successful system for material control has several
important attributes. First, it should be as simple as pos-
sible. If a system is too complex, it may not be followed,
resulting in loss of control. Simple systems that are
understood by everyone have the best chance of provid-
ing satisfactory results. Another important feature is that
they contain adequate checks and balances to ensure that
the system will not break down and result in the loss of
traceability.

There are several effective ways to maintain the neces-
sary traceability of materials. Depending on the degree
of control required, and the number of different types of
material expected, a company can develop a system
which meets their particular needs. If only two or three
different types of material will be encountered, a simple
system of segregation, or separation, might be sufficient.
This method simply requires that individual types of
material are stored separately. This separation could be
achieved by using specially marked racks or by using
different types of materials in separate areas of the fabri-
cation facility.

Another effective way of maintaining control is accom-
plished with a color coding system. Individual types or
grades of material are assigned a particular color mark-
ing with this approach. Upon material receipt, someone
is responsible for marking each piece with the proper
color. Color coding aids material identification during

later fabrication steps. A note of caution with color cod-
ing: the color “fastness,” or longevity, must be consid-
ered since many colored marking materials may change
color when exposed to sunlight or weather conditions. A
color change due to sunlight exposure can lead to serious
errors in materials control. Another concern is that the
marking materials must not be harmful to the materials;
examples of this are high chloride marking materials
causing damage to austenitic stainless steels, or high sul-
fur contents harming high nickel alloys.

Another method of material control is the use of an
alphanumeric code. It is certainly possible to maintain a
material’s traceability by transferring its entire identifi-
cation information to the piece. However, this informa-
tion can be quite extensive and require a considerable
amount of time and effort. The use of alphanumeric
codes can eliminate the need to transfer all the informa-
tion such as type, grade, size, heat number, lot number,
etc., on each piece.

A short, specific alphanumeric code can be assigned to a
specific group of material to simplify the operation while
still maintaining traceability. When material of a given
type, grade, heat, etc., is received, it is assigned some
code such as A1, A2, A3, …, D1, D2, etc. The material
information is then listed on a log sheet and associated
with its proper alphanumeric code. Once this relationship
is established, the specific code is all that is needed to
trace that material through the fabrication steps. Abbre-
viated codes are more likely to be properly transferred
and maintained than a long, complex identification.

A final method to be discussed is the “bar code” system
which can be automated and is very effective for both
material control and inventory control. This system uses
a group of short, vertical lines of varying widths as the
marker on the material. These bar codes can be applied
manually in the field, or automatically in the manufactur-
ing system. Bar code readers are available which scan
the bar codes and translate the line information to the
actual type, grade, chemical composition, etc. These sys-
tems are very effective and are becoming the choice for
material control for many industries.

With any of these marking systems, the identification
should be apparent. It is a good practice to ensure that the
marking is placed in several locations on each part if that
part is large. As a minimum, the marking should be
placed on diagonally opposite corners of plate and both
ends of pipes, shapes and bars. If the piece of material is
then cut in half, the marking remains on both pieces. If
the pieces are further cut, the marking must be trans-
ferred to every piece, including the “drop” that is placed
back in storage. Many piping manufacturers are imprint-
ing the pipe size, piping specification and heat number
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along the length of piping every three to six feet for ease
of identification.

As mentioned in the preceding discussion, the welding
inspector will be involved with a material control system
only when dictated by his or her job description. That
involvement may be the review and marking, or a simple
check to ensure that the marking is present on the materi-
als to be welded.

Alloy Identification

Alloy identifications are usually developed by industry
associations such as the Society of Automotive Engi-
neers (SAE), American Iron and Steel Institute (AISI),
and the Copper Development Association (CDA). Alloy
identification systems were created to assist those work-
ing within a particular industry, and often with little
regard to industries outside their sphere of influence.
Thus, the alloy specifications developed by these differ-
ent associations often overlapped or even used identical
alloy designations for completely different alloys, lead-
ing to confusion or even mistakes in alloy usage.

The Unified Number System (UNS) was developed in
1974 to help interconnect many nationally used number-
ing systems that are currently supported by societies,
trade associations, and individual users and producers of
metals and alloys. The UNS is a means to avoid confu-
sion caused by the use of more than one identification
number for the same material, or the same identification
numbers appearing for two or more entirely different
materials.

The standard practice initiated by the Unified Numbering
System aids the efficient indexing, record keeping, data
storage, retrieval and cross referencing of metals and
alloys. The system is not, however, a specification
regarding form, condition, quality, etc., of the materials
covered. It is for basic identification purposes only.

The UNS was devised to assign alphanumeric designa-
tions for each family of metals and alloys, considered as
having a “commercial standing,” or “production usage.”
This means metals and alloys which have an active
industrial use, or are produced regularly. The UNS estab-
lishes 18 series of primary numbers for metals and
alloys. Each number consists of a single letter prefix, fol-
lowed by five digits. In most instances the letter is sug-
gestive of the family of metals identified, (such as A for
aluminum or S for stainless steel). Table 5.2 identifies
the primary series of numbers and the metal or alloy
classification for each. This information is found in the
SAE HS-1086/ASTM DS-56 E, Metals & Alloys in the

Unified Numbering System (a joint publication by both
organizations).

To illustrate how existing metal and alloy numbers
can be cross referenced, the following examples are
provided:

AISI—1020 = Carbon Steel

UNS—G10200 = Carbon Steel

CDA—C36000 = Free Cutting Brass

UNS—C36000 = Free Cutting Brass

Within each series of “primary UNS numbers,” a “sec-
ondary division” is created to classify metals and alloys
covered in the primary designation. As shown in Table
5.3, welding filler metals have been divided into a sec-
ondary series of numbers within the primary UNS classi-
fication. The reader should note, however, that this list is
for filler metals as defined by chemical composition and
the list should not be confused with the AWS designation

Table 5.2
Primary UNS Numbers

A00001–A99999 aluminum and aluminum alloys

C00001–C99999 copper and copper alloys

E00001–E99999 rare earth and similar metals and alloys

F00001–F99999 cast irons

G00001–G99999 AISI and SAE carbon and alloy steels

H00001–H99999 AISI and SAE H-steels

J00001–J99999 cast steels (except tool steels)

K00001–K99999 miscellaneous steels and ferrous alloys

L00001–L99999 low melting metals and alloys

M00001–M99999 miscellaneous nonferrous metals and 
alloys

N00001–N99999 nickel and nickel alloys

P00001–P99999 precious metals and alloys

R00001–R99999 reactive and refractory metals and alloys

S00001–S99999 heat and corrosion resistant steels 
(including stainless), valve steels, and 
iron-base “superalloys”

T00001–T99999 tool steels, wrought and cast

W00001–W99999 welding filler metals

Z00001-Z99999 zinc and zinc alloys
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“E” for electrode in its classification of welding elec-
trodes based on weld deposit.

The information provided within this section of the chap-
ter is for illustrative purposes, to provide you with an
understanding of material specification numbering sys-
tems. For a more detailed explanation, or to obtain addi-
tional listings included in the Unified Numbering System
for Metals and Alloys, the reader can contact one of the
organizations listed in Table 5.4 (addresses and phone
numbers of these organizations were listed earlier).

Typical Steel Specification

The welding inspector is sometimes required to compare
actual material properties with the requirements of the
specified material specification. ASTM has developed
numerous material specifications; those referring to met-

als contain much the same types of information. To
become familiar with what type of information is pro-
vided as well as how it is presented; a typical steel speci-
fication will be discussed.

For this example, the ASTM specification A 514, Stan-
dard Specification for High Yield Strength, Quenched
and Tempered Alloy Steel Plate, Suitable for Welding,
will be used to illustrate some of the details which may
be included in a typical steel specification.

Some of the important sections and features of this spec-
ification are described to acquaint the welding inspector
with the basic outline format of these specifications.

Scope. This statement explains exactly what is to be
described by the specification. That is, it defines the lim-
its of the specification’s coverage.

Applicable Documents. This is a listing of other docu-
ments which may be referred to within the text of the
specification.

General Requirements for Delivery. Here, there is a
statement regarding the required condition of the mate-
rial if ordered to comply with this specification. Steel
specifications will normally refer to ASTM A 6 rather
than including all of those requirements in each individ-
ual specification.

Process. The approved method(s) of producing this
product are listed.

Heat Treatment. For alloys requiring heat treatment, the
details of that treatment will be stated.

Chemical Requirements. This section refers you to a
table which lists the actual chemical composition
requirements. It is important to note that several grades
will usually be listed, and each grade has a separate
required chemical composition.

Tensile Requirements. This paragraph refers to a table
which defines the required tensile values for the alloy.
Required tensile values are usually different for various
thickness ranges.

Brinell Hardness Requirements. For materials requir-
ing Brinell hardness testing, the extent and requirements
are stated.

Test Specimens. Any information relating to the loca-
tion, preparation and treatment of test specimens is stated
here.

Number of Tests. The number of test specimens
required to show compliance is stated.

Retest. This paragraph describes what procedures will
be followed if any of the test specimens fail.

Table 5.3
Secondary UNS Numbers

W00000–W09999 weld, filler—carbon steels

W10000–W19999 weld, filler—manganese-molybdenum 
alloys

W20000–W29999 weld, filler—Ni steels

W30000–W39999 weld, filler—austenitic stainless steels

W40000–W49999 weld, filler—ferritic stainless steels

W50000–W59999 weld, filler—chromium low alloy steels

W60000–W69999 weld, filler—copper alloys

W70000–W79999 weld, filler—surfacing alloys

W80000–W89999 weld, filler—Ni alloys

Table 5.4
Specific Alloy Type Organizations

AA Aluminum Association

ASTM American Society for Testing and Materials

AWS American Welding Society

CDA Copper Development Association

SAE Society of Automotive Engineers

ZI Zinc Institute, Inc.
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Marking. A statement is made regarding how this mate-
rial will be identified.

Supplemental Requirements. Any additional details
which may be required by the purchaser are stated. These
are not considered to be requirements unless so stated by
the purchaser in the purchase order.

Typical Filler Metal Specification

The welding inspector may also be required to review
welding filler metal properties to check for compliance
with the applicable specification. One of these specifica-
tions, AWS A5.1, Specification for Covered Carbon
Steel Arc Welding Electrodes, will serve as an example
of the type of information provided as well as a descrip-
tion of the meaning of that information.

Some of the important features of this specification are
described below.

Scope. This describes the coverage of the specification.

Section A—General Requirements

Classification. The basis for classification is stated. Ref-
erence is made to various tables which list these classifi-
cations, based on type of current, type of covering,
welding position, chemical composition, and mechanical
properties.

Acceptance. States that electrodes will be accepted if
they comply with the requirements of AWS A5.01.

Certification. States that the manufacturer must certify
that his product meets all of the requirements of this
specification.

Retests. If any test fails, two retests must be conducted
and each must pass.

Method of Manufacture. Any method of manufacture
which produces a product in accordance with this speci-
fication is satisfactory.

Marking. States what minimum identification must be
visible on the outside of each package.

Packaging. Describes suitable packaging, including
standard sizes and configurations.

Rounding-off Procedures. Explains how tensile data
will be rounded to the nearest 1000 psi.

Section B—Required Tests and Test Methods.
Describes the various chemical and mechanical tests
which may be required to judge the acceptability of a
filler metal with this specification. Tests include chemi-
cal composition, all-weld-metal tensile, impact, sound-
ness, transverse tensile, longitudinal guided bend, and
fillet weld tests.

Section C—Manufacture, Packaging, and Identifica-
tion. Details the specification requirements for these
features.

Section D—Details of Tests. Describes the actual
details of performing the various tests used to measure
the suitability of a filler metal to meet this specification.
It also describes which of those tests are required for
each classification.

Appendix. Contains additional descriptive information
about certain requirements found in the main body of the
specification. Includes information related to the actual care
and use of electrodes complying with this specification.

Qualification of Procedures and 
Welders
Part of every major welding project, whether completed
in the shop or field, is the qualification of welding proce-
dures and welders, or welding operators. It is one of the
most important preliminary steps in the fabrication
sequence. Too often projects are begun without the bene-
fit of proven welding procedures and personnel. This can
result in excessive reject rates in production due to some
unsuspected deficiency in the technique, materials or
operator skill.

During the performance of this qualification testing, the
welding inspector may become involved. Individual
company structures will dictate the degree of involve-
ment in this process. Some codes require that the weld-
ing inspector witness the actual qualification welding
and testing. Consequently, the welding inspector should
be aware of the various steps in the qualification of weld-
ing procedures and welding personnel.

Most codes place the burden of responsibility for qualifi-
cation on the fabricator or contractor. Therefore, welding
qualifications are statements by the company verifying
that the welding procedures and personnel have been
tested in accordance with the proper codes and specifica-
tions and found to be acceptable.

However, smart welding fabricators and contractors real-
ize that the qualification of welding procedures and per-
sonnel will actually result in a cost-saving. When people
and methods are tested and found to be acceptable, it is
less likely that there will be excessive costs caused by
rejected welds and job delays. It is much more economi-
cal to find out that there is some deficiency during a test
than during actual production.

The welding inspector may also become involved with
these qualifications from a document review standpoint.
One of the responsibilities may be to review both weld-
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ing procedure and welder qualification forms to deter-
mine if they are in accordance with the code and job
specifications. Experienced welding inspectors realize
that numerous problem spots can be detected and cor-
rected prior to welding if this review is done carefully.
Further, most codes give the welding inspector the
authority to request that welders be prequalified in the
event they continue to produce substandard work.

During this discussion of qualification testing, the refer-
ences to welding do not imply that only welds require
these qualification measures. Brazing, for example, also
requires Brazing Procedure Qualifications, Brazing Pro-
cedure Specifications, and qualified brazers. There are
limitations on base metals, thickness, positions, and type
of braze filler metal. In some instances there are
restricted access tests. The specific qualification testing
techniques for brazing can be found in ASME Section IX
in the QB Section, which describes the various steps
involved in the qualification of brazing procedures and
personnel. Since each major code (e.g., AWS D1.1,
ASME Section IX, and API 1104) handles welding pro-
cedures slightly differently, some of these differences
will be noted. You are urged, however, to always refer to
the appropriate code for specific information about this
topic.

Procedure Qualification

The very first step in the qualification process is the
development of the welding procedure. This must pre-
cede both the welder qualification and the production
welding because it will determine if the actual technique
and materials are compatible. In general, the welding
procedure qualification is performed to show the com-
patibility of:

1. base metal(s),

2. weld or braze filler metal(s),

3. process(es), and

4. techniques.

You will note that there is no mention of the skill level of
the welder who performs the qualification test. Although
most codes will consider the welder who performs the
welding to be automatically qualified, the procedure
qualification is not meant to specifically judge the weld-
ers’ ability. Even though each code handles the qualifica-
tion of welding procedures slightly differently, the
general intent is the same.

There are three general approaches to procedure qualifi-
cation. These include prequalified procedures, actual
procedure qualification testing, and mock-up tests for
special applications. The mock-up tests may be used to

supplement the other more standard methods of proce-
dure qualification.

Let’s first discuss the system used by the American
Welding Society in the AWS D1.1, Structural Welding
Code—Steel. This system is unique in the welding indus-
try, because there are numerous procedures which are
deemed prequalified. That is, there is no need to perform
actual qualification testing as long as the welding param-
eters are within certain prescribed limits. The D1.1 Code
lists various welding processes, base metals, thicknesses,
joint configurations, and welding techniques which,
when used in specific combinations, are considered
prequalified.

AWS D1.1 recognizes four welding processes as being
prequalified, including shielded metal arc (SMAW), sub-
merged arc (SAW), flux cored arc (FCAW), and gas
metal arc (GMAW) except short circuiting transfer.
However, this does not mean that these are the only
welding processes that can be used. It simply implies that
actual qualification testing is required if other welding
processes are used for production welding. There are
also numerous base metals which are considered accept-
able and do not require qualification when used.

The thickness of the base metal will also have an effect
on the effectiveness of the welding procedure. Therefore,
the various prequalified weld joints have limitations on
the thickness ranges covered. AWS D1.1 is limited to the
welding of steel 1/8 in thick and greater. The specific
thickness ranges for various processes, positions and
joint configurations are tabulated for each prequalified
weld joint. Again, just because a certain condition places
a procedure outside of these limitations, it does not imply
that the procedure cannot be used. It simply means that
qualification tests must be conducted to deem it acceptable.

Figure 5.4 is an example of how AWS D1.1 lists the lim-
itations of the various aspects of prequalified weld joints.

Looking at this sketch and tabular values, you can see
that this particular prequalified weld joint is for a single-
V-groove butt joint, welded from one side, with steel
backing material at the root. The tabular data show dif-
ferent requirements for the exact weld joint configuration
depending on the process, thickness and position of
welding. Further, for a given process, the root opening
may vary with relation to the groove angle. Considering
the SMAW process, there are three different choices of
root opening and groove angle combinations: 1/4 in root
opening—45° groove angle, 3/8 in root opening—30°
groove angle and 1/2 in root opening—20° groove angle.
It is also important to note that the tolerances for both the
root opening and groove angle appear in a table inserted
in the upper right hand corner. There are listings for the
As Detailed” and “As Fit-Up” tolerances on those mea-
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surements. The “As Detailed” tolerances relate to the
dimensional freedom of the designer when he specifies
these features. The “As Fit-Up” tolerances relate to the
permissible variations from these detailed dimensions
during the actual assembly of the parts to be joined.
Therefore, the welding inspector would apply these “As
Fit-Up” tolerances when inspecting the actual fit up of
this joint in production.

In the next column, there is a listing of the positions for
which that joint is considered to be prequalified. Follow-
ing this, there is a column which states whether or not
gas shielding is required when FCAW is used. This
allows the use of self shielded wires, FCAW-S. When
referring to these prequalified weld joint figures, it is
important to pay attention to the notes which are refer-
enced in the last column of the table. These notes may
place further restrictions on the use of that prequalified
weld joint.

The final judgment as to whether a procedure is con-
sidered to be prequalified is made after reviewing

the contents of Clauses 3 and 4 of the code, which
refer to prequalification and qualification, respectively.
Clause 5 defines many of the acceptable quality
requirements for the preparation and completion of
welds. In Clause 5, there is also information about
acceptable methods for the achievement of these qual-
ity levels. Clause 4 also details those specific require-
ments for the various welding processes, including their
“essential variables.”

Essential variables are those features of the welding pro-
cess which, if changed beyond certain limits, require that
a new welding procedure be established. That is, they are
important enough that, if varied significantly, the result-
ing welds may be unsatisfactory. Essential variables are
listed for each different welding process.

As previously mentioned, if any feature renders a weld-
ing procedure nonprequalified, it can be qualified by
making a test weld and subjecting it to actual destructive
tests. This is accomplished in much the same manner as
qualification testing in accordance with ASME Section

Notes: Source: AWS D1.1
a Not prequalified for GMAW-S nor GTAW.
e SMAW detailed joints may be used for prequalified GMAW (except GMAW-S) and FCAW.
j The orientation of the two members in the joints may vary from 135° to 180° for butt joints, or 45° to 135° for corner joints, or 45° to 90°

for T-joints.

Figure 5.4—Example of AWS Prequalified Weld Joint Limitations

Single-V-groove weld (2)
Butt joint (B)

Tolerances

As Detailed
(see 3.13.1)

As Fit-Up
(see 3.13.1)

R = +1/16, –0 +1/4, –1/16
α = +10°, –0° +10°, –5°

Welding 
Process

Joint 
Designation

Base Metal Thickness 
(U = unlimited) Groove Preparation Allowed 

Welding 
Positions

Gas 
Shielding 
for FCAW NotesT1 T2 Root Opening Groove Angle

SMAW B-U2a U —
R = 1/4 α = 45° All — e, j
R = 3/8 α = 30° F, V, OH — e, j
R = 1/2 α = 20° F, V, OH — e, j

GMAW
FCAW B-U2a-GF U —

R = 3/16 α = 30° F, V, OH Required a, j
R = 3/8 α = 30° F, V, OH Not req. a, j
R = 1/4 α = 45° F, V, OH Not req. a, j

SAW B-L2a-S 2 max. — R = 1/4 α = 30° F — j
SAW B-U2-S U — R = 5/8 α = 20° F — j
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IX, which will be discussed next. One major difference,
however, is that, for AWS, the procedure must be quali-
fied for each position in which production welding will
take place. The actual requirements for this testing
appear in Clause 4 of AWS D1.1. It details the test condi-
tions, required test results, and the limitations of the vari-
ous qualified procedures.

The next general method used for the qualification of
procedures is the performance of actual qualification
tests. This method is used, in somewhat modified ver-
sions, by both ASME and API for the welding procedure
qualification. ASME Section IX, Welding and Brazing
Qualifications, covers the qualification of brazing as
well as welding for the fabrication of pressure vessels
and piping. API 1104, Standard for Welding of Pipelines
and Related Facilities, is primarily used by the cross-
country pipeline industry for the qualification and
inspection of welding procedures and personnel.

In both systems, there are certain essential variables
which are defined. Like the AWS system, these essential
variables dictate the extent of a given procedure qualifi-
cation. That is, once these prescribed limitations have
been exceeded, another procedure must be developed.
Included in these essential variables are such items as
welding processes, welding parameters, base metal
types, base metal thicknesses, filler metal types and
sizes, and specific welding techniques.

In the ASME system, these essential variables must be
stated on a Welding Procedure Specification (WPS). It
will list the range of each of the essential variables. Since
these ranges may exceed the limits for various essential
variables, numerous qualification tests may be required
for full coverage. The actual test conditions are recorded
on a second document, the Procedure Qualification
Record (PQR). Consequently, there may be numerous
WPSs referencing a single PQR, or vice versa.

Once these variables have been defined for a certain
procedure so that it includes all conditions which will
be encountered during production welding, an actual
procedure test coupon is welded. It can be either plate or
pipe for ASME to result in procedure qualification for
both shapes. In API, the configuration is always tubular.
Following welding, the required test specimens are
removed and destructively tested to be judged as accept-
able or rejectable based on the accompanying require-
ments. Figures 5.5 and 5.6 show some of the typical
procedure qualification test coupons for qualification in
accordance with ASME Section IX and API 1104,
respectively.

For ASME, procedure qualification in the flat position
qualifies that procedure in all positions. API requires that
a procedure be qualified in the fixed or rolled position, or
both, depending on job requirements. However, qualifi-
cation in either one of these positions does not qualify
that procedure in the other position.

The tests are designed to evaluate the effects of the weld-
ing techniques and the compatibility of the base and filler
metals. Some of the more common tests which are used
for procedure qualification testing are tensile, bend, nick-
break, macro-etch, fillet break and nondestructive test-
ing. Examples of some of these test specimen configura-
tions are found in Chapter 6. Table 5.5 shows those test
specimens required and the range of thickness qualified
for various groove weld procedure qualifications accord-
ing to ASME Section IX. Table 5.6 lists those specimens
required for procedure qualification of butt welds per
API 1104.

Special service conditions may require additional tests to
evaluate other weld properties. Some of these tests are
impact, hardness, chemical, and special service condi-
tions (e.g., corrosion and abrasion resistance).

The specific code will dictate appropriate test acceptance
criteria. As a welding inspector you may be involved in
this evaluation, as well as the actual testing operation.
Perhaps the most important job that the welding inspec-
tor can perform during the qualification process is to
carefully monitor the actual welding to assure that the
procedure is being followed. If problems are encountered
during procedure welding which are the result of inade-
quacies in the procedure itself, they can possibly be iden-
tified and corrected at this stage instead of during
production welding.

The final method of qualifying a welding procedure is
through the use of special test weld mockups. This tech-
nique is sometimes used for complex weldment configu-
rations where there is a concern about how the overall
shape or condition of that component might be affected
by the welding operation. Such things as high levels of
restraint and weld joint inaccessibility are possible
causes of welding problems, but these are more difficult
to evaluate using a standard qualification test. It is only
through actual trial welds on joint mockups that these
questions can be answered.

These mockup tests may be the exclusive test, or they
could be used in conjunction with other more common
qualification techniques. Regardless, these tests are help-
ful to the fabricator because he or she now has a feel for
how a particular weld can be done and that a particular
method can be applied successfully. This valuable expe-
rience can be gained through tests rather than having to
debug the procedure during actual production.
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Source: ASME Boiler & Pressure Vessel Code, Section IX

Figure 5.5—Typical ASME Procedure Qualification Coupons

QW-463.1(c) PLATES – LONGITUDINAL
PROCEDURE QUALIFICATION

QW-463.1(a) PLATES – LESS THAN 3/4 in [19 mm]
THICKNESS PROCEDURE QUALIFICATION

QW-463.1(b) PLATES – 3/4 in [19 mm] AND OVER
THICKNESS AND ALTERNATE FROM 3/8 in [10 mm]

BUT LESS THAN 3/4 in [19 mm] THICKNESS
PROCEDURE QUALIFICATION

QW-463 ORDER OF REMOVAL
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Source: ASME Boiler & Pressure Vessel Code, Section IX

Figure 5.5 (Continued)—Typical ASME Procedure Qualification Coupons

QW-463.1(d) PROCEDURE QUALIFICATION

QW-463 ORDER OF REMOVAL (Cont'd)

QW-463.1(e) PROCEDURE QUALIFICATION
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Source: API Standard 1104

Figure 5.6—Typical API Procedure Qualification Coupons
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Table 5.5
Test Specimens Required and Thicknesses Qualified for ASME Procedure Qualification

QW-451.1
GROOVE-WELD TENSION TESTS AND TRANSVERSE-BEND TESTS

Thickness T of Test 
Coupon Welded, in

Range of
Thickness T

of Base Metal

Thickness t
of Deposited
Weld Metal 
Qualified,

in [Note (1)]
Type and Number of Tests Required

(Tension and Guided Bend Tests) [Note (4)]

Min. Max. Max.
Tension
QW-150

Side Bend
QW-160

Face Bend
QW-160

Root Bend
QW-160

Less than 1/16 T 2T 2t 2 º 2 2

1/16 to 3/8, incl. 1/16 2T 2t 2 Note (3) 2 2

Over 3/8, but less than 3/4 3/16 2T 2t 2 Note (3) 2 2

3/4 to less than 1-1-2
3/4 to less than 1-1/2

3/16
3/16

2T
2T

2t when t < 3/4
2T when t ≥ 3/4

2 (5)
2 (5)

4
4

…
…

…
…

1-1/2 and over
1-1/2 and over

3/16
3/16

8 (2)
8 (2)

2t when t < 3/4
8 (2) when t ≥ 3/4

2 (5)
2 (5)

4
4

…
…

…
…

NOTES:
(1) See QW-403 (.2, .3, .6, .9, and .10), QW-404.32, and QW-407.4 for further limits on range of thickness qualified. Also see QW-202 (.2, .3, and .4)

for allowable exceptions.
(2) For the welding process of QW-403.7 only; otherwise per Note (1) or 2T, or 2t, whichever is applicable.
(3) Four side-bend tests may be substituted for the required face- and root-bend tests, when thickness T is 3/8 in and over.
(4) For combination of welding procedures, see QW-200.4.
(5) See QW-151 (.1, .2, and .3) for details on multiple specimens when coupon thickness are over 1 in.

Source: ASME Boiler & Pressure Vessel, Section IX

Table 5.6
Type and Number of Test Specimens Required
for API Procedure Qualification of Butt Welds

Outside Diameter of Pipe Number of Specimens

Inches Millimeters Tensile Strength Nick-Break Root Bend Face Bend Side Bend Total

Wall Thickness <0.500 in [12.7 mm]

<2.375
2.375–4.500

>4.500–12.750
>12.750

<60.3
60.3–114.3

>114.3–323.9
>323.9

0b

0b

2
4

2
2
2
4

2
2
2
4

0
0
2
4

0
0
0
0

a4a

4
8

16

Wall Thickness >0.500 in [12.7 mm]

≤4.500
>4.500–12.750

>12.750

≤114.3
>114.3–323.9

>323.9

0b

2
4

2
2
4

2
2
4

0
0
0

2
4
8

4
4

16

a One nick-break and one root-bend specimen shall be taken from each of two test welds, or for pipe less than or equal to 1.315 in [33.4 mm] in
diameter, one full-section tensile-strength specimen shall be taken.

b For materials with specified minimum yield strengths more than 42 000 psi [290 MPa), a minimum of one tensile test shall be required.

Source: API Standard 1104
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To summarize this discussion of welding procedure qual-
ification, let’s look at a general sequence for the qualifi-
cation of a procedure through actual testing:

1. Select welding variables.

2. Check equipment and materials for suitability.

3. Monitor weld joint fit up as well as actual welding,
recording all important variables and observations.

4. Select, identify and remove required test specimens.

5. Test and evaluate specimens.

6. Review test results for compliance with applicable
code requirements.

7. Release approved procedure for production.

8. Qualify individual welders in accordance with this
specification.

9. Monitor the use of that procedure during production
to assure that it continues to produce satisfactory
results.

While this may vary slightly from company to company,
most of these features are important enough to be consid-
ered. The welding inspector may be involved with each
of these nine steps or only a few, again depending on the
structure of the particular company.

It must be understood that one of the most important
parts of the procedure qualification process is the use of
that procedure during actual production welding. Too
often, companies perform qualification testing only to
satisfy a customer’s requirements. Once qualified, they
are kept in a neat folder or binder buried on someone’s
shelf or in a file cabinet. This does not help the welder on
the floor who needs to know the information stated on
Welding Procedure Specifications.

Procedures are welding instructions; therefore, they
should be readily available to the welder during produc-
tion. Due to the physical limitations of paper in a weld-
ing environment, some companies use plastic cards or
paper enclosed in plastic which is durable enough to
withstand being close to the welding operation. These
contain all of the necessary information from the
approved welding procedure, so the welder can easily
reference these requirements should there be any ques-
tions. This also aids the welding inspector, because he or
she can check procedure requirements and compare them
to the actual parameters being used by the welder in pro-
duction. Another purpose of the in-process monitoring of
the welding is to spot any deficiencies in the procedure
which might only show up during production welding. If
noted, the welding inspector could report them to the

supervisor or welding engineer so that corrective action
can take place.

For each of the codes, standard forms have been devel-
oped to aid the summary of the procedure qualification
information, and these are normally used for simplicity.
Examples of the forms appear in each Code.

Welder Qualification

Once the procedure has been qualified, it is of no use
until individual welders have been qualified to perform
welding in accordance with that procedure. These are
two separate operations because they serve different pur-
poses, as will be explained in the following discussion.
Let’s now assume that the appropriate welding proce-
dures have been established and approved through one
method or another. It is now necessary to perform welder
qualification tests to determine if individual welders pos-
sess sufficient skill to produce satisfactory welds using
those procedures.

Before, the concern was with the compatibility of the
materials and techniques. Once that has been proven, the
individual welder qualifications are designed to judge the
skill level of the production welders. Consequently, the
welder qualification testing is done somewhat differently.

Although different in some respects, welder qualification
also has certain similarities when compared to procedure
qualification. Among these is the existence of essential
variables. In the case of welder qualification, these may
include welding position, joint configuration, electrode
type and size, process, base metal type, base metal thick-
ness, and specific welding technique. These features are
all concerned with those aspects of the welding operation
which are directly affected by the physical abilities of the
welder.

Codes are generally specific as to the limitations of these
essential variables. Table 5.7 lists position limitations on
certain weld types for welder qualification, according to
AWS D1.1.

You can see that the range of qualification varies with
the different weld configurations: plate grooves, plate fil-
lets and pipe grooves. It is apparent that qualification on
a plate groove only provides limited coverage for weld-
ing on pipe. However, if the welder qualifies on pipe, he
or she is automatically qualified for plate. It can be fur-
ther noted that plate groove qualifications in the 3G and
4G positions will qualify that welder for all positions of
plate. Also, qualification in either the 6G or 2G and 5G
pipe positions will qualify the welder for all positions of
pipe except those in T-, K-, and Y-connections. The 6GR
test position, however, will provide full coverage for all
pipe and plate positions and configurations.
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These numeric designations for test positions are simply
abbreviations and should be remembered by the welding
inspector. Figures 5.7 through 5.10 are illustrations of
the various test positions for plate grooves, plate fillets,
pipe grooves, and pipe fillets, respectively.

Another important essential variable which determines
what coverage is obtained from the completion of a spe-
cific qualification test is the thickness of the test plate or
pipe. Table 5.8 lists the thickness ranges qualified for
various test plates and pipes, according to AWS D1.1.
This table tells us that a 3/8 in test plate will qualify a
welder for welding production materials up to 3/4 in
thick. This is referred to as a limited thickness qualifica-
tion. Further, successful qualification on a 1 in test plate
will qualify the welder for any thickness 1/8 in or greater.
This is termed an unlimited thickness qualification.

Another essential variable is the joint configuration
itself. To determine this effect, standard test plates and
pipes are used to approximate the necessary configura-
tions. One of the more important aspects of the joint con-
figuration is the presence or absence of weld backing. In
D1.1, there are specific references to the direction of roll-
ing of the plate materials when using backing. The duc-
tility of the metal will vary depending on its rolling
direction. If bend tests are performed on test specimens
in which the plate rolling direction was in the transverse
direction, the base metal may fail. It is therefore impor-
tant to assure that the plates are properly oriented prior to
qualification testing.

AWS has suggested an optional test plate configuration
for weld tests in the horizontal position. It uses the same
45° groove angle as for the flat position, but only the

Source: AWS D1.1

Figure 5.7—Positions of Test Plates for Groove Welds
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upper plate is beveled. This provides a flat shelf upon
which the welder can build up weld passes to more easily
fill the groove.

Figure 5.11 shows the required tubular butt joint config-
urations for welds with and without backing.

The test plates for fillet weld qualifications are shown in
Figures 5.12 and 5.13. Again, AWS D1.1 offers two
methods for this type of qualification; the Fillet Weld-
Break and Macroetch test (see Figure 5.12) and the Fillet
Weld Root-Bend test (see Figure 5.13).

The final test joint configuration used in AWS D1.1 is
referred to as the 6GR test, or test joint for T-, K-, and Y-

connections on pipe or square or rectangular tubing. It is
shown in Figure 5.14. The initials T, K, and Y are simply
a reference to the approximate shape of the joints. This
test joint configuration is meant to simulate the access
problems associated with welding T-, K-, and Y-connec-
tions in tubular structures. This is accomplished by the
addition of a restriction ring no more than 1/2 in from the
edge of the groove.

With some processes, prequalification may be required if
there is a change in the type of electrode specified. For
example, Table 5.9 shows the various types of SMAW
electrodes which are grouped according to the skill level
required for their operation.

Source: AWS D1.1

Figure 5.8—Positions of Test Plates for Fillet Welds
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Source: AWS D1.1

Figure 5.9—Positions of Test Pipes for Groove Welds
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Source: AWS A3.0

Figure 5.10—Positions of Test Pipes for Fillet Welds
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The electrodes in Group F4 are considered to be the more
difficult types to use; and similarly, the F1 Group
includes those types which are considered to require the
least manual ability. Normally, qualification with an
electrode of a higher number group will automatically
qualify that welder for welding with any electrode of a
group bearing a lower number. Therefore, a qualification
test performed with an E7018 electrode, which is in Group
F4, will provide the welder with qualification coverage for
all the carbon steel SMAW electrode types listed.

The specific welding technique used is also considered to be
an essential variable for welder qualification. Changes in such
details as the direction of welding for the vertical position
(i.e., uphill or downhill) will require additional qualification
testing. Other typical technique-related essential variables
may include changes in the process, position, base metal
type, base metal thickness, and pipe and tubing diameter.

Once the proper test coupon, position and technique have
been selected to assure adequate coverage, the test weld

Source: AWS D1.1

Figure 5.11—AWS Tubular Butt Joint Configurations
for Welder Qualification (With and Without Backing)

Table 5.8
Number and Type of Specimens and Range of

Thickness Qualified for AWS Welder Qualification on Plate

(1) Test on Plate Number of Specimensa Qualified Dimensions

Production Groove or Plug Welds

Face
Bendb

Root
Bendb

Side
Bendb Macroetch

Nominal Plate, Pipe, or Tube 
Thickness Qualified, in

Type of Test Weld

Nominal
Thickness of

Test Plate (T) in Min. Max.

Groove 3/8 1 1 (Note c) — 1/8 3/4 max.d

Groove 3/8 < T < 1 — — 2 — 1/8 2T max.d

Groove 1 or over — — 2 — 1/8 Unlimitedd

Plug 3/8 — — — 2 1/8 Unlimitedd

a All welds shall be visually inspected. One test pipe, plate or tubing shall be required for each position tested, unless otherwise noted.
b Radiographic examination of the test plate, pipe or tubing may be made in lieu of the bend tests.
c For 3/8 in plate or wall thickness, a side-bend test may be substituted for each of the required face- and root-bend tests.
d Also qualifies for welding any fillet or PJP weld size on any thickness of plate, pipe or tubing.

Source: AWS D1.1
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is performed in accordance with the applicable proce-
dure. The welding inspector may be asked to witness the
actual welding to verify procedure compliance as well as
note the ability of the welder. Careful attention to the
techniques and abilities of the welder could reveal habits
which might produce unsatisfactory welds.

The finished test coupon is then marked to identify it
according to the welder’s name, test position and the top
of the coupon in the case of a pipe welded in the 5G, 6G,
or 6GR positions. The code will then describe whether or
not nondestructive examination is necessary, as well as
both the type and number of test specimens required. In
general, there are fewer specimens required for welder
qualification than for procedure qualification. In fact,
some codes permit the use of nondestructive examination
only, such as radiography, in lieu of standard destructive
tests for welder qualification.

Table 5.8 identifies the type and number of test speci-
mens required for welder qualification in accordance
with AWS D1.1. You will note that only two bend tests
are required for each welder qualification on plate. Face
and root bends are used for thinner plates, while those
over 3/8 in require the use of side bends. This is due to

the difficulty associated with the bending of extremely
thick specimens.

Virtually all welder qualification test specimens are gen-
erally categorized as soundness tests, including bend
tests, nick-break tests and fillet break tests. Their config-
urations and methods of testing are identical to those
used for procedure qualification. For welder qualifica-
tion on plate or pipe, specimens are removed according
to the applicable code section. For pipe coupons welded
in the 5G and 6G positions, specimens are removed in
relation to the top of the pipe during actual welding.

Once properly identified, removed and tested, the speci-
mens are then evaluated in accordance with the appropri-
ate code requirements. If all test results are satisfactory,
the welder is deemed qualified to perform welding
within the limits of that qualification. The results of the
tests, as well as a description of the welding procedure
used, are listed on a report form to certify that the welder
has satisfied the qualification requirements. A typical
form used by AWS is shown in Figure 5.15. Welder
qualification forms for use by ASME and API are shown
in Figures 5.16 and 5.17.

Source: AWS D1.1

Figure 5.12—AWS Welder Qualification Test Plate for Fillet Welds—Option 1
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Source: AWS D1.1

Figure 5.13—AWS Welder Qualification Test Plate for Fillet Welds—Option 2
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At this point, it is appropriate to differentiate between the
terms qualify and certify, as applied to these welder tests.
If we say that a welder is qualified, we mean that he or
she has demonstrated sufficient skill to perform a certain
weld. Certification, however, applies to the document(s)
which support this qualification. A welder who success-
fully passes a qualification test would then be rightfully

referred to as a qualified welder as opposed to a certified
welder.

Once qualified, the welder will be permitted to weld in
production as long as that welding does not involve posi-
tions, thicknesses, electrodes, etc., which are outside the
limits of the qualification. Most codes allow qualifica-

Source: AWS D1.1

Figure 5.14—AWS D1.1, Welder Qualification Test Joint
for T-, K-, and Y-Connections on Pipe or Box Tubing

Table 5.9
Groupings of SMAW Electrode Classifications

Group Designation AWS Electrode Classificationa

F4 EXX15, EXX16, EXX18, EXX48, EXX15-X, EXX16-X, EXX18-X

F3 EXX10, EXX11, EXX10-X, EXX11-X

F2 EXX12, EXX13, EXX14, EXX13-X

F1 EXX20, EXX24, EXX27, EXX28, EXX20-X, EXX27-X

aThe letters “XX” used in the classification designation in this table stand for the various strength levels (60 [415], 70 [485], 80 [550], 90 [620], 100
[690], 110 [760], and 120 [830]) of electrodes.

Source: AWS D1.1
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WELDER, WELDING OPERATOR, OR TACK WELDER QUALIFICATION TEST RECORD
Type of Welder ________________________________________________
Name _______________________________________________________ Identification No.____________________
Welding Procedure Specification No. _________________ Rev ___________________ Date ___________________

Inspected by __________________________________ Test Number___________________________________
Organization __________________________________ Date _________________________________________

Interpreted by _________________________________ Test Number___________________________________
Organization __________________________________ Date _________________________________________

We, the undersigned, certify that the statements in this record are correct and that the test welds were prepared, welded, and
tested in conformance with the requirements of Section 4 of AWS D1.1/D1.1M, (__________) Structural Welding Code—Steel.

(year)
Manufacturer or Contractor _______________________ Authorized By__________________________________
Form N-4 Date _________________________________________

Source: AWS D1.1

Figure 5.15—AWS Welder and Welding Operator Qualification Test Record

Record Actual Values
Used in Qualification Qualification Range

Variables
Process/Type [Table 4.12, Item (1)]
Electrode (single or multiple) [Table 4.12, Item (7)]
Current/Polarity

Position [Table 4.12, Item (4)]
Weld Progression [Table 4.12, Item (5)]

Backing (YES or NO) [Table 4.12, Item (6)]
Material/Spec. to
Base Metal

Thickness: (Plate)
Groove
Fillet

Thickness: (Pipe/tube)
Groove
Fillet

Diameter: (Pipe)
Groove
Fillet

Filler Metal (Table 4.12)
Spec. No.
Class
F-No. [Table 4.12, Item (2)]

Gas/Flux Type (Table 4.12)
Other

VISUAL INSPECTION (4.8.1)
Acceptable YES or NO _____

Guided Bend Test Results (4.30.5)

Type Result Type Result

Fillet Test Results (4.30.2.3 and 4.30.4.1)
Appearance _________________________________ Fillet Size ____________________________________
Fracture Test Root Penetration ___________________ Macroetch ___________________________________
(Describe the location, nature, and size of any crack or tearing of the specimen.)

RADIOGRAPHIC TEST RESULTS (4.30.3.2)

Film Identification 
Number Results Remarks

Film Identification 
Number Results Remarks
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Figure 5.16—ASME Welder or Welding Operator Qualification Test Record
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Source: API Standard 1104

Figure 5.17—API Welder Qualification Test Record
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tion to remain in effect indefinitely as long as the welder
continues to successfully use that process in production.
However, if unsatisfactory performance is noted by the
welding inspector or other supervisory personnel, the
welder may be required to undergo another qualification
test and/or further training. Certification (documentation
of qualification) may be terminated when the welder
leaves one employer and is hired by another. Since each
manufacturer or contractor is responsible for the qualifi-
cation of his own procedure and welders, codes generally
require that a welder be qualified by each separate
employer.

To summarize the above, the general sequence for the
qualification of a welder is:

1. Identify essential variables.

2. Check equipment and materials for suitability.

3. Check test coupon configuration and position.

4. Monitor actual welding to assure that it complies with
the applicable welding procedure.

5. Select, identify and remove required test samples.

6. Test and evaluate specimens.

7. Complete necessary paperwork.

8. Monitor production welding.

The qualification of individual welders provides the
manufacturer or contractor with personnel to perform the
production welding in accordance with qualified proce-
dures. Once this production welding begins, the welding
inspector will be required to monitor the welding to
assure that welding is being performed in accordance
with procedure requirements and that the finished welds
are acceptable. Any deficiencies should be noted and
corrected. If recurring problems are found, corrective
measures may include either procedural and/or personnel
changes.

While the existence of qualified procedures and person-
nel does not guarantee that all production welds will be
satisfactory, it at least provides some assurance that the
procedure and the personnel are capable of producing
welds of adequate quality. It is important to remember,
however, that qualification welds were most likely pro-
duced under more desirable conditions than those present
in production. Consequently, variations in fit up, joint
configuration, accessibility, etc., could introduce condi-
tions which might increase the possibility of error.
Therefore, the welding inspector should attempt to locate
and identify these inconsistencies before they result in
nonconforming welds.

Summary
Documents represent one side of the inspection equation.
The other is, of course, the inspector, whose function is
to establish product or part quality. Traditionally, inspec-
tion is viewed as a post production activity. Welding
inspection is significantly different. Welding inspection
embodies activities taking place before, during and after
welding. Welding inspection is thus both predictive and
reactive.

Quality is, by definition, “conformance to specification.”
As has been shown, the term “specification” may in fact
refer to job or contract-invoked provisions embodied in:

• Drawings

• Codes

• Standards

• Specifications

Drawings give details of item size, form and configura-
tion. Codes, Standards and Specifications give details of
design, materials, methods and quality requirements to
be satisfied. Included in the methods are the welding pro-
cedures and the skill of welding personnel, the qualifica-
tion of which may well also involve the welding
inspector.

Based on the concept of predictive action, welding
inspection ideally covers all activities where problems
may develop. As such, welding inspection and the docu-
ments setting out specific requirements are concerned
with:

• Design of joints

• Materials, base metal, and filler metal

• Procedures of welding and workmanship

• Preparations, joint form, and dimensions

• Production before, during, and after welding

The welding inspectors’ ability to read, interpret and
fully understand the applicable documentation is basic to
successful welding inspection.

Key Terms and Definitions

alphanumeric code—a short combination of letters and
numbers used to identify a material type, grade, etc.

ANSI—American National Standards Institute.

API—American Petroleum Institute.

ASME—American Society of Mechanical Engineers.
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ASNT—American Society for Nondestructive Testing.

ASTM—American Society for Testing and Materials.

AWS—American Welding Society.

bar code—a group of short, vertical lines representing a
body of information.

camber—the permissible variation from straightness, as
in girders or beams.

code—a body of laws, as of a nation, city, etc., arranged
systematically for easy reference.

drawing—a graphic detail of a component, showing its
geometry and size, with tolerances.

drop—in fabrication welding, the remaining piece of a
material when a portion has been removed for use.

essential variables—those variables that, if changed
beyond certain limits, require a new welding proce-
dure to be prepared and qualified.

heat number—a number assigned to each heat of steel
by the manufacturing source.

hold point—a specific, prearranged step in the fabrica-
tion process where fabrication is stopped to permit an
interim inspection. Fabrication can begin again only
when the inspection shows the part meets the quality
requirements.

in-house specification—a specification written by a
company primarily for internal use.

ISO—International Organization for Standardization.

material call out—a list of materials required for fabri-
cation of a component. The list will specify all
required alloy types, grades, sizes, etc., for both base
and filler metals.

MTC—Material (or Mill) Test Certificate.

MTR—Material (or Mill) Test Report.

NACE—National Association of Corrosion Engineers.

PQR—Procedure Qualification Record.

standard—something established for use as a rule or
basis of comparison in measuring or judging capacity,
quantity, content, extent, value, quality, etc.

specification—a detailed description of the parts of a
whole; statement or enumeration of particulars, as to
actual or required size, quality, performance, terms,
etc.

tolerance—the amount of variation permitted from the
design size of a part.

traceability—an attribute of a materials control system
which permits tracing any part or material used in fab-
rication back to the source and certifying documents.

UNS—Unified Numbering System.

WPS—Welding Procedure Specification.

WPQ, WOPQ, or WPQR—Welder Performance Qual-
ification, Welding Operator Performance Qualifica-
tion Record, or Welding Procedure Qualification
Record.
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CHAPTER 6—METAL PROPERTIES AND DESTRUCTIVE TESTING WELDING INSPECTION TECHNOLOGY

Introduction

In today’s world, there are thousands of different metals
available to serve as construction materials as both base
metals and filler metals. From this selection, materials
engineers and designers are able to choose the metals
which best suit their particular needs. These metals may
differ not only in their composition, but also in the man-
ner in which they are manufactured. Within the United
States, there are several organizations maintaining mate-
rial standards, such as ASTM, ASME, and AWS. Addi-
tionally, there are material standards from many other
countries and groups including Japan and the European
countries.

It was noted in Chapter 1 that one of the responsibilities
of the welding inspector may be to review documenta-
tion related to the actual properties of base and filler met-
als. The purpose of this chapter is to describe some of
these mechanical and chemical properties to the extent
that the welding inspector has some feeling for what the
actual values mean. For the most part, the inspector must
simply compare specification values with actual numbers
to judge compliance. However, it will be helpful for the
inspector to have additional information about these
materials’ properties. The additional information can
help avoid problems which may occur during welding.

Another purpose of this chapter is to provide a base for
the information which will be discussed in Chapter 8,
“Welding Metallurgy for the Welding Inspector.” Since
the metallurgical makeup of a metal defines its proper-
ties, it will be shown how various metallurgical treat-
ments may alter the properties of a metal.

Depending upon the mechanical and chemical properties
of a metal, special fabrication techniques may be
required to prevent the degradation of these properties.
Preheating and postheating are examples of techniques
that may be applied to maintain certain metal properties.
For quenched and tempered steels, the welding inspector
may be asked to monitor the welding heat input to pre-
vent the degradation of base metal properties caused by

overheating. In these examples, the welding inspector’s
involvement is not directly related to these material prop-
erties. However, effective monitoring can prevent prob-
lems caused by the alteration of expected properties from
too much or too little heat.

Mechanical Properties of Metals
Some of the important mechanical properties of metals
will now be reviewed; this discussion is limited to the
following properties and tests:

• Destructive Testing 

• Strength 

• Tensile Testing

• Ductility

• Hardness and Hardness Testing

• Toughness

• Toughness Testing

• Fatigue Strength

• Soundness Testing 

Destructive Testing
Once it is recognized that metal properties are important
to the suitability of a metal or a weld, it becomes neces-
sary to determine the actual values. That is, now the
designer would like to put a number on each of these
important properties so he or she can effectively design a
structure using materials having the desired characteristics.

There are numerous tests used to determine the various
mechanical and chemical properties of metals. While
some of these tests provide values for more than one
property, most are designed to determine the value for a
specific characteristic of the metal. Therefore, it may be

Chapter 6—Metal Properties and Destructive Testing

Copyright American Welding Society 
Provided by IHS under license with AWS Licensee=ISATIS Group in iran Revised Sub Account/5620002316 

Not for Resale, 08/27/2013 00:11:03 MDTNo reproduction or networking permitted without license from IHS

-
-
`
`
,
`
,
,
,
,
,
`
,
,
,
`
`
`
,
,
`
`
,
`
,
`
,
`
,
,
,
,
-
`
-
`
,
,
`
,
,
`
,
`
,
,
`
-
-
-



WELDING INSPECTION TECHNOLOGY CHAPTER 6—METAL PROPERTIES AND DESTRUCTIVE TESTING

6-3

necessary to perform several different tests to determine
all the desired information.

It is important for the welding inspector to understand
each of these tests. The inspector should know when the
test is applicable, what results it will provide, and how to
determine if the test results are in compliance with the
specification. It may also be helpful if the welding
inspector understands some of the methods used in the
testing, even though not directly involved with the actual
testing.

Test methods are usually grouped into two classes,
destructive or nondestructive. Destructive tests render
the material or part useless for service once the test has
been performed. These tests often determine how materi-
als behave when loaded to failure. Nondestructive testing
does not affect the component regarding its further
usage, and will be discussed in Chapter 10.

Throughout this discussion, no mention will be made
regarding the specific destructive test being used to
determine a base metal or weld metal property. For the
most part, this does not represent a significant change in
the manner in which the test is performed. There will be
occasions when a test is performed to specifically test the
base metal or weld metal, but the mechanics of the test-
ing operation will vary little, if any.

Strength

Strength is defined as, “the ability of a material to with-
stand an applied load.” There are numerous types of
strength, each dependent upon how the load is applied to
the material: tensile strength, shear strength, torsional
strength, impact strength and fatigue strength.

The tensile strength of a metal is described as the ability
of a metal to resist failure when subjected to a tensile, or
pulling, load. Since metals are often used to carry tensile
loads, this is one of the more important properties with
which the designer is concerned. When a metal specifi-
cation is examined, the tensile strength is usually
expressed in two different ways. The terms used are ulti-
mate tensile strength and yield strength. Both refer to dif-
ferent aspects of that material’s behavior. Ultimate
tensile strength, UTS, (sometimes referred to as simply
tensile strength) relates to the maximum load-carrying
capacity of that metal, or the strength of that metal at the
exact point when failure occurs.

To define yield strength, it is necessary to understand
what is meant when a metal behaves “elastically.” Elas-
tic behavior refers to the deformation of a metal under
load which causes no permanent deformation when the
load is removed. Elastic behavior can be illustrated with
a familiar example; a rubber band is typical of an elastic

material. It will stretch under a load, but returns to its
original shape when the load is removed. When a metal
is loaded within its elastic region, it responds with some
amount of stretch, or elongation. In this elastic range, the
amount of stretch is directly proportional to the applied
load, so elastic behavior is referred to as being linear.
When a metal behaves elastically, it can be stretched to
some point, and returns to its original length when the
applied load is removed. That is, it takes on no perma-
nent deformation, or set. This is illustrated in Figure 6.1.

If a metal is stressed beyond its elastic limit, it no longer
behaves elastically. Its behavior is now referred to as
plastic, which means permanent deformation occurs. It
also implies the stress-strain relationship is no longer lin-
ear. Once plastic deformation occurs, the material will
not return to its original length upon removal of the
applied load. It will now exhibit permanent deformation,
or “set.”

The point at which the material’s behavior changes from
elastic to plastic is referred to as its yield point. The yield
strength, therefore, is that strength level at which the
material’s response to loading changes from elastic to

Figure 6.1—Illustration of
Elastic Behavior of Metals
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plastic. This value is an extremely important value, since
most designers will use it as a basis for the maximum
load limit for some structure. This is necessary because a
structure might be rendered useless if stressed beyond its
yield point and becomes permanently deformed.

Both the ultimate tensile strength and yield strength are
normally determined by a “tensile test.” A specimen of
known cross section is loaded so the stress, in pounds per
square inch, can be determined. The specimen is loaded
to failure and it is then possible to determine its load-car-
rying capacity in pounds per square inch (psi). The
examples which follow show how this relationship
works for one material.

Tensile Strength from tensile test is 60 000 psi. The max-
imum load which this metal can support is 60 000 psi ×
cross-sectional area.

• For a 1 in × 1 in member (1 in2 area):

Maximum Load = 60 000 psi × 1 in2

Maximum Load = 60 000 pounds

• For a 2 in × 2 in member (4 in2 area):

Maximum Load = 60 000 psi × 4 in2

Maximum Load = 240 000 pounds

When a designer knows the tensile strength of a certain
metal, he is able to determine how large the cross section
of that material will be needed to carry a given load. The
tensile test provides a direct measurement of the metal’s
strength; it is also possible to make an indirect measure-
ment of strength using the hardness test. For carbon
steels, there is a direct relationship between tensile
strength and hardness. That is, if the hardness increases,
the tensile strength increases also, and vice versa. The
tensile test still provides the most accurate determination
of tensile strength, but it is often convenient to perform a
hardness test on carbon and low alloy steels to estimate
their equivalent tensile strengths.

Table 6.1 shows some typical values for tensile and yield
strength, percent elongation, and hardness for some com-
mon construction materials. It is interesting to note that
recorded values may vary somewhat depending upon the
materials’ heat treatment, mechanical condition or mass.
Such conditions, when changed, could alter the mechani-
cal properties even though the material has the same
chemical composition.

The temperature of the metal also has an effect on its
strength. As temperature increases, the strength of a
metal decreases. If a metal is to support some load at an
elevated temperature, the designer must take into effect
the reduction in material strength at that temperature.

Table 6.1
Mechanical Properties of Some Metals

Base Metal or Alloy

Yield Strength Tensile Strength Elongation
% in 2 in
[50 mm]

Hardness
BHNlb/in2 MPa kg/mm2 lb/in2 MPa kg/mm2

Aluminum 5000 34.5 3.5 13 000 89.6 9.1 35 23

Copper (deoxidized) 10 000 68.9 7.0 33 000 227.5 23.2 40 30

Iron, cast — — — 25 000 172.4 17.5 0.5 180

Iron, wrought 27 000 186.1 19.0 40 000 275.8 28.1 25 100

Steel, low alloy 50 000 344.7 35.1 75 000 517.1 52.7 28 170

Steel, high carbon 90 000 620.5 63.2 140 000 965.2 98.4 20 310

Steel, low carbon 36 000 218.2 25.3 60 000 413.6 42.2 35 120

Steel, manganese (14 Mn) 75 000 517.1 52.7 118 000 813.5 82.9 22 200

Steel, medium carbon 52 000 358.5 36.5 87 000 599.8 61.2 24 170

Steel, stainless (Austenitic) 40 000 275.8 28.1 90 000 620.5 63.2 23 160

Titanium 40 000 275.8 28.1 60 000 413.6 42.2 28 —
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Temperature will also have an effect on the metal’s
ductility.

Tensile Testing

This one test provides us with a great amount of informa-
tion about a metal. Some of the properties that can be
determined as the result of the tensile test include:

• Ultimate Tensile Strength

• Yield Strength

• Ductility

• Percent Elongation

• Percent Reduction of Area

• Modulus of Elasticity

• Proportional Limit

• Elastic Limit

• Toughness

Some tensile test values can be determined through
direct reading of a gauge. Others can be quantified only
after analysis of the stress-strain diagram which can be
produced during the test. The values for ductility can be
found by making comparative measurements of the ten-
sile specimen before and after testing. The percentage of
that difference then describes the amount of ductility
present.

When performing a tensile test, one of the most impor-
tant aspects of that test involves the preparation of
the tensile specimen. If this part of the test operation is
conducted carelessly, the validity of the test results will
be severely reduced. Small imperfections in the surface
finish, for example, can result in significant reductions
in the apparent strength and ductility of the tensile
specimen.

Sometimes, the sole purpose of the tensile test of a
welded sample is to simply show if the weld zone will
perform as well as the base metal. For such an evalua-
tion, all that is necessary is to remove a specimen (some-
times referred to as a strap) transverse to the longitudinal
axis of the weld having the weld roughly centered in the
specimen. The two cut sides should be parallel using a
saw or cutting flame, but no further surface treatment is
essential, including the removal of any existing weld
reinforcement. However, often the weld reinforcement is
ground flush.

This approach is used for procedure and welder qualifi-
cation testing in accordance with API 1104. A successful
tensile test done to this specification is described as a

specimen which fails in the base metal, or in the weld
metal if above the specified base metal strength.

For most cases in which the tensile test is required, how-
ever, there is a need to determine the actual amounts of
strength and other properties exhibited by that metal, not
just if the weld is as strong as the base metal. When the
determination of these values is necessary, the specimen
must be prepared in a configuration providing a reduced
section somewhere near the center of the length of the
specimen, as shown in Figure 6.2.

This reduced section is intended to localize the failure.
Otherwise the failure might tend to occur preferentially
near the grips, making subsequent measurements diffi-
cult. Also, this reduced section results in the increased
uniformity of the stresses throughout the cross section of
the specimen. This reduced section must exhibit the fol-
lowing three features in order that valid results can be
obtained:

1. The entire length of the reduced section must be a uni-
form cross section.

2. The cross section should be a configuration which can
be easily measured so a cross-sectional area can be
calculated.

3. The surfaces of the reduced section should be free of
surface irregularities, especially if perpendicular to
the longitudinal axis of the specimen.

For these reasons, as well as the actual mechanics of pre-
paring a specimen, the two most common cross-sectional
configurations for tensile specimens are circular and
rectangular. Both are readily prepared and measured. If
required to actually perform a tensile test, the welding
inspector may have to be able to calculate the actual
cross-sectional area of the reduced section of the tensile
specimen.

Figure 6.2—Tensile Specimen
with Reduced Section
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Examples 1 and 2 show how these calculations are made
for both common cross sections.

Example 1: Area of a Circular Cross Section

Area (circle) = π × r2 or, = π × 

Sample diameter, d = 0.505 in (measured)
Sample radius, r = d/2 = 0.2525 in
Area = 3.1416 × 0.25252

Area = 0.2 in2

or, calculated using the diameter directly,

Area = 

A = 0.2 in2

Example 2: Area of Rectangular Cross Section

Measured width, w = 1.5 in
Measured thickness t = 0.5 in
Area = w × t
Area = 1.5 × 0.5
Area = 0.75 in2

The determination of this area prior to testing is critical
because that value will be used to finally determine the
strength of the metal. This strength will be calculated by
dividing the applied load by the original cross-sectional
area. Example 3 shows this calculation for the standard
circular cross section specimen used in Example 1.

Example 3: Calculation of Tensile Strength

Load = 12 500 lb to break sample
Area = 0.2 in2 (see Example 1)
Tensile Strength = Load/Area
Tensile Strength = 12 500/0.2
Tensile Strength = 62 500 psi (lb/in2)

The previous example shows a typical tensile strength
calculation for a standard circular specimen. This is a
standard specimen because it yields an area of exactly
0.2 in2. This is convenient since dividing a number by
0.2 is the same as multiplying that same number by 5.
Therefore, if this standard tensile specimen is used, the
calculation for tensile strength can be performed very
simply as shown in Example 4.

Example 4: Alternate Tensile Strength Calculation

Load = 12 500 lb
Area = 0.2 in2

Tensile Strength = 12 500 × 5
Tensile Strength = 62 500 psi (lb/in2)

The result of this calculation is identical to that of
Example 3. The use of this standard size tensile speci-
men was very popular years ago before the advent of the

d2

4
-----

3.1416 0.5052× 2

4
-----------------------------------------

modern calculators. At that time, it was easier to accu-
rately machine a tensile specimen to this exact size than
it was to arithmetically determine the strength by divid-
ing the load by some more complicated number. How-
ever, today we can easily calculate the exact tensile
strength no matter what the actual area happens to be.

Once properly measured, the specimen is then placed
firmly in the appropriate grips of the stationary and mov-
ing heads of the tensile machine, such as the one shown
in Figure 6.3.

Once in place, the tensile load is applied at a steady rate.
Differences in this rate of loading could result in testing
inconsistencies. Before load application, a device known
as an extensometer is connected to the specimen at the
gage length marks. During the application of the load,
the extensometer will measure the amount of elongation
which results from a certain load. Both the load and elon-
gation data are fed into a strip chart recorder to result in a
plot of the variation in the elongation as a function of the
applied load. This is referred to as a load versus deflec-
tion curve. However, we normally see tensile test results
expressed in terms of stress and strain.

Stress is proportional to strength, since it is the applied
load at any time divided by the cross-sectional area. The
strain is the amount of stretch apparent in a given length.
Stress is expressed in terms of psi (lb/in2) while strain is
a dimensionless value expressed as in/in. When these
values are plotted for a typical mild steel tensile test, the
result would appear as in Figure 6.4.

The stress-strain diagram exhibits several important
features that will be discussed. The test begins with
the stress and strain both equal to zero. As the load

Figure 6.3—Tensile Testing Apparatus
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is applied, the amount of strain increases linearly with
stress. This zone shows what was previously referred
to as elastic behavior, where the stress and strain are
proportional. For any given material, the slope of this
line is a constant value. This slope is the modulus of
elasticity.

For steel, the modulus of elasticity (or Young’s Modu-
lus) at room temperature is approximately equal to
30 000 000 psi as compared to 10 500 000 psi for alumi-
num. What this number actually defines is the stiffness
of the metal. That is, the higher the modulus of elasticity,
the stiffer the metal.

Eventually, the strain will begin to increase faster than
the stress, meaning that the metal is stretching more for a
given amount of applied stress. This change marks the
end of elastic behavior and the onset of plastic, or perma-
nent deformation. The point on the curve showing the
extent of the linear behavior is referred to as the elastic,
or proportional, limit. If the load was removed at any
time up to this point, the specimen would return to its
original length.

Many metals tend to exhibit a drastic departure from the
initial elastic behavior. As can be seen in Figure 6.4, not
only are stress and strain no longer proportional, but the
stress may actually drop or remain steady while the strain
increases. This phenomenon is characteristic of yielding
in ductile steel. The stress increases to some maximum

limit and then drops to some lower limit. These limits are
referred to as the upper and lower yield points, respec-
tively. The upper yield point is that stress at which there
is a noticeable increase in strain, or plastic flow, without
an increase in stress. The stress then drops and remains
relatively constant at the lower yield point while the
strain continues to increase during what is known as the
yield point elongation.

For a metal exhibiting this behavior, the yield strength
is the stress corresponding to the upper yield point, or
some point midway between the upper and lower yield
points. During the tensile test, the yield point can be seen
as a drop in the gauge or recording device. Yield strength
can be determined by observing and noting this load
reduction.

During this yielding phenomenon, the plastic flow of the
metal is increasing at such a rate that stresses are being
relieved faster than they are formed. When this plastic
flow occurs at room temperature, it is referred to as cold
working. This action causes the metal to become stronger
and harder and it is said to be work hardened. The yield-
ing will therefore continue until the metal becomes work
hardened to the extent that it now requires additional
stress to produce any further elongation. Corresponding
to this, the curve begins to climb in a nonlinear fashion.

The stress and strain continue to increase at varying rates
until some maximum stress is reached. This point is
referred to as the maximum stress, or ultimate tensile
strength. Figure 6.5 shows when this maximum stress is
reached, it is followed by an apparent decrease in stress
even though the strain continues to increase (engineer’s
curve). This phenomenon is due to the specimen begin-
ning to “neck down” so that the actual cross section
resisting the applied stress is less than the original area.
Since the stress is calculated based on the original area,
this gives the appearance that the load is dropping when
in actuality it continues to increase on a psi basis.

If a tensile test is conducted where the stress is continu-
ally calculated based on the actual area resisting the
applied load, the true stress-strain diagram can be plot-
ted. A comparison between this true curve and the previ-
ously discussed engineer’s curve is shown in Figure 6.5.
It shows the specimen’s strain continues to increase with
increasing stress. This true curve shows failure occurs at
both the maximum stress and strain.

For less ductile metals, there may not be a pronounced
change in behavior between elastic and plastic deforma-
tion. The most common method to determine yield
strength is referred to as the offset technique. Figure 6.6
shows the typical stress-strain behavior for a less ductile
metal.

Figure 6.4—Typical Stress-Strain
Curve for Mild Steel
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When the offset method is used, a line is drawn parallel
to the modulus of elasticity at some prescribed amount of
strain. The amount of strain is usually described in terms
of some percentage. A common offset is 0.2% (0.002) of
the strain; however, other amounts may also be specified.
Figure 6.7 shows how this offset line is drawn to provide
a 0.2% offset.

The stress corresponding to the intersection of this offset
line with the stress-strain curve is defined as the yield
stress. It should be reported as a 0.2% offset yield stress
so that others know how it was determined.

The final piece of information which can be gained from
the stress-strain diagram is the amount of toughness
exhibited by the metal. Toughness is a measure of a
metal’s ability to absorb energy. For slow, steady appli-
cations of load, toughness can be determined by the area
under the stress-strain diagram. So, a metal having
higher values for stress and strain is considered to be
tougher than a metal with low values. Figure 6.8 shows a
comparison between the stress-strain diagrams for a high
carbon spring steel and a structural steel. If the areas
under the two curves are compared, it is evident that the
area under the structural steel is larger primarily due to
the greater overall elongation even though the spring
steel exhibited a higher tensile strength. The structural
steel is therefore a tougher metal.

Following the actual tensile testing, it is now necessary
to make a determination of the metal’s ductility. This is
expressed in two ways; percent elongation and percent
reduction of area. Both methods involve making mea-
surements before and after testing.

Prior to tensile testing, a gage length is accurately
marked on the reduced section. This gage length is nor-
mally marked using a pair of center punches held at some
prescribed distance apart. The most common gage

Figure 6.5—Comparison of True
and Engineer’s Stress-Strain Diagrams

Figure 6.6—Typical Stress-Strain
Diagram for Less Ductile Steel
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Figure 6.7—Determination of
Yield Point by Offset Method
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lengths are 2 in and 8 in. After testing, the new distance
between these marks is measured and compared to the
original distance to determine the amount of elongation,
or stretch, exhibited by that specimen when loaded to
failure.

Percent elongation refers to the amount that the specimen
has stretched between two “gage marks” during the ten-
sile test. It is calculated by dividing the difference
between the final and original length between the marks
by the original length, and multiplying the result by 100
to determine a percentage. An example of calculating the
percent elongation is shown in Example 5.

Example 5: Determination of Percent Elongation

Original Gage Length = 2.0 in

Final Gage Length = 2.6 in

% Elongation = × 100

% Elongation = × 100

% Elongation = × 100

% Elongation = 30%

Ductility can also be expressed in terms of how much it
necks down during the tensile test, resulting from the
application of the longitudinal tensile load. If we mea-

Final Length – Original Length
Original Length

---------------------------------------------------------------------------

2.6 – 2.0
2.0

---------------------

0.6
2.0
-------

sure and calculate the final area of this smaller “necked-
down” region, subtract it from the original cross-
sectional area, divide the remainder by the original area,
and multiply the result by 100, this will provide a value
for the percent reduction of area. An example of the per-
cent reduction of area (RA) is shown in Example 6:

Example 6: Determination of Percent Reduction of 
Area (%RA)

Original Area = 0.2 in2

Final Area = 0.1 in2

% Reduction of Area =

× 100

% RA = × 100

% RA = × 100

% RA = 50%

Ductility

Ductility is a term which relates to the ability of a mate-
rial to deform, or stretch, under load without failing. The
more ductile a metal is, the more it will stretch before it
breaks. Ductility is an important property of a metal
because it can affect whether the metal fails gradually or
suddenly when loaded. If a metal exhibits high ductility,
it will usually fail or break gradually. A ductile metal
will bend before breaking, which is a good indicator that
the metal’s yield point is being exceeded. Metals having
low ductility fail suddenly in a brittle manner, without
any warning.

A metal’s ductility is directly related to its temperature.
As temperature increases, metal ductility increases, and
as temperature decreases, ductility decreases. Metals
behaving in a ductile manner at room temperature may
fail in a brittle manner at sub-zero temperatures.

A metal having high ductility is referred to as being duc-
tile, while a metal having low ductility is referred to as
being brittle. Brittle materials exhibit little or no defor-
mation before fracture. Glass is a good example of a brit-
tle material. A common brittle metal is cast iron,
especially white cast iron.

The difference in appearance of a ductile versus brittle
failure can be readily seen. Figure 6.9 shows this differ-
ence in the halves of two separate Charpy specimens,
one of which failed in a brittle manner while the other
failed in a ductile fashion.

Original Area – Final Area
Original Area

----------------------------------------------------------------

0.2 – 0.1
0.2

---------------------

0.1
0.2
-------

Figure 6.8—Stress-Strain Diagrams
for High and Low Toughness Steels
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Ductility is the property which permits several members
which may be of slightly different lengths to uniformly
support some load without one of those members becom-
ing overloaded to the point of failure. If one of the mem-
bers is slightly shorter, but ductile, it is capable of
deforming sufficiently to permit the load to be shared by
the other members. A practical example of this phenom-
enon is the individual tightening of steel wires forming
the cables for suspension bridges. Since this cannot be
done with adequate precision, the wires are made of duc-
tile metal. When the bridge is loaded, those wires
momentarily carrying more than their share of the load
can stretch to allow the other wires to assume their share.

Ductility becomes an even more important property for a
metal which must undergo subsequent forming opera-
tions. For example, metals used for body components on
automobiles must have sufficient ductility to permit
forming into the desired shapes.

An important aspect relating to ductility, and strength, is
the differences in magnitude versus the direction in
which the load is applied relative to direction of rolling
of material during its original manufacture. Rolled met-
als have very directional properties. Rolling causes the
crystals, or grains, to be elongated in the direction of roll-
ing much more than in the direction transverse to, or
across, the rolling direction. The result is the strength and
ductility of a rolled metal such as a sheet of steel is great-
est in the direction of rolling. In the transverse direction

of the material, the strength may be decreased as much as
30% and the ductility reduced as much as 50%, relative
to the properties of the rolling direction. In the through-
thickness direction, the strength and ductility are even
less. For some steels, the ductility in this direction is very
low. Each of the three directions referred to above has
been assigned a letter for identification. The rolling
direction is referred to as the “X” direction, the trans-
verse direction is the “Y” direction, and the through-
thickness direction is the “Z” direction.

Perhaps you have witnessed a welder qualification bend
test plate in which the coupon broke in the base metal.
This is often the result of having the rolling direction of
the plate oriented parallel to the weld axis. Even though a
metal may exhibit excellent properties in the rolling
direction, loading in either of the other two directions
may result in premature failure.

The ductility of a metal is normally determined by the
tensile test, at the same time as the metal’s strength is
being measured. The ductility is usually expressed in two
ways, percent elongation and percent reduction of area.

Hardness and Hardness Testing

Hardness is the ability of a metal to resist penetration or
indentation. A metal’s hardness also permits an approxi-
mation of its tensile strength. Consequently, hardness
tests are performed using some type of penetrator which
is forced against the surface of the test object. Depending
upon the type of hardness test being used, either the
diameter or depth of the resulting indentation is mea-
sured. Hardness can also be measured using a variety of
electronic or ultrasonic units, but this discussion is lim-
ited to the indentation methods.

Hardness of a metal is easily determined, primarily due
to the vast variety of methods which can be used to deter-
mine hardness. Three basic groups of indentation hard-
ness tests shall be discussed: Brinell, Rockwell and
microhardness. In general, the three types differ from
one another in the size of indentation produced. The
Brinell is the largest and microhardness is the smallest.

The Brinell method is commonly used for determining
the hardness of metal stock. It is well suited for this pur-
pose because the indentation covers a relatively large
area, eliminating problems associated with localized
hard or soft spots in the metal. The characteristically
higher loads used for Brinell tests also assist in reducing
errors produced by surface irregularities.

Prior to Brinell testing, it is necessary to properly prepare
the surface; this includes grinding or sanding the surface
to achieve a relatively flat test area. The surface should

Figure 6.9—Brittle Versus Ductile Failure
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also be of sufficient smoothness so that the size of the
indentation can be accurately measured.

To perform a Brinell test, a penetrator is forced into the
surface of the test object at some prescribed load. Once
this load is removed, the diameter of the indentation is
then measured using a graduated magnifier. Based on the
size and type of the indenter, the applied load, and the
resulting diameter of the impression, a Brinell Hardness
Number (BHN) can be determined. Since this is a mathe-
matical relationship, a BHN can be determined with a
variety of indenter types and loads. Also, this BHN can
be related to the actual tensile strength of carbon steels.
That is, the BHN multiplied by 500 is approximately
equal to the metal’s tensile strength. This relationship does
not apply to all alloys, but only carbon and low alloy steels.

A common Brinell test uses a 10 millimeter (mm) hard-
ened steel ball and a 3000 kilogram (kg) load. However,
as test conditions may change, such as specimen hard-
ness and thickness, variations in the type and diameter of
ball and the amount of the applied load may also be
required. Other types of balls which can be used include
the 5 mm hardened steel ball and the 10 mm tungsten
carbide ball. For soft metals, loads as low as 500 kg may
be used. Other loads between 500 kg and 3000 kg can
also be used with equivalent results. Field testing with
the Brinell method often uses a hammer blow to create
indentations in both the test piece and a calibration block
of known hardness. The hardness of the test piece is then
determined by comparing its indentation diameter with
the diameter created in the calibration test block.

BHN is normally determined by measuring the diameter of
the impression and reading the hardness value from a table
(see Table 6.2). The usual steps for Brinell testing are:

1. Prepare test surface.

2. Apply test load.

3. Hold at load for prescribed time.

4. Measure impression diameter.

5. Determine BHN from table.

One important feature to note in the above procedure is a
requirement to hold at the test load for some specified
time. For iron and steel, this will be 10 seconds to 15 sec-
onds. Softer metals require holding times of approxi-
mately 30 seconds. When using some portable models,
this hold time is simulated by maintaining the hydraulic
load once the test load has been reached. Other test units
may require an impact, and there is no hold time.

It is evident from this simple procedure how easily the
Brinell test can be applied. Even with its simplicity, the
test results will be quite accurate, provided sufficient

care has been taken during each step of the operation.
For additional information regarding Brinell testing,
refer to ASTM E 10, Standard Test Method for Brinell
Hardness of Metallic Materials.

Quite often, there is a need for the testing of objects too
large to be placed in a stationary Brinell test machine. In
such cases, a portable test machine can be used. These
come in a variety of types and configurations, but the
basic test principals are identical.

The next type of hardness test to be discussed is the
Rockwell method. This type encompasses numerous
variations of the same basic principal but uses indenters
of several shapes and diameters (see Figure 6.10). The
indenters used are the diamond Brale, shown in Figure
6.11, and 1/16 in, 1/8 in, 1/4 in, and 1/2 in diameter hard-
ened steel balls. The Rockwell tests result in smaller
indentations than Brinell testing. This permits localized
testing of a relatively small metal area.

Using one of these indenters, various loads can be
applied to test most materials. The loads applied are
much lower than those used for Brinell testing, ranging
from 60 kg to 150 kg. There is also a group of Rockwell
tests designated as “superficial.” These are primarily
used to determine the hardness of thin metal samples and
wires; therefore the loads are significantly lower than
those for the other types of Rockwell tests.

Just as with the Brinell test, the test surface must be
properly prepared prior to applying a Rockwell test.
Good technique is imperative for accurate hardness test-
ing. Once the sample is prepared, the correct scale should
be selected based on the approximate range of hardness
expected. The “B” and “C” scales are by far the most
commonly used scales for steel, with the “B” scale cho-
sen for softer alloys and the “C” scale for the harder
types. When in doubt as to which scale might be chosen
for an unknown alloy, the “A” scale could be used
because it includes a range of harnesses covering both
the “B” and “C” scales. Conversion tables have been pre-
pared for converting hardness data from one scale to
another.

Once the proper scale has been selected, and the test unit
calibrated, the test object is placed on the anvil in the
Rockwell bench testing machine. The anvil can be of
various shapes depending upon the configuration of the
test piece. The object must be adequately supported or
test errors will result. The Rockwell method relies on the
extremely accurate measurement of the depth of penetra-
tion of the indenter. So, if the test object is not properly
supported, this measurement could be inaccurate. A vari-
ation in this depth measurement of only 0.00008 in will
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result in a change of one Rockwell number. The bench
model does the depth measurement automatically.

No matter which Rockwell scale is being used, the basic
test steps are essentially the same. They are listed below:

1. Prepare test surface.

2. Place test object in Rockwell tester.

3. Apply minor load using elevating screw.

4. Apply major load.

5. Release major load.

6. Read dial.

7. Release minor load and remove part.

The minor load is used to take any looseness or slack out
of the system, improving the accuracy of the test. Figure
6.12 shows graphically each of the test steps.

Table 6.2
BHNs for Various Indentation Diameters and Loads

Indentation 
Diameter

mm

Brinnell Hardness Load, kg Indentation 
Diameter

mm

Brinnell Hardness Load, kg

500 1500 3000 500 1500 3000

2.45
2.50
2.55
2.60
2.65
2.70
2.75
2.80
2.85
2.90
2.95
300
3.05
3.10
3.15
3.20
3.25
3.30
3.35
3.40
3.45
3.50
3.55
3.60
3.65
3.70
3.75
3.80
3.85
3.90
3.95
4.00
4.05
4.10
4.15
4.20
4.25
4.30
4.35
4.40

104
100
96.3
92.6
89.0
85.7
82.6
79.6
76.8
74.1
71.5
69.1
66.8
64.6
62.5
60.5
38.6
56.8
55.1
53.4
51.8
50.3
48.9
47.5
46.1
44.9
43.6
42.4
41.3
40.2
39.1
38.1
37.1
36.2
35.3
34.4
33.6
32.8
32.0
31.2

314
301
289
278
267
257
248
239
231
222
215
208
201
194
188
182
176
171
166
161
156
151
147
143
139
135
131
128
124
121
118
115
112
109
106
104
101
98.5
96.0
93.5

627
601
578
555
534
514
495
477
461
444
429
415
401
388
375
363
353
341
331
321
311
302
293
285
277
269
262
255
248
241
235
229
223
217
212
207
201
197
192
187

4.45
4.50
4.55
4.60
4.65
4.70
4.75
4.80
4.85
4.90
4.95
5.00
5.05
5.10
5.15
5.20
5.25
5.30
5.35
5.40
5.45
5.50
5.55
5.60
5.65
5.70
5.75
5.80
5.85
5.90
5.95
6.00
6.05
6.10
6.15
6.20
6.25
6.30
6.35
6.40
6.45

30.5
29.8
29.1
28.4
27.8
27.1
26.5
25.9
25.4
24.8
24.3
23.8
23.3
22.8
22.3
21.8
21.4
20.9
20.5
20.1
19.7
19.3
18.9
18.6
18.2
17.8
17.5
17.2
16.8
16.5
16.2
15.9
15.6
15.3
15.1
14.8
14.5
14.2
14.0
13.7
13.5

91.5
89.5
87.0
85.0
83.5
81.5
79.5
78.0
76.0
74.5
73.0
71.5
70.0
68.5
67.0
65.5
64.0
63.0
61.5
60.5
59.0
48.0
57.0
55.5
54.5
53.5
52.5
51.5
50.5
49.6
48.7
47.8
46.9
46.0
45.2
44.4
43.6
42.8
42.0
41.3
40.5

183
179
174
170
167
163
159
156
152
149
146
143
140
137
134
131
128
126
123
121
118
116
114
111
109
107
105
103
101
99.2
97.3
95.5
93.7
92.0
90.3
88.7
87.1
85.5
84.0
82.5
81.0
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The results gained from the Rockwell test can then be
related to Brinell values and therefore the tensile strength
of the metal. Table 6.3 shows how Brinell, Rockwell and
tensile strength values are related.

For further information regarding the Rockwell tests,
refer to ASTM E 18, Standard Test Methods for Rock-
well Hardness and Rockwell Superficial Hardness of
Metallic Materials.

Like Brinell testing, there are also portable units which
can be used to determine the Rockwell hardness of a
metal. Although their operation may vary slightly from
that of the bench models, the results will be equivalent.

The next type of hardness tests to be discussed is referred
to as microhardness. They bear this name because their

impressions are so small that high magnification is
required to facilitate measurement. Microhardness test-
ing is very beneficial in the investigation of metal micro-
structures, because they can be performed on single
grains of a metal to determine the hardness in that micro-
scopic region. Therefore, the metallurgist is primarily
interested in this type of hardness testing.

There are two major types of microhardness tests, Vick-
ers and Knoop. Both use diamond indenters, but their
configurations are slightly different. Diagrams of the two
types of resulting indentations are shown in Figure 6.13.

The square-based Vickers indenter provides an indenta-
tion in which the two diagonals are approximately equal.
The Knoop indenter, however, makes an indentation
having a long and a short dimension. As with the other
test methods, you have a selection of test loads as well as
indenter types. The term microhardness implies that the
applied loads will range from 1 gram (g) to 1000 grams.
However, the majority of microhardness tests use loads
in the range of 100 g to 500 g.

To perform either Vickers or Knoop microhardness test-
ing, the preparation of the surface is of utmost impor-
tance. Even the smallest surface irregularity can cause
inaccuracies. Normally, for microhardness testing, the
sample surface is prepared just as it would be for other
metallographic investigations. The importance of this
surface finish increases as the applied test load is
reduced.

Once prepared, the specimen is securely clamped in a
test fixture or holder so that the indentations can be accu-
rately placed. Many microhardness machines employ a
moving stage which facilitates accurate movement of the
specimen without the need for its removal and readjust-
ment. Such a device is required when taking a number of
readings across a region of the metal. An example of this
type of application would be the determination of the
hardness variation across the weld heat-affected zone
(HAZ). The result would be referred to as a microhard-
ness traverse.

The steps used in the microhardness testing of a sample
would be as follows:

1. Prepare test surface.

2. Place specimen in holding fixture.

3. Locate area of interest, using microscope.

4. Make indentation.

5. Measure indentation using microscope.

6. Determine hardness using tables or calculation.

Figure 6.10—Hardness Tests,
Indenters, and Shapes of Indentations

Figure 6.11—Rockwell
Diamond Brale Indenter

D

microhardness

C
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Figure 6.12—Steps Involved in a Rockwell Hardness Test
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Table 6.3
Hardness Conversion Table—Steel

Brinell

Vickers
Hardness

No.

Rockwell

Shore
Scleroscope

No.

Tensile
Strength
1000 psi

Diameter in mm
200 kg Load
10 mm Ball

Hardness
No.

C
150 kg Load

120° Diamond
Cone

B
100 kg Load

1/16 in Diameter 
Ball

2.05
2.10
2.15
2.20
2.25

898
857
817
780
745

. . . . . .

. . . . . .

. . . . . .
1150
1050

. . . . . .

. . . . . .

. . . . . .
70
68

. . . . . .

. . . . . .

. . . . . .

. . . . . .

. . . . . .

. . . . . .

. . . . . .

. . . . . .
106
100

440
420
401
384
368

2.30
2.35
2.40
2.45
2.50

712
682
653
627
601

960
885
820
765
717

66
64
60
62
58

. . . . . .

. . . . . .

. . . . . .

. . . . . .

. . . . . .

95
91
87
84
81

352
337
324
311
298

2.55
2.60
2.65
2.70
2.75

578
555
534
514
495

675
633
598
567
540

57
55
53
52
50

. . . . . .
120
119
119
117

78
75
72
70
67

287
276
266
256
247

2.80
2.85
2.90
2.95
3.00

477
461
444
429
415

515
494
472
454
437

49
47
46
45
44

117
116
115
115
114

64
63
61
59
57

238
229
220
212
204

3.05
3.10
3.15
3.20
3.25

401
388
375
363
352

420
404
389
375
363

42
41
40
38
37

113
112
112
110
110

55
54
52
51
49

196
189
182
176
170

3.30
3.35
3.40
3.45
3.50

341
331
321
311
302

350
339
327
316
305

36
35
34
33
32

109
109
108
108
107

48
46
45
44
43

165
160
155
150
146

3.55
3.60
3.65
3.70
3.75

293
285
277
269
262

296
287
279
270
263

31
30
29
28
26

106
105
104
104
103

42
40
39
38
37

142
138
134
131
128

3.80
3.85
3.90
3.95
4.00

255
248
241
235
229

256
248
241
235
229

25
24
23
22
21

102
102
100
99
98

37
36
35
34
33

125
122
119
116
113

4.05
4.10
4.15
4.20
4.25

223
217
212
207
202

223
217
212
207
202

20
18
17
16
15

97
96
96
95
94

32
31
31
30
30

110
107
104
101
99

4.30
4.35
4.40
4.45
4.50

197
192
187
183
179

197
192
187
183
179

13
12
10

9
8

93
92
91
90
89

29
38
38
27
27

97
95
93
91
89

4.55
4.60
4.65
4.70
4.75

174
170
166
163
159

174
170
166
163
159

7
6
4
3
2

88
87
86
85
84

26
26
25
25
24

87
85
83
82
80

4.80
4.85
4.90
4.95
5.00

156
153
149
146
143

156
153
149
146
143

1
. . . . . .
. . . . . .
. . . . . .
. . . . . .

83
82
81
80
79

24
23
23
22
22

78
76
75
74
72

Note: Figures in italic type are an approximation and are to be used only as a guide.
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The use of hardness testing will provide a great deal of
useful information about a metal. However, the hardness
method must be specified for a given application.

Toughness

The next mechanical property to be discussed is tough-
ness. In general, toughness is the ability of a material to
absorb energy. From a stress-strain diagram, produced
during a tensile test, the toughness of the metal can be
determined by calculating the area under the stress-strain
curve, as shown in Figure 6.14. These curves show that
Monel® is a tougher material than mild steel because the
area under its curve is greater. A metal having higher
values for stress and strain is considered to be tougher
than a metal with low values. Figure 6.8 shows a com-
parison between the stress-strain diagrams for high car-
bon spring steel and a structural steel. If the areas under
the two curves are compared, it is evident that the area
under the structural steel is larger primarily due to the
greater overall elongation even though the spring steel
exhibited a higher tensile strength. The structural steel is
therefore a tougher metal.

Another common term is notch toughness. This differs
from toughness in that it refers to the material’s energy-
absorbing ability when there are surface flaws present,
whereas toughness refers to the energy absorption capac-
ity of a smooth, unnotched sample. Notch toughness fur-
ther differs from toughness in that toughness usually
defines the material’s behavior when loaded slowly,
while notch toughness values reflect the energy absorption
which occurs at a high rate of loading. For this reason,
notch toughness is often referred to as impact strength.

The difference between these two terms is demonstrated
by the analogy of breaking a string. If a steady load is
applied, it takes more effort than if the string is pulled
sharply to break it.

When discussing toughness or notch toughness, the area
of interest is how much energy can be absorbed by a
material before it fails. A metal which exhibits low
toughness will fail at a low value, with little evidence of
deformation. A tough metal, on the other hand, will fail
at a considerably higher value with a significant amount
of permanent deformation taking place.

Recalling the previous discussion of ductility, the differ-
ence between metals of low and high toughness is that
low toughness values define brittle behavior while high
values of toughness are related to ductile fracture. As is
the case with ductility, the toughness of a metal will
change as the temperature is changed. In general, as the
temperature is reduced, the toughness of the metal
decreases as well. Consequently, toughness properties of
a metal are determined at a specific temperature. Without
this additional test temperature information, the value for
toughness has little meaning.

Since it is the presence of a notch or some other form of
stress riser making structural materials susceptible to
brittle fracture under certain conditions, notch toughness
becomes the primary concern. Many metals, especially
high strength tool steels, are extremely sensitive to the
presence of sharp surface irregularities. Figure 6.15 shows
some typical features which create this notch effect.

Figure 6.13—Microhardness Indentations

Figure 6.14—Toughness of Two Metals
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If a metal exhibits a high amount of notch toughness, this
means it will perform well whether or not there is a notch
present. However, if a metal is notch-sensitive, meaning
that it exhibits low notch toughness, it could more easily
fail during impact or repetitive loading. In general, a
metal’s notch toughness decreases as its hardness
increases and its temperature is reduced.

In performing tests to determine the notch toughness of a
metal, one usually tries to determine that temperature at
which the fracture behavior changes from ductile to brit-
tle. This temperature is referred to as the metal’s ductile
to brittle transition temperature.

There are several types of tests used to determine the
notch toughness of a metal. However, they differ prima-
rily in the way in which a notch is introduced and the
loading is applied. Most include some type of impact
load which is applied when the metal has been brought to
some temperature. Some of these more common notch
toughness or impact tests include Charpy, drop-weight
nil-ductility, explosion bulge, dynamic tear, and crack tip
opening displacement (CTOD).

Toughness Testing

In the discussion of toughness, you must remember that
when the load is applied rapidly, the concern is with
notch toughness, or impact strength. The discussion
which follows is concerned with tests which can be used
to determine this particular metal property. Therefore,
the various tests used to determine the notch toughness
of a metal will use a specimen containing some type of
machined notch and the load will be applied in a very
rapid manner. You further recall that the temperature of
the specimen has a significant effect on the test results, so
the testing must be performed at a prescribed temperature.

Since the advent of interest in the notch toughness of
metals, numerous different tests have been developed to
measure this important property. When the energy
absorption capabilities of a metal are discussed, it must
be understood that the metal absorbs energy in steps.
First, there is a certain amount of energy required to ini-
tiate a crack. Then, additional energy is required to cause
that crack to grow, or propagate.

Some of the notch toughness tests can measure the
energy of propagation separately from the energy of ini-
tiation while other methods simply provide us with a
measure of the combined energy of initiation and propa-
gation. It will be up to the engineer to specify the test
method which will provide the desired information.

Although numerous types of notch toughness tests exist,
probably the most common one used in this country is the
Charpy V notch test. The standard specimen used for this
test is a bar 55 mm long and 10 mm by 10 mm square.
One of the long sides of the specimen has a carefully
machined V-shaped notch 2 mm deep. At the base of this
notch, there is a radius of precisely 0.25 mm. The machin-
ing of this radius is extremely critical, since small incon-
sistencies will result in large variations in test results.
Standard Charpy specimens are shown in Figure 6.16.

Reduced cross section sizes commonly used when the
metal sample is too small for the standard size sample
include the three quarter, half, and one quarter samples.
The square cross sections for these are 7.5 mm, 5.0 mm,
and 2.5 mm, respectively. A caution when using these
subsize samples; the toughness data generated from sub-
size samples is usually higher than the data from stan-
dard sized samples for the same material due to the mass
effect. Thus, subsized Charpy sample data should not be
compared with the standard sized sample data unless cor-
rection factors have been determined for the specific mate-
rial. ASTM standard E 23 covers impact testing in detail,
and should be consulted for questions pertaining to size.

Figure 6.15—Various Conditions
Which Produce a Stress Riser
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Figure 6.16—Standard Charpy Specimens
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Once the specimen has been carefully machined, it is
then cooled to the prescribed test temperature, if it is
a temperature below room temperature. This can be
accomplished using a variety of liquid or gaseous medi-
ums; ice and water are often used for moderately cold
temperatures, and dry ice and acetone are used for very
cold temperatures. After the specimen is stabilized at the
required temperature, it is then removed from the low
temperature bath and quickly placed in the anvil of the
testing machine. The arrangement of the anvil and the
placement of the specimen is shown in Figure 6.17.

The machine used to perform Charpy impact testing is
shown in Figure 6.18. The Charpy impact tester consists
of a pendulum with a striker head, an anvil, a release
lever, a pointer, and a scale. Since we are intending to
measure the amount of energy absorbed during the frac-
turing of a specimen, a given amount of energy is sup-
plied by raising the pendulum to a specified height. Upon
release, the pendulum will fall and continue through its
stroke until it reaches a maximum height on the opposite
side of its travel path. If it encounters no resistance, it
will rise to a height which is designated as zero energy
absorption. When it contacts the Charpy specimen, there
is a certain amount of energy required to initiate and
propagate a fracture in the specimen. This causes the
pendulum to rise to a level below that for zero energy
absorption. The maximum height of this swing is indi-
cated by the pointer on the scale. Since this scale is cali-

brated, we can read the amount of energy required to
break the specimen directly from the scale.

This value, referred to as breaking energy, is the primary
information gained from the Charpy impact test. This
energy is expressed in terms of foot-pounds of energy.
While most Charpy results are expressed in terms of
foot-pounds of energy absorption, there are other means
of describing the notch toughness of a metal. They are
determined by measuring various features of the failed
Charpy specimen. These values are lateral expansion and
percent shear. Lateral expansion is a measure of the amount
of lateral deformation produced during the fracturing of
the specimen. It is measured in terms of mils, or thou-
sandths of an inch. Percent shear is an expression for the
amount of the fracture surface which failed in a ductile,
or shearing, fashion. The point where the material changes
from ductile to brittle fracture is called the transition
temperature. As can be seen in Figure 6.19, the ft∙lbs of
energy required  to break the specimen, the reduction of
shear fracture, and the lateral expansion all begin to drop
at 80°. This is the transition temperature for this metal.

Fatigue Strength

The final mechanical property of metals for review is
fatigue strength. To define fatigue strength, one must
first understand what is meant by a fatigue failure of a
metal. Metal fatigue is caused by a cyclic or repeated
mechanical action on a member. That is, the load alter-
nately changes between a high stress and some lower

Figure 6.17—Placement of
Charpy Specimen in Anvil

Figure 6.18—Typical
Charpy Testing Machine
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stress, or a stress reversal. This action can occur quickly,
as in the case of a motor’s rotation, or slowly where the
cycles could be measured in days. An example of fatigue
failure would be the repeated bending of a motor shaft to
produce a break. This type of failure will usually occur
below the tensile strength of the shaft.

The fatigue strength of a metal is defined as that strength
necessary to resist failure under repeated load applica-
tions. Knowledge of fatigue strength is important
because the vast majority of metal failures are the result
of fatigue. Fatigue strength data are often reported in
relation to a specific number of cycles required to cause a
failure; typical cycles are one million or ten million.

The fatigue strength can be determined through fatigue
testing. While this can be performed in a number of dif-
ferent ways, fatigue tests are commonly conducted by
applying a stress in tension and then at the same level in

compression. This type of testing is referred to as reverse
bending. As the maximum stress applied is increased, the
number of cycles required to produce failure decreases.
If a number of these tests are conducted at various stress
levels, a stress-number of cycles curve (an S-N curve)
can be produced, as shown in Figure 6.20. The S-N curve
is a graphic description of how many fatigue cycles are
necessary to produce a failure at various stress levels.

These curves show that steel exhibits a well-defined
endurance limit, but the curve for aluminum does not.
The endurance limit is the maximum stress at which no
failure will occur, no matter how many cycles the load is
applied. The curve shows aluminum will eventually fail,
even at low stress levels. However, the steel will last
indefinitely as long as the stress remains below this
endurance limit. Often, the fatigue strength of carbon
steels is roughly equal to half its tensile strength.

Fatigue strength, like impact strength, is extremely
dependent upon the surface geometry of the member.
The presence of any notch or stress risers can increase
the stress at that point to above the metal’s endurance
limit. Upon the application of a sufficient number of
cycles, fatigue failure will result. Figure 6.21 shows the
effect of notch sharpness on the fatigue strength of a
metal. The surface finish also has an effect on the fatigue
strength, as shown in Figure 6.22.

A major concern in welding relates to a metal’s fatigue
strength. That concern is not for the metallurgical changes
that may occur, however. The overriding factor, of which
welding is a part, is the presence of some sharp surface
irregularity. Unless ground smooth after welding, the weld

Figure 6.19—Transition
Temperature Determination

Figure 6.20—Typical S-N Curves
for Steel and Aluminum
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itself creates a surface irregularity. Weld surface disconti-
nuities such as undercut, overlap, excessive reinforcement
or convexity, can have an effect on a member’s fatigue
strength. Such conditions create a sharp notch which can
act as a fatigue crack initiation site. Examples of some of
these surface irregularities are shown in Figure 6.23.

While fatigue failures can result from internal weld
discontinuities, those on the surface represent a more sig-
nificant concern. That is, a surface discontinuity will
more quickly lead to fatigue failure than will a sub-
surface discontinuity. The reason for this is that
surface stress levels are usually higher than the internal
stress levels. For that reason, the welding inspector
can play a large role in preventing fatigue failures by

performing a careful visual examination of surfaces. Dis-
covery and correction of sharp surface irregularities will
greatly improve the fatigue properties of any structure. In
many fatigue situations, a small weld with a smooth con-
tour will perform better than a much larger weld having
sharp surface irregularities.

Soundness Testing

This group of tests is designed to aid in the determination
of the metal’s soundness, or its freedom from imperfec-
tions. Soundness tests are routinely used for the qualifi-
cation of welding procedures and welders. After a test
plate has been welded, specimens are removed and then
subjected to a soundness test to determine if the weld
metal contained any imperfections or defects.

There are three general types of destructive soundness
tests: bend, nick-break, and fillet break. (Soundness can
also be determined nondestructively—RT and UT are
often used.) The first type, bend testing, can be per-
formed in a number of different ways. This is probably
the most common test used to judge the adequacy of a
welder’s qualification test coupon.

The different types of bend tests are usually named based
on the orientation of the weld with respect to the bending
action. There are three types of transverse weld bend
specimens: face, root, and side bends. With these three
types, the weld lies along the longitudinal axis of the
specimen and its type refers to the side of the weld which
is placed in tension during the test. That is, the face of the
weld is stretched in a face bend, the root of the weld is
stretched in a root bend, and the side of a cross section of
the weld is stretched in a side bend. Figure 6.24 shows
sketches of these three types of bend specimens.

Figure 6.21—Effect of Notch
Sharpness on Fatigue Performance

Figure 6.22—Effect of Surface
Finish on Fatigue Strength
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Bend tests are normally performed using some type of
bend jig. There are three basic types: guided bend, roller
equipped guided bend, and wrap-around guided bend.
The standard guided bend test jig, shown in Figure 6.25,
consists of a plunger (also referred to as mandrel or ram)
and a matching die which forms the previously straight
bend specimen into a U-shape.

To perform a bend test, the specimen is placed across the
shoulders of the die with the side to be placed in tension
facing down toward the inside of the die. The plunger is
then situated over the area of interest and forced toward
the die causing the specimen to be bent 180° and become
U-shaped. The specimen is then removed and evaluated.

The second type of guided bend test jig is similar to the
standard guided bend jig except it is equipped with roll-
ers instead of hardened shoulders on the die portion. This

reduces the friction against the specimen allowing for
lower loads to achieve the bending. The last common
type of guided bend jig is referred to as the wrap-around
jig. It bears this name because the specimen is bent
by being wrapped around a stationary pin, as shown in
Figure 6.26.

Some qualification tests for mild steel require that the
specimen be bent around a mandrel having a diameter
four times the thickness of the specimen. Therefore, a 3/8
in specimen would be bent around a 1-1/2 in diameter
mandrel. This results in about 20% elongation of the
outer surface of the bend specimen. If a smaller bend
mandrel is used, the amount of elongation would
increase.

In qualification test coupons where the weld metal is
much stronger than the base metal, there may be a ten-
dency for the specimen to kink in the base metal next to
the weld rather than forming smoothly around the man-
drel. If a wrap-around jig is not available, it may be ben-
eficial to select longitudinal bend specimens rather than
the standard transverse types. The weld lies in line with
the longitudinal axis of the longitudinal bend specimen.
This is shown in Figure 6.27.

Figure 6.24—Typical
Transverse Weld Bend Specimens

Figure 6.25—Guided Bend Test Jig Figure 6.26—Wrap-around Bend Test Jig
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With any of these bend tests, the specimens must be
carefully prepared to prevent test inaccuracies. Any
grinding or sanding marks on the tension surface should
be oriented in the same direction as bending so they don’t
provide transverse notches (stress risers) which could
cause the specimen to fail prematurely. The corners of the
specimen should be radiused or chamfered to relieve the
corner stress concentration as well. For specimens removed
from pipe coupons, the side of the bend specimen against
the ram can be ground flat to eliminate the bending in the
direction transverse to the bending direction.

The acceptability of bend test specimens is normally
judged based on the size and/or number of discontinui-
ties which appear on the tension surface. The governing
code or specification will dictate the exact acceptance/
rejection criteria.

The next type of soundness test to be discussed is the
nick-break test. This test is used almost exclusively by
the pipeline industry as described in API 1104. This
method judges the soundness of the weld by fracturing
the specimen through the weld so the fracture surface can
be examined for the presence of discontinuities. The
fracture is localized in the weld zone by the use of saw
cuts along two or three surfaces. A typical nick-break
specimen is shown in Figure 6.28.

Once the specimen has been saw cut, it is then broken by
pulling in a tensile machine, hitting the center with a
hammer while supporting the ends or hitting one end
with a hammer while the other end is held in a vise. The
method of breaking is not significant because the interest
is not in how much effort is required to break the speci-
men. The goal is to fracture the specimen through the

weld zone so it can be determined if any imperfections
are present. The fracture surface is then examined for
any areas of slag inclusions, porosity or incomplete
fusion. If present, they are measured and accepted or
rejected based on the code limitations. The requirements
for API 1104 are shown graphically in Figure 6.29.

The last soundness test to be mentioned is the fillet weld
break test. Like the other two types, this soundness test is
used primarily in the qualification of welders. This is the
only test required for the qualification of tackers in
accordance with AWS D1.1. A fillet weld break sample
is shown in Figure 6.30. Once welded, the specimen is
broken by loading it as shown in Figure 6.31.

Figure 6.27—Longitudinal Bend Specimen Figure 6.28—Nick Break Specimen

Figure 6.29—Evaluation
of Nick Break Specimen

MAXIMUM DEPTH
1/32 in [0.79 mm]

1/2 in
[12.7 mm]
MINIMUM

MAXIMUM LENGTH
1/8 in [3.17 mm] OR
1/2 × WALL THICKNESS
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With this test, the inspector is looking for a weld having
satisfactory surface appearance. Further, the fracture sur-
face is examined to assure that the weld has evidence of
fusion to the joint root and that there are no areas of
incomplete fusion to the base metal or porosity larger
than 3/32 in in their greatest dimension.

These soundness tests are used routinely in many differ-
ent industries. Their application and evaluation appear to
be quite straight-forward. However, the welding inspec-
tor should be aware that the evaluation of these tests may
not be as simple as the various codes and specifications
might imply. For this reason, it is desirable for the weld-
ing inspector to actually spend some time performing
these tests to become familiar with their performance and
interpretation.

Chemical Properties of Metals
The mechanical properties of a metal can be altered by
the application of various mechanical and thermal treat-
ments. However, drastic changes can also occur if the
chemical composition is changed. From a welding stand-
point, of primary interest are alloys or mixtures of differ-
ent elements, both metallic and nonmetallic. The most
common example is steel, which is a mixture of iron and
carbon, plus other elements occurring in various
amounts.

In addition to mechanical properties, a metal’s chemical
composition will also have an effect on its corrosion
resistance and weldability (the ease with which a metal
can be successfully welded). Therefore, part of a welding
inspector’s duties might include the verification of a
metal’s chemical composition by comparing its actual
chemistry with its specification requirements.

Alloy Groups

A welding inspector may be exposed to a number of dif-
ferent metal alloys. Metals can be grouped into many
alloy categories; some common categories are steel, alu-
minum, nickel, and copper. This discussion is primarily
concerned with steel alloys, further divided into three
subcategories: plain carbon steels, low-alloy steels, and
high alloy steels.

Based on tonnage, plain carbon steels are the most
widely used. They contain primarily iron but also small
amounts of carbon, manganese, phosphorus, sulfur, and
silicon. The amount of carbon present has the greatest
effect on the metal’s properties. Table 6.4 shows the car-
bon content and some characteristics of plain carbon
steels.

Low-alloy steels contain minor additions of other ele-
ments such as nickel, chromium, manganese, silicon,
vanadium, columbium, aluminum, molybdenum, and
boron. The presence of these elements in various
amounts can result in remarkable differences in mechan-
ical properties. These low-alloy steels can be generally
classified as high strength low-alloy structural steels,
automotive and machinery steels, steels for low tempera-
ture service, or steels for elevated temperature service.
Many of these low-alloy steels have been classified
according to their chemical composition, as shown in
Table 6.5. This classification was developed by the
American Iron and Steel Institute (AISI) and the Society
of Automotive Engineers (SAE) and is often used in steel
fabrication.

The last group of steels is the “high alloy” types. Stain-
less and other corrosion resistant alloys are examples of
this steel alloy group. Stainless steels contain at least

Figure 6.30—Fillet Weld Break Specimen

Figure 6.31—Method of
Rupturing Fillet Break Specimen

Copyright American Welding Society 
Provided by IHS under license with AWS Licensee=ISATIS Group in iran Revised Sub Account/5620002316 

Not for Resale, 08/27/2013 00:11:03 MDTNo reproduction or networking permitted without license from IHS

--``,`,,,,,`,,,```,,``,`,`,`,,,,-`-`,,`,,`,`,,`---



CHAPTER 6—METAL PROPERTIES AND DESTRUCTIVE TESTING WELDING INSPECTION TECHNOLOGY

6-24

Table 6.4
Types of Plain Carbon Steels

Common Name Carbon Content Typical Use Weldability

Ingot Iron 0.03% maximum Enameling, galvanizing and deep 
drawing sheet and strip

Excellent

Low-Carbon Steel 0.15% maximum Welding electrodes, special plate and 
shapes, sheet, strip

Excellent

Mild Steel 0.15%–0.30% Structural shapes, plate and bar Good

Medium Carbon Steel 0.30%–0.50% Machinery parts Fair (Preheat and frequently 
postheat required)

High Carbon Steel 0.50%–1.00% Springs, dies, railroad rails Poor (Difficult to weld without 
adequate preheat and postheat)

Table 6.5
AISI-SAE Designations of Carbon and Low-Alloy Steels

Series Designation Types and Classes

10xx Nonresulphurized carbon steel grades

11xx Resulphurized carbon steel grades

13xx Manganese 1.75%

23xx Nickel 3.50%

25xx Nickel 5.00%

31xx Nickel 1.25%—chromium 0.65% or 0.80%

33xx Nickel 3.50%—chromium 1.55%

40xx Molybdenum 0.25%

41xx Chromium 0.50%–0.95%—molybdenum 0.12% or 0.20%

43xx Nickel 1.80%—chromium 0.50% or 0.80%—molybdenum 0.25%

46xx Nickel 1.55% or 1.80%— molybdenum 0.20% or 0.25%

47xx Nickel 1.05%—chromium 0.45%—molybdenum 0.25%

48xx Nickel 3.50%—molybdenum 0.25%

50xx Chromium 0.28 or 0.40%

51xx Chromium 0.80, 0.90%, 0.95%, 1.00%, or 1.45%

5xxx Carbon 1.00%—chromium 0.50%, 1.00%, or 1.05%

61xx Chromium 0.80% or 0.95%—vanadium 0.10% or 0.15% minimum

86xx Nickel 0.55%—chromium 0.50% or 0.65%—molybdenum 0.20%

87xx Nickel 0.55%—chromium 0.50%—molybdenum 0.25%

92xx Manganese 0.85%—silicon 2.00%

93xx Nickel 3.25%—chromium 1.20%—molybdenum 0.12%

94xx Manganese 1.00%—nickel 0.45%—chromium 0.40%—molybdenum 0.12%

97xx Nickel 0.55%—chromium 0.17%—molybdenum 0.20%

98xx Nickel 1.00%—chromium 0.80%—molybdenum 0.25%
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12% chromium, and many grades also contain signifi-
cant amounts of nickel. Table 6.6 shows the composi-
tions of some of these stainless steel types, which are
divided into five groups: austenitic, martensitic, ferritic,
precipitation hardening, and the duplex grades.

Effects of Chemical Elements in Steel

The following discussion describes the effects of various
alloying elements on the properties of steel, including
weldability.

Carbon—generally considered to be the most important
alloying element in steel and can be present up to 2%
(although most weldable steels have less than 0.5%). The
carbon can exist either dissolved in the iron, or in a com-
bined form such as iron carbide (Fe3C). Increased

amounts of carbon increase hardness and tensile
strength, as well as response to heat treatment (harden-
ability). On the other hand, increased amounts of carbon
reduce weldability.

Sulfur—usually an undesirable impurity in steel rather
than an alloying element. Special effort is often made to
eliminate it during steel making. In amounts exceeding
0.05% it tends to cause brittleness and reduce weldabil-
ity. Alloying additions of sulfur in amounts from 0.10 to
0.30% will tend to improve the machinability of steel.
Such types may be referred to as “resulfurized” or “free-
machining.” The free-machining alloys are not intended
for use where welding is required.

Phosphorus—generally considered to be an undesirable
impurity in steels. It is normally found in amounts up to

Table 6.6
Compositions of Some Stainless Steels

AISI Type

Nominal Composition %

C Mn, max. Si, max. Cr Ni Othera

Austenitic

304
304L
310
316
321

0.08 max.
0.03 max.
0.25 max.
0.08 max.
0.08 max.

2.00
2.00
2.00
2.00
2.00

1.00
1.00
1.50
1.00
1.00

18.00–20.00
18.00–20.00
24.00–26.00
16.00–18.00
17.00–19.00

08.00–12.00
08.00–12.00
19.00–22.00
10.00–14.00
09.00–12.00

—
—
—

2.00–3.00 Mo
5 × C min. Ti

Martensitic

403
410
420

0.15 max.
0.15 max.
0.15 min.

1.00
1.00
1.00

0.50
1.00
1.00

11.50–13.00
11.50–13.00
12.00–14.00

—
—
—

—
—
—

Ferritic

430
446

0.12 max.
0.20 max.

1.00
1.50

1.00
1.00

14.00–18.00
23.00–27.00

—
—

—
0.25 max. N

Precipitation Hardening

15-5
17-4
17-7

0.07 max.
0.07 max.
0.09 max.

—
—
—

—
—
—

15.00
17.00
17.00

5.00
4.00
7.00

3.00 Cu
4.00 Cu
1.00 Al

Duplex

329
3RE60
44LN

0.08 max.
0.03 max.
0.03 max.

—
—
—

—
—
—

25.00
18.50
25.00

4.50
5.00
6.00

1.50 Mo
2.70 Mo
1.70 Mo

a Other elements in addition to those shown above are as follows:
Phosphorus is 0.04% max. in types 304, 304L, 310, 316, 321. Sulfur is 0.030% max. in types 304, 304L, 310, 316, 321, 403, 410, 420, 430, and 446.
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0.04% in most carbon steels. In hardened steels, it may
tend to cause embrittlement. In low-alloy high-strength
steels, phosphorus may be added in amounts up to 0.10%
to improve both strength and corrosion resistance.

Silicon—Usually only small amounts (0.20%) are
present in rolled steel when it is used as a deoxidizer.
However, in steel castings, 0.35% to 1.00% is commonly
present. Silicon dissolves in iron and tends to strengthen
it. Weld metal usually contains approximately 0.50% sil-
icon as a deoxidizer. Some filler metals may contain up
to 1% to provide enhanced cleaning and deoxidation for
welding on contaminated surfaces. When these filler
metals are used for welding of clean surfaces, the result-
ing weld metal strength will be markedly increased. The
resulting decrease in ductility could present cracking
problems in some situations.

Manganese—Steels usually contain at least 0.30% man-
ganese because it acts in a threefold manner: (1) assists
in the deoxidation of the steel, (2) prevents the formation
of iron sulfide inclusions, and (3) promotes greater
strength by increasing the hardenability of the steel.
Amounts up to 1.5% are found in carbon steels.

Chromium—a powerful alloying element in steel. It is
added for two principle reasons; first, it strongly increases
the hardenability of steel, and second, it markedly
improves the corrosion resistance of alloys in oxidizing
media. Its presence in some steels can cause excessive
hardness and cracking in, and adjacent to, the weld. Stain-
less steels contain chromium in amounts of at least 12%.

Molybdenum—This element is a strong carbide former
and is usually present in alloy steels in amounts less than
1.0%. It is added to increase hardenability and elevated
temperature strength. It is added to the austenitic stain-
less steels to improve pitting corrosion resistance.

Nickel—added to steels to increase their hardenability. It
performs well in this function because it often improves
the toughness and ductility of the steel, even with the
increased strength and hardness it brings. Nickel is fre-
quently used to improve a steel’s toughness at low tem-
peratures and to improve its corrosion resistance.

Aluminum—added to steel in very small amounts as a
deoxidizer. It is also a grain refiner for improved tough-
ness; steels with moderate aluminum additions are
referred to as having been made to a fine grain practice.

Vanadium—The addition of vanadium will result in an
increase in the hardenability of a steel. It is very effective
in this role, so it is generally added in minute amounts. In
amounts greater than 0.05%, there may be a tendency for
the steel to become embrittled during thermal stress
relief treatments.

Niobium (Columbium)—like vanadium, this is gener-
ally considered to increase the hardenability of steel.
However, due to its strong affinity for carbon, it may
combine with carbon in the steel to result in an overall
decrease in hardenability. It is added to austenitic stain-
less steels as a stabilizer to improve as-welded proper-
ties. Niobium is also known as columbium.

Dissolved Gases—Hydrogen (H2), oxygen (O2), and
nitrogen (N2) all dissolve in molten steel and can embrit-
tle steel (and cause porosity) if not minimized. Steel
refining processes are designed to eliminate as much of
these gases as possible. Special fluxes or shielding gases
are used to prevent their solution into the molten weld
metal.

Alloy Groups

Aluminum Alloys—probably the largest group of non-
ferrous alloys used in the metalworking industry today.
Available in both the wrought and cast forms, they are
generally considered weldable. Aluminum is very desir-
able for applications requiring good strength, light
weight, high thermal and electrical conductivity and
good corrosion resistance. Commercially pure aluminum
in the annealed or cast state has a tensile strength about
1/5 that of structural steel. Cold working increases the
strength considerably, as does alloying the aluminum
with other metals. Alloying with copper, silicon or zinc
permits heat treating to increase strength. In some cases,
the strength is increased to a point where it is comparable
with steel.

There are two general categories in which the aluminum
alloys may be placed: heat treatable and nonheat treat-
able. The heat treatable types get their hardness and
strength from a process known as “precipitation harden-
ing.” The nonheat treatable grades are strengthened only
by strain hardening (cold working) and by additions of
alloying elements. Table 6.7 lists the Aluminum Associ-
ation designations for the various types of aluminum
alloys, according to the major alloying elements present.

To indicate the condition of these various grades, a suffix
can be added to the numeric designation. These standard
temper designations are shown in Table 6.8.

Nickel Alloys—Nickel is a tough, silvery metal of about
the same density of copper. It has excellent resistance to
corrosion and oxidation even at high temperatures.
Nickel readily alloys with many materials and is a basis
for a number of alloys in combination with iron, chro-
mium and copper. Many of the high temperature alloys
and corrosion resistant alloys have nickel percentages in
the 60% to 75% range. These would include several pro-
prietary alloys such as Monel 400®, Inconel 600®, and
Hastelloy C-276®. Welding procedures similar to those
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used on steel are used on nickel and nickel alloys, and all
of the common welding methods may be used.

Copper Alloys—Copper is probably best known for its
high electrical conductivity, explaining why it is used
extensively for electrical applications. It is approxi-
mately 3 times more dense than aluminum and has ther-
mal and electrical conductivities which are nearly 1-1/2
times greater. Copper is resistant to oxidation below tem-
peratures of about 400°F in fresh and salt water, ammo-
nia-free alkaline solutions, and many organic chemicals.
However, copper reacts readily with sulfur and its com-
pounds to produce copper sulfide. Copper and copper

alloys are widely used for water tubing, valves and fit-
tings, heat exchangers, and chemical equipment.

The alloys of copper can be divided into eight major
groups, including:

• Coppers

• High copper alloys

• Brasses (Cu-Zn)

• Bronzes (Cu-Sn)

• Copper-nickels (Cu-Ni)

• Copper-nickel-zinc alloys (nickel silvers)

• Leaded coppers

• Special alloys

Although most of the copper alloys are weldable and/or
brazeable to some degree, their high thermal conductiv-
ity does present some problems. This factor tends to
draw the welding or brazing heat away from the joint
quite rapidly. Tenacious surface oxides which are
present can also cause difficulties, so cleaning is critical.
However, these alloys can be joined quite effectively
using a wide variety of welding and brazing processes.

Destructive Tests for Chemical Properties

The tests which have been previously discussed are used
to determine the mechanical properties of a metal. There

Table 6.7
Aluminum Association Alloy Groups

Major Alloying Element
Aluminum Association 

Number

Pure Aluminuma

Copper
Manganese
Silicon
Magnesium
Magnesium and Silicon
Zinc

1xxx
2xxx
3xxx
4xxx
5xxx
6xxx
7xxx

a (99% minimum)

Table 6.8
Basic Temper Designations for Aluminum Alloys

Designation Condition

F
O

H1
H2
H3
W
T1
T2
T3
T4
T5
T6
T7
T8
T9
T10

As-fabricated
Annealed
Strain hardened only
Strain hardened and partially annealed
Strain hardened and thermally stabilized
Solution heat-treated
Cooled from an elevated temperature shaping process and naturally aged
Cooled from an elevated temperature shaping process, cold worked, and naturally aged
Solution heat-treated, cold worked, and naturally aged
Solution heat-treated and naturally aged
Cooled from an elevated temperature shaping process and then artificially aged
Solution heat-treated and then artificially aged
Solution heat-treated and stabilized
Solution heat-treated, cold worked, and then artificially aged
Solution heat-treated, artificially aged, and then cold worked
Cooled from an elevated temperature shaping process, cold worked, and then artificially aged

Copyright American Welding Society 
Provided by IHS under license with AWS Licensee=ISATIS Group in iran Revised Sub Account/5620002316 

Not for Resale, 08/27/2013 00:11:03 MDTNo reproduction or networking permitted without license from IHS

-
-
`
`
,
`
,
,
,
,
,
`
,
,
,
`
`
`
,
,
`
`
,
`
,
`
,
`
,
,
,
,
-
`
-
`
,
,
`
,
,
`
,
`
,
,
`
-
-
-



CHAPTER 6—METAL PROPERTIES AND DESTRUCTIVE TESTING WELDING INSPECTION TECHNOLOGY

6-28

are also important chemical properties of metals. In
fact, the chemical makeup of a metal and its heat treat-
ment determine to a great degree the mechanical proper-
ties of that metal. There is often a need to determine the
chemical composition of a metal. Three common meth-
ods are spectrographic, combustion, and wet chemical
analysis.

The welding inspector will rarely be required to actually
perform chemical analysis. However, he or she may have
to assist in the taking of samples for analysis, or the
review of the analyses to determine if a metal complies
with a particular specification. For more information
regarding chemical analysis of metals, refer to the
ASTM specifications which cover this subject. The par-
ticular methods used for steel are listed in ASTM A 751,
Standard Methods, Practices, and Definitions for Chemi-
cal Analysis of Steel Products.

Metal analysis can be done in the field using X-ray fluo-
rescence techniques (positive material identification or
PMI). While this technique has limitations in what ele-
ments it can detect, it can be very helpful in avoiding
material mix-ups and the sorting of alloy types. When
only sorting is needed, there are test kits based on mag-
netic properties and qualitative color changes from
reagents which are very helpful. There are also portable
spectrographic units available when more accurate field
analyses are needed.

Another group of tests which can generally be classified
as chemical tests are corrosion tests. These are specific
tests designed to determine the corrosion resistance of a
metal or combination of metals. Losses from corrosion
of metals cost industry billions of dollars annually. One
estimate places this annual loss at 120 billion dollars.
Designers are very concerned about how a metal will
behave in a particular corrosive environment. The tests
used to determine the degree of corrosion resistance are
designed to simulate as closely as possible the actual
conditions which the metal will encounter during its ser-
vice. Some of the considerations which must be
addressed when setting up a corrosion test are chemical
composition, corrosive environment, temperature, pres-
ence of moisture, presence of oxygen or other metals,
and amount of stress. If any of these features are ignored,
the corrosion test may yield invalid results.

Metallographic Testing

Another way to learn about the characteristics of a metal
or a weld is through the use of various metallographic
tests. These tests basically consist of removing a section
of a metal or a weld and polishing it to a high degree.
Once prepared, the specimen can then be evaluated with
the unaided eye or with the use of magnification.

Metallographic testing is generally classified as either
macroscopic or microscopic. They differ in the amount
of magnification that is used. Macro tests are generally
performed at magnifications of 10X or lower. Micro
tests, on the other hand, use magnifications greater than
10X, usually 100X or higher.

A number of different features can be observed on a typ-
ical macro specimen. A weld cross section can provide a
macro specimen for determining such things as depth of
fusion, depth of penetration, effective throat, weld
soundness, degree of fusion, presence of weld disconti-
nuities, weld configuration, number of weld passes, etc.
A picture of a macro specimen is referred to as a photo-
macrograph. Typical photomacrographs are shown in
Figure 6.32.

Micrographic samples can be used to determine various
features as well. Included are microstructural constitu-
ents, presence of inclusions, presence of microscopic
defects, nature of cracking, etc. Similarly, pictures of
micrographic specimens are called photomicrographs.
Figure 6.33 shows some typical photomicrographs. Both
metallographic tests can be very helpful in such matters
as failure analysis, weld procedure and welder qualifica-
tion, and process control testing.

The two types of specimens also differ in the amount of
preparation required. Some macro specimens need only
be rough ground with an 80 grit finish, while micro spec-
imens require very fine grinding at 600 grit and polishing
to produce a mirror finish. Both usually require etching
to reveal the structure. Etching is done by applying etch-
ing reagents which remove the surface layer, exposing
the grain structure below. Considerable information can
be gained about the properties of metals by making sim-
ple macro and micro evaluations. Metallographic testing
is an important tool for both the welding inspector and
the engineer.

Summary

There have been numerous details provided in this chap-
ter regarding some of the more important destructive test
methods available to the welding inspector to determine
the various material properties. While the welding
inspector may never be responsible for the actual perfor-
mance of the testing, it is important that he or she under-
stand what information these tests can provide so they
can be used as examination tools. While many of these
tests appear to be straightforward, they often involve
more than meets the eye. Therefore, the inspector should
work with an experienced person before trying to per-
form any of these operations.
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Figure 6.32—Weld Photomacrographs

(A) Microstructure of Ferrite in Pure Iron

(B) Microfissures in a 304L
GTA Weld Made with ER308L

(C) Intergranular Corrosion in a
Ferritic Stainless Steel GTA Weld

Figure 6.33—Weld Photomicrographs
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Key Terms and Definitions
alloy—a mixture of elements creating a metal. Steel is an

alloy of iron and carbon.

annealed—the heat treat condition of metals exhibiting
minimum strength and hardness.

API—American Petroleum Institute.

ASTM—American Society for Testing and Materials.

austenite—a metal phase found in steels at elevated
temperature and stainless steels at room temperature.

austenitic—a term applied to the group of stainless
steels whose room temperature stable phase is austenite.

Brinell—a type of macrohardness test.

brittle—the behavior of metals that break without defor-
mation; materials with little or no ductility.

carbide former—an element which promotes the forma-
tion of its metallic or nonmetallic carbides.

Charpy—a type of impact test.

cold work—permanent deformation of a metal below its
transformation temperature.

crystals—in metals, the very small, individual zones
which form on solidification from the liquid. Also
referred to as grains.

density—the ratio of mass per unit volume. For metals,
density is usually noted as grams/cubic centimeter.

directional properties—the differences in a metal’s
mechanical properties depending on rolling direction
during manufacture.

discontinuity—any interruption of the normal pattern of
a metal; examples are porosity, incomplete fusion and
slag inclusions. A rejectable discontinuity is also
referred to as a defect.

ductile—the behavior of metals that exhibit ductility
under load to failure.

ductility—the ability of a metal to deform under load
without breaking.

duplex—a term referring to a group of stainless steels
having two stable phases at room temperature.

elastic behavior—deformation of a metal under load
without permanent deformation. As the load is
removed, the metal returns to its original shape.

elastic limit—see proportional limit.

elongation—the stretching of a material, either elastic or
plastic. Percent elongation is a measure of a metal’s
ductility.

endurance limit—in metals, the applied stress at which
the metal will not fail, regardless of the number of
fatigue cycles.

fatigue—in reference to design, an applied cyclic stress;
a mode of failure when metals are subject to cyclic
loading.

fatigue strength—the relative ability of a metal to with-
stand cyclic loading, as in stress reversal.

ferrite—a phase found in steels; also referred to as
alpha.

ferritic—a term referring to a group of stainless steels
whose room temperature stable phase is ferrite.

gage length—in tensile testing, the distance between
two small marks placed on the sample prior to apply-
ing the load. Usually a distance of 2 or 8 in.

grains—see crystals.

hardenability—the relative ability of a metal to be hard-
ened, usually by rapid quenching.

hardness—the ability to resist indentation or penetration.

HAZ—heat-affected zone; the zone of the base metal,
not melted during welding but undergoing metallurgi-
cal changes from heat.

impact strength—the relative ability of a metal to
absorb an impact load.

impact testing—a group of tests that rapidly apply a
load, an impact, to a metal sample. Examples are
Charpy, explosion bulge, and drop-weight nil-ductility
tests.

kg—abbreviation for kilogram. One kg is approximately
equal to 2.2 pounds.

Knoop—a type of microhardness test.

ksi—strength or pressure in thousands of pounds per
square inch. A 70 000 psi tensile strength can also be
written as 70 ksi.

lateral expansion—a measurement of the deformation
of a Charpy sample on breaking.

martensite—a phase found in steels which forms on
rapid cooling or quenching.

martensitic—a term applied to a group of stainless
steels whose room temperature stable phase is mar-
tensite.

mil—linear measure; one mil equals 0.001 in.
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mm—abbreviation for millimeter. One mm is approxi-
mately equal to 39.37 mils.

modulus of elasticity—the ratio between the stress
applied and the resulting elastic strain; the slope of a
metals’ elastic limit curve; a relative measure of a
materials’ stiffness. Also called Young’s Modulus.

neck-down—a reduction of cross-sectional area of a
ductile metal at the fracture point when a tensile load
causes failure.

notch sensitive—referring to a metal which has low
notch toughness.

notch toughness—the ability of a metal to absorb
energy without failure when surface notches are
present.

pi—a constant number, derived by dividing the diameter
of a circle into its circumference. It is 3.14159 (5
places). The symbol is π.

plastic behavior—permanent deformation of a metal
under applied load. The metal does not return to its
original shape after the load is removed.

postheating—heating of completed weld and base metal
after welding.

precipitation hardening—a term applied to alloys
which are hardened by the formation of a hardening
precipitate on heat treatment. A group of stainless
steels.

preheating—heating of base metal and/or filler metal
prior to welding.

proportional limit—the elastic limit of a metal, beyond
which yield or plastic deformation occurs.

psi—pounds per square inch. The units of measurement
used for strength and pressure.

quenching—cooling very rapidly from an elevated tem-
perature. A method of increasing the hardness of heat
treatable steels.

Rockwell—a type of macrohardness test.

rolling direction—in metal manufacture, the longitudi-
nal direction of rolling; in the same direction as the
rolling.

shear—in metal fractures, a ductile mode of failure.

slag inclusion—a discontinuity in metals, usually non-
metallic as an oxide or sulfide.

S-N curve—a curve generated from data relating the
number of cycles and the applied stress levels to cause
failures of metal samples.

soundness—in metal testing, reference to freedom from
imperfections. Soundness tests include bend, nick-
break and fillet break.

spectrographic testing—a testing technique for deter-
mining a metal’s chemistry.

stainless steel—by definition, an alloy containing 12%
chromium or greater.

strain hardening—an increase in metal hardness and
strength due to the application of a strain (permanent
deformation or cold work) to a metal.

stress riser—any surface blemish or geometry that
increases the applied stress at a particular point on a
component. Examples are weld ripples, shaft key-
ways, surface scratches.

stress relief—a controlled heat treatment which relieves
residual stress in metals.

tempering—a heat treatment, usually of a quenched
steel, that reduces hardness and restores ductility and
toughness.

tensile strength—see ultimate tensile strength.

transition temperature—in impact testing, the temper-
ature at which the metal fracture changes from ductile
to brittle.

torsion—a twisting or rotational force.

toughness—ability of a metal to absorb slowly applied
energy. See notch toughness and impact strength.

transverse—lying across, as side to side when compared
to the rolling direction of metal.

ultimate tensile strength—maximum load carrying
capacity of a material. Abbreviated as UTS.

Vickers—a type of microhardness test.

weldability—the capacity of a material to be welded
under the imposed fabrication conditions into a spe-
cific, suitably designed structure, and to perform sat-
isfactorily in the intended service.

X-ray fluorescence—a nondestructive testing technique
for determination of a metal’s chemistry.

yield strength—the load at which a material will begin
to yield, or permanently deform. Also referred to as
the yield point.

Young’s Modulus—see Modulus of Elasticity.
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CHAPTER 7—METRIC PRACTICE FOR WELDING INSPECTION WELDING INSPECTION TECHNOLOGY

Introduction

For many years, there have been efforts to convert the
official United States system of measurement to the far
more widely used international system. To date, the con-
version remains voluntary, and is still not the law of the
land. However, the Federal Government has initiated the
requirement that all new Federal scientific and engineer-
ing documents are to be published using the international
system. This international system is used by every other
major nation in the world, and is referred to as “Le
Systeme Internationale d’Unites,” abbreviated as SI. The
common name for this system in the United States is the
metric system. The system currently in use in the United
States is referred to as U.S. Customary and is abbreviated
as U.S.

Thus, it is fast becoming a requirement for the United
States workforce to have knowledge of both systems to
work more accurately and effectively. For those indus-
tries choosing to compete in global markets, use of the
metric system, or SI, is an economic imperative. Fabrica-
tion drawings, product dimensions, shipping cartons,
weights, etc., must all be converted to the international
system to conform to world-wide requirements. The
welding industry is no exception, and this chapter will
discuss the common terms and systems necessary for
operating in both the conventional U.S. system and the
SI system. Converting from one system to the other does
require learning some new rules, especially for calcula-
tions; these rules will be covered and examples given for
clarity.

The American Welding Society developed a standard,
AWS A1.1, Metric Practice Guide for the Welding
Industry, to assist the welding industry in its transition to
the use of the SI system.

AWS A1.1 is a review of the SI system, noting specifi-
cally the standard conventions for its usage, and it also
lists those common terms related to the welding industry.
Excerpts from AWS A1.1 will be used throughout this
chapter to point out the proper usage of the SI system.

The SI System operates with multiples of 10 on the base
unit for larger values. Using a multiplier base of 10 also
permits the use of a simple decimal system for values of
less than one. Examples of several common base units
are shown in Table 7.1.

Note that length is always expressed in the base unit of
meters; mass, or weight as commonly used, is always
expressed in kilograms. Liquid volume is measured in
liters. Larger or smaller values for these measurements
require a prefix, or multiplier, placed in front of the base
unit: Table 7.2 lists several common prefixes (the kilo-
gram is the only exception to this last note; mass is

Chapter 7—Metric Practice for Welding Inspection

Table 7.1
Common SI Units of Measurement

Property SI Unit Symbol

Length
Mass
Volume
Temperature
Time
Pressure, Stress
Energy
Electric current
Frequency

meter
kilogram
liter
Celsius
second
pascal
joule
ampere
hertz

m
kg
L
C
s
Pa
J
A
Hz

Table 7.2
Common SI Prefixes and Symbols

Exponential 
Expression

Multiplication
Factor Prefix Symbol

106

103

10–1

10–2

10–3

10–6

1 000 000
1000

0.1
0.01

0.001
0.000001

mega
kilo
deci
centi
milli
micro

M
k
d
c
m
µ
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always denoted by AWS in kg). Thus, distances between
cities are measured in kilometers (one kilometer is equal
to 1000 meters), while small dimensions may be mea-
sured in millimeters (one millimeter is 1/1000 of a
meter). In addition to the measurement units shown in
Table 7.1, there are several terms relating to welding and
these are shown in Table 7.3.

Scientific Notation
The next subject to review is Scientific Notation (SN),
which expresses numbers as powers of a base number,
using a root, a base number, and an exponent. A com-
mon challenge for the welding inspector is the conver-
sion of SI units to the U.S. units, or vice versa. Since
these conversions usually require multiplying the given
unit by a multiplier, and these multipliers are frequently
given in the shorthand “Scientific Notation” form, a review
of some basic arithmetic principles is very helpful.

A common base number is 10, and the number 100 can
be written as 1 × 102, (read as, “one times ten squared”)
where 1 is the root, 10 is the base, and 2 is the exponent
of the base. An exponent is equal to the number of times
the base number is multiplied by itself; 102 equals 10 ×
10 or 100, and 103 equals 10 × 10 × 10 or 1000. 100 can
also be written as 102 where it is not necessary to write
the root number and the multiplier sign when the root is
exactly equal to 1. For this case, only the base number
and exponent are used. The exponent also indicates the
number of spaces which the decimal point is moved,

either to the left or right. Further examples of SN, with
base 10 exponents, for some common whole numbers
greater than one are shown below. For numbers greater
than one the exponent is positive.

100 = 1 (by definition, any number raised to a zero
power = 1)

101 = 10

102 = 100

103 = 1000

104 = 10 000

105 = 100 000

106 = 1 000 000

For numbers less than one, but greater than zero, the
exponent is negative. The following examples have elim-
inated the “1 ×” preceding the base number.

10–1 = 0.1

10–2 = 0.01

10–3 = 0.001

10–4 = 0.0001

10–5 = 0.00001

10–6 = 0.000001

As stated earlier, it is not necessary to write the number 1
and the multiplier sign when a value is exactly equal to 1
times the exponent; the 1 is understood to be present in

Table 7.3
Common SI Units Pertaining to Welding

Property Unit Symbol

area dimensions
current density
deposition rate
electrical resistivity
electrode force
flow rate (gas and liquid)
fracture toughness
impact strength
linear dimensions
power density
pressure (gas and liquid)
pressure (vacuum)
tensile strength
thermal conductivity
travel speed
volume dimensions
wire feed speed

square millimeter
ampere per square millimeter
kilogram per hour
ohm meter
newton
liter per minute
meganewton meter–3/2

joule
millimeter
watt per square meter
kilopascal
pascal
megapascal
watt per meter kelvin
millimeter per second
cubic millimeter
millimeter per second

mm2

A/mm2

kg/h
Ω ∙ m
N
L/min
MN ∙ m–3/2

J = N ∙ m
mm
W/m2

kPa = 1000 N/m2

Pa = N/m2

MPa = 1 000 000 N/m2

W/ (m ∙ K)
mm/s
mm3

mm/s
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such cases. Additional examples of numbers written as
both standard and SN form are shown below. In SN, the
style rule is the decimal is always moved to the imme-
diate right of the first digit other than zero. Examples
of this convention are shown below:

Standard Form Scientific Notation

2345 = 2.345 × 103

1 450 000 = 1.45 × 106

0.348 = 3.48 × 10–1

0.0078 = 7.8 × 10–3

The prefixes in Table 7.2 are necessary to aid in handling
very large or very small values normally found in our
everyday work. For example, a common fabrication
material, plain carbon steel, has an approximate tensile
strength of about 70 000 pounds per square inch (psi) in
our current U.S. system. Converting 70 000 psi to the SI
unit of pascal (Pa) for tensile strength results in a very
large numerical value because there are 6895 pascals in
each psi. This conversion is shown below:

Example 1

70 000 psi = ?? Pa
= 70 000 psi × 6895 Pa/Psi
= 482 650 000 Pa

The magnitude of the above answer is a bit awkward to
use because of its size, so we can apply the prefix of
“mega” from Table 7.2 to simplify it. The prefix mega
has a value of 106 or 1 000 000, and we apply it to the
answer and move the decimal point accordingly. This
results in a simpler answer without all the zeros by mov-
ing the decimal point 6 places to the left after adding the
prefix.

Example 2

70 000 psi = 482.65 MPa

There will be several more examples of converting from
one system to the other, but first some simple arithmeti-
cal conventions required for adding, subtracting, multi-
plying or dividing must be addressed. To begin, the
number line will be reviewed to make sure of the nomen-
clature used for referring to a particular number’s posi-
tion on the number line. An example noting the positions
of all digits in a very large number containing many dig-
its after the decimal point follows:

Example 3

For the number, 1 234 567.987654

The combination of numbers to the left of the decimal is
greater than one and the specific number locations are
referred to as:

The 7 is in the units position
The 6 is in the tens position
The 5 is in the hundreds position
The 4 is in the thousands position
The 3 is in the ten thousands position
The 2 is in the hundred thousands position
The 1 is in the millions position

Addressing the same number again, and looking at the
numbers to the right of the decimal we can refer to each
of their positions:

1 234 567.987654

The combination of numbers to the right of the decimal
point is less than one and the specific number locations
are referred to as:

9 is in the tenths position
8 is in the hundredths position
7 is in the thousandths position
6 is in the ten thousandths position
5 is in the hundred thousandths position
4 is in the millionths position

Keeping these various positions in mind will aid in han-
dling the calculations of conversions.

From the above examples, it is evident a movement of
the decimal point one space to the left is equivalent to
dividing by ten, and moving the decimal point one space
to the right is equivalent to multiplying by ten. The nega-
tive exponent in scientific notation means the number is
less than one.

An advantage of scientific notation is the ease of calcula-
tions with very large or small numbers. When multiply-
ing two numbers, both written in scientific notation, it is
only necessary to multiply the two root numbers
together, add the exponents, or powers of 10, of each
number, and reconfigure the answer in scientific nota-
tion. Division of two numbers consists of dividing the
two roots as normally done, subtracting the denominator
number exponent from the numerator number exponent,
and then reconfiguring the answer back into scientific
notation.

Round Off Convention
The next subject to review is the round off convention;
most everyone is familiar with some sort of rules for
rounding, but the AWS convention used is:

Rule 1— Increase the last retained digit by one if the
next digit to its right is 5 or larger.

Rule 2— Retain the last digit unchanged if the next digit
to its right is less than 5.
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Example 4

8937 = 9000 rounded to nearest thousand
8937 = 8900 rounded to nearest hundred
8937 = 8940 rounded to nearest ten

Another example shows the rounding convention for a
number containing decimals rounded to different positions:

Example 5

4.4638 = 4 rounded to nearest units
4.4638 = 4.5 rounded to nearest tenth
4.4638 = 4.46 rounded to nearest hundredth
4.4638 = 4.464 rounded to nearest thousandth

Rounding should always be a single operation only; that
is, do not round off the very last digit, then the next one
forward, and so on to get to the desired digit. The single
operation approach helps avoid rounding errors in calcu-
lations; rounding should always begin at the proper posi-
tion on the number line for the desired value, and then
round in a single step. These rounding conventions are
also noted in AWS standard A1.1 with additional exam-
ples for illustration.

Conversion Factors
It was shown earlier in Example 1 how a steel with a ten-
sile strength of 70 000 psi can be converted to pascals.
Then, to make the number more manageable, a prefix of
“mega” was applied to eliminate several zeros.

These prefixes are very convenient, and are abbrevia-
tions of the multiplier of the number. An example of a
common term found in the newspapers daily is the pre-
fix, “kilo.” It means 1000, so if it is applied to the metric
unit of length, a kilometer is 1000 meters. Similarly,
“milli” means one thousandth, so a millimeter is one
thousandth of a meter; there are 1000 millimeters in one
meter. Examples of the use of prefixes are shown:

Example 6

456 000 000 Pa = 456 MPa
56 000 m = 56 km
234 000 mm = 234 m
456 g = 0.456 kg

Because conversions of SI units to U.S. units, or vice
versa, are commonly needed, conversion factor charts
have been developed to aid these conversions. Table 7.4
shows many of these conversion factors used in welding.
The use of the chart is simple; find the property to con-
vert from, and multiply the number to be converted by

the conversion factor given. The welding inspector
should make no effort to memorize any of the conversion
factors shown in Table 7.4; these will be provided when
they are needed for conversion of data. The CWI must be
capable of computing the numbers to arrive at a solution.
Useful formulae are shown in Table 7.5.

Looking further at Table 7.4, there are a few important
features. You see that the table is arranged in four col-
umns, entitled Property, To Convert From, To, and Mul-
tiply By. You will use these columns in the same order as
they are listed.

For any conversion exercise, the first step is to decide
what particular property is described by the given units
that are to be converted. Once the proper category has
been chosen from the “Property” column, look at the sec-
ond column, “To Convert From,” and locate the line that
contains the unit given. This is the unit used for conver-
sion. Moving straight across this same line to the right,
look for the unit that matches the unit used for conver-
sion in the “To” column. Next, locate the line that con-
tains both the known and desired units; the value found
in the last column, “Multiply By,” is the appropriate con-
version factor. At this point, multiply the number of the
known units by this conversion factor. The result is the
number in the desired units. Several examples appear
below to show how this table is used to perform typical
conversions:

Example 7

An oxygen gauge shows a pressure of 40 psi. What is
this pressure in kilopascals?

1. Property = pressure (gas or liquid)

2. Known unit = 40 psi

3. Desired unit = kilopascals (kPa)

4. Conversion factor = 6.895

40 psi × 6.895 = 275.8 kPa

Example 8

A pressure gauge shows a pressure of 400 kPa. What is
this pressure in psi?

1. Property = pressure (gas or liquid)

2. Known unit = 400 kPa

3. Desired unit = psi

4. Conversion factor = 0.145

400 kPa × 0.145 = 58 psi

Copyright American Welding Society 
Provided by IHS under license with AWS Licensee=ISATIS Group in iran Revised Sub Account/5620002316 

Not for Resale, 08/27/2013 00:11:03 MDTNo reproduction or networking permitted without license from IHS

-
-
`
`
,
`
,
,
,
,
,
`
,
,
,
`
`
`
,
,
`
`
,
`
,
`
,
`
,
,
,
,
-
`
-
`
,
,
`
,
,
`
,
`
,
,
`
-
-
-



CHAPTER 7—METRIC PRACTICE FOR WELDING INSPECTION WELDING INSPECTION TECHNOLOGY

7-6

Table 7.4
Welding Usage Conversion Chart—U.S. Customary and SI

Property To Convert From: To: Multiply By:

area dimensions in2

mm2
mm2

in2
6.452 × 102

1.550 × 10–3

current density A/in2

A/mm2
A/mm2

A/in2
1.550 × 10–3

6.452 × 102

deposition rate lb/hr
kg/hr

kg/hr
lb/hr

0.454
2.205

flow rate ft3/h
l/min

l/min
ft3/h

4.719 × 10–1

2.119

heat input J/in
J/m

J/m
J/in

39.37
2.54 × 10–2

linear measure in
mm
ft
mm

mm
in
mm
ft

25.4
3.937 × 10–2

3.048 × 102

3.281 × 10–3

mass lb
kg

kg
lb

0.454
2.205

pressure psi
psi
kPa
MPa
bar
psi

kPa
MPa
psi
psi
psi
bar

6.895
6.895 × 10–3

0.145
1.450 × 102

14.50
6.9 × 10–2

temperature °F
°C

°C
°F

(°F – 32)/1.8
(°C × 1.8) + 32

tensile strength psi
MPa

MPa
psi

6.895 × 10–3

1.450 × 102

travel speed in/min
mm/s

mm/s
in/min

4.233 × 10–1

2.362

vacuum Pa torr 7.501 × 10–3

wire feed speed in/min
mm/s

mm/s
in/min

0.423
2.362
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Table 7.5
WIT—Useful Formulae

Area of Square or Rectangle

Area = length × width or: Area = width × thickness

Area of Circle

Area = π × radius2 or: Area = π × or: Area = 0.7854 × diameter2

Percent Elongation

% Elongation = × 100

Percent Reduction of Area

% Reduction of Area = × 100

Tensile Strength

General

UTS = where: P max. = load to break specimen
Area = specimen’s original cross-sectional area

Pipe

UTS for full section pipe =

Yield Strength

YS =

Welding Heat Input

J/in =

Carbon Equivalent

CE =

diameter2

4
-----------------------

Final Gage Length Original Gage Length–
Original Gage Length

-------------------------------------------------------------------------------------------------------

Original Area Final Area–
Original Area

----------------------------------------------------------------

P max.
Area

----------------

P max.
0.7854 (OD2 ID2 )–
------------------------------------------------

Load at specified offset
Original cross-sectional area
--------------------------------------------------------------------

V A 60××
Travel Speed (ipm)
----------------------------------------------

%C %Mn
6

------------- %Ni
15

----------- %Cr
5

----------- %Cu
13

------------ %Mo
4

-------------+ + + + +
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Example 9

A tensile specimen was pulled and displayed an ultimate
tensile strength of 625 MPa. This corresponds to how
many psi?

1. Property = tensile strength

2. Known unit = 625 MPa

3. Desired unit = psi

4. Conversion factor = 1.450 × 102

625 MPa × 1.450 × 102 = 906.25 × 102 = 90 625 psi

Example 10

What is the diameter in millimeters of a 5/32 inch electrode?

1. Property = linear measurement

2. Known unit = 5/32 in.

3. Convert to decimal 5 ÷ 32 = 0.15625 in.

4. Desired unit = mm

5. Conversion factor = 25.4

0.15625 × 25.4 = 3.96875 mm = 3.97 mm

Here, the answer has been rounded off to three places.

Example 11

What is the diameter in inches of a 4.763 mm electrode

1. Property = linear measurement

2. Known unit = 4.763 mm

3. Desired unit = inches

4. Conversion factor = 3.937 × 10 –2

4.763 × 0.03937 = 0.1875 in (3/16 in)

Example 12

Welding parameters were adjusted to produce a weld
metal deposition rate of 7.3 kg/h. What is that deposition
rate in terms of lb/h?

1. Property = deposition rate

2. Known unit = 7.3 kg/h

3. Desired unit = lb/h

4. Conversion factor = 2.205

7.3 × 2.205 = 16.0965 lb/h = 16 lb/h

The calculator gives an answer of 16.0965, and it can be
rounded to two places, resulting in an answer of 16 lb/h.

Temperature conversions for Fahrenheit to Celsius and
vice versa are found in Tables 7.4 and 7.6.

Additional SI Style and Usage 
Conventions
The following are some additional excerpts from AWS
A1.1, including the paragraph numbers for easy cross
referencing, to show additional style and usage conven-
tions used in the SI system. It must be remembered,
AWS A1.1 is a guide, not a mandated system, and should
be used accordingly.

6. Style and Usage

6.1 Application and Usage of Prefixes

6.1.1 Prefixes may be used with SI units to indicate
multiples. Prefixes provide convenient substitutes for
using powers of ten and they eliminate nonsignificant
digits.

6.1.2 Prefixes in steps of 1000 are recommended. It is
generally desirable to avoid the prefixes hecto, deka, deci,
and centi in technical writing for the welding industry.

6.1.3 It is generally desirable that the prefix chosen
places the numerical value between 0.1 and 1000. For
special situations, such as tabular presentations, how-
ever, this recommendation may be inappropriate.

6.1.4 Multiple and hyphenated prefixes shall not be used.

6.1.5 It is generally desirable to use only base and derived
units in the denominator. Prefixes are used with the numera-
tor unit to give numbers of appropriate size (see 6.1.3).

Preferred Acceptable

12.3 km 12 300 m, 12.3 × 103 m

Preferred Nonpreferred

mm, m, km hm, dam, dm, cm

Correct Incorrect

pF, Gg, GW µµF, Mkg, kMW, G-W

Preferred Nonpreferred

200 J/kg
1 Mg/m

1 MPa, 1 MN/m2

0.2 J/g
1 kg/mm
1 N/mm2
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Table 7.6
Conversions for Fahrenheit–Celsius Temperature Scales

°C °F °C °F °C °F °C °F

–273
–268
–262
–257
–251

–459
–450
–440
–430
–420

–790
–730
–680
–620
–570

–11000
–10000
–900
–800
–700

–16600
–14800
–13000
–11200
–940

9
10
11
12
13

48
50
52
54
56

118
122
126
129
133

88
93
99

104
110

190
200
210
220
230

374
392
410
428
446

–246
–240
–234
–229
–223

–410
–400
–390
–380
–370

–510
–460
–400
–340
–290

–600
–500
–400
–300
–200

–760
–580
–400
–220
–40

14
16
17
18
19

58
60
62
64
66

136
140
144
147
151

116
121
127
132
138

240
250
260
270
280

464
482
500
518
536

–218
–212
–207
–201
–196

–360
–350
–340
–330
–320

–230
–180
–170
–160
–140

–100
0
2
4
6

14
32
36
39
43

20
21
22
23
24

68
70
72
74
76

154
158
162
165
169

143
149
154
160
166

290
300
310
320
330

554
572
590
608
626

–190
–184
–179
–173
–168

–310
–300
–290
–280
–270 –454

–130
–120
–110
–100
–9

8
10
12
14
16

46
50
54
57
61

26
27
28
29
30

78
80
82
84
86

172
176
180
183
187

171
177
182
188
193

340
350
360
370
380

644
662
680
698
716

–162
–157
–151
–146
–140

–260
–250
–240
–230
–220

–436
–418
–400
–382
–364

–8
–7
–6
–4
–3

18
20
22
24
26

64
68
72
75
79

31
32
33
34
36

88
90
92
94
96

190
194
198
201
205

199
204
210
216
221

390
400
410
420
430

734
752
770
788
806

–134
–129
–123
–118
–112

–210
–200
–190
–180
–170

–346
–328
–310
–292
–274

–2
–1
0
1
2

28
30
32
34
36

82
86
90
93
97

37
38
43
49
54

98
100
110
120
130

208
212
230
248
266

227
232
238
243
249

440
450
460
470
480

824
842
860
878
896

–107
–101
–96
–90
–84

–160
–150
–140
–130
–120

–256
–238
–220
–202
–184

3
4
6
7
8

38
40
42
44
46

100
104
108
111
115

60
66
71
77
82

140
150
160
170
180

284
302
320
338
356

254
260
266
271
277

490
500
510
520
530

914
932
950
968
986

Table 7.6
Fahrenheit–Celsius Temperature Conversion

Commonly Used Metric Conversions

(Fahrenheit–Celsius Temperature Conversion)

tC = (tF – 32)/1.8
tF = (1.8 tC) + 32

Find the number to be converted (regardless of its temperature scale)
in the center (boldface) column.

Read the Celsius equivalent in the column headed “°C”
when converting from degrees Fahrenheit.

Read the Fahrenheit equivalent in the column headed “°F”
when converting from degrees Celsius.

Copyright American Welding Society 
Provided by IHS under license with AWS Licensee=ISATIS Group in iran Revised Sub Account/5620002316 

Not for Resale, 08/27/2013 00:11:03 MDTNo reproduction or networking permitted without license from IHS

--``,`,,,,,`,,,```,,``,`,`,`,,,,-`-`,,`,,`,`,,`---



CHAPTER 7—METRIC PRACTICE FOR WELDING INSPECTION WELDING INSPECTION TECHNOLOGY

7-10

282
288
293
299
304

540
550
560
570
580

1004
1022
1040
1058
1076

560
566
571
577
582

1040
1050
1060
1070
1080

1904
1922
1940
1958
1976

838
843
849
854
860

1540
1550
1560
1570
1580

2804
2822
2840
2858
2876

1116
1121
1127
1132
1138

2040
2050
2060
2070
2080

3704
3722
3740
3758
3776

310
316
321
327
332

590
600
610
620
630

1094
1112
1130
1148
1166

588
593
599
604
610

1090
1100
1110
1120
1130

1994
2012
2030
2048
2066

866
871
877
882
888

1590
1600
1610
1620
1630

2894
2912
2930
2948
2966

1143
1149
1154
1160
1166

2090
2100
2110
2120
2130

3794
3812
3830
3848
3866

338
343
349
354
360

640
650
660
670
680

1184
1202
1220
1238
1256

616
621
627
632
638

1140
1150
1160
1170
1180

2084
2102
2120
2138
2156

893
899
904
910
916

1640
1650
1660
1670
1680

2984
3002
3020
3038
3056

1171
1177
1182
1188
1193

2140
2150
2160
2170
2180

3884
3902
3920
3938
3956

366
371
377
382
388

690
700
710
720
730

1274
1292
1310
1328
1346

643
649
654
660
666

1190
1200
1210
1220
1230

2174
2192
2210
2228
2246

921
927
932
938
943

1690
1700
1710
1720
1730

3074
3092
3110
3128
3146

1199
1204
1210
1216
1221

2190
2200
2210
2220
2230

3974
3992
4010
4028
4046

393
399
404
410
416

740
750
760
770
780

1364
1382
1400
1418
1436

671
677
682
688
693

1240
1250
1260
1270
1280

2264
2282
2300
2318
2336

949
954
960
966
971

1740
1750
1760
1770
1780

3164
3182
3200
3218
3236

1227
1232
1238
1243
1249

2240
2250
2260
2270
2280

4064
4082
4100
4118
4136

421
427
432
438
443

790
800
810
820
830

1454
1472
1490
1508
1526

699
704
710
716
721

1290
1300
1310
1320
1330

2354
2372
2390
2408
2426

977
982
988
993
999

1790
1800
1810
1820
1830

3254
3272
3290
3308
3326

1254
1260
1266
1271
1277

2290
2300
2310
2320
2330

4154
4172
4190
4208
4226

449
454
460
466
471

840
850
860
870
880

1544
1562
1580
1598
1616

727
732
738
743
749

1340
1350
1360
1370
1380

2444
2462
2480
2498
2516

1004
1010
1016
1021
1027

1840
1850
1860
1870
1880

3344
3362
3380
3398
3416

1282
1288
1293
1299
1304

2340
2350
2360
2370
2380

4244
4262
4280
4298
4316

477
482
488
493
499

890
900
910
920
930

1634
1652
1670
1688
1706

754
760
766
771
777

1390
1400
1410
1420
1430

2534
2552
2570
2588
2606

1032
1038
1043
1049
1054

1890
1900
1910
1920
1930

3434
3452
3470
3488
3506

1310
1316
1321
1327
1332

2390
2400
2410
2420
2430

4334
4352
4370
4388
4406

504
510
516
521
527

940
950
960
970
980

1724
1742
1760
1778
1796

782
788
793
799
804

1440
1450
1460
1470
1480

2624
2642
2660
2678
2696

1060
1066
1071
1077
1082

1940
1950
1960
1970
1980

3524
3542
3560
3578
3596

1338
1343
1349
1354
1360

2440
2450
2460
2470
2480

4424
4442
4460
4478
4496

Table 7.6 (Continued)
Conversions for Fahrenheit–Celsius Temperature Scales

°C °F °C °F °C °F °C °F
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6.1.6 Prefixes should not be mixed unless magnitudes
warrant a difference.

6.1.7 The pronunciation of the prefixes is always the
same, regardless of the following unit name. For exam-
ple, the accepted pronunciation for kilo is “KILL-oh.”
The slang expression keelo for kilogram should never be
used.

6.2 Mass, Force, and Weight. In SI, the unit of mass is
the kilogram (kg), and the unit of force is the newton (N).
In common and everyday use, and especially in common
parlance, the term weight is usually used as a synonym
for mass. As a measure of mass, weight should be re-
stricted to commercial usage. (See Annex F for a discus-
sion of the terms mass and force as they relate to the term
weight in paragraph F4.)

Preferred Nonpreferred

5 mm long × 10 mm high 5 mm long × 0.01 m high

Exception

4 mm diameter × 50 m long

Correct Incorrect

N/m2 or Pa, N∙m/s or W kgf/m2

6.7 Capitalization. SI Unit names are capitalized only at
the beginning of a sentence (examples: newton, pascal,
meter, kelvin, and hertz). Exception: Celsius in “degree
Celsius,” is always capitalized.

SI Unit symbols are not capitalized except for those
derived from a proper name (examples: A for ampere; J
for joule; K for kelvin; N for newton; Pa for pascal; and
W for watt). Although both lowercase “l’ and the capital
“L” are internationally accepted symbols for the liter, to
avoid risk of confusion the preferred symbol for the use
in the United States is “L.”

6.8 Plurals. Unit symbols are the same for singular
and plural. Unit names form their plurals in the usual
manner.

6.9 Punctuation. Periods are not to be used after unit
symbols except at the end of a sentence.

Correct Incorrect

50 newtons
50 N

25 grams
25 g

22 kelvins
22 K

50 newton
50 Ns

25 gram
25 gs

22 kelvin
22 Ks

532
538
543
549
554

990
1000
1010
1020
1030

1814
1832
1850
1868
1886

810
816
821
827
832

1490
1500
1510
1520
1530

2714
2732
2750
2768
2786

1088
1093
1099
1104
1110

1990
2000
2010
2020
2030

3614
3632
3650
3668
3686

1366
1371
1377
1382
1388

2490
2500
2510
2520
2530

4514
4532
4550
4568
4586

1393
1399
1404
1410
1416
1421

2540
2550
2560
2570
2580
2590

4604
4622
4640
4658
4676
4694

1460
1466
1471
1477
1482
1488

2660
2670
2680
2690
2700
2710

4820
4838
4856
4874
4892
4910

1527
1532
1538
1543
1549
1554

2780
2790
2800
2810
2820
2830

5036
5054
5072
5090
5108
5126

1593
1599
1604
1610
1616
1621

2900
2910
2920
2930
2940
2950

5252
5270
5288
5306
5324
5342

1427
1432
1438
1443
1449
1454

2600
2610
2620
2630
2640
2650

4712
4730
4748
4766
4784
4802

1493
1499
1504
1510
1516
1521

2720
2730
2740
2750
2760
2770

4928
4946
4964
4982
5000
5018

1560
1566
1571
1577
1582
1588

2840
2850
2860
2870
2880
2890

5144
5162
5180
5198
5216
5234

1627
1632
1638
1643
1649

2960
2970
2980
2990
3000

5360
5378
5396
5414
5432

Table 7.6 (Continued)
Conversions for Fahrenheit–Celsius Temperature Scales

°C °F °C °F °C °F °C °F
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Periods are not used in unit symbols or in conjunction
with prefixes.

A raised dot is used to indicate the product of two unit
symbols. A space should be used to indicate the product
of two unit names.

6.10 Writing Numbers

6.10.1 Periods (not commas) are used as decimal markers.

6.10.2 Numbers made up of five or more digits should be
written with a space separating each group of three digits
counting both to the left and right of the decimal point.
With four digit numbers, the spacing is optional.

6.10.3 Spaces (not commas) should be used between the
groups of three digits.

6.11 Miscellaneous Styling

6.11.1 A space is to be used between the numerical value
and the unit symbol.

6.11.2 Unit symbols and names are never used together
in a single expression:

6.11.3 Numbers are expressed as decimals, not as frac-
tions. The decimal should be preceded by a zero when
the number is less than unity.

Correct Incorrect

5.7 mm 5.7 m.m., 5.7 mm.

Preferred Nonpreferred Incorrect

newton meter 
(N∙m)

newton-meter 
(N m)

newton∙meter
(N-m)

Correct Incorrect

1 420 462.1
0.045 62

1452 or 1 452

1,420,462.1
0.04562

1,452

Correct Incorrect

4 mm 4mm

Correct Incorrect

meter per second (m/s) meter/s

6.11.4 Symbols for SI Units are printed in roman (up-
right) type. Symbols for quantities are preferably printed
in italic (slanted) type.

6.11.5 There are two exceptions to the use of Latin al-
phabetic characters for SI symbols: the symbol “µ” for
the prefix micro and the symbol “Ω” for the unit ohm. If
circumstances prevent using these Greek letters, then use
u as the symbol for micro and Ohm as the symbol for
ohm. Do not hand draw a tail on the u; leave it as type-
written. Use an uppercase O in Ohm when it is used as a
symbol but not when used as a word, since it is named
after a person.

Summary
The above examples are part of the job math which the
welding inspector may be required to perform. As a
minimum, he or she will be asked to perform some of
these conversions on the AWS CWI examination. The
examples above are typical of questions which will
appear on the AWS CWI examination. No matter how
large or small the numbers may be, the problems are all
dealt with in the same manner. Simply go through the
various steps and use the conversion factor table to pro-
vide a multiplier. Then, all that is left to do is perform the
arithmetic according to the rules and conventions noted
previously.

Key Terms and Definitions
AWS A1.1—the Metric Practice Guide for the Welding

Industry, a standard published by AWS.

Correct Incorrect

0.5 kg, 1.75 m 1/2 kg, .5 kg., 1 3/4 m

Correct Nonpreferred Incorrect

V = 87 V
I = 14 A

T = 200°C

V = 87 V
I = 14 A

T = 200°C

V = 87 V
I = 14 A

T = 200°C

Acceptable Incorrect

4 um
25 Ohm
25 ohms

17 Ohm/m
17 ohms per meter

4 microns
25 Ohms
25 Ohms

17 ohm/m, 17 Ohm/meter
17 Ohm per meter
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conversion factor—a number established to aid in con-
verting from one unit to another.

exponent—the number used as the power of ten; 2 is the
exponent in the expression 102.

number line—the set of numbers, both greater and less
than one, that make up the number system used to
assign values.

prefix—a word placed in front of another word that
changes its meaning or value.

rounding—in mathematics, the practice of adjusting the
size of the last digit retained in a number based on the
next digit’s size relationship to 5.

scientific notation—the numbering system which uses
the powers of ten, the exponential system, to simplify
the handling of very large or very small numbers.

SI—Le Systeme Internationale d’Unites (the abbreviation
used to denote the metric system).

SN—the abbreviation used for scientific notation.

U.S.—the abbreviation for the current measurement sys-
tem used in the United States (for the U.S. Customary
system).
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CHAPTER 8
Welding Metallurgy for
the Welding Inspector
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CHAPTER 8—WELDING METALLURGY FOR THE WELDING INSPECTOR WELDING INSPECTION TECHNOLOGY

Introduction

Metallurgy is the science which deals with the internal
structure of metals and the relationship between those
structures and the properties exhibited by metals. When
referring to welding metallurgy, the concerns are about
the various changes that occur in metals when joined
by welding, especially those affecting the mechanical
properties.

It is certainly appropriate for the welding inspector to be
knowledgeable in the basics of welding metallurgy.
Granted, it is unlikely that the inspector will be responsi-
ble for the specification of base or weld metal alloys or
their treatment. However, an understanding of the basics
of welding metallurgy is not only helpful to the welding
inspector, but often a requirement for many inspection
functions. One reason for this is that the mechanical
properties of metals, such as strength, hardness, ductility,
toughness, fatigue strength, and abrasion resistance are
all affected by the metallurgical transformations as a
result of welding.

These properties are affected by various metallurgical
factors, including alloy additions, thermal treatments and
mechanical treatments. The welding inspector who has
an understanding of these properties will have a better
feel for why certain fabrication operations are necessary.
Certain fabrication requirements, such as preheat,
postheat, interpass temperature control, heat input con-
trol, peening, thermal stress relief, and other heat treat-
ments can all result in some type of metallurgical change
which, in turn, will affect the metal’s mechanical proper-
ties. Therefore, this section will primarily describe cer-
tain aspects of ferrous (iron based) welding metallurgy
with emphasis on the need for fabrication methods to
control the changes which can occur.

Since the topic of welding metallurgy includes numerous
facets, it would be unreasonable to think that this discus-
sion could cover them all. So, we will limit the coverage
to those more important changes which may occur dur-

ing the welding operation. These changes can be summa-
rized and divided into two categories.

The first category includes those changes which occur in
a metal as it is heated from room temperature to a higher
temperature and those changes occurring when a metal is
cooled from a high temperature to a lower temperature.
The second category is the effect on the metal’s proper-
ties versus the rate at which these temperature changes
occur. More specifically, we are concerned with how
quickly a hot metal cools to room temperature; that is,
the metal’s cooling rate.

Our discussion will begin with specific references to the
changes which occur in metals as they are heated and
cooled uniformly. However, it must be noted that weld-
ing presents some very different problems since the
welding operation tends to heat very localized areas of
the metal. Consequently, this nonuniform heating/cooling
creates the need for some additional considerations.

Basic Metal Structures
To gain an understanding of the metallurgical properties
of metals, it is necessary to start the discussion by
describing some of the properties of the particles which
comprise all forms of matter. These basic particles,
which combine to form solid, liquid and gaseous materi-
als, are referred to as atoms. These atoms are so small
that they cannot be seen, even with the most powerful
microscopes. However, by starting the discussion at this
level and explaining the properties of these atoms and
their structures, we will be able to better understand
some of the phenomena which we can observe micro-
scopically or with the naked eye.

One of the important properties of these atoms is that, at
certain temperature ranges, they tend to form structures
having specific shapes. This is because there are definite
forces acting between these individual atoms when they
are placed within certain distances of each other. These
forces tend to either pull, or attract, the atoms toward one

Chapter 8—Welding Metallurgy for the Welding Inspector
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another while at the same time the atoms are pushed
away, or repelled, from one another. Therefore, the indi-
vidual atoms are held in their particular “home” positions
relative to all of the other atoms around them by these
counteracting forces (see Figure 8.1). These atoms in
their home positions are aligned row upon row, layer
upon layer in a three dimensional, symmetrical, crystal-
line lattice structure or pattern.

They are not, however, stationary in these positions. In
reality, they tend to vibrate about an equilibrium position
to maintain a balanced spacing. At a given temperature,
they will remain at an equilibrium spacing for that partic-
ular temperature. When there is a balance between the
attractive and repulsive forces, we say that the internal
energy of the metal is at a stable level.

Any attempt to force the atoms closer together will be
counteracted by repulsive forces which increase as the
atoms are pushed closer together. This behavior is evi-
denced by the fact that metals exhibit extremely high
compressive strengths. Similarly, any attempt to pull the
atoms further apart will result in a counteracting attrac-
tive force. These attractive forces, however, tend to
decrease as the atoms are pulled further apart.

Evidence of this latter behavior can be observed in a ten-
sile test. Below a metal’s yield point, loading elongates
the tensile specimen, and the spacing between individual
atoms is increased. Upon release of the load, the speci-
men will behave elastically; that is, it will return to its
original size.

If the load on the tensile specimen is increased beyond
the metal’s yield point, it will then behave plastically.
Now, it will no longer return to its original size or inter-

atomic spacing, because the atoms have been forced far
enough away from each other that the attractive forces
are no longer strong enough to hold them in their original
position. When the interatomic spacing further increases
to the point that the attractive forces are no longer strong
enough to hold the atoms together, the metal will fail.

It was noted before that the metal atoms exhibit a very
specific spacing at a given temperature, or internal
energy. Since heat is a form of energy, the internal
energy of a metal is increased when its temperature is
raised. This additional energy tends to cause the atoms to
vibrate more which increases their interatomic spacing.
We can observe the result of this additional energy, visu-
ally, because the overall size of the piece of metal will
increase as the individual atoms move apart. Conversely,
any decrease in the temperature of the metal will result in
the atoms moving closer together which, in turn, is
observed as a contraction of the metal.

As additional heat is added to the metal, the vibration of
the atoms continues to increase, causing the spacing to
increase and, consequently, the metal to expand. This
will continue to some point at which the interatomic
spacing is so great that the atoms are no longer attracted
enough to exhibit any specific structure. The solid metal
then transforms into a liquid (see Figure 8.2). The tem-
perature associated with this change is referred to as the
melting point. Further heating would eventually trans-
form the liquid into a gas; this last transformation occurs
at a temperature known as the vapor point.

Solid metal has the lowest internal energy and the short-
est interatomic spacing. Liquid metal has a higher inter-
nal energy with greater interatomic spacing, and is
considered to be unstructured. Gaseous metal has the
highest internal energy, the greatest interatomic spacing,
and is also unstructured.

While all of this is rather intriguing, it is more significant
to realize why it is important to you, as a welding inspec-

Figure 8.1—Atomic Structure—Showing
“Home” Location of Atoms and Electrons Figure 8.2—Solid versus Liquid
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tor. It is obvious that welding and cutting introduce heat
into a metal; this heating will result in an expansion of
the metal. If we were considering the uniform heating of
a metal, we would be able to measure the change in
length, or size, of a piece of metal as it is heated. Each
metal alloy has associated with it a specific coefficient of
thermal expansion. That is, there is a certain numerical
value which describes how much a metal will expand for
a given increase in temperature.

Crystal Structures

In a solid metal, the atoms tend to align themselves into
orderly lines, rows, and layers to form three dimensional
crystalline structures. Metals are, by definition, crystal-
line and any discussion of failures due to “crystalliza-
tion” is of course incorrect. When a metal solidifies, it
always does so in a crystalline pattern. The “crystalline”
fracture surface appearance mistakenly referred to is usu-
ally typical of a fatigue or brittle fracture surface.

The smallest number of atoms that can completely
describe their orderly arrangement is referred to as a
“unit cell.” It is important to realize that unit cells do not
exist as independent units, but share atoms with adjoin-
ing unit cells in a three dimensional array.

The most common crystal structures, or phases, in metals
are body-centered cubic (BCC), face-centered cubic
(FCC), and hexagonal close-packed (HCP). These are
shown in Figure 8.3. Some metals, such as iron, exist as
one solid phase at room temperature and as another solid
phase at elevated temperatures. This change with tem-
perature from one phase to another in a solid metal is
known as an allotropic, or solid state, phase transforma-
tion. A metal crystal possessing different structures but
the same chemical composition is referred to as allotro-
pic. This will be discussed in greater detail later.

The BCC unit cell can be described as a cube with an
atom at each of the eight corners and a single atom at the
center of the cell. Among the common BCC metals are
iron, carbon steels, chromium, molybdenum, and tungsten.

The FCC unit cell can be envisioned as a cube with
atoms at each of the eight corners and with one atom at
the center of each of the six faces. Among the common
FCC metals are aluminum, copper, nickel, and austenitic
stainless steels.

The HCP unit cell is a hexagonal prism. It can be envi-
sioned as two hexagons (six-sided shapes) forming the
top and bottom of the prism. An atom is located at the
center and at each point of the hexagon. Three atoms, one
at each point of a triangle, are located between the top
and bottom hexagons. Among the common HCP metals
are titanium, zinc, cadmium, beryllium, and magnesium.

Solidification of Metals

A metal solidifies into a crystalline structure by a process
known as nucleation and growth. Upon cooling, clusters
of atoms nucleate (solidify) at locations on a liquid-solid
boundary, such as at the interface between the molten
weld metal and the cooler unmelted heat-affected zone.
These clusters are called dendrites and they occur in
great numbers. In the weld metal, the grains form around
the dendrites and grow until they intersect other grains.
The initial grains are columnar in shape, are larger and
grow toward the last source of heat. As the puddle con-
tinues to cool there is less room for the grains to grow
and they are smaller in size and less columnar.

Figure 8.4 shows how the weld metal grains form as the
weld metal solidifies. In Figure 8.4A, the initial crystals
(dendrites) begin to form at the weld interface. Figure
8.4B shows the solid grains formed as these initial nuclei
grow. Since the nuclei are oriented differently, grain
boundaries are formed when adjacent grains grow
together. Figure 8.4C shows the completed solidification
of the weld metal. Grain boundaries are considered to be
discontinuities, because they represent interruptions in
the uniform arrangement of the atoms.

Figure 8.3—Common Crystal
Structures of Metals and Alloys
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Mechanical properties can be dependent upon the grain
size of the metal. A metal exhibiting a small grain size
will have improved room temperature tensile strength,
because the grain boundaries tend to inhibit the deforma-
tion of individual grains when the material is stressed.
However, at elevated temperatures, the atoms in the
boundaries can move easily and slide past one another,
thus reducing the material’s strength at these higher tem-
peratures. As a result, fine-grained materials are pre-
ferred for room and low temperature service while
coarse-grained materials are desirable for high tempera-
ture service. Fine-grained metals generally exhibit better
ductility, notch toughness and fatigue properties.

As a quick review before continuing; metals are crystal-
line structures formed by atoms in ordered patterns. This
ordered pattern, or arrangement, is known as a phase and
is described by a unit cell. Metals solidify from many
locations at once and grow in preferred directions to
form grains or crystals. The junction between individual
grains is referred to as a grain boundary. The grain size
will dictate the amount of grain boundary area present in
a metal which, in turn, determines to a certain degree the
mechanical properties of the metal.

Alloying

The properties of metallic elements can be altered by the
addition of other elements, which may or may not be

metallic. Such a technique is known as alloying. The
metal which results from this combination is referred to
as an alloy. For example, the metallic element zinc is
added to the metal copper to form the alloy brass. The
nonmetal carbon is one of the alloying elements added to
iron to form the alloy steel.

Alloying elements are included in the base metal lattice
(the general arrangement of individual atoms) in various
ways depending upon the relative sizes of the atoms.
Smaller atoms, such as carbon, nitrogen and hydrogen,
tend to occupy sites between the atoms that form the lat-
tice structure of the base metal. This is known as intersti-
tial alloying and is shown in 2-dimensions in Figure 8.5.
For example, small amounts of carbon can occupy the
interstitial sites between the iron atoms in steel.

Alloying elements with atoms close to the size of those
of the base metal tend to occupy substitutional sites. That
is, they replace one of the base metal atoms in the lattice
structure. This is called substitutional alloying and is
shown in Figure 8.6. Examples of this are both copper in
nickel and nickel in copper.

Like the presence of grain boundaries, the addition of
alloying elements produces irregularities in the lattice
structure. As can be seen in both Figures 8.5 and 8.6, the
presence of alloying elements exerts varying degrees of
atomic attraction and repulsion to result in a lattice
arrangement which is somewhat distorted, or strained.
This tends to increase the internal energy of the metal
and can result in improved mechanical properties.

Nearly all engineering metals are alloys consisting of one
major element and variable amounts of one or more addi-
tional elements. Alloys usually consist of many ran-
domly oriented grains with each grain arranged in a
specific way and containing one or more of the charac-

Figure 8.4—Nucleation and
Solidification of Molten Weld Metal

(A) Initial Crystal Formation

(B) Continued Solidification

(C) Complete Solidification

Figure 8.5—Interstitial Alloying
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teristic phases that exist for the alloy. If more than one
phase is present, each will have its own characteristic
crystalline structure.

Microstructural Constituents of Carbon 
Steel

The overall arrangement of grains, grain boundaries, and
phases present in a metallic alloy is called its microstruc-
ture. The microstructure is primarily responsible for the
properties of the alloy. This microstructure is affected by
the composition or alloy content, and by other factors
such as forming and heat treating operations. The micro-
structure is greatly affected by the welding operation
which, in turn, influences the properties of the alloy.

While all metals exhibit various microstructures, this dis-
cussion will deal exclusively with the microstructural
changes that occur in plain carbon steel, which is an
alloy consisting of iron in combination with carbon.
Other alloying elements may be included as well, but
their effects on the microstructure will not be as signifi-
cant as those of carbon.

To introduce this topic, it is important to realize that iron
and steels undergo changes in their crystallographic
arrangement as a result of temperature changes. That is,
as iron-carbon alloys are heated or cooled, phase changes
occur. The occurrence of this phenomenon allows us to
change the mechanical properties of a specific alloy
through the application of various heat treatments. To
understand the changes that occur, the metallurgist uses a
chart, or phase diagram, which graphically displays the
ranges of various microstructural components for the
iron-carbon system. Referred to as the “Iron-Carbon
Phase Diagram,” it is shown in Figure 8.7. This diagram

describes the nature of the phases present in iron-carbon
alloys under “near equilibrium” conditions, meaning
during very slow heating and cooling.

Looking at the diagram, notice that the vertical axis
describes the temperature changes while the horizontal
axis indicates the amount of carbon present. Conse-
quently, for a given carbon content, a vertical line can be
drawn through that horizontal axis intersect. Moving ver-
tically up that line, it can be determined what microstruc-
tures will exist at various temperatures.

Figure 8.8 shows the typical microstructure of commer-
cially pure iron (ferrite) with almost no carbon content.
Figure 8.9 shows the typical appearance of pearlite when

Figure 8.6—Substitutional Alloying

Figure 8.7—Iron-Carbon Phase Diagram
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polished, etched with acid, and viewed under a high
power microscope (1500X). The light areas are ferrite
and the dark areas are cementite. One of the important
transformations which occur in steel is the transforma-
tion from the various room temperature constituents (fer-
rite, pearlite, cementite, and combinations of these) to
austenite. For this example we will use steel with 0.30%
C. Upon heating, this transformation will begin to occur
at 1333°F; the horizontal line representing this transfor-
mation temperature is referred to as the A1. At 1333°F
the pearlite and ferrite began to change to austenite and
ferrite. This change does not occur instantly. It takes
time. The higher we go above 1333°F the quicker the
change will occur and the change will be more complete.

When we get above 1550°F, the A3 line, the austenite
and ferrite change to all austenite. Again the change does
not occur instantly. The higher we get in the austenite
range the quicker the transformation occurs and another
phenomenon occurs. The austenite grains begin to con-
sume each other and grow in size.

We reach the lower melting point at 2770°F. Between
the lower and upper melting point we will have solid
grains of austenite floating around in the molten pool.
When we reach the upper melting point the pool is totally
liquid, and there is no fixed arrangement of atoms.

Upon very slow cooling, these same changes will occur
in reverse. It is the existence of this transformation that
permits us to harden or soften steels through the use of
various heat treatments. When steel has been heated into
the austenitic range and then allowed to cool slowly
through this transformation range, the resulting micro-
structure will contain pearlite. This structure can only
occur when sufficient time is allowed for the atoms to
diffuse into that arrangement. Diffusion is simply the
migration of the atoms within the solid metal structure.
The higher the temperature, the more mobile the atoms
become in the lattice structure. When cooling from aus-
tenite occurs slowly enough, pearlite will form. Steels
that are heat treated to produce pearlite are generally
very soft and ductile.

When the cooling from the austenitic range occurs more
rapidly, there are significant changes in this transforma-
tion for a given steel alloy. First, the transformation will
occur at a lower temperature. Secondly, the resulting
microstructure is drastically changed and the hardness
and tensile strength of the steel increase significantly,
with a corresponding decrease in ductility. At faster
cooling rates, the principal microstructures produced
include fine pearlite, bainite and martensite.

With a slight increase in cooling rate, the transformation
temperature is depressed somewhat, producing a finer
pearlitic structure. This structure is slightly harder than

NOTE: The grain boundaries are shown, and the darker globules
are nonmetallic inclusions (~100X Magnification)

Figure 8.8—Microstructure
of Commercially Pure Iron;

White Grains are Ferrite

Figure 8.9—Lamellar Appearance
of Pearlite (1500X Magnification)
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the coarse pearlite and has somewhat lower ductility. At
still faster cooling rates, and lower transformation tem-
peratures, pearlite no longer forms. Instead, bainite is
formed. Bainite has significantly higher strength and
hardness and lower ductility, and is very difficult to see
under the microscope.

Upon very rapid cooling, or quenching, insufficient time
is available for diffusion to take place. Consequently,
some of the carbon becomes trapped in the lattice. If the
cooling rate is fast enough and the amount of carbon
present is high enough, martensite will be formed. Mar-
tensite exhibits a body centered tetragonal (BCT) struc-
ture, which is a very strained structure. The martensitic
structure exhibits a higher internal energy or strain which
results in extremely high hardness and tensile strength.
However, martensite has a characteristically low ductil-
ity and toughness. Figure 8.10 shows the appearance of
martensite at a high magnification (500X).

To aid in the determination of what microstructural con-
stituents will result from rapid cooling rates, the metal-
lurgist uses another diagram which is referred to as a
TTT diagram, or Time-Temperature-Transformation dia-
gram. These are also called isothermal transformation
diagrams (IT). As the name implies, it describes the
microstructural products which occur after specific times

at a particular temperature for a particular steel composi-
tion. A similar diagram, the CCT, or Continuous Cooling
Transformation, diagram shows the changes that occur
during continuous cooling from the austenitic range.
These two types of diagrams agree quite well. Figure
8.11 depicts the continuous cooling transformation char-
acteristics of type 8630 steel.

This diagram shows the microstructural products as a
function of both temperature and time. Various cooling
rates are shown to illustrate how the diagram is used. The
resulting transformation products depend on the regions
through which the cooling curves pass and the amount of
time it takes for the cooling curves to pass through those
regions. As an example, curve “A” only passes through
the austenite to martensite region, so the resulting micro-
structure is 100% martensite. The slower cooling rate
characterized by curve “D” shows that the resulting
microstructural components will be primarily ferrite with
only minor amounts of bainite and martensite. Since
martensite can only transform from austenite, any auste-

Figure 8.10—Quenched Martensite—
Showing Acicular Structure (500X)

Figure 8.11—Continuous Cooling
and Jominy Hardenability

Diagrams for Type 8630 Steel
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nite which transforms to ferrite or bainite cannot trans-
form to martensite.

To improve the ductility and toughness without signifi-
cantly decreasing the hardness and tensile strength of the
martensite, a process referred to as tempering is
employed. This heat treatment consists of reheating the
quenched martensitic structure to some temperature
below the lower transformation temperature (1333°F).
This permits the as-quenched, unstable martensite to
change to tempered martensite by allowing the carbon to
precipitate in the form of tiny carbide particles. The
desired strength and ductility can be controlled by choos-
ing the proper tempering times and temperatures. Higher
tempering temperatures result in softer and more ductile
properties. Quenching and tempering heat treatment is
frequently used to enhance the properties of machinery
steels, since it develops high yield and tensile strengths,
high yield strength/tensile strength ratios, and improved
notch toughness as compared to the rolled, annealed, or
normalized properties. An example of the effects of vari-
ous tempering temperatures for a particular steel alloy is
illustrated in Figure 8.12.

Metallurgical Considerations for 
Welding

Since welding can result in significant changes in both
the temperature of the metal as well as the rate of cooling
from that elevated temperature, it is important to under-
stand what metallurgical changes can result from the
welding operation.

Figure 8.13 depicts a weld progressing along a plate.
You see six areas where the plate has been exposed to
various temperatures, 400°F, 1100°F, 1335°F, 1560°F,
1850°, 2550°F, and the area that was melted. If the trans-
formation temperature is 1333°F, we can predict that the
metal exposed to temperatures above 1333° have been
changed. Some considerations include the temperature
the metal reached, the amount of time it was at that tem-
perature, and how quickly it cooled. Figure 8.14 illus-
trates the relationship between the peak temperatures
exhibited in various regions of the weld zone and the
iron–iron carbide equilibrium diagram.

As can be seen, depending on the location of a point
within or adjacent to the weld, there can be various
metallurgical structures produced. Within the weld, the
region of highest temperatures, the metal can cool from
the liquid through the various phase regions noted earlier.
Adjacent to the weld, in the heat-affected zone (HAZ)
(see Figure 8.15), no melting occurs but extremely high
temperatures can be reached. The HAZ is that region of
the base metal adjacent to the weld metal which has been
raised to temperatures from just below the transforma-
tion temperature to just below the melting point of the
steel. Cooling rates in this heat-affected zone are among
the most rapid. Changes in the welding conditions can
have a very significant effect on the formation of the var-
ious phases, because the welding conditions have a sig-
nificant effect on the resulting cooling rate for the weld.
Some of the welding conditions which could produce
changes include the amount of heat input, use of preheat,
carbon equivalent of the base metal, and the base metal
thickness.

As the heat input increases, the cooling rate decreases.
The use of smaller diameter welding electrodes, lower
welding currents, and faster travel speeds will all tend to
decrease the heat input and therefore increase the cooling
rate. For any arc welding process, the heat input can be
calculated. It is dependent only on the apparent welding
current, arc voltage and travel speed, as measured along
the longitudinal axis of the weld joint. The formula for
welding heat input is shown below.

Heat Input = Welding Current Welding Voltage 60××
Welding Travel Speed (in/min)

----------------------------------------------------------------------------------------------------

Figure 8.12—Effects of Tempering 
Temperature on Mechanical

Properties of a 12.2% Cr Alloy 
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For this formula, heat input is expressed in terms of
joules/inch and travel speed in inches per minute. Joules
can also be expressed as watt-seconds. Therefore, the 60
occurring above the line in the formula converts the min-
utes in the travel speed into seconds. The welding
inspector may be asked to monitor the welding heat input
to control the resulting microstructural properties occur-
ring in the heat-affected zone.

Another item which has a significant effect on the result-
ing microstructure of the heat-affected zone is the use of

preheat. In general, the use of preheat will tend to reduce
the cooling rate in the weld and HAZ resulting in
improved ductility. When no preheat is used, the heat-
affected zone is relatively narrow and exhibits its highest
hardness. In some cases, depending on alloy content,
martensite may be formed. However, when preheat is
included, the heat-affected zone is wider and the result-
ing hardness is significantly lower due to the slower
cooling rate which allows for the formation of ferrite,
pearlite, and possibly bainite instead of martensite.
Therefore, the welding inspector may be asked to moni-

Figure 8.13—Temperature Gradients in Weld on Plate
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tor the preheat required for a particular welding opera-
tion. This requirement is primarily concerned with
slowing down the cooling rate in the heat-affected zone
to produce microstructures having desirable properties.

Another important factor for the welding of steel is its
carbon equivalent. Since carbon has the most pro-
nounced effect on the hardenability (the ease with which
a metal hardens upon cooling from an austenitic temper-
ature, or its ability to form martensite) of the steel, we are

most concerned with how much of it is present in a par-
ticular alloy. The higher the carbon content, the more
hardenable the steel.

Other alloy elements will also promote hardenability, to
various degrees. Equivalent carbon content is therefore
an empirical expression which is used to determine what
the combined effects of various alloying elements are on
the hardenability of that steel. An example of a typical
carbon equivalent content (C.E.) is shown below.

Figure 8.14—Relation Between Peak Temperatures of Various
Regions of a Weld and Correlation with the Iron-Carbon Phase Diagram
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C.E. = %C +

This formula is intended for carbon and alloy steels con-
taining not more than 0.5% Carbon, 1.5% Manganese,
3.5% Nickel, 1% Chromium, 1% Copper, and 0.5%
Molybdenum.

Once an equivalent carbon content has been determined,
we can predict the approximate range of preheat that will
be necessary for best results in welding. Table 8.1 sum-
marizes some suggested preheat temperatures for various
ranges of carbon equivalents.

Using these guidelines, the welding engineer can make a
preliminary decision as to what preheat temperature
would be satisfactory for a given application. Other fac-
tors will affect this decision, but this at least provides a
starting point.

%Mn
6

------------- %Ni
15

----------- %Cr
5

----------- %Cu
13

------------ %Mo
4

-------------+ + + +

Base metal thickness also has an effect on the cooling
rate; generally, welds on thicker base metal cool more
rapidly than welds on thin sections. The larger heat
capacity, or heat sink, associated with the thicker sec-
tions produces faster cooling of the weld bead. So, when
thicker sections are being welded, various welding

Figure 8.15—Heat-Affected Zone (HAZ)

Table 8.1
Suggested Preheat Temperatures

Carbon Equivalent Suggested Preheat Temperature

Up to 0.45
0.45 to 0.60
Above 0.60

Optional
200°F to 400°F
400°F to 700°F
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requirements, such as preheat, may be specified to
reduce the cooling rate to improve the resulting mechani-
cal properties of the heat-affected zone. Therefore, when
welding heavy sections, preheat and interpass require-
ments are normally increased to aid in slowing down the
resulting cooling rate.

Heat Treatments

There has been mention of some of the heat treatments
that may be applied to metals. They can be applied to the
base metal prior to welding or to the completed weld-
ment to produce specific mechanical properties. As a
welding inspector, one of your jobs may be to monitor
these heat treatment operations to assure that the time
and temperature requirements are being observed.

The basic heat treatments include annealing, normaliz-
ing, quenching, tempering, preheating, postheating, and
thermal stress relieving.

Annealing is a softening treatment used to increase the
metal’s ductility at the expense of its strength. To accom-
plish annealing, the metal is raised into the austenitic
range, held for a period of time, and then cooled very
slowly in the furnace. The cooling is usually done by
turning off the furnace power and allowing the part to
cool to room temperature.

Normalizing also softens the metal, but not as signifi-
cantly as annealing. It is considered a “homogenizing”
heat treatment by making the metal structure very uni-
form throughout its cross section. The normalizing treat-
ment is initiated by raising the metal’s temperature into
the austenitic range, holding for a time, and then allow-
ing it to slow-cool in still air. This cooling occurs faster
than a furnace cool, so the resulting properties include
slightly higher hardness and strength and possibly lower
ductility as compared to annealing. Normalized carbon
and low alloy steels are usually easily weldable.

Quenching differs from annealing and normalizing in
that the resulting mechanical properties show signifi-
cantly increased hardness and strength and decreased
ductility. This hardening treatment is accomplished by
raising the metal’s temperature into the austenite range,
holding for a time, and rapidly cooling to room tempera-
ture by immersing the part in a quenching medium, such
as oil, water, or brine (salt water). Quenching is per-
formed to produce a primarily martensitic structure
which has characteristically high hardness and strength
and low ductility. As we have seen earlier to improve the
ductility without significant degradation of the metal’s
strength characteristics, a tempering treatment is usually
performed.Preheat treatments are used, as discussed pre-
viously, to slow down the cooling rate of the base metal

adjacent to the weld to allow for the formation of micro-
structural constituents other than martensite. Preheat is
applied prior to welding. Postheat treatments are used to
reduce residual stresses and to temper hard, brittle phases
formed during cooling or quenching. Postheat is applied
after the welding has been completed. Generally,
postheat temperatures are higher than those used for
preheat.

Stresses

When welding, the heat is not applied uniformly. That is,
part of the metal is raised to some very high temperature
while the metal adjacent to the weld zone remains at a
lower temperature. This results in different amounts of
expansion of the metal at different locations relative to
the weld zone. The portion of the metal being
directly heated will tend to expand, with this expansion
being resisted by that metal which is at some lower
temperature.

Figure 8.16 illustrates the dimensional changes which
occur in a straight bar (see Figure 8.16A) that is heated
on one side by a welding arc. In Figure 8.16B, the arc is
struck and the plate begins to heat under the influence of
the arc. The heat does not instantly soak through the bar.
Since only the top of the bar is heated and not the bot-
tom, the heated portion expands, but not the bottom. As a
result, the bar distorts in a downward direction towards
the ends during welding (see Figure 8.16C).

When the arc is extinguished (see Figure 8.16D), the hot,
molten portion begins to cool and shrink. But, since the
hot metal has a lower strength than the colder metal, it
cannot withstand the stresses, so it contracts more on the
top than on the bottom. As the bar contracts, the direction
of the deforming forces reverses, which ultimately
causes the length along the top of the bar to shorten and
the ends of the bar to lift upward giving the bar a concave
shape as it cools, shown in Figure 8.16E. Therefore, as
we apply heat to a part in a nonuniform manner, as is the
case for welding, the result is a dimensional change from
the thermal stresses developed causing the part to be dis-
torted or warped when it cools. Figure 8.16F represents
the resolidified bar with a residual stress level remaining
in the bar, denoted by the “coiled spring” representation.

Whenever a metal is melted in a small, localized zone, as
in welding, shrinkage stresses are created. Even if the bar
had been externally restrained during this heating and
cooling cycle, the cooled part still contains stresses
caused by this differential heating and cooling. We refer
to these stresses as residual stresses. The residual stresses
tend to keep the bar in its bent shape. However, the bar
will not bend any more because it has cooled to room
temperature and is now stronger than the forces exerted
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by the residual stress. The residual stresses will remain in
the bar unless something is done to relax the stress.

There are several ways of reducing or eliminating resid-
ual stresses. It can be done thermally where the entire
part or a large band containing the weld zone is heated
uniformly and held for a prescribed time period. Thermal
stress relief is done at temperatures below the lower
transformation temperature of 1333°F. By raising the
temperature of the weld and base metal gradually and
uniformly, the thermal stresses created by the localized
heat of welding are allowed to relax. Stress relief occurs
because the strength of a metal is reduced as its tempera-
ture is increased, allowing the residual stress to relax and
the metal to recover. The component is cooled at a con-
trolled rate after stress relief. Slow uniform cooling to
room temperature will then produce a part with much
lower residual stress. This treatment will aid in the elimi-
nation of problems associated with distortion.

Another method of providing stress relief treatment is by
the application of a vibratory treatment. A sound wave is
introduced into the part either while welding to prevent
the buildup of stresses, or after the part has been welded
to remove residual stresses. Vibratory methods have
been shown to be effective in many applications.

A third method of reducing residual stresses which can
be done in conjunction with the welding operation is
known as peening (see Figure 8.17). This is also a
mechanical treatment. Peening involves the use of a
heavy pneumatic hammer (not a deslagging hammer)
which is used to pound on the face of intermediate layers
of a multipass weld. This hammering action tends to
deform the surface causing the thickness of the layer to
decrease. This deformation tends to spread out the
face of the weld to make it longer and wider. Since the
metal is spread out slightly, the residual stresses are
reduced.

When heavy peening is used for stress relieving, care
should be taken to prevent the cracking of the weld by
this aggressive mechanical treatment. It is not advisable
to peen the root layer which may be easily fractured by
this hammering. Normally, the final layer is not peened
either, but for a different reason; a heavily peened sur-
face can mask the presence of discontinuities, making
inspection more difficult. When properly applied, peen-
ing provides a very effective way of reducing residual
stresses when welds are made in heavy sections, or in sit-
uations where the welds are rigidly restrained.

There are two other aspects of welding metallurgy to be
discussed since they will also aid the inspector’s under-
standing of the physical principals involved in the vari-
ous metallurgical changes discussed earlier. These are
diffusion and solid solubility.

Figure 8.16—Shrinkage in a Weld
Caused by Expansion and Contraction

Liquid

A.

B.

C.

D.

E.

F.

Figure 8.17—Peening of Intermediate Weld
Layers to Relieve Welding Residual Stresses
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Diffusion

We have previously noted that atoms in the liquid state
can move about easily with respect to each other; how-
ever, under certain conditions, even atoms in the solid
state can change positions. In fact, any atom may “wan-
der” away, step by step, from its home position. These
changes of atom position in the solid state are called
diffusion.

An example of diffusion is shown if smooth, flat bars of
lead and gold are clamped tightly together (see Figure
8.18). If they are left clamped together at room tempera-
ture for several days, the two sheets of metal remain
attached when the clamps are removed. This attachment
is due to the atoms of lead and gold each migrating, or
diffusing, into the other metal, forming a very weak met-
allurgical bond. This bond is quite weak, and the two
metals can be broken apart by a sharp blow at their joint
line. If the two metals’ temperatures are increased, the
amount of diffusion increases, and at a temperature
above the melting point of both, complete mixing occurs.

Another example of diffusion occurs when hydrogen, a
gas, is allowed in the vicinity of molten metal, such as a
weld. The most common source of hydrogen is moisture
(H2O), or organic material contamination on the surfaces
of the parts to be welded. Many of the contaminants nor-
mally found on metals are organic compounds, like oil,
grease, etc., and they contain hydrogen in their chemical
makeup. The heat of welding will break down the water
or organic contaminants into individual atoms, which
includes the hydrogen atom (H+).

The hydrogen atoms are quite small, and they can easily
diffuse into the base metal structure. As they enter the
base metal, the hydrogen atoms often re-combine into
the hydrogen molecule (H2), a combination of two atoms
of hydrogen, which is much larger than a single atom of
hydrogen. The larger molecules often become trapped in
the metal at discontinuities such as grain boundaries or
inclusions. These hydrogen molecules, because of their
larger size, can cause high stresses in the internal struc-
ture of the metal, and for metals of low ductility, can
cause cracking. Hydrogen cracking is often referred to as
underbead or delayed cracking.

The primary cure for hydrogen cracking problems is to
eliminate the source of hydrogen; the first step is to thor-
oughly clean all surfaces to be welded. Another approach
is to specify the “low hydrogen” electrodes for use on
carbon and low alloy steels. These low hydrogen elec-
trodes are specially formulated to keep their hydrogen
content quite low, but they do require special handling to
avoid moisture pickup after opening the sealed shipping
containers. Preheating the base metals is also effective in
eliminating hydrogen pickup because hydrogen will dif-
fuse out of most metals at temperatures of 200°F–450°F.
The methods noted can all aid in reducing the possibility
of hydrogen cracking in those metals which are susceptible.

Solid Solubility

Most of us are familiar with the normal solubility of sol-
ids into liquids. Adding a spoonful of sugar to a glass of
water and stirring will dissolve the sugar. However, most
of us are not familiar with one solid dissolving into
another solid. In the example given above with the lead
and gold, the two metals were diffusing through solid
solution into each other. And, returning to our example
of sugar and water, if additional sugar is added, we find
that some of it will not dissolve regardless of how much
we stir.

What has happened is that for that volume of liquid, and
its temperature, we reach a “critical solubility limit.” No
amount of stirring will dissolve any more sugar. In order
to dissolve more sugar the liquid volume would either
have to be increased, or its temperature increased. Thus
we see that for a solid dissolving into a liquid, there is a
critical solubility limit depending on liquid volume and
temperature. Metals behave similarly, except through
diffusion, and they “dissolve” into each other when both
are solid.

But just like the sugar and water, there are solubility lim-
its of one solid dissolving into another and the critical
solubility limit is dependent on temperature. The higher
the temperature of a metal, the more dissolving of a sec-
ond element will occur. Thus, we can get metals combin-

Figure 8.18—Diffusion of
Lead and Gold Atoms
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ing even when both are solid. Of course, as the metal
temperatures are raised, the amount of diffusion and sol-
ubility increase.

An example of a solid dissolving into another solid is a
method we use for increasing the surface hardness of
steel. If the steel is packed into a bed of carbon particles,
and then heated to a temperature of about 1600°F–
1700°F, which is well below the melting point of both
the carbon and the steel, some of the carbon will diffuse
(dissolve) into the surfaces of the steel. This added car-
bon in the steel’s surface makes the surface much harder,
and is useful for resisting wear and abrasion. This tech-
nique is commonly called pack carburizing.

The surface of steels can also be made hard by exposing
the steel to an ammonia environment at similar tempera-
tures to carburizing. The ammonia (NH3) breaks down
into its individual components of nitrogen and hydrogen,
and the nitrogen atoms enter the surface. This technique
is called nitriding. Both of these surface hardening tech-
niques demonstrate the diffusion and solid solubility of
metals. Knowledge of diffusion and solid solubility will
aid the welding inspector in understanding the impor-
tance of cleanliness in welding, and the need for proper
shielding during all welding operations.

Welding Metallurgy of Other 
Commonly Used Materials
To this point, the primary alloy used for discussion has
been carbon steel and low alloy steel. This final section
will review the welding metallurgy of three commonly
used materials: stainless steel, aluminum and copper and
the various alloys of each.

Stainless Steels

The word “stainless” is a bit of a misnomer when applied
to the classes of metals referred to as stainless steels,
since it usually means they resist corrosion. However, in
severe corrosive environments, many of the stainless
steels corrode at very high rates. The stainless steels are
defined as having at least 12% chromium. There are
many types of stainless steels, and the welding inspector
should recognize this when discussing them and use the
proper designation for each type.

The five main classes of stainless steels are ferritic, mar-
tensitic, austenitic, precipitation hardening, and the
duplex grades. The first three categories refer to the sta-
ble room temperature phase found in each class. The
fourth one, often called “PH” stainless steels, refers to
the method of hardening them by an “aging” heat treat-
ment, a precipitation hardening mechanism as opposed

to the quenching and tempering mechanism known as
transformation hardening. The last one, the duplex
grades, are approximately half ferrite and half austenite
at room temperature with improved resistance to chloride
stress corrosion cracking.

The stable room temperature phase found in stainless
steels depends on the chemistry of the steel, and some
stainless steels may contain a combination of the differ-
ent phases. The more common stainless steels are the
austenitic grades, which are identified by the “200” and
“300” series grades; 304 and 316 stainless steels are aus-
tenitic grades. A 416 steel is a martensitic grade, and 430
is a ferritic grade. One of the common PH stainless steels
is a 17-4 PH grade. A popular duplex grade is 2205.

As might be expected, the weldability of these grades
varies significantly. The austenitic grades are very weld-
able with today’s available filler metal compositions.
These grades can be subject to hot short cracking, which
occurs when the metal is very hot. This problem is
solved by controlling the composition of the base and
filler metals to promote the formation of a “delta ferrite”
phase which helps eliminate the hot short cracking problem.

Typically, cracking will be avoided in the austenitic
stainless steels by selecting filler metals with a delta fer-
rite percent of 4%–10%. This percentage is often
referred to as the Ferrite Number and can be measured
with a magnetic gauge. The delta ferrite can be measured
using the magnetic gauge since delta ferrite is BCC and
magnetic, while the primary phase, austenite, is FCC and
nonmagnetic.

The ferritic grades are also considered weldable with the
proper filler metals. The martensitic grades are the most
difficult to weld, and often require special preheating and
post weld heat treatment. Procedures have been devel-
oped to weld these materials and must be followed care-
fully to avoid cracking problems and maintain the
mechanical properties of the base metals. The PH and
duplex stainless steels are also weldable, but attention
must be given to the changes in mechanical properties
caused by welding.

One of the common problems found when welding the
austenitic grades is referred to as carbide precipitation,
or sensitization. When heated to the welding tempera-
tures, a portion of the base metal reaches temperatures in
the 800°F–1600°F range, and within this temperature
range, the chromium and carbon present in the metal
combine to form chromium carbides. The most severe
temperature for this formation is about 1250°F, and this
temperature is passed through twice on each welding
operation cycle, once on heating to weld and again on
cooling to room temperature.
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These chromium carbides typically are found along the
grain boundaries of the structure. The result of their for-
mation is the reduction of the chromium content within
the grain itself adjacent to the grain boundary, called
chromium depletion, resulting in reducing the chromium
content below that required for resisting corrosion. The
final result of this chromium depletion of the grain is a
reduced corrosion resistance of the grain itself due to its
reduced chromium content. In certain corrosion environ-
ments, the edges of the grains corrode at a high rate, and
this is called intergranular corrosion attack, or IGA (see
Figure 8.19).

Sensitization of austenitic stainless steels during welding
can be prevented by several methods. The first method
involves reheat treating the complete structure by heating
to 1950°F–2000°F. This solution annealing breaks up the
chromium carbides, permitting the carbon to be redis-
solved into the structure. However, this heat treatment
can cause severe distortion of welded structures. Follow-
ing heat treatment the structure must be rapidly quenched
in water to avoid reformation of the chromium carbides
(see Figure 8.20).

A second method is the addition of stabilizers to the base
and filler metals. The two most common examples for
stabilization are the addition of titanium or niobium
(columbium) to the 300 series alloys in amounts equal to
8 or 10 times the carbon content. These alloying stabiliz-
ers preferentially combine with the carbon and reduce
the amount of carbon available for chromium carbide
formation, maintaining the grains’ chromium content
and corrosion resistance. When titanium is added, we
have the austenitic stainless alloy 321; when niobium is
added, we have the 347 grade (see Figure 8.21).

The third method is the reduction of the carbon content
in the base and filler metals. Initially, these low carbon
austenitic stainless steels were referred to as Extra Low
Carbon, or ELC for abbreviation. Today, they are
referred to by the letter “L” meaning the carbon content
is less than 0.03%. (The standard grades contain up to
0.08% carbon.) By reducing the carbon content in the
alloy, less carbon is available to combine with the chro-
mium, and sensitization is reduced during welding (Fig-
ure 8.20). These low carbon grades have slightly reduced
mechanical properties because of their lower carbon con-
tent, and this must be considered when selecting these
alloys, especially for high temperature use.

Aluminum and its Alloys

Aluminum alloys have a very tenacious oxide film on
their surfaces which forms very rapidly when the bare
aluminum is exposed to air, and these oxide films give
protection in corrosive environments. These same oxides

Figure 8.19—Intergranular Corrosion Attack
on Austenitic Stainless Steel Caused by

Sensitization During Welding

Figure 8.20—Quenching of
Austenitic Stainless Steel to

Maximize Corrosion Resistance

Figure 8.21—Prevention of Sensitization
in Austenitic Stainless Steel
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on the surface interfere with the joining processes. To
braze or solder these alloys, fluxes are used to break
down the oxide film so the parts can be joined. When
welding, alternating current is used which results in
breaking down of the oxides by the current reversal of
AC welding, and reformation of the oxide film is
avoided by shielding with helium or argon gas. The AC
welding method is sometimes referred to as a surface
cleansing technique.

The metallurgy of aluminum and its alloys is very com-
plex, especially regarding the great number of alloy
types and heat treatments. The proper filler metals for
most weldable grades and heat treat conditions can be
found in AWS A5.10, Specification for Bare Aluminum
and Aluminum Alloy Welding Electrodes and Rods.

Copper and its Alloys

Pure copper and many of its alloys cannot be hardened
by a quench and temper heat treatment as steel can.
These alloys are usually hardened and made stronger by
the amount of “cold work” introduced when forming
them into the various shapes. The act of welding softens
the cold worked material and must be considered before
welding on work-hardened copper alloys. There is a
series of copper alloys that are strengthened by “aging,”
a treatment similar to the precipitation hardening used on
the PH stainless steels. When welding on these alloys, a
postweld heat treatment is usually specified to restore the
original mechanical properties.

One of the major problems with welding of copper and
its alloys is due to their relative low melting point and
very high thermal conductivity. Considerable heat must
be applied to the metal to overcome its loss through con-
ductivity, and the relatively low melting point often
results in the metal melting earlier than expected and
flowing out of the weld joint. Most copper alloys are
weldable with proper technique and practice.

Summary

The metallurgy of welding is an important consideration
for any welded component because the metallurgical
changes which occur can have very significant effects on
the resulting mechanical properties of the weld and base
metals. A number of welding procedure requirements
exist because the metallurgist or welding engineer
desires to control the resulting mechanical properties of
the weldment. Consequently, the welding inspector may
be asked to monitor some of these requirements to assure
that the resulting fabrication is satisfactory.

Changes in the metal properties will occur based on the
amount of heat which is applied as well as the rate at
which the heat is removed from the metal. You have seen
how these factors cause changes in the metal properties.
Consequently, it is now easier to understand which weld-
ing variables are important and why they need to be con-
trolled during the welding operation.

Key Terms and Definitions
alpha iron—a BCC solid solution of carbon in iron, and

stable at room temperature. Also named ferrite.

annealing—a heat treatment designed to place the metal
in its softest, lowest strength condition.

austenite—an FCC solid solution of carbon in iron
which forms upon heating above the A3 transforma-
tion line. Also, the room temperature stable phase of
the 300 series of stainless steels. Also called gamma
iron.

autogenous—in welding, a weld made without filler
metal, melting portions of the base metal for filler.

bainite—a phase of iron, as contrasted with pearlite,
which forms on cooling. A very fine particle sized
structure difficult to resolve on the optical micro-
scope.

BCC—body centered cubic.

BCT—body centered tetragonal.

carbon equivalent—a number calculated by one of sev-
eral different formulae which aids in determining the
required preheat temperature.

carburizing—a case hardening process that diffuses car-
bon into a solid ferrous alloy by heating the metal in
contact with a carbonaceous material (one containing
carbon). There are two types of carburizing; pack car-
burizing and gaseous carburizing.

cementite—iron carbide, Fe3C.

conduction—in heat transfer, the transmission of heat
from particle to particle.

convection—in heat transfer, the transmission of heat by
the mass movement of the heated particles.

crystal—or grain; the individual unit formed on solidi-
fication, separated from other crystals by grain
boundaries.

delta ferrite—a phase of stainless steel alloys which
resists cracking at high temperatures.
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deoxidizers—elements or compounds which preferen-
tially combine with oxygen to keep it from reacting
with heated base or weld metal.

dewpoint—the temperature at which any moisture
present will condense; a measure of gas “dryness.”

diffusion—movement of atoms within a solution, be it a
solid, liquid, or a gas.

discontinuity—any interruption in the normal homoge-
neous pattern or arrangement of a metal.

duplex—in metals, a type of stainless steel containing
approximately 50% ferrite and 50% austenite.

eutectoid—in steel, the alloy with a carbon content of
exactly 0.8%.

ferrite—a BCC solid solution of carbon in alpha iron;
also named alpha iron.

FCC—face centered cubic.

gamma iron—an FCC solid solution of carbon in iron;
also named austenite.

grain—in metals, the individual crystal formed on solid-
ification; see crystal.

HAZ—heat-affected zone; the metal adjacent to a weld
that does not melt but is affected by the heat of
welding.

HCP—hexagonal close packed.

hypereutectoid—steel alloy with more than 0.8%
carbon.

hypoeutectoid—steel alloy with less than 0.8% carbon.

IGA—intergranular corrosion attack; caused by sensiti-
zation of stainless steels.

joule—the metric unit for work or heat (energy).

lamellar—layered, or plate-like.

martensite—an unstable constituent of iron, formed
without diffusion by rapid quenching from the austen-
ite phase above the transformation line, A3.

metallurgical bond—the special type of atomic bonding
holding metal atoms together.

molecule—a group of chemically bonded atoms.

nitriding—a case hardening process that introduces
nitrogen into the surface of a ferrous material at ele-
vated temperatures in the presence of ammonia or
nitrogen.

normalizing—a heat treatment whereby steel is heated
into the austenite range and cooled in still air.

organic—materials made up primarily of the elements of
carbon, oxygen and hydrogen.

pearlite—a layered, or lamellar, structure composed of
ferrite and cementite (iron carbide).

peening—severe mechanical deformation of a metal.

phase transformation—in metals, a change in the
atomic structure.

postheat—a thermal treatment given to a weldment after
welding is completed.

precipitation hardening—a hardening mechanism, dif-
ferent from quenching and tempering, which relies on
the formation of a precipitate during the heat treating
cycle for increasing strength and hardness.

preheat—a thermal treatment given to a joint prior to
welding.

psi—pounds per square inch.

purging—the secondary application of an inert or unre-
active gas to protect the back side of weldments dur-
ing welding.

quenching—in heat treatment, very rapid cooling from
elevated temperatures.

residual stress—stress remaining immediately after a
welding or forming operation.

segregation—in alloying, the separation, or nonhomoge-
neity, of two or more elements or phases.

sensitization—or carbide precipitation; the formation of
chromium carbides resulting in depletion of the chro-
mium from the individual grains and reducing the
metal’s corrosion resistance to intergranular corrosion.

solid solubility—the ability of metals to dissolve within
each other when in a solid form through diffusion
mechanisms.

stainless steels—alloys containing a minimum of 12%
chromium selected for their corrosion resistance.

stress relieving—a heat treatment which relieves a
metal’s residual stress by heating, holding at tempera-
ture, and cooling per a prescribed cycle.

tempering—a heat treatment which reduces the strength
and hardness of as-quenched steels and restores duc-
tility and toughness.

thermal expansion—the expansion, or growth, of a
material upon being heated.

unit cell—a symmetrical shape with the smallest number
of atoms that completely describes a unique structure
of a metal or phase.
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CHAPTER 9—WELD AND BASE METAL DISCONTINUITIES WELDING INSPECTION TECHNOLOGY

Introduction and Background

One of the most important parts of the welding inspec-
tor’s job is the evaluation of welds to determine their
suitability for an intended service. During the various
stages of this evaluation, the inspector will be looking for
irregularities in the weld or weldment. We commonly
refer to these irregularities as discontinuities.

In general, a discontinuity is described as any interrup-
tion in the uniform nature of an item. In welding, the
types of discontinuities with which we are concerned are
such things as cracks, porosity, undercut, incomplete
fusion, etc.

Knowledge of these discontinuities is important to the
welding inspector for a number of reasons. First, the
inspector will be asked to visually inspect welds to deter-
mine the presence of any of these discontinuities. If any
are discovered the welding inspector must then be capa-
ble of describing their nature, location, and extent. This
information will be required to determine whether or not
that discontinuity requires repair, as described in the
applicable job specifications.

If additional treatment is deemed necessary, the welding
inspector must be capable of accurately describing the
discontinuity to the extent that it can be satisfactorily
corrected by production personnel.

Before describing these discontinuities, it is extremely
important to understand the difference between a discon-
tinuity and a defect. Too often, people mistakenly use the
two terms interchangeably. As a welding inspector, you
should strive to realize the distinction between the terms
discontinuity and defect.

While a discontinuity is some feature which introduces
an irregularity in an otherwise uniform structure, a defect
is a specific discontinuity which can impair the suitabil-
ity of that structure for its intended purpose. That is, a
defect is a discontinuity of a certain type, and one which
occurs in an amount great enough to render that particu-

lar object or structure unsuitable for its intended service
based on criteria in the applicable code.

In order to determine if a particular discontinuity is actu-
ally a defect, there must be some standard which defines
the acceptable limits of that discontinuity. When its size
or concentration exceeds these limits, it is deemed a
defect. We can therefore think of a defect as a “rejectable
discontinuity.”

Depending on the intended service of the part in ques-
tion, an existing discontinuity may or may not be consid-
ered to be a defect. Consequently, each industry uses
specific codes or standards which describe the acceptable
limits for those discontinuities which could affect the
successful performance of various components.

Therefore, the following discussion of weld discontinui-
ties will deal with their characteristics, causes, and cures
without specific reference to their acceptability. Only
after their evaluation in accordance with an applicable
standard can a judgment be made as to whether they are
acceptable discontinuities or rejectable defects.

We can, however, talk in general about the effect or criti-
cality of certain discontinuities. Such a discussion will
help you understand why certain discontinuities are
unacceptable, regardless of their size or extent, while the
presence of minor amounts of others is considered to be
acceptable.

One way in which this can be explained relates to the
specific configuration of that discontinuity. Configura-
tions of discontinuities can be separated into two general
groups: linear and nonlinear. Linear discontinuities
exhibit lengths which are much greater than their widths.
Nonlinear discontinuities, on the other hand, have length
and width dimensions which are essentially the same.
When present in a direction perpendicular to the applied
stress, a linear discontinuity usually represents a far more
critical situation than does a nonlinear type because it is
more likely to propagate and cause a failure.

Another way in which the shape of a discontinuity relates
to its criticality, or effect on the integrity of a structure, is
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its end condition. By end condition, we are referring to
its specific sharpness at its extremities. In general, the
sharper the end of the discontinuity, the more critical it
becomes. This is because a sharper discontinuity is more
likely to propagate. Again, this is also dependent on its
orientation with respect to the applied stress. We most
often associate linear discontinuities with sharp end con-
dition. So, if there is a linear discontinuity having a sharp
end condition lying transverse to the applied stress, this
represents the most detrimental situation with respect to
the ability of that member to carry an applied load.

If we were to rate some of the more common discontinu-
ities with respect to the sharpness of their end conditions,
starting with the sharpest, we would generally have
crack, incomplete fusion, incomplete joint penetration,
slag inclusion, and porosity. This order coincides with
the amounts of these discontinuities permitted by most
codes. There are only a few instances in which any
amount of cracking is allowed. Incomplete fusion may
also be forbidden or at least limited to minor amounts.
Most codes will permit the presence of small amounts of
incomplete joint penetration and slag, and some porosity.
Depending on the industry and the intended service these
amounts will vary, but in general the sharper the discon-
tinuity the more its presence is restricted.

To further explain the importance of the end condition on
the severity of a discontinuity, let’s review an example of
how a crack’s propagation could be stopped using a tech-
nique which you may have seen performed. The tech-
nique referred to is the placement of a drilled hole at the
end of a crack in a component. While this does not cor-
rect the cracking, it may stop its further propagation.
This is accomplished because the sharp ends of the crack
are rounded sufficiently by the radius of the drilled hole
to reduce the stress concentration to the point that the
material can withstand the applied load without further
crack propagation.

Another way in which the criticality of a discontinuity is
judged relates to the way in which a part or structure will
be loaded during service. For example, if a weld forms a
part of a pressure boundary, those weld discontinuities
constituting a significantly large percentage of the wall
thickness will usually be most damaging. In the case of a
structure which will be loaded in fatigue (i.e., cyclic
loading), those discontinuities forming sharp notches on
the surfaces of the structure will generally cause failure
more readily than those beneath the surface. These sur-
face notches act as stress risers which tend to concen-
trate, or amplify, the stresses at that notch point. Such a
stress concentration can result in a localized overload
condition even though the stress applied to the full cross
section may be low. Stress risers can amplify the applied

stress by factors as high as ten in the case of a sharp
surface crack.

This can be shown by the example of a piece of welding
wire which you would like to break. One way of accom-
plishing this would be to bend the wire back and forth
until it finally broke. However, it may take many cycles
to produce this failure. If you were to take a similar piece
of welding wire, place it on a hard surface, and strike it
with the sharp edge of a chipping hammer, you would
produce a sharp notch on the wire’s surface. Now, only
one or two bends would be necessary to result in the fail-
ure of that wire because the notch represents a significant
stress concentration of the applied bending load.

So, for a structure which must withstand fatigue loading,
the surfaces should be free of those discontinuities which
provide sharp notches. Consequently, parts subjected to
fatigue loading in service are often required to have their
surfaces machined to very smooth finishes. Abrupt
changes in contour or geometry are also avoided.

For these types of components, one of the most effective
methods of inspection is visual. Therefore, you, as a
welding inspector, can play an extremely important role
in determining how well these components will behave
in service. The suitability of these structures for their
intended service can be judged on the presence or sharp-
ness of any surface discontinuities.

Discussion of Discontinuities
Having provided this background on discontinuities in a
general sense, let’s now discuss some of the more com-
mon weld and base metal discontinuities found during
normal inspection activities. Those with which we will
concern ourselves are listed, and the definitions for each
can be found in the AWS A3.0, Standard Welding Terms
and Definitions, or in the Key Terms and Definitions
section at the end of this chapter.

• crack

• incomplete fusion

• incomplete joint penetration

• inclusion

• slag inclusion

• tungsten inclusion

• porosity

• undercut

• underfill

• overlap

• convexity
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• weld reinforcement

• arc strike

• spatter

• lamination

• lamellar tear

• seam/lap

• dimensional

Cracks

The first of the discontinuities to be discussed is the
crack, the most critical discontinuity. This criticality is
due to cracks being characterized as linear, as well as
exhibiting very sharp end conditions. Since the ends of
cracks are extremely sharp, there is a tendency for the
crack to grow, or propagate, if a stress is applied.

Cracks are initiated when the load, or stress, applied to a
member exceeds its tensile strength. In other words,
there was an overload condition which caused the crack.
The stress can occur during welding, immediately after,
or when a load is applied. While the applied load may
not exceed the load carrying ability of a member, the
presence of a notch, or stress riser, could cause the local-
ized stress at the tip of the stress riser to exceed the ten-
sile strength of the material. In such a case, cracking
could occur at this stress concentration. Therefore, you
commonly see cracking associated with both surface and
subsurface discontinuities which provide such a stress
riser in addition to those associated with the welding
operation itself.

We can categorize cracks in several different ways. One
way of grouping cracks is by characterizing them as
either hot or cold cracks. These terms are an indication of
the metal temperature at which the fracture occurred.
This is often a way in which we can decide exactly why a
particular crack resulted, since some types of cracks are
characteristically either hot or cold cracks.

Hot cracks usually occur as the metal solidifies, at some
elevated temperature. The propagation of these cracks is
considered to be intergranular; that is, the cracks occur
between individual grains. If we observe the fracture sur-
faces of a hot crack, we may see various “temper” colors
on the fracture faces indicating the presence of that crack
at an elevated temperature. Cold cracks occur after the
metal has cooled to ambient temperature. Those cracks
resulting from service conditions would be considered
cold cracks. Delayed, or underbead, cracks resulting
from entrapped hydrogen would also be categorized as
cold cracks. The propagation of cold cracks can be either
intergranular or transgranular; that is, either between or
through the individual grains, respectively.

Cracks can also be described by their direction with
respect to the longitudinal axis of the weld. Those lying
in a direction parallel to the longitudinal axis are referred
to as longitudinal cracks. Similarly, those cracks lying
perpendicular to the weld’s longitudinal axis are called
transverse cracks. These directional references apply to
cracks occurring in either the weld or base metals. Longi-
tudinal cracks can result from transverse shrinkage
stresses of welding or stresses associated with service con-
ditions. Figure 9.1 shows a longitudinal crack in the center
of a groove weld. The weld also contains surface porosity
which may have contributed to the crack’s propagation.

Transverse cracks are generally caused by the longitudi-
nal shrinkage stresses of welding acting on welds or base
metals of low ductility. Figure 9.2 shows two transverse
cracks occurring in a GMAW deposit on HY-130 steel
and propagating into the base metal. Figure 9.3 illustrates
throat cracks in fillet welds.

Figure 9.1—Longitudinal Crack

Figure 9.2—Transverse Cracks
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Finally, we can further differentiate between various
types of cracks by giving a description of their exact
locations with respect to the various parts of the weld.
These descriptions include throat, root, toe, crater, under-
bead, heat-affected zone, and base metal cracks.

Throat cracks are so named because they extend through
the weld along the weld throat, or the shortest path
through the weld’s cross section. These are longitudinal
cracks and are generally considered to be hot cracks. A
throat crack can be observed visually on the weld face.
Consequently, the term centerline crack is often used to
describe this condition.

Joints exhibiting high restraint transverse to the weld
axis are susceptible to throat cracking, especially in situ-
ations where the weld cross section is small. So, such
things as thin root passes and concave fillet welds could
result in a throat crack because their reduced cross sec-
tions may not be sufficient to withstand the transverse
weld shrinkage stresses. Figure 9.4 is an example of a
throat crack in a fillet weld.

Root cracks are usually longitudinal; however, their
propagation may be in either the weld or base metal.
They are referred to as root cracks because they initiate
at the weld root or the root surface of the weld. Like
throat cracks, they are generally related to the existence
of shrinkage stresses from welding. Therefore, they are
usually considered to be hot cracks. Root cracks often
result when joints are improperly fitted or prepared.
Large root openings, for example, may result in a stress
concentration which produces root cracks.

Toe cracks are base metal cracks which propagate from
the toes of welds. Weld configurations exhibiting weld
reinforcement or convexity may provide a stress riser at
the welds’ toes. This, combined with a less ductile
microstructure in the heat-affected zone, increases the
susceptibility of the weldment to toe cracks. Toe cracks
are generally considered to be cold cracks. The stress
causing the occurrence of toe cracks could be the result
of either the transverse shrinkage stresses of welding,
some applied service stresses, or a combination of the
two. Toe cracks occurring in service are often the result
of fatigue loading of welded components. Typical toe
cracks are shown in Figure 9.5.

Crater cracks occur at the termination point of individual
weld passes. If the technique used by the welder to termi-
nate the arc does not provide for complete filling of the
molten weld puddle, the result could be a shallow region,
or crater, at that location. The presence of this thinned
area, combined with the shrinkage stresses from welding,
may cause individual crater cracks or networks of cracks
radiating from the center of the crater. When there is a
radial array of crater cracks, they are commonly referred
to as star cracks.

Since crater cracks occur during the solidification of the
molten puddle, they are considered to be forms of hot
cracks. Crater cracks occurring in a GTA weld bead on
aluminum are shown in Figure 9.6. Crater cracks can be
extremely detrimental because there is a tendency for the
crack to propagate further, as shown in Figure 9.7.

Figure 9.3—Throat Cracks in Fillet Welds

Figure 9.4—Throat Crack
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Although the primary cause of crater cracks relates to the
technique used by the welder to terminate a weld pass,
these cracks can also result from the use of filler metals
having flow characteristics which produce concave pro-
files when solidified. An example of this phenomena is
the use of those stainless steel covered electrodes bearing
designations ending with “-16” (i.e., E308-16, E309-16,
E316-16, etc.). This ending designates a titania type
coating which will produce a characteristically flat or
slightly concave weld profile. Consequently, when these
electrodes are used, the welder must take extra precautions
and fill the craters sufficiently to prevent crater cracks.

The next category of crack is the underbead crack.
Although related to the welding operation, the underbead
crack is located in the heat-affected zone instead of the
weld metal. As the name implies, it will characteristi-
cally lie directly adjacent to the weld fusion line in the

heat-affected zone. When cross-sectioned, underbead
cracks will often appear to run directly parallel to the
fusion line of a weld bead. Figure 9.8 illustrates the typi-
cal configurations of underbead cracks. These are typi-
cally subsurface and difficult to detect. However, they
may propagate to the surface, which allows for their dis-
covery during visual inspection.

Underbead cracking is a particularly detrimental type of
crack because it may not propagate until many hours
after welding has been completed. For this reason, under-
bead cracks are sometimes referred to as delayed cracks.
Consequently, for those materials which are more sus-
ceptible to this type of cracking, final inspection should
not be performed until 48 hours to 72 hours after the
weld has cooled to an ambient temperature. High
strength steels are particularly susceptible to this type of
cracking (e.g., ASTM A 514).

Underbead cracks result from the presence of hydrogen
in the weld zone. The hydrogen could come from the
filler metal, base metal, surrounding atmosphere, or
organic surface contamination. If there is some source of
hydrogen present during the actual welding operation, it
may be absorbed by the heat-affected tone. When hot,

Figure 9.5—Toe Cracks

Figure 9.6—Closeup of
Crater Cracks in Aluminum Weld

Figure 9.7—Propagation of
Crater Crack in Aluminum Weld
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the metal can hold a great deal of this atomic, or nascent,
hydrogen, designated as the hydrogen ion, H+.

However, once solidified, the metal has much less capac-
ity for the hydrogen. The tendency of the hydrogen ions
is to move through the metal structure to grain bound-
aries in the heat-affected zone. At this point, individual
atoms of hydrogen may combine to form hydrogen mole-
cules (H2). This gaseous form of hydrogen requires more
volume and is now too large to move through the metal
structure. These molecules are now trapped. If the sur-
rounding metal does not exhibit sufficient ductility, the
internal pressure created by the trapped hydrogen mole-
cules can result in underbead cracking.

As the welding inspector, you should be aware of this
potential problem and take precautions to prevent its
occurrence. The best technique for the prevention of
underbead cracking is to eliminate sources of hydrogen
when welding susceptible materials. With SMAW, for
example, low hydrogen electrodes may be used. When
specified, they should be properly stored in an appropri-
ate holding oven to maintain this low moisture level. If
allowed to remain in the atmosphere for prolonged peri-
ods, they may pick up enough moisture to cause crack-
ing. Parts to be welded should be cleaned adequately to
eliminate any surface sources of hydrogen. Preheat may
also be prescribed to help eliminate this cracking problem.

Since the heat-affected zone is typically less ductile than
the surrounding weld and base metal, cracking may also
occur there without the presence of hydrogen. In situa-
tions of high restraint, shrinkage stresses may be suffi-
cient to result in heat-affected zone cracking, especially
in the case of brittle materials such as cast iron. A partic-
ular type of heat-affected zone crack which has already
been discussed is the toe crack.

Cracking may also be present in the base metal itself.
These types of cracks may or may not be associated with
the weld. Quite often, base metal cracks are associated
with stress risers which result in cracking once the part
has been placed in service.

Radiographically, cracks appear as fine, rather well
defined dark lines which can be differentiated from other
linear discontinuities because their propagation path is
not perfectly straight, but tends to wander as the crack
follows the path of least resistance through the material’s
cross section. Figure 9.9 shows a radiograph of a typical
longitudinal crack which is probably associated with the
weld root. Figure 9.10 illustrates how typical transverse
cracks may appear on a radiograph.

Incomplete Fusion

By definition, incomplete fusion is described as a “weld
discontinuity in which fusion did not occur between weld
metal and fusion faces or adjoining weld beads.” That is,
the fusion is less than that specified for a particular weld.
Due to its linearity and relatively sharp end condition,
incomplete fusion represents a significant weld disconti-
nuity. It can occur at numerous locations within the weld
zone. Figure 9.11 shows some of these various locations
for incomplete fusion.

Figure 9.11(A) shows the occurrence of incomplete
fusion at the original groove face as well as between
individual weld beads. Quite often, incomplete fusion
also has slag inclusions associated with it. In fact, the
presence of slag due to insufficient cleaning may prevent
the fusion from occurring.

We most often think of incomplete fusion as being some
internal weld flaw. However, it can occur at the surface
of the weld as well. This is shown in Figure 9.11(B) and
displayed pictorially in Figure 9.12.

Another nonstandard term for incomplete fusion is cold
lap. This term is often, and incorrectly, used to describe
incomplete fusion between the weld and base metal or
between individual weld beads, especially when using
gas metal arc welding. Figures 9.13 and 9.14 show
incomplete fusion (cold lap) occurring between the weld
and base metals.

Figure 9.8—Underbead Cracks
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Incomplete fusion can result from a number of condi-
tions or problems. Probably the most common cause of
this discontinuity is the improper manipulation of the
welding electrode by the welder. Some processes are
more prone to this problem because there is not enough
concentrated heat to adequately melt and fuse the metals.
For example, when using short circuiting transfer
GMAW, the welder must concentrate on directing the
welding arc at every location of the weld joint where
fusion is to be obtained. Otherwise, there will be areas
which do not exhibit the proper amount of melting, and
therefore fusion.

In other situations, the actual configuration of the weld
joint may limit the amount of fusion which can be
attained. An example is the use of a weld groove with an

insufficient groove angle for the process and electrode
diameter being used. Finally, extreme contamination,
including mill scale and tenacious oxide layers, could
also prevent the attainment of complete fusion.

Incomplete fusion is very difficult to detect with radiog-
raphy unless the angle of radiation is oriented properly.
Typically, the incomplete fusion is adjacent to the origi-
nal groove face and has very little width and volume,
making it very difficult to resolve radiographically
unless the radiation path is parallel and in line with the
discontinuity.

If incomplete fusion is radiographically visible, it will
usually appear on the film as darker density lines which
are generally straighter than the images of either cracks
or elongated slag. The lateral position of these indica-

Figure 9.9—Radiograph of Longitudinal Crack

Figure 9.10—Radiograph of Transverse Cracks
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tions on the film will be a hint as to their actual depth.
For example, in a single-V groove weld, incomplete
fusion near the root will appear near the weld centerline
while the presence of incomplete fusion closer to the
weld face will appear on the radiograph as an image
positioned closer to the weld toe.

Figure 9.15 is a radiograph representing linear images
likely to be produced by incomplete fusion along the
groove faces of the original weld joint.

Incomplete Joint Penetration

Incomplete joint penetration, unlike incomplete fusion, is
a discontinuity associated only with groove welds. It is a

Figure 9.12—Incomplete Fusion
at Weld Face

Figure 9.13—Incomplete Fusion
of Flare-Bevel Groove Welds

Figure 9.14—Incomplete Fusion
Between Weld and Base Metal

Figure 9.11—Various Locations
of Incomplete Fusions

Incomplete
fusion

Incomplete
fusion

(A)

Incomplete fusion

Incomplete fusion
(B)

Incomplete fusion

(C)
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condition where the weld metal does not extend entirely
through the joint thickness when complete penetration is
required by a specification. Its location is always adja-
cent to the weld root. Figure 9.16 illustrates several
examples of incomplete joint penetration. Most codes
place limits on the amount and degree of incomplete
joint penetration permissible, and several codes do not
accept any incomplete joint penetration.

There is another name which can be correctly applied to
the conditions shown in Figure 9.16 if the welds meet the
designer’s requirements. They could be called partial
joint penetration; that is, they were not intended to be
complete penetration welds. For example, in a joint
where the design requirements specify partial joint pene-
tration welds, and this is commonly done, then the weld
examples shown would be acceptable if the weld sizes
are adequate. However, in a joint where the weld is
required to have complete joint penetration, the presence
of incomplete joint penetration is cause for rejection.

It should be noted that previously the condition now cor-
rectly referred to as incomplete joint penetration has
been called by several nonstandard terms. Some of these
were inadequate penetration, lack of penetration, IP, and
LP. For groove welds, the correct term is incomplete
joint penetration, and should be used instead of the other
terms. Figure 9.17 shows a photograph of this condition
at the root of a groove weld, and Figure 9.18 shows the
radiographic image of incomplete joint penetration.

Incomplete joint penetration can be caused by the same
conditions which result in incomplete fusion; that is,
improper technique, improper joint configuration, or
excessive contamination.

Figure 9.16—Examples of Incomplete
Joint Penetration in Groove Welds

Incomplete Joint
Penetration

Incomplete Joint
Penetration

Incomplete Joint
Penetration

Incomplete Joint
Penetration

Figure 9.15—Radiograph of Side-Wall Incomplete Fusion
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The radiographic image caused by incomplete penetra-
tion will typically be a dark, straight line. It will usually
be much straighter than incomplete fusion because it is
associated with the original weld preparation at the root.
It will be centered in the width of the weld for those
groove welds in which both members are prepared.

Inclusions

The definition of inclusion is entrapped foreign solid
material, such as slag, flux, tungsten, or oxide. Thus, the
term inclusion can include both metallic and nonmetallic
categories. Slag inclusions, as the name implies, are
regions within the weld cross section or at the weld sur-

face where the molten flux used to protect the molten
metal is mechanically trapped within the solidified
metal. This solidified flux, or slag, represents a portion
of the weld’s cross section where the metal is not fused
to itself. This can result in a weakened condition which
can impair the serviceability of the component. Although
we normally think of slag inclusions as being totally con-
tained within the weld cross section, we sometimes
observe them at the surface of the weld as well. Figure
9.19 shows an example of such a surface slag inclusion.

Like incomplete fusion, slag inclusions can occur
between the weld and base metal or between individual
weld beads. In fact, slag inclusions are often associated
with incomplete fusion. Slag inclusions can only result

Figure 9.17—Incomplete Joint Penetration

Figure 9.18—Radiographic Image of Incomplete Joint Penetration

Figure 9.19—Surface Slag Inclusion
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when the welding process uses some type of flux shield-
ing. They are most often caused by improper techniques
used by the welder. Such things as improper manipula-
tion of the welding electrode and insufficient cleaning
between passes can result in the presence of slag inclu-
sions. Often, the improper manipulation of the electrode
or incorrect welding parameters could result in undesir-
able weld profiles which could then hinder cleaning of
the slag between passes. Subsequent welding would then
cover the trapped slag to produce slag inclusions.

Figure 9.20 has the appearance of slag inclusions but is
actually penetration faults at the start/stop areas of the
weld.

Since the density of slag is usually much less than that of
metals, slag inclusions will generally appear on a radio-
graph as relatively dark indications, having rather irregu-
lar shapes, as shown in Figures 9.20 and 9.21. However,
there are covered welding electrodes whose slag is about
the same density as the metal, and as you might expect,
slag inclusions stemming from the use of these elec-
trodes are very difficult to detect radiographically.

Tungsten inclusions are almost always associated with
the GTAW process, which uses a tungsten electrode to
produce an arc. If the tungsten electrode makes contact
with the molten weld puddle, the arc can extinguish and
the molten metal can solidify around the tip of the elec-

Figure 9.20—Radiographic Image of Penetration Faults
at the Starts and Stops of Individual Root Beads

Figure 9.21—Radiographic Image of Elongated Slag Inclusions
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trode. Upon removal, the tip of the electrode will very
likely break off and remain embedded in the final weld if
not removed by grinding.

Tungsten inclusions can also result when the welding
current being used for GTAW is in excess of that recom-
mended for a particular diameter of electrode. In such a
case, the current density may be great enough that the
electrode starts to decompose and pieces may be depos-
ited in the weld metal. This can also occur if the welder
does not properly grind the point on the tungsten elec-
trode. If the grinding marks are oriented such that they
form rings around the electrode instead of being aligned
with its axis, they could form stress risers which might
cause the tip of the electrode to break off preferentially.
Other reasons for the occurrence of tungsten inclusions
include:

1. contact of filler metal with hot tip of electrode;

2. contamination of the electrode tip by spatter;

3. extension of electrodes beyond their normal dis-
tances from the collet, resulting in overheating of the
electrode;

4. inadequate tightening of the collet;

5. inadequate shielding gas flow rates or excessive
wind drafts resulting in oxidation of the electrode
tip;

6. use of improper shielding gas;

7. defects such as splits or cracks in the electrode;

8. use of excessive current for a given size electrode;

9. improper grinding of the electrode; or

10. use of too small an electrode.

Tungsten inclusions are seldom found on the surface of
the weld unless the welding inspector has the opportunity
to look at an intermediate pass after a piece of tungsten
has been deposited. The primary way in which tungsten
inclusions are revealed is through the use of radiography.
Since tungsten has a much greater density than steel or
aluminum, it will show up as a definite light area on the
radiographic film. This is shown in Figure 9.22.

Porosity

AWS A3.0 defines porosity as “cavity-type discontinui-
ties formed by gas entrapment during solidification.”
Therefore, we can think of porosity as being voids or
gas pockets within the solidified weld metal. Due to its
characteristically spherical shape, porosity is normally
considered to be the least detrimental discontinuity.
However, in cases where a weld must form some pres-
sure boundary to contain a gas or liquid, porosity might
then be considered to be more damaging. This is due to
the possibility of the porosity providing a leak path.

Like cracking, there are several different names given to
specific types of porosity. They refer, in general, to the
relative location or the specific shape of the individual
porosity pockets. Therefore, such names as uniformly
scattered porosity, cluster porosity, linear porosity, and
piping porosity are used to better define the occurrence
of porosity. A single cavity is also referred to as cavity
pore or void.

Figure 9.22—Radiographic Image of Tungsten Inclusions
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Uniformly scattered porosity refers to numerous cavities
which occur throughout the weld in no particular pattern.
Cluster porosity and linear porosity, however, refer to
specific patterns of several cavities. Cluster porosity
describes a number of cavities grouped together while
the term linear porosity refers to a number of cavities
which are grouped in a straight line.

With these types, the cavities, or gas pockets, are usually
spherical in shape. Figure 9.23 shows an example of uni-
formly scattered porosity on the weld surface. Figure
9.24 illustrates linear porosity with an accompanying
crack, and Figure 9.25 shows the presence of some iso-
lated pockets of porosity at the weld surface.

There are some types of porosity where the individual
gas pockets are not spherical but are elongated. Figure
9.26 is an example of elongated porosity occurring at the
weld surface. This is often referred to as wormhole
porosity. Such a surface condition can occur when gases
are trapped between the molten metal and solidified slag.
One situation in which this phenomenon can occur is
when the depth of granular flux used for SAW is exces-
sive. When this occurs the weight of the flux may be too
great to permit the gas to escape properly.

Another form of elongated porosity is piping porosity.
Piping-type porosity usually represents the most detri-
mental condition if liquid or gas containment is the pri-
mary function of the weld because it represents a more
significant leak path possibility (see Figure 9.27).

Porosity is normally caused by the presence of contami-
nants or moisture in the weld zone which decompose due
to the welding heat and form gases. This contamination
or moisture can come from the electrode, the base metal,
the shielding gas, or the surrounding atmosphere. How-
ever, variations in the welding technique could also
cause this porosity. An example would be the use of an
excessively long arc during SMAW with a low hydrogen
type electrode. Another example would be the use of
excessively high travel speeds with SAW resulting in
piping porosity. Therefore, when porosity is encoun-
tered, it is a signal that some aspect of the welding opera-
tion is out of control. It is then time to investigate further

Figure 9.23—Uniformly Scattered
Surface Porosity

Figure 9.24—Linear Surface Porosity
with Connecting Crack

Figure 9.25—Isolated Surface Porosity

Figure 9.26—Elongated Surface Porosity
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to determine what factor, or factors, are responsible for
the presence of this weld discontinuity.

When porosity is shown on a weld radiograph, it will
appear as a well-defined dark region because it repre-
sents a significant loss of material density. It will nor-
mally appear as a round indication except in the case of
piping porosity. This type of porosity will have a tail
associated with the rounded indication.

Figure 9.28 illustrates a radiograph showing cluster
porosity, and an example of linear porosity is shown in
Figure 9.29 (along with incomplete joint penetration and
other discontinuities).

Undercut

Undercut is a surface discontinuity which occurs in the
base metal directly adjacent to the weld. It is a condition

in which the base metal has been melted away during the
welding operation and there was insufficient filler metal
deposited to adequately fill the resulting depression. The
result is a linear groove in the base metal which may
have a relatively sharp configuration. Since it is a surface
condition, it is particularly detrimental for those struc-
tures which will be subject to fatigue loading. Figure
9.30 shows the typical appearance of undercut in both
fillet and groove welds. It is interesting to note that for
groove welds, the undercut may occur at either the face
or root surface of the weld.

Figure 9.31 illustrates the typical visual appearance of
undercut in a fillet weld. This picture is evidence of how
undercut is best revealed visually. That is, there is a defi-
nite shadow produced by the undercut when the lighting
is properly positioned. Experienced welding inspectors
understand this phenomenon and use techniques such as
laying a flashlight on the base metal surface to result in a
shadow being cast in any location where undercut exists.

Another technique is to perform final visual inspection of
the weldment after painting, especially when the paint
being used is a light color such as white or yellow. When
viewed under normal lighting, the shadows cast by the
presence of undercut are much more pronounced. The
only problem with this technique is that the paint must
then be removed from the undercut area prior to any
repair welding to prevent the occurrence of other discon-
tinuities such as porosity. Of course, the part would then
require repainting after any weld repairs are completed.

Undercut is normally the result of improper welding
technique. More specifically, if the weld travel speed is
excessive, there may not be sufficient filler metal depos-
ited to adequately fill depressions caused by the melting
of the base metal adjacent to the weld. Undercut could

Figure 9.27—Fillet Weld Piping Porosity

Figure 9.28—Radiograph of Cluster Porosity
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also result when the welding heat is too high, causing
excessive melting of the base metal, or when electrode
manipulation is incorrect.

When found on a radiograph, and it is not being sug-
gested this technique be used for its discovery, undercut
will appear as a dark, fuzzy indication at the toe or root
of the weld reinforcement, as shown in Figure 9.32. It
must be noted that radiographic detection of surface
undercut is a definite waste of time, money, and
resources. Surface undercut is found by careful visual
inspection; once found, it should then be repaired if nec-
essary prior to radiographic inspection.

Underfill

Underfill, like undercut, is a surface discontinuity which
results in a loss of material cross section. However,

underfill occurs in the weld metal of a groove weld
whereas undercut is found in the base metal adjacent
to the weld. In simple terms, underfill results when
there is not sufficient filler metal deposited to ade-
quately fill the weld joint. When discovered, it usually
means the welder has not finished making the weld, or
has not understood the welding requirements. Figure
9.33 shows the appearance of underfill in a groove weld
configuration.

Like undercut, underfill can occur at both the face and
root surfaces of the weld. Underfill at the weld root of
pipe welds is sometimes referred to as internal concavity
or the slang term, “suckback.” It can be caused by exces-
sive heating and melting of the root pass during deposi-
tion of the second pass.

Figure 9.34 illustrates the visual appearance of underfill
at the face of a groove weld. As with undercut, when the
lighting is properly oriented, there is a shadow produced
because of the surface depression.

Figure 9.29—Radiograph of Linear or Aligned Porosity Near the Root of the Weld

Figure 9.30—Typical Appearance
of Undercut and Overlap in

Groove and Fillet Welds

UNDERCUT

UNDERCUT

UNDERCUT

OVERLAP OVERLAP

Figure 9.31—Undercut Adjacent
to Fillet Weld
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The primary cause of underfill is the technique employed
by the welder. Excessive travel speeds do not allow suf-
ficient filler metal to be melted and deposited to fill the
weld zone to the level of the base metal surface.

Overlap

Another surface discontinuity which can result from
improper welding techniques is overlap. Overlap is
described as the protrusion of weld metal beyond the
weld toe or weld root. It appears as though the weld
metal has overflowed the joint and is laying on the adja-
cent base metal surface. Due to its characteristic appear-
ance, overlap is sometimes referred to as “rollover.”
Rollover is a nonstandard term and should not be used.

Figure 9.35 shows how overlap may appear for both fil-
let and groove welds. As was the case for both undercut
and underfill, overlap can occur at either the weld face or
weld root of groove welds (see Figure 9.30). Once again,
there is a definite shadow cast when the lighting is prop-
erly oriented.

Figure 9.32—Radiographic Image of External Surface Undercut

Figure 9.33—Underfill in Groove Welds

Figure 9.34—Underfill
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Overlap is considered to be a significant discontinuity
since it can result in a sharp notch at the surface of the
weldment. Further, if the amount of overlap is great
enough, it can hide a crack which may propagate from
this stress riser. The occurrence of overlap is normally
due to an improper technique used by the welder. That is,
if the welding travel speed is too slow, the amount of
filler metal melted will be in excess of that amount
required to sufficiently fill the joint. The result is that this
excessive metal spills over and lays on the base metal
surface without fusing. Some types of filler metals are
more prone to this type of discontinuity since, when mol-
ten, they are too fluid to resist the forces of gravity.
Therefore, they may only be used in positions in which
gravity will tend to hold the molten metal in the joint.
Overlap and undercut often occur when welding in the
horizontal position, as illustrated in Figure 9.30.

Convexity

This particular weld discontinuity applies only to fillet
welds. Convexity refers to the amount of weld metal

buildup on the face of the fillet weld beyond what would
be considered flush. By definition, it is the maximum
distance from the face of a convex fillet weld perpendic-
ular to a line joining the weld toes. Figure 9.36 illustrates
a fillet weld with convexity.

Within certain limits, convexity is not damaging. In fact,
a slight amount of convexity is desirable to insure that
concavity is not present which can reduce the size and
strength of a fillet weld. However, when the amount of
convexity exceeds some limit, this discontinuity
becomes a significant flaw. The fact that additional weld
metal is present is not the real problem unless one con-
siders the economics of depositing more filler metal than
is absolutely necessary. The real problem created by the
existence of excess convexity is that the resulting fillet
weld profile now has sharp notches present at the weld
toes. These notches can produce stress risers which could
weaken the structure, especially when that structure is
loaded in fatigue. Therefore, excessive convexity should
be avoided during welding, or corrected by depositing
additional weld metal at the weld toes to provide a
smoother transition between the weld and base metals.

Convexity results when welding travel speeds are too
slow, when too little heat is used, or when the electrode
manipulation is incorrect. The result is that excess filler
metal is deposited and it does not properly wet the base
metal surfaces. The presence of contamination on the
base metal surface or the use of shielding gases which do
not adequately clean away these contaminants can also
result in this undesirable fillet weld profile.

Weld Reinforcement

Weld reinforcement is similar to convexity except that it
describes a condition which can only be present in a
groove weld. Weld reinforcement is described as that
weld metal in excess of the amount required to fill a

Figure 9.35—Overlap in
Fillet and Groove Welds

Figure 9.36—Fillet Weld Convexity
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joint. Two other terms, face reinforcement and root rein-
forcement, are specific terms which describe the pres-
ence of this reinforcement on a particular side of the
welded joint. As the names imply, face reinforcement
occurs on the side of the joint from which welding was
done, and root reinforcement occurs on the opposite side
of the joint.

Figure 9.37 shows the face and root reinforcement for a
weld joint welded from one side. For a weld joint welded
from both sides, the reinforcement on both sides is
described as the face reinforcement, which is shown in
Figure 9.38.

Like convexity, the problem associated with excessive
reinforcement lies with the sharp notches that may be

created at each weld toe instead of the fact that there is
more weld metal present than is necessary. The greater
the amount of weld reinforcement, the more severe the
notches. The graph shown in Figure 9.39 illustrates the
effect of the amount of reinforcement on the fatigue
strength of the weld joint.

Looking at this graph, it is obvious that as the reinforce-
ment angle increases (caused by an increase in the
amount of weld reinforcement), there is a significant
decrease in the fatigue resistance of the weld joint. Most
codes prescribe maximum limits for the amount of weld
reinforcement permitted. However, reducing the amount
of weld reinforcement does not really improve the situa-
tion, as shown in Figure 9.40.

As the illustrations show, only after performing blend
grinding to increase the weld reinforcement angle and
increase the “notch” radius is the situation really
improved. Grinding to remove the top of the weld rein-
forcement does nothing to decrease the sharpness of the
notches at the weld toes. Reinforcement height is dimin-
ished with grinding to possibly meet the code require-
ments, but the condition of concern remains. Excessive
weld reinforcement results from the same reasons as
given for convexity, with the welding technique being
the predominant cause.

Figure 9.37—Face and Root Reinforcement

Figure 9.38—Face Reinforcement
on Both Sides of Joint

Figure 9.39—Effect of Weld Reinforcement
Angle on Fatigue Strength
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Arc Strikes

The presence of an arc strike can be a very detrimental
base metal discontinuity, especially on the high strength
low alloy steels. Arc strikes result when the arc is initi-
ated on the base metal surface away from the weld joint,
either intentionally or accidentally. When this occurs,
there is a localized area of the base metal surface which
is melted and then rapidly cooled due to the massive heat
sink created by the surrounding base metal. On certain
materials, especially high strength steels, this can pro-
duce a localized heat-affected zone which may contain
martensite. If this hard, brittle microstructure is produced,
the tendency for cracking can be great. Numerous fail-
ures of structures and pressure vessels can be traced back
to the presence of a welding arc strike which provided a
crack initiation site resulting in a catastrophic failure.

Figure 9.41 is a photomicrograph showing an arc strike
on the surface of a boiler tube. The darkened microstruc-
ture formed is martensite. This particular arc strike pro-
vided a crack initiation site which resulted in the ultimate
failure of this boiler tube.

Arc strikes are normally caused by improper welding
techniques. Welders should be informed of the potential
damage caused by arc strikes. Due to the potential dam-
age they represent, arc strikes should never be permitted.
The welder should not be performing production welding
if he or she insists on initiating the welding arc outside
the weld joint. So, it becomes a matter of discipline and
work attitude. Improper connection of the work clamp to
the work can also result in the production of arc strikes.

Another important note applies to the inspection of welds
using the “prod” type magnetic particle testing method.
Since this method relies on the conduction of electricity
through the part to produce the magnetic field, the possi-

bility exists that arc strikes can be produced during the
inspection if there is not adequate contact between the
prods and the metal surface. Although not as severe as
welding arc strikes, these arc burns could also produce
harmful effects.

Spatter

AWS A3.0 describes spatter as, “metal particles expelled
during fusion welding that do not form a part of the
weld.” We more commonly think of those particles
which are actually attached to the base metal adjacent to
the weld. However, particles which are thrown away
from the weld and base metal are also considered to be
spatter. For that reason, another definition might be those
particles of metal which comprise the difference between
the amount of metal melted and the amount of metal
actually deposited in the weld joint.

In terms of criticality, spatter may not be a great concern
in many applications. However, large globules of spatter
may have sufficient heat to cause a localized heat-
affected zone on the base metal surface similar to the
effect of an arc strike. Also, the presence of spatter on the
base metal surface could provide a local stress riser
which could cause problems during service. An example
of such a situation is shown in Figure 9.42, where a crack
formed at a globule of spatter which stuck to the base
metal. The presence of this stress concentration along
with a corrosive environment resulted in a form of stress
corrosion cracking known as caustic embrittlement.
When spatter is present, however, it does detract from
the otherwise pleasing appearance of a satisfactory weld.
Such a condition is illustrated in Figure 9.43.

Figure 9.40—Unacceptable and Acceptable
Treatment of Excess Weld Reinforcement

Figure 9.41—Photomicrograph of Martensitic
Structure Produced by an Arc Strike
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Another feature of spatter which could result in problems
has to do with the irregular surface which is produced.
During inspection of the weld using various nondestruc-
tive methods, the presence of spatter could either prevent
the performance of a valid test or produce irrelevant indi-
cations which could mask real weld flaws. For example,
the presence of spatter adjacent to a weld may prevent
adequate coupling of the transducer during ultrasonic
testing. Also, spatter could cause problems for both the
performance and interpretation of magnetic particle and
penetrant testing. And spatter can certainly cause prob-
lems if the surfaces are to be painted; spatter can cause
premature failure of applied coatings.

Spatter can result from the use of high welding currents
which can cause excessive turbulence in the weld zone.
Some welding processes are considered to characteristi-
cally produce greater amounts of spatter than others. For
example, short circuiting and globular transfer GMAW
tend to produce more spatter than the use of spray trans-
fer. Another aspect which will help control the amount of
spatter produced is the type of shielding gas used for
GMAW and FCAW. The use of argon mixtures will
reduce the amount of spatter compared to the amount
produced when straight CO2 shielding gas is used. Spatter
can also be reduced by applying anti-spatter compounds
to the adjacent areas.

Lamination

This particular discontinuity is a base metal flaw. Lami-
nations result from the presence of nonmetallic inclu-
sions which occur in steel when it is being produced.
These inclusions are normally forms of oxides which are
produced when the steel is still molten. During subse-
quent rolling operations, these inclusions become elon-
gated to form stringers. If these stringers are particularly
large, and take a planar shape, they are referred to as
laminations. The most massive form of lamination arises
from a condition referred to as pipe, which develops in
the upper part of the steel ingot during the final stages of
solidification. Sometimes, on infrequent occasions, this
pipe is not completely cropped off the ingot prior to roll-
ing into plate or bar. The pipe cavity usually contains
some complex oxides, which are rolled out within the
plate to form laminations. Another term mistakenly used
interchangeably with the term lamination is delamina-
tion. The AWS B1.10, Guide for the Nondestructive
Examination of Welds, defines the two words differently.
B1.10 refers to delamination as the separation of a lami-
nation under stress. Thus, according to the AWS stan-
dard, the primary difference between the two terms is
only the degree of separation of the plate sections.

The heat of fusion welding may be sufficient to remelt
the stringers in the lamination zone immediately adjacent
to the weld, and the ends of the stringers may either fuse
or they may open up.

Laminations may also show up during thermal cutting,
where the heat of the cutting operation may be sufficient
to open the planar stringers to the point that they can be
visually observed. Laminations may or may not present a
detrimental situation, depending on the way in which the
structure is loaded. If the stresses are acting on the mate-
rial in a direction perpendicular to the lamination, it will
severely weaken the structure. However, laminations ori-
ented parallel to the applied stress may not cause any
concern.

Figure 9.42—Crack Formed at Weld
Spatter on Base Metal Surface

Figure 9.43—Weld Spatter on Base Metal
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If a lamination is present on the surface of a weld prepa-
ration, it can cause further problems during welding. In
such a case, weld metal cracks can propagate from the
laminations due to a concentration of stress. An example
of this phenomenon is shown in Figure 9.44.

Another problem related to the presence of laminations
open to the groove face is that they are prime sites for the
accumulation of hydrogen. During welding, hydrogen
could be dissolved in the molten metal and provide a
necessary element for the occurrence of underbead
cracking.

Since laminations are the result of the steel-making pro-
cess, there is little that can be done to prevent their
occurrence other than adequate ingot cropping. Purchas-
ing steels having low levels of contaminants will drasti-
cally reduce the tendency toward the presence of
laminations. However, the welder and welding inspector
can do nothing to prevent their occurrence. About all that
can be done is to perform an adequate visual and/or non-
destructive examination to reveal the presence of lamina-
tions before a piece of laminated material is included in a
weldment.

The best method for the discovery of laminations other
than visual inspection is the use of ultrasonic testing.
Radiography will not reveal laminations because there is
no change in the radiographic density of a metal even if it

is laminated. To illustrate this, imagine the radiography
of two 1/4-in plates placed one on top of the other com-
pared to a single 1/2-in plate. Review of the film for each
would reveal no difference in film density, because the
radiation is still passing through the same total thickness
of metal.

Lamellar Tear

Another base metal discontinuity of importance is the
lamellar tear. It is described as a terrace-like fracture in
the base metal with a basic orientation parallel to the
rolled surface. Lamellar tears occur when there are high
stresses in the Z direction, or through-thickness direc-
tion, often resulting from welding shrinkage. The tearing
always lies within the base metal, usually outside the
heat-affected zone and generally parallel to the weld
fusion boundary. Figure 9.45 shows some typical config-
urations in which lamellar tearing may occur.

Lamellar tearing is a discontinuity directly related to the
actual configuration of the joint. Therefore, those joint
configurations in which the shrinkage stresses from
welding are applied in a direction which tends to pull the
rolled material in its Z direction, or through-thickness
direction, will be more susceptible to lamellar tearing. As
we learned in Chapter 6, when a metal is rolled, it will
characteristically exhibit lower strength and ductility in
this Z direction as compared to its properties in the longi-
tudinal and transverse directions.

Other factors affecting a material’s susceptibility to
lamellar tearing are its thickness and the degree of con-
taminants present. The thicker the material and the
higher the inclusion content, the greater the possibility of
experiencing lamellar tearing.

For the onset of lamellar tearing, three conditions must
exist simultaneously. They are: stress in the through-
thickness direction, susceptible joint configuration, and
material having high inclusion content. So, to prevent the
occurrence of lamellar tearing, any one of these elements
must be eliminated. Generally, the problem is solved by
using cleaner steels.

Seams and Laps

Seams and laps are additional base metal discontinuities
related to the steel-making process. They differ from
laminations in that they are open to the rolled surface of
the metal instead of the edge. If cross-sectioned, they
may run parallel to the rolled surface for some distance
and then tail off toward that surface. Seams are described
as straight-line longitudinal crevices or openings that
may appear on the surface of steel. Seams are primarily

Figure 9.44—Weld Metal Cracking
Due to Presence of Lamination
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caused by imperfections in the steel ingot, by improper
handling after pouring, or by variations in heating and
rolling practice. Laps are the result of overfilling in the
rolling mill passes that causes fins or projections which
turn down as the material rolls through succeeding stands
in the mill train.

Figures 9.46 and 9.47 show examples of a deep seam and
a cluster of shallow seams, respectively. An example of a
lap is shown in Figure 9.48. Since seams and laps result
from improper processing at the steel mill like lamina-
tions, the welding inspector has little control over their
occurrence other than detecting them if they appear in
material to be used in fabrication. They are best revealed
using either visual, magnetic particle, penetrant, ultra-
sonic or eddy current testing.

Figure 9.45—Weld Configurations
Which May Cause Lamellar Tearing

Figure 9.46—Deep Seam on the Surface
of a Semi-Finished Rolled Product

Figure 9.47—Clustered Seams on the
Surface of a Semi-Finished Rolled Product

Figure 9.48—Lap on the Surface
of Rolled Steel Billet
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Dimensional

Up to this point, all of the discontinuities discussed could
be classified as structural type flaws. However, there is
another group of discontinuities which can be classified
as dimensional irregularities. Dimensional discontinui-
ties are size and/or shape imperfections. These irregulari-
ties can occur in the welds themselves or in the overall
welded structure. Since dimensional discontinuities
could render a structure unsuitable for its intended ser-
vice, they must be considered and checked by the weld-
ing inspector.

This inspection could consist of the measurement of
weld sizes and lengths to assure that there is sufficient
weld metal to transmit the applied loads. Other measure-
ments should be made of the entire weldment to assure
that the heat of welding has not caused excessive distor-
tion or warpage.

Discontinuities in Laser and Electron Beam 
Welding

Most of the discontinuities previously discussed can also
occur in electron and laser beam welds. In addition, there
are several discontinuities which are unique to these
welding processes. This is due to the narrow and deep
weld profiles produced by these processes as well as the
high travel speeds used.

The first of these is a missed joint, where the beam is
deflected off the weld joint as shown in Figure 9.49. This
can be caused if the axis of the small diameter laser or
electron beam is not aligned with the joint root (espe-
cially for a thick part) or along the length of the joint. For
electron beam welding, even when the beam is properly
aligned, magnetic forces on the beam can cause deflec-
tion off the joint. Electron or laser beam welding of met-
als with dissimilar magnetic properties can also produce
this deflection (as shown in Figure 9.49).

If the beam misses the joint along the top surface, visual
inspection should easily detect it. However, if the
“missed” joint occurs subsurface (as in Figure 9.49), or
where the face of the weld is wider (a “nail head” shape),
this is difficult to detect by visual inspection. A missed
joint may have only a small fraction of the expected and
required strength.

Another discontinuity in electron and laser beam welds is
formation of voids at the bottom of the weld, which is
often referred to as root porosity. These are typically
caused by gases which form in the weld metal that do not
have sufficient time to escape up through the deep weld
metal. Because electron beam welding is usually done
under a vacuum, porosity can easily become entrapped.
Voids or cold shuts also form where the molten metal

does not completely fill the cavity produced by the beam
(during welding). The deeper the weld, the worse the
problem can be.

Shrinkage voids and microfissures or hot cracks can also
form near the weld centerline of electron and laser beam
welds. This is because the weld solidifies from the two
sides toward the centerline. This produces tremendous
shrinkage stresses along the weld centerline which can
produce these discontinuities.

Another problem with electron or laser beam welding is
inconsistent penetration or spiking. This occurs mainly in
partial joint penetration welds, but also can occur near
the root of complete joint penetration welds.

For electron beam welding, this is caused by variations
in the power density of the beam, by the vaporization of
elements during welding, and by the turbulent weld pool.
It occurs mainly with higher power, deeper penetrating
welds. In laser beam welding, variable penetration can
also be caused by coupling and decoupling of the laser
beam. These are caused by reflection of the beam off the
top surface of the components and interaction with the
plume of vapors above the weld, and are affected by the
type of laser.

Figure 9.49—Beam Deflection (Missed Joint)
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In complete joint penetration laser, and especially in
electron beam, welds there is a tendency for over pene-
tration. When this occurs, there is a tendency for liquid
metal to be expelled from the root of the weld in the form
of spatter. This can be a problem when welding on a ves-
sel or container, where the spatter may adhere to the
opposite surface, or become a loose particle inside the
vessel.

Spiking is often accompanied by incomplete fusion
along the root or sides of the weld. This is often caused
by a very narrow beam, by improper or inconsistent joint
fit up, and by fast travel speeds.

Summary

Imperfections may exist in the weld and/or base metal;
they are generally described as discontinuities. If a cer-
tain discontinuity is of sufficient size, it may render a
structure unfit for its intended service. Codes normally
dictate the permissible limits for discontinuities. Those
greater than these limits are termed defects. Defects are
discontinuities which require some corrective action.

Discontinuity severity is based on a number of factors,
including whether it is linear or nonlinear, the sharpness
of its ends, and whether or not it is open to the surface.

Discontinuities exist in a number of different forms,
including cracks, incomplete fusion, incomplete joint
penetration, inclusions, porosity, undercut, underfill,
overlap, convexity, weld reinforcement, arc strikes, spat-
ter, laminations, lamellar tears, seams/laps, and dimen-
sional types.

By knowing how these discontinuities can form, the
welding inspector may be successful at spotting these
causes and preventing problems from occurring.

Key Terms and Definitions

arc strike—a discontinuity resulting from an arc, con-
sisting of any localized remelted metal, heat-affected
metal, or change in the surface profile of any metal
object.

atomic hydrogen—the ionic form of hydrogen, denoted
as H+ as opposed to molecular hydrogen which con-
tains two atoms of hydrogen and is denoted as H2. A
synonym for atomic hydrogen is nascent hydrogen.

collet—in welding terms, a part of a welding torch form-
ing a shroud.

convexity—the maximum distance from the face of a
convex fillet weld perpendicular to a line joining the
weld toes.

crack—a fracture type discontinuity characterized by a
sharp tip and high ratio of length and width to opening
displacement.

crater crack—a crack forming at the termination of a
weld.

defect—a discontinuity which exceeds the permissible
limit of a code; a rejectable discontinuity requiring
repair or replacement.

delamination—the separation of a lamination under
stress.

density—the ratio of the mass of an object to its volume,
usually in terms of grams per cubic centimeter or
pounds per cubic foot; also refers to the darkness of
radiographic film; the darker areas are noted as hav-
ing a higher density.

discontinuity—any irregularity in the normal pattern of
a material; any interruption of the uniform nature of
an item.

inclusion—entrapped foreign solid material, such as
slag, flux, tungsten, or oxide.

incomplete fusion—a weld discontinuity in which
fusion did not occur between weld metal and fusion
faces or adjoining weld beads.

incomplete joint penetration—a joint root condition in
a groove weld in which weld metal does not extend
through the joint thickness.

intergranular—referring to conditions which occur at
or follow the grain boundaries of a metal. An inter-
granular crack would initiate and propagate along a
metal’s grain boundaries.

lamellar tear—a subsurface terrace and step-like crack
in the base metal with a basic orientation parallel to
the wrought surface caused by tensile stresses in the
through-thickness direction of the base metals weak-
ened by the presence of small dispersed, planar
shaped, nonmetallic inclusions parallel to the metal
surfaces.

lamination—a type of discontinuity with separation or
weakness generally aligned parallel to the worked
surface of a metal.

nascent hydrogen—see atomic hydrogen.

overlap—in fusion welding, the protrusion of weld
metal beyond the weld toe or weld root.
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pipe—in metal ingot casting, the severe shrinkage occur-
ring at the top center portion of the ingot, usually con-
taining oxides.

planar—of or pertaining to a plane; lying in a plane.

porosity—cavity-type discontinuities formed by gas
entrapment during solidification or in a thermal spray
deposit.

propagate—growth, or continuation of growth; to get
larger.

protrusion—a projection outward; a jutting out.

radiograph—a film made by passing X- or gamma radi-
ation through an object to determine the quality of its
internal structure.

safe-ending—the practice of drilling a small hole at each
end of a crack to increase the crack end radius and
stop further crack propagation.

seam/lap—longitudinal base metal surface discontinui-
ties on wrought products.

shielding gas—protective gas used to prevent or reduce
atmospheric contamination, as of a molten weld
metal.

slag inclusion—an inclusion of slag.

spatter—the metal particles expelled during fusion
welding that do not form a part of the weld.

stress risers—conditions such as notches, cracks, or
geometry which increase the applied stress by factors
of 2 to 10.

stringer—in metallurgy, an elongated oxide or nonme-
tallic inclusion within the metal.

titania—a titanium oxide; a coating type for covered
electrodes in welding.

transgranular—referring to conditions which cross or
pass through the metal’s grains. A transgranular crack
has a path across the grains as opposed to intergranu-
lar cracking which follows a path along the grain
boundaries.

transverse—lying, situated, placed across; having a path
from side to side.

tungsten inclusion—an inclusion of tungsten.

undercut—a groove melted into the base metal adjacent
to the weld toe or weld root and left unfilled by weld
metal.

underfill—a condition in which the weld face or root
surface extends below the adjacent surface of the base
metal.

weld reinforcement—weld metal in excess of the quan-
tity required to fill a joint; at the face or root.

wrought—the term applied to the working or forming of
metal while it is solid to form shapes, as opposed to a
cast product which forms directly from the molten state.
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CHAPTER 10—VISUAL INSPECTION AND OTHER NDE METHODS AND SYMBOLS WELDING INSPECTION TECHNOLOGY

Introduction

In any effective welding quality control program, visual
inspection provides the basic element for evaluation of
the structures or components being fabricated. In order to
gain some assurance as to the suitability of the weld for
its intended service, codes and standards will always
stipulate the performance of visual inspection as the min-
imum level of acceptance/rejection evaluation. Even
when other nondestructive or destructive methods are
specified, they are actually meant to supplement, or rein-
force, the basic visual inspection. When we consider the
various other methods used to evaluate welds, they can
really be thought of as simply visual enhancement tech-
niques, because the final evaluation of the test or test
results will be accomplished visually.

It has been proven in numerous situations that an effective
program of visual inspection will result in the discovery of
the vast majority of those defects which would be found
later using some other more expensive nondestructive test
method. It is important to realize, however, this is possible
only when the visual inspection is accomplished before,
during, and after welding, by a trained and qualified
inspector. Simply looking at the finished weld without the
benefit of seeing those preceding fabrication steps can
only provide a limited assurance of a weld’s suitability.

The primary limitation of the visual inspection method is
that it will only reveal those discontinuities which are
apparent on the surface. Therefore, it is important for the
welding inspector to look at many of the initial and inter-
mediate surfaces of the joint and weld.

Due to its relative simplicity as well as the minimal
amount of equipment required, visual inspection is a
very cost effective quality control tool. This cost effec-
tiveness is further enhanced when visual inspection
reveals a defect soon after it occurs, and it can then be
corrected immediately and most economically. An
example of this would be the discovery of a root pass
crack. If discovered prior to deposition of additional
passes, the repair is relatively simple compared to the

cost if not discovered until after the weld is completed.
Many times these additional costs involve more than
simply the higher cost of a more extensive repair. Often
the major concern is in the additional time required to
accomplish that repair. When a defect is discovered right
after it occurs, the time for repair is minimal so there is
little impact on the overall job schedule.

While visual inspection is considered to be a relatively
simple evaluation method, do not be deceived into think-
ing that it can be performed by just any individual. The
American Welding Society has recognized the impor-
tance of using only those individuals having at least a
minimum level of knowledge and experience for the per-
formance of visual inspection. To answer these needs,
the Certified Welding Inspector program has been devel-
oped to judge the suitability of an individual for a posi-
tion as a welding inspector. When an individual satisfies
the experience requirements and successfully passes a
series of examinations, he or she is considered to be
capable of effectively performing visual inspection of
welds and weldments.

While visual inspection is usually considered to be less
complicated than some of the other nondestructive test
methods that does not imply that just anyone can effectively
perform this operation. By simply reviewing the preceding
nine sections, it becomes evident that whoever performs
visual inspection must be knowledgeable in numerous areas
of expertise. It takes years of experience and training to
become familiar with all of these various aspects of welding
inspection. In essence, the welding inspector must be famil-
iar with all of the techniques used to produce welds as well
as those methods used to evaluate the finished product.

This final section will deal with the application of visual
weld inspection as the basic element of a quality control
program, and cover those additional NDE techniques
which effectively supplement visual testing. Within the
constraints of this presentation, it will be impossible to
accurately describe the responsibilities of every welding
inspector in every industry. Each individual situation
will have associated with it particular practices and pro-

Chapter 10—Visual Inspection and Other NDE Methods and Symbols
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cedures which will not apply to some other situation.
However, this discussion will attempt to describe, in gen-
eral, many of the responsibilities which may be part of a
welding inspector’s job. So, in essence, the information
included will serve to summarize how each of the ele-
ments discussed in the preceding nine sections will actu-
ally be applied by the welding inspector during the
performance of his or her daily duties.

Visual Inspection (VT)
Since the welding inspector’s responsibilities can be
extensive and will occur at various stages of the fabrica-

tion sequence, a helpful aid is an “inspection checklist.”
Such a document will help the welding inspector orga-
nize the inspection effort and assure each specific task
has been performed. An example of such a listing is
shown in Figure 10.1.

Also, the various tools used by the visual welding
inspector will be reviewed. While the visual inspection
method is characterized as requiring a minimum of tools,
there are certain devices which can help the welding
inspector perform more easily and effectively. Figure
10.2 illustrates some of these tools which might be used
by the welding inspector to aid in evaluating welds and
weldments.

Before Welding
___ Review applicable documentation
___ Check welding procedures
___ Check individual welder qualifications
___ Establish hold points
___ Develop inspection plan
___ Develop plan for recording inspection results and maintaining those records
___ Develop system for identification of rejects
___ Check condition of welding equipment
___ Check quality and condition of base and filler materials to be used
___ Check weld preparations
___ Check joint fit up
___ Check adequacy of alignment devices
___ Check weld joint cleanliness
___ Check preheat, when required

During Welding
___ Check welding variables for compliance with welding procedure
___ Check quality of individual weld passes
___ Check interpass cleaning
___ Check interpass temperature
___ Check placement and sequencing of individual weld passes
___ Check backgouged surfaces
___ Monitor in-process NDT, if required

After Welding
___ Check finished weld appearance
___ Check weld size
___ Check weld length
___ Check dimensional accuracy of weldment
___ Monitor additional NDT, if required
___ Monitor post weld heat treatment, if required
___ Prepare inspection reports

Figure 10.1—Sample Welding Inspection Checklist
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It has been mentioned that the only way in which visual
inspection can be considered to effectively evaluate the
quality of welds is to apply that inspection at every step
of the fabrication process. Unless there is an ongoing
program, certain discontinuities could be missed. Fur-
ther, the main reason to perform the inspection on a con-
tinuing basis is to discover problems as soon after they
occur as possible so they can be corrected most effi-
ciently. Therefore, this discussion of the welding inspec-
tor’s “visual inspection” duties will be organized in
terms of those tasks which are performed before, during,
and after welding.

In some respects the responsibilities of the welding
inspector prior to the start of welding may be the most
important. It can at least be said that unless this aspect of
the inspection job is performed satisfactorily, there may
be problems encountered later in the fabrication process.
Many of these tasks apply to the organization of the
inspection which will follow, including becoming famil-
iar with welding requirements, determining when inspec-
tions are to be performed, and developing systems for
reporting and maintaining inspection information.

One of the first duties of the welding inspector at the
onset of a new job is to review all of the documentation
relating to the actual welding which is to be performed.
Some of the documents which may be reviewed include
drawings, codes, specifications, procedures, etc. These
documents contain information which is very valuable to
the welding inspector. In essence, they describe what,
when, where, and how inspection is to be performed.
Therefore, they provide ground rules for all of the
inspections which will follow. This will help the welding
inspector plan how to proceed in evaluating the welding
to assure that it complies with job requirements.

Some of the information gained from this review of doc-
uments refers to the materials to be used for the welded
fabrication. Depending upon the type of material speci-
fied, there may be special requirements for its fabrica-
tion. For example, if quenched and tempered steel is
specified, there will usually be a need for welding heat
input control. So, the welding inspector will be required
to monitor the welding with this in mind.

Another preliminary step related to the materials being
used is to check whether or not there are welding proce-
dures which cover the required welding. In addition to
the types of materials being welded, the welding inspec-
tor must check if the qualified welding procedures pro-
vide adequate coverage with regard to welding
process(es), technique, filler metal type, position, etc. If
some aspect of the upcoming production welding is not
properly covered by the existing welding procedures,
then new procedures must be developed and qualified in
accordance with the appropriate code. The welding
inspector may also be responsible for the monitoring,
testing, evaluation, and recording of those welding pro-
cedure qualifications.

Once all of the appropriate welding procedures have
been qualified, it is then necessary to review the certifi-
cation papers of the individual welders to assure they are
considered to be qualified and certified to perform the
production welding in accordance with the approved
welding procedures. Some of the specific limitations
relating to the individual welder qualification include
materials being welded, process(es), position, technique,
joint configuration, etc. Those welders who do not have
the proper qualification and certification must then be
tested to assure that they are capable of performing
production welding in accordance with the applicable
procedures.

It is often helpful for the welding inspector if there is a
listing of all of the production welders showing those
procedures which they are considered qualified to per-
form. Further, some codes require that the welders per-
manently identify all of the production welds they have
made. If this is the case, there should be an accompany-
ing log showing the appropriate identification stamp of
each welder. There may also be a code requirement relat-
ing to the period of effectiveness of a welder’s qualifica-
tion. In such cases, a running log should be maintained
and available for the welding inspector to review to
determine if an individual welder has used a particular
procedure within the specified time period. If not, the
welder may require requalification.

Once the welding inspector has reviewed the appropriate
documents related to the specific inspection job, he or
she may elect to establish hold points. These are simply

Figure 10.2—Visual Inspection Tools
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preselected steps in the fabrication sequence when the
work must stop until the inspector has a chance to review
the work completed to that point. Fabrication cannot
continue until the welding inspector has approved the
work up to that stage of the operation. This allows the
work to be accepted on a step-by-step basis instead of
waiting until the entire structure or component is com-
pleted. In that way, problems can be located and cor-
rected with relatively little effect on the fabrication
schedule. This also reduces the possibility that some
minor problem which occurs at some early step will
result in a major defect later in the fabrication sequence.

Another important preliminary step for the welding
inspector is to develop a suitable plan for performing the
inspections and recording and maintaining the results.
Through experience, the welding inspector becomes
more aware of how important this step can be. The
inspector must know when a particular inspection task is
to be performed and how it will be accomplished. There
must be a plan so that important aspects of the fabrica-
tion process are not left uninspected. In general, the
inspector can base this system on the basic steps of the
fabrication process, so the inspection plan might simply
use the production schedule as an outline for when a par-
ticular inspection step will be performed.

Once an inspection has been performed, there must be a
suitable system established for the recording of the
inspection results. This system should include provisions
for the types and contents of reports, the distribution of
those reports, as well as some method of logically main-
taining the records so that they can be retrieved and
reviewed by others familiar with the job. Basically, the
reports, and the system developed to maintain those
reports, should be as simple as possible while still pro-
viding adequate information which is understandable to
all personnel involved at some future review.

Another related matter involves the identification and
treatment of rejects. At the beginning of every job, the
welding inspector must establish some system whereby a
rejected weld can be reported and identified. This system
should include provisions for marking the location of a
reject so that the production personnel understand the
nature and location of the defect to enable them to easily
find and repair the existing problem. There should also
be some established convention regarding the reporting
of that reject so that all involved individuals know that a
defect exists and must be corrected. The marking used to
indicate the presence and location of a defect should be
some unique type or color so that it is clearly visible and
descriptive to both quality control and production per-
sonnel. Finally, the system should describe how the rein-
spection after repair will be initiated and performed.
Once performed, the method of reporting the results

should be established so that the original rejection report
is accompanied by a subsequent acceptance report.

The condition of the welding equipment to be used will
also have an effect on the resulting weld quality. Conse-
quently, the welding inspector should evaluate the per-
formance and condition of the equipment. This includes
welding power sources, wire feeding equipment, ground
cables and clamps, flux and electrode storage devices,
gas shielding hoses and accessories, etc. Although it is
not usually a requirement, some welding standards
require that the welding equipment be calibrated. When
that is a mandated the welding power source meters
should be checked using calibrated voltmeters and
ammeters so the welding parameters can be accurately
determined during the production welding. Due to the
inherent inaccuracies of some of these equipment meters,
this can be an important step toward alleviating welding
problems.

Once all of these tasks have been performed, it is now
time to perform some preweld inspection of the materials
and their configurations. One of these steps is to evaluate
the quality of the base materials and welding filler mate-
rials. If problems exist in either of these items, they will
likely create additional problems later in the fabrication
sequence. If not discovered early enough, a material
problem can be extremely costly when one considers the
costs associated with the application of additional fabri-
cation steps. So, it is extremely important that these
problems are found before a great deal of time and mate-
rials have been applied. An example would be the pres-
ence of a lamination in a structural member. If not
discovered until all the cutting, drilling, punching, and
welding have been performed; the costs of those opera-
tions cannot usually be recovered. The supplier may
have to simply replace the defective member, and the
fabrication begins again from the start. A quick check of
the base material with an ultrasonic thickness gauge
would have detected the laminations.

The inspection of the base materials will vary from sim-
ple visual inspection of the metal’s surface to an elabo-
rate combination of various nondestructive test methods
to evaluate both the surface and subsurface quality of the
material. The criticality of the structure or component
will dictate to a certain degree the extent of inspection
required.

Inspection of the welding filler materials to be used is
also very important. Moisture or contamination present
in the flux or on the electrode surface can result in seri-
ous weld quality problems. For example, if low hydrogen
electrodes are required, problems such as underbead
cracking and porosity can result if they are not properly
protected from the atmosphere. Therefore, the welding
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inspector should be aware of how they will be stored and
handled to prevent the pickup of excessive moisture or
contamination.

After the inspection of all the materials to be used, the
next step is to evaluate the quality and accuracy of the
weld joint preparations. In the case of groove welds, such
items as bevel angle, depth of preparation, root face
dimension, and groove radius (for J and U grooves)
should be checked visually. This inspection may require
the use of additional tools such as a scale, a tape mea-
sure, or devices to measure the bevel angles and radii.
Examples of some of these measuring tools are shown in
Figure 10.3.

After the weld joint preparations have been checked and
approved, the welding inspector should then evaluate the
weld joint fit up. That is, he or she should check the
alignment and relative placement of the two members
being joined. If the dimensional accuracy of the compo-
nent or structure is improper at this stage, it is unlikely
that subsequent welding will improve the situation suffi-
ciently. Items to be checked at this phase include root
opening, angular alignment, planar alignment (high-low),
groove angle, etc. In situations where distortion is expected,
there may be a specified preset dimension with the idea that
the initially improper alignment will be corrected by the
resulting distortion from welding. Figure 10.4 illustrates
some examples where the members are purposely mis-
aligned or bent to allow for the expected distortion.

Devices such as those used for the evaluation of the weld
joint preparation may also be used during this aspect of
the inspection process. In some instances, it may also be
helpful to use specially-made templates or gauges to
check these dimensional features when the configuration

is a common one for a particular job, or the shape is to be
repeated many times.

The accuracy of the joint fit up will have an effect on the
final dimensions of the weldment. In addition, variations
in the fit up could have a direct bearing on the resulting
weld quality. For example, if the groove angle or root
opening is insufficient, the welder may not be able to
properly fuse the weld metal to the groove face. Exces-
sive groove angles or root openings may require addi-
tional welding which in turn could result in excessive
distortion. In the case of a fillet weld, if a root opening is
present, deposition of a weld of the specified size will
produce an effective throat less than the theoretical throat
required by the designer. This is illustrated in Figure
10.5.

In a case like this, some welding standards require that
the weld size be increased by the amount of the root
opening which is present to provide the necessary weld
cross section. Therefore, the welding inspector should
note any root opening which is present during fillet weld
fit ups so the resulting welds can be accurately sized
when completed.Figure 10.3—Typical Measuring Devices

Figure 10.4—Prebending and Presetting
Pieces to Allow for Distortion
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If any jigs, fixtures, or other alignment devices are used,
the welding inspector should check to assure that they
provide the proper alignment and that they are massive
enough to maintain that alignment during the welding
operation. If tack welds are added to assist in this align-
ment, they should be inspected to assure that they are not
defective. Cracked tack welds should be removed and
redeposited prior to final welding; if not corrected, the
crack will remain and possibly grow to produce a detri-
mental situation which will require a major repair effort
if discovered later in the fabrication sequence.

During the inspection of the weld joint fit up, it is also
important that the welding inspector carefully check the
cleanliness of the weld zone. The presence of contami-
nants and moisture could significantly affect the result-
ing weld quality. Such things as moisture, oil, grease,
paint, rust, mill scale, galvanizing, etc. can introduce lev-
els of contamination which may not be tolerated by the
welding process. The result could be the presence of
porosity, cracking, or incomplete fusion in the completed
weld.

One final feature which should be checked prior to the
commencement of welding is the preheat, when required.
The welding procedure will indicate the requirements for
this preheat, and it may be stated as a minimum, a maxi-
mum, or both. The specified preheat should be checked

at a distance of not less than three inches away from the
joint or the thickness of the base metal whichever is
greater along the entire length of the joint. This preheat
can be checked using a variety of methods, including
temperature indicating crayons, surface pyrometers, ther-
mocouples, or surface thermometers. Examples of some
temperature indicating crayons are shown in Figure 10.6.

In order to continue the ongoing welding quality control,
the welding inspector also has numerous things to check
as the welding is actually being performed. As was the
case for those inspections performed prior to welding,
these checks can hopefully detect problems when they
occur so they can be more easily corrected. During this
phase of the fabrication process, the inspector’s knowl-
edge of welding will be extremely beneficial, since part
of the inspection will involve the evaluation of the actual
welding technique as well as the resulting weld quality.
It is realized that it is unrealistic to think that the welding
inspector can observe the deposition of each and every
weld pass. Therefore, the experienced welding inspector
should be able to select those aspects of the welding
sequence which are considered to be critical enough to
warrant his or her presence.

When conducting welding inspection during the welding
operation, the welding inspector must rely on the weld-
ing procedure to provide a basis for inspection. This doc-
ument will specify all of those important aspects of the
welding operation, including welding process, materials,
specific technique, preheat and interpass temperature,
plus any additional information which describes how the
production welding should be performed.

Figure 10.5—Fillet Weld on
T-Joint with Root Opening

Figure 10.6—Some Typical
Temperature-Indicating Crayons
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So, the welding inspector’s job will essentially consist of
monitoring the production welding to assure that it is
being conducted in accordance with the appropriate pro-
cedure. This also implies that any problems with the pro-
cedure can be discovered and corrected so that
satisfactory welds can be produced.

One of the parts of the welding inspection which occurs
during welding is the visual examination of the individ-
ual weld passes as they are deposited. At that time, any
surface discontinuities can be detected and corrected, if
necessary. It is also important to note any weld profile
irregularities which may hinder subsequent welding. An
example of such a situation may occur during the weld-
ing of a multipass groove weld. If one of the intermediate
passes is deposited such that it exhibits a very convex
profile which creates a deep notch at its toe, that configu-
ration may prevent a subsequent pass from properly fus-
ing at that location. If noted, the welding inspector could
ask that some grinding be done to assure that thorough
fusion can be attained.

Checking the in-process quality is especially critical in
the case of the root pass or root layer. In most situations,
this portion of the weld cross section represents the most
difficult welding condition, especially in the case of an
open root configuration. In conditions of high restraint,
the shrinkage stresses from welding may be sufficient to
fracture the root pass if it is not large enough to resist
those stresses. The welding inspector should be aware of
these problems and thoroughly check the root pass prior
to any additional welding so that irregularities can be
found and corrected as they occur.

Another feature which should be evaluated during the
welding operation relates to the interpass cleaning. If the
welder fails to thoroughly clean the weld deposit
between individual passes, there is a great possibility that
slag inclusions or incomplete fusion could result. This is
especially critical when using a welding process which
uses a flux for protective shielding. However, careful
interpass cleaning is still recommended for those pro-
cesses using gas shielding. Proper cleaning may be hin-
dered when the deposited weld exhibits a convex profile
which prevents sufficient access to the slag coating. As
indicated above, it may then be necessary to perform
additional grinding to remove the objectionable profile
and facilitate proper cleaning.

The interpass cleaning of welds can be accomplished by
any method which yields the appropriate result, includ-
ing use of such tools as manual chipping hammers, pneu-
matic chipping hammers, grinders, manual wire brushes,
power wire brushes, etc. When using some of these tools
on softer materials, it is important that the action is not so
aggressive that the weld is cracked or otherwise dam-

aged. It is also possible during cleaning operations to
deform the material to such a degree that existing discon-
tinuities are “masked” and remain undetected. Care
should also be taken to prevent the deforming or marring
of the base metal adjacent to the weld. If a weld requires
a harsh treatment to remove the slag, quite possibly the
real problem is associated with the welding process or
technique.

For those welding procedures requiring interpass temper-
ature control, the welding inspector may need to monitor
this aspect of the process as well. Just as with the pre-
heat, the interpass temperature could be specified as a
minimum, maximum, or both. The interpass temperature
should be measured outside the joint, typically about one
inch from the joint, before beginning the next pass or
layer and not in the weld joint itself. Figure 10.7(A)
shows a digital pyrometer and Figure 10.7(B) shows an
infrared temperature indicator. Both are very effective
for measuring interpass temperatures.

During the welding operation, the welding inspector may
also check the placement of individual weld passes for
multipass welds. Improper placement of individual
passes may make deposition of subsequent passes more
difficult or even impossible. Figure 10.8 shows an exam-
ple of how improper placement of a root pass makes suc-
cessful deposition of the next pass extremely difficult.

Looking at Figure 10.8(A), you can imagine that it will
be very hard to deposit a second pass and obtain ade-
quate fusion in the tight gap that remains between the
first pass and the groove face. To correct this problem,
the welding inspector might ask that the welder do some
grinding to open that gap slightly, as shown in Figure
10.8(B). Of course, the proper position of this root bead
would have been for it to have fused to both members of
the joint with a single bead.

Figure 10.9 illustrates both the incorrect and correct
methods for placement of passes in a multipass fillet
weld. In Figure 10.9(A), the initial pass only fuses to one
of the members and leaves a tight gap at the joint root.
The second pass cannot properly fuse in this area. Figure
10.9(B) shows the proper way to place the two passes.

In addition to checking the placement of weld passes, the
welding inspector may also be asked to monitor the
sequencing and placement of individual segments of
welds. This is usually a concern for those situations
where excessive distortion may result from welding too
much in one area. This sequencing may require that the
welder first deposit passes on one side of the joint and
then move to the opposite side to reduce the amount of
angular distortion which could result from welding from
one side only. Figure 10.10 illustrates this technique on a
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double V-groove weld. Figure 10.11 shows how double
fillet welded joints can be sequenced to reduce distortion.

In some cases, the method used to reduce distortion is to
deposit the individual weld passes using a backstepping
technique. With this method, the direction of travel for
the individual passes is opposite that for the general pro-
gression of welding along the weld axis. So, each subse-
quent weld pass starts ahead of the previous pass and
progresses toward it. This is illustrated in Figure 10.12.

When full penetration groove welds are designed to be
welded from both sides, there must be some method of
gouging the weld root of the first side prior to welding
the second side. The welding inspector should examine
that backgouged surface prior to the welding of the sec-
ond side. If this is not done, there is a possibility that slag
inclusions or other discontinuities won’t be removed and

would then be included in the finished weld. Not only
should the welding inspector be sure that all discontinui-
ties have been removed by this backgouging operation,
but also that the configuration of that backgouge is ade-
quate to assure that the opening is sufficient to allow for
successful deposition of additional passes. Problems
occurring at this location can be easily corrected at this
time in the operation compared to the relative difficulty
expected if excavation is required on the finished weld.

While most of these items monitored during welding are
really the responsibility of the welder, it is still important
that the welding inspector check to assure that the welder
understands the welding requirements and follows
instructions adequately. The welding inspector usually
has a better grasp of the overall quality expected, so he or
she can more easily spot problems and initiate corrective
measures.

Figure 10.7A—Digital Pyrometer
for Temperature Measurement

Figure 10.7B—Infrared
Temperature Indicator
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Once a weld has been completed, the welding inspector
must then examine the finished product to assure that all
of the preceding steps have been performed successfully
to produce a quality weld. If all of the preliminary steps
have been performed as required, then the postweld
inspection should simply confirm that the weld is of suf-
ficient quality. However, the codes specify the required
attributes of the finished weld, so the welding inspector
must examine the weld visually to determine if those
requirements have been met.

In general, visual inspection after welding consists of
looking at the appearance of the finished weld. This
visual examination will detect surface discontinuities in
the weld and base metal. Of special importance during
this aspect of the welding inspection is the evaluation of
the weld’s profile. Sharp surface irregularities can result
in premature failures of that component during service.
These visual features are evaluated in accordance with
the applicable code which will describe the permissible
amount of a certain type of discontinuity.

Figure 10.8—Placement of Root Passes

Figure 10.9—Placement of Passes
for Multipass Fillet Weld on T-Joint

Figure 10.10—Weld Sequencing
in Double V-Groove Weld

Figure 10.11—Weld Sequencing
of Double Fillet T-Joints

Figure 10.12—Backstep Technique
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Included in this visual examination of the weld is the
measurement of the weld to determine if its size is cor-
rect as required by the drawing. For a groove weld, you
are primarily concerned if the weld groove is filled flush
with the base metal surfaces without excessive reinforce-
ment. Any underfill must be corrected by depositing
additional weld metal.

In the case of fillet welds, the size determination is nor-
mally accomplished with the aid of a fillet weld gauge.
There are numerous different types of fillet weld gauges
which can be used, including gauges or templates which
are specially made for use on a particular fillet weld con-
figuration. There are also several types of fillet weld
gauges which are manufactured for use in the measure-
ment of general fillet welds.

One common type of fillet weld gauge consists of a
series of sheet metal templates which have been
machined to produce two different types of cutouts. The
individual templates are selected based on whether the
weld is concave or convex as well as the size of fillet
weld required. The welding inspector selects the gauge
of the proper type and size and compares the existing
weld size with that gauge.

Since fillet weld sizes are designated as nominal dimen-
sions, there should realistically be a tolerance applied to
this measurement. Since commercially-available gauges
are typically graduated in 1/16 in increments, it would
seem reasonable to gauge fillet weld sizes to the closest
1/32 in. Conditions warranting such an approach include
the difficulty in positioning your eyes properly to view
the gauge, the fact that weld sizes cannot be thought of in
terms of typical machining precision, gauge imprecision,
base and weld metal surface irregularities, and the diffi-
culty in determining the exact location of the toe of a
convex fillet weld. Figure 10.13 illustrates the template
type gauge being used to measure a fillet weld; this is the
type of gauge used on the CWI Practical Examination.

When measuring a fillet weld, the weld size is deter-
mined by the size of the largest isosceles right triangle
which can be totally contained within the weld’s cross
section. So, for a convex profile, the leg and size dimen-
sions are the same. However, a fillet weld exhibiting a
concave profile will be sized based on the throat dimen-
sion. The welding inspector must first decide what the
apparent fillet weld profile actually is, convex or con-
cave. If it is not readily apparent, both the leg and throat
dimensions should be measured using both type tem-
plates to determine if the weld’s size is sufficient. In the
case of an unequal leg fillet weld, the weld size will be
governed by the shorter of the two legs.

As mentioned above, when using the sheet metal tem-
plate type gauges, the two different shapes of cutouts

will be used depending upon whether the fillet weld’s
profile is convex or concave. Once the inspector decides
which profile is present, he or she selects that shaped
template for the weld size which is specified. If the weld
is convex, the proper gauge shape will actually be mea-
suring the leg dimension. Similarly, for the concave fillet
weld profile, the proper gauge shape will be measuring
the existing throat dimension. Regardless of the shape of
the template, the size indicated will be related to the
required size of the theoretical triangle which is inscribed
in the existing fillet weld cross section. Use of this type
of fillet weld gauge is illustrated in Figure 10.14 for vari-
ous fillet weld configurations.

When a weld has been measured to determine if it is of
sufficient size, the welding inspector must then evaluate
its length to assure that there has been enough weld metal
deposited to satisfy the drawing requirements. This is of
special importance where intermittent fillet welds have
been specified. Here each segment must be measured as
well as their center-to-center, or pitch, distances.

Other measurements are required to evaluate the overall
dimensional accuracy of the weldment. This is important
since the shrinkage stresses from welding may have
caused the size of the part to change. For example, a
weld deposited around the outside of a machined bore
will probably cause the diameter of that bore to be dis-
torted, necessitating further machining to provide the
appropriate bore size. Some of this dimensional evalua-
tion will be to determine if any distortion resulted from
welding. The localized heat of welding can cause mem-
bers to be distorted or misaligned with respect to other
parts of the weldment. These measurements will deter-

Figure 10.13—Use of Template
Type Fillet Gauge
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mine if the amount of distortion which is present is
enough to cause the part to be rejectable.

Some welds must also be evaluated using other nonde-
structive test methods in addition to the visual inspec-
tion. You may also perform this testing if you are
certified in the required technique, or it could be done by
some other nondestructive testing specialist. If someone
else performs the testing, you may be required to monitor
that operation. Perhaps your only involvement relates to
the review of the test personnel certification records and
the inspection report, which is created to assure that the
findings are in accordance with the applicable code or
standard. You may also be responsible for the mainte-
nance of those test records.

There may also be requirements relating to the postweld
stress relief or other heat treatments which are specified
to modify the as-welded properties of the weldment. The
welding inspector may be responsible for the monitoring
of these thermal treatments as well. If so, the operation
must be performed in accordance with written proce-
dures or code requirements.

Once all of these visual inspection steps have been com-
pleted, reports must be created to explain all aspects of
the evaluations which were performed. These reports
should specify various features of the inspection, includ-
ing what was inspected, when it was inspected, who per-
formed the inspection, the applicable acceptance criteria,
and the results of the inspection. As mentioned earlier,
these reports should be as simple (and legible) as possible
while still providing enough information so that others can
understand what was done and what were the findings.

As has been discussed, visual inspection comprises the
basic element of any welding quality control program.
Although quite simple, this method is capable of finding
most of the discontinuities which result from the welding
operation. However, visual inspection is limited to the
discovery of surface irregularities. Therefore, it must be
done at all phases of the fabrication sequence to provide
adequate coverage. In general, there are certain responsi-
bilities of the welding inspector which are to be per-
formed before, during, and after the welding operation.
When properly applied, visual inspection is able to detect
problems when they occur, thus greatly reducing the
costs associated with the correction of those defects.
With this background on visual testing completed, we
must look at the next phase of weld inspection.

Nondestructive Testing (NDT)

One of the purposes of an effective quality control pro-
gram is to determine the suitability of a given base metal
or a weld to perform its intended service. One way to
judge that suitability is to subject the base metal or weld
to destructive tests which would provide information
about the performance of that test object. The major dis-
advantage of such an approach is that, as the name
implies, the test object is destroyed in the process. There-
fore, a number of tests have been developed to provide
an indication of the acceptability of the test object with-
out rendering it unusable for service.

These various tests are referred to as nondestructive
tests, because they permit the nondestructive evaluation

Figure 10.14—Methods for Measuring Fillet Size

Copyright American Welding Society 
Provided by IHS under license with AWS Licensee=ISATIS Group in iran Revised Sub Account/5620002316 

Not for Resale, 08/27/2013 00:11:03 MDTNo reproduction or networking permitted without license from IHS

-
-
`
`
,
`
,
,
,
,
,
`
,
,
,
`
`
`
,
,
`
`
,
`
,
`
,
`
,
,
,
,
-
`
-
`
,
,
`
,
,
`
,
`
,
,
`
-
-
-



WELDING INSPECTION TECHNOLOGY CHAPTER 10—VISUAL INSPECTION AND OTHER NDE METHODS AND SYMBOLS

10-13

(NDE) of the metal or component. Even the destructive
testing of a given percentage of parts can be expensive
and assumes that the untested parts are of the same qual-
ity as those tested. Nondestructive tests yield indirect, yet
still valid, results and, by definition, leave the test object
unchanged and ready to be placed in service if acceptable.

As mentioned, there are numerous nondestructive tests
used to evaluate the base metals to be joined as well as
the completed welds. The most common test methods
will be discussed, noting both their advantages and limi-
tations, and applications. However, all of these nonde-
structive test methods share several common elements.
These essential elements are summarized below:

1. A source of probing energy or medium

2. A discontinuity must cause a change or alteration of
the probing energy

3. A means of detecting this change

4. A means of indicating this change

5. A means of observing or recording this indication so
that an interpretation can be made

The suitability of a particular nondestructive test for a
given application will be determined by considering each
of these factors. The source of the probing energy or
probing medium must be suitable for the test object and
the discontinuity of concern. If present, a discontinuity
must then be capable of somehow modifying or changing
the probing medium. Once changed, there must be some
way of detecting these changes. These changes to the
probing medium by the discontinuity must create an indi-
cation or otherwise be recorded. Finally, this indication
must be preserved somehow so that it can be interpreted.

As each of these nondestructive test methods are dis-
cussed, it is important to understand how they each pro-
vide the essential elements. This will aid in deciding
which nondestructive test method is best suited for a par-
ticular application.

Over the years, numerous nondestructive test methods
have been developed. Each one has associated with it
various advantages and limitations making it more or
less appropriate for a given application. With the number
of test methods available, it is important to select that
method which will provide the necessary results. In
many cases, several different tests may be applied to pro-
vide adequate assurance that the material or component
is satisfactory. Since so many tests exist, it would be dif-
ficult to mention each one in the context of this course.

Therefore, we will concentrate on those more common
nondestructive test methods which are commonly used
for the evaluation of base metals and weldments. Those

test methods to be discussed are noted, with their abbre-
viations in parentheses.

1. Penetrant Test (PT)

2. Magnetic Particle Test (MT)

3. Radiographic Test (RT)

4. Ultrasonic Test (UT)

5. Eddy Current Test (ET)

While the welding inspector is usually not called upon to
perform these tests, other than visual testing covered pre-
viously, it is important that he or she has a basic under-
standing of these other tests for several reasons. First, the
welding inspector should be aware of the advantages and
limitations of these methods. This will assist in deciding
which test might be used to provide some additional
information about the apparent quality of a material or
weld. In that way, visual evaluation can be further sub-
stantiated by some additional testing. Knowledge of the
advantages and limitations will also help in determining
if the nondestructive testing specialist doing the actual
testing is applying the test properly. Since the welding
inspector may be called on to monitor the performance
of, or maintain records about these tests, this knowledge
should aid in understanding the results.

As each of the various tests is discussed, there will be a
description of the advantages and limitations, as well as
the basic principles of operation. The necessary equip-
ment for each test will also be discussed, and there will
also be mention of some of the typical applications of
each of the methods.

Penetrant Testing (PT)

In general terms, penetrant testing reveals surface dis-
continuities by the bleed out of a penetrating medium
against a contrasting colored background. This is accom-
plished by applying a penetrant (usually liquid) to the
cleaned surface of the test piece. Once this penetrant is
allowed to remain on the surface for a prescribed time
(dwell time), it will be drawn into any surface opening
by capillary action. Subsequent removal of excess pene-
trant and application of a developer draws remaining
penetrant from discontinuities. The resultant indications
are shown in high contrast and magnify the presence of
the discontinuity so it can be visually interpreted.

There are two primary ways in which penetrant materials
are grouped: specifically, the type of indication pro-
duced, and the method of excess penetrant removal. The
two penetrant indications are visible and fluorescent. The
visible dye (usually red) produces a vivid red indication
against a white developer background when viewed
under white light. The fluorescent penetrant produces a
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greenish, fluorescent indication against a light back-
ground when observed under ultraviolet (black) light.
Since the human eye can more readily perceive a fluores-
cent indication than a visible indication, use of fluores-
cent penetrant results in a more sensitive test.

The second way in which penetrants are categorized
refers to the method by which excess penetrant is
removed from the test surface. They can be water wash-
able, solvent removable, or post-emulsifiable. Water
washable penetrants contain an emulsifier which allows
the oily penetrant to be rinsed off the surface with a low
pressure water spray. Solvent removable penetrants
require solvent to remove the surface penetrant from the
test object. Post-emulsifiable penetrants are removed by
adding an emulsifier after the dwell time. The applica-
tion of this emulsifier to the penetrant on the test surface
permits it to be removed with water in the same manner
as the water washable type. By combining the character-
istics of these two classifications, six different types of
penetrants can be produced:

1. Visible/Water Washable

2. Visible/Solvent Removable

3. Visible/Post-Emulsifiable

4. Fluorescent/Water Washable

5. Fluorescent/Solvent Removable

6. Fluorescent/Post-Emulsifiable

With any of these types, the basic steps are essentially
the same, except for post-emulsifiable penetrants which
require an additional step to apply the emulsifier. So,
with any of the methods, there are four general steps to
follow, making the test a relatively simple test to per-
form. However, even as simple as it appears, it is impor-
tant that each of the steps be carefully performed in its
proper sequence; otherwise, the test results will not be
reliable.

The first step involved in performing penetrant testing is
to thoroughly clean the surface of the test object. Since
penetrant testing is used to reveal surface discontinuities,
this step is extremely important. If anything is blocking
the surface opening of a discontinuity, it will prevent the
penetrant from entering the opening; consequently, the
discontinuity will not be revealed. The test object should
be free of oil, dirt, rust, paint, etc. When cleaning softer
materials, such as copper or aluminum, care must be
taken if the surface is cleaned using some mechanical
technique like wire brushing or blast cleaning. An
aggressive mechanical cleaning operation might tend to
smear the surface metal to cover an existing surface
opening and prevent its discovery. Figure 10.15 depicts a
cleaned test surface.

Once the surface is suitably clean and has been allowed
to dry, the penetrant is applied. On small parts this can be
done by dipping them into a bath of penetrant. On larger
parts, the penetrant can be applied by spraying or brush-
ing. The penetrant is allowed to remain on the test sur-
face for a time period between 5 minutes and 30 minutes,
and this time is referred to as the dwell time. The exact
length of this dwell time depends upon the penetrant
manufacturer’s recommendations, the temperature of the
part, and the size of the discontinuities of concern. The
test surface must be kept moistened with penetrant dur-
ing this entire time so that the penetrant can flow into
surface openings. Figure 10.16 shows the penetrant
being applied to the test surface.

The penetrant is drawn into tight cracks by an action
referred to as capillary action; this phenomena was previ-
ously discussed with regard to brazing filler metal being

Figure 10.15—Cleaned Test Surface

Figure 10.16—Penetrant on
Test Surface and In Crack
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drawn into the braze joint. Capillary action causes liq-
uids to be drawn into tight clearances. Following the pre-
scribed dwell time, the surface of the test object is
thoroughly and carefully cleaned of the excess penetrant.
Care must be taken to clean the surface sufficiently to
prevent the occurrence of excessive penetrant back-
ground and other nonrelevant indications which may
mask real indications and cause them to be missed. The
correct method for removing excess penetrant is to
dampen a lint free cloth with solvent and wipe in one
direction to remove the excess penetrant. Figure 10.17
shows the proper procedure for removing excess penetrant.

Once the excess penetrant has been removed, a devel-
oper is applied. It can be a dry powder or a powder sus-
pended in a volatile liquid which readily evaporates,
leaving the powder on the surface. It is important that the
developer be applied in a thin, uniform layer. In fact, a
good technique is to apply the developer in several very
thin layers, allowing a couple of minutes between suc-
cessive developer applications to avoid excessive devel-
oper buildup. A thick layer of developer can mask very
small indications.

The sensitivity of the penetrant test is dependent upon
the size of the developer powder particles as well as the
thickness of the developer layer on the test surface.
Large particle size and thick layers of developer will tend
to decrease the sensitivity of the penetrant test. This
developer draws penetrant out of any surface discontinu-
ities to create a contrasting indication in much the same
manner that an absorbent material soaks up liquid. This
“bleed out” magnifies tiny discontinuities to provide
indications which can be easily seen. The discontinuity
indication can then be evaluated as to whether it is con-
sidered to be detrimental. When using a visible dye pene-

trant, the evaluation is done under white light whereas
use of fluorescent penetrants will require that the evalua-
tion be performed using an ultraviolet (black) light in a
darkened area. Figure 10.18 illustrates how the visible
indication is produced by the bleed out of the penetrant
through the layer of developer.

There are numerous advantages which can be gained
when using penetrant testing. First, the use of penetrants
is not limited to metallic test objects. Any nonporous
material can be tested for surface discontinuities in this
manner. It is also well suited for evaluating weld or braze
joints between dissimilar metals, which may present a
problem for other test methods. And it can be applied to
nonmagnetic metals when other techniques are not appli-
cable. The process is also quite portable, especially the
solvent removable type. For this method, there are con-
venient aerosol cans of penetrant, developer, and cleaner
which can be taken to virtually any test location.
Depending on the type of penetrant system being used,
the equipment required may be very minimal, allowing
the user to penetrant test without a significant capital
expense as compared to other test methods.

Among the limitations of penetrant testing is the most
prominent one—the fact that it will not detect subsurface
discontinuities. Also it is hindered because it is a rela-
tively time-consuming test when compared to magnetic
particle testing. The surface condition of the part has a
significant effect on the reliability of the test, so the
cleaning required for certain applications may be exten-
sive. There is also a need for cleaning the test part after
the testing is completed. When testing rough, irregular
surfaces, which are often present as the result of welding,
the presence of nonrelevant indications may make inter-
pretation difficult.

Figure 10.17—Excess Penetrant Removed Figure 10.18—Porosity and Crack

CRACKPOROSITY
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The equipment required to perform penetrant testing is
relatively simple and may consist only of a penetrant,
cleaner, lint-free rags, developer and, if required, an
emulsifier. A good white light source is required for visi-
ble dye penetrants and a good ultraviolet light source is
required for fluorescent types. In addition, fluorescent
penetrant testing requires a darkened area to monitor
cleaning and interpretation of test results. A magnifying
glass can also prove useful when very minute discontinu-
ities are being evaluated.

Once an indication has been discovered, it can be perma-
nently recorded using photography or sketches. The indi-
cation can also be lifted off the test surface and
transferred to a test report form using a transparent plas-
tic tape, although this method does not work very well.

When using the PT method, it is imperative to remove all
testing materials including excess penetrant, cleaner, and
developer prior to welding. Striking an arc on a surface
containing these materials not only affects weld quality,
but it can also result in the formation of noxious or even
hazardous fumes which can create a serious safety haz-
ard for personnel.

Magnetic Particle Testing (MT)

This particular nondestructive test method is used prima-
rily to discover surface discontinuities in ferromagnetic
materials. While indications can be observed from sub-
surface discontinuities very near the surface, they are
very difficult to interpret, and often require testing by
other methods. Other NDE techniques are usually
required for subsurface discontinuity detection and inter-
pretation. However, surface discontinuities present in a
magnetized part will cause the applied magnetic field to
create “poles” of opposite sign on either side of the dis-
continuity, creating a very attractive force for iron parti-
cles. If iron particles, which are “magnetic particles”
since they can become magnetized, are sprinkled on this
surface, they will be held in place by this attractive field
to produce an accumulation of iron particles and a visual
indication of the discontinuity.

While several different types of magnetic particle tests
exist, they all rely on this same general principle. There-
fore, all of these tests will be conducted by creating a
magnetic field in a part and applying the iron particles
onto the test surface.

To understand magnetic particle testing, it is necessary to
have some basic knowledge of magnetism; therefore, it
is appropriate to describe some of its important charac-
teristics. To begin this discussion, refer to Figure 10.19
which shows a diagram of the magnetic field associated
with a bar magnet.

Looking at this diagram, there are several principles of
magnetism which are demonstrated. First, there are mag-
netic lines of force, or magnetic flux lines, which tend to
travel from one end (or pole) of the magnet to the oppo-
site end (pole). These poles are designated as the north
and south poles. The magnetic flux lines form continu-
ous loops which travel from one pole to the other in a
single direction. These lines always remain virtually par-
allel to one another and will never cross each other.
Finally, the force of these flux lines (and therefore the
intensity of the resulting magnetic field) is greatest when
they are totally contained within a ferrous or magnetic
material. Although they will travel across some air gap,
their intensity is reduced significantly as the length of the
air gap is increased.

Figure 10.20 shows a configuration in which a bar mag-
net similar to the one in Figure 10.19 has been bent into a
U-shape and is in contact with a magnetic material con-
taining a discontinuity. There are still magnetic lines of
force traveling in continuous loops from one pole to the
other. However, now the piece of steel has been placed
across the ends of the magnet to provide a continuous
magnetic path for the lines of force. While there is some
flux leakage present at the slight air gaps between the
ends of the magnet and the piece of steel, the magnetic
field remains relatively strong because of the continuity
of the magnetic path.

Now consider the discontinuity which is present in the
steel bar; in the vicinity of that discontinuity, there are
magnetic poles of opposite sign created on either side of
the air gap present at the discontinuity. These poles of
opposite sign have a strong attractive force between

Figure 10.19—Magnetic Field
Around a Bar Magnet
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them, and if the area is sprinkled with iron particles,
those particles will be attracted and held in place at the
discontinuity.

Therefore, to perform magnetic particle testing, there
must be some means of generating a magnetic field in the
test piece. Once the part has been magnetized, iron parti-
cles are sprinkled on the surface. If discontinuities are
present, these particles will be attracted and held in place
to provide a visual indication. The examples discussed so
far have depicted permanent magnets. However, use of
permanent magnets for magnetic particle testing is done
infrequently; most magnetic particle testing uses electro-
magnetic equipment. An electromagnet relies on the
principle that there is a magnetic field associated with
any electrical conductor, as shown in Figure 10.21.

When electricity is passed through a conductor, the mag-
netic field which is developed is oriented perpendicular
to the direction of the electricity. There are two general

types of magnetic fields which are created in test objects
using electromagnetism: longitudinal and circular. The
types refer to the direction of the magnetic field which is
generated in the part. When the magnetic field is oriented
along the axis of the part, it is referred to as longitudinal
magnetism. Similarly, when the direction of the mag-
netic field is perpendicular to the axis of the part, it is
called circular magnetism. There are several ways in
which these two types of magnetism can be created in a
test part.

Figure 10.22 illustrates a typical longitudinal magnetic
field created by surrounding the part with a coiled elec-
trical conductor. When using a stationary magnetic parti-
cle testing machine, this would be referred to as a “coil
shot.” When electricity passes through this conductor, a
magnetic field is created as shown.

With this magnetic field, those flaws lying perpendicular
to the lines of force will be easily revealed. Those lying
at 45° to the magnetic field will also be shown, but if a
flaw lies essentially parallel to the induced magnetic
field, it will not be revealed.

The other type of magnetic field is referred to as circular
magnetism. To create this type of field, the part to be
tested becomes the electric conductor so that the induced
magnetic field tends to surround the part perpendicular to
its longitudinal axis. On a stationary testing machine, this
would be called a “head shot.” This is illustrated in Fig-
ure 10.23.

With circular magnetism, longitudinal flaws will be
revealed while those lying transverse will not. Those at
approximately 45° will also be shown. An important
aspect of the circular magnetic field is that the magne-
tism is totally contained within the ferromagnetic mate-
rial whereas the longitudinal magnetic field is induced in

Figure 10.20—U-shaped Magnet in Contact
with a Ferromagnetic Material

Containing a Discontinuity

Figure 10.21—Magnetic Field Around
an Electrical Conductor Figure 10.22—Longitudinal Magnetism
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the part by the electric conductor which surrounds it. For
this reason, the circular magnetic field is generally con-
sidered to be somewhat more powerful, making circular
magnetism more sensitive for a given amount of electric
current. When trying to determine the orientation of dis-
continuities which are likely to form indications, start by
determining the direction of the electric current, then
consider the direction of the induced magnetic field, and
then determine the discontinuity orientation which will
give optimum sensitivity.

Both types of magnetic fields can also be generated in a
part using portable equipment. A longitudinal field
results when the “yoke” method is used, as shown in Fig-
ure 10.24. A yoke unit is an electromagnet, and is made
by winding a coil around a soft magnetic material core.
Current flowing through the coil induces a magnetic field
which flows across the test object between the ends of
the yoke.

To produce a circular magnetic field with a portable unit,
the “prod” technique is used. Use of this method for weld
testing is illustrated in Figure 10.25. Either alternating
(AC) or direct current (DC) can be used to induce a mag-
netic field. The magnetic field created by alternating cur-
rent is strongest at the surface of the test object. AC
current will also provide greater particle mobility on the
surface of the part allowing the particles to move about
more freely which aids flaw detection, even when the
surface of the part may be rough and irregular.

Direct current induces magnetic fields which have
greater penetrating power and can be used to detect near-
surface discontinuities. However, these indications are
very difficult to interpret. A third type of electric current
is referred to as half wave rectified AC and can be
thought of as a combination of both AC and DC. With
this type of power usage, benefits of both types of cur-
rent can be achieved.

Figure 10.24—Yoke Method

Figure 10.25—Prod Method

Figure 10.23—Circular Magnetism
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It has been stated that magnetic particle testing is most
sensitive to discontinuities perpendicular to the magnetic
lines of flux and that discontinuities parallel to the lines
of flux might not be detected at all. At angles between
these extremes a gray area exists. In general, if the acute
angle formed between the lines of flux and the long axis
of the discontinuity is greater than 45°, the discontinuity
will form an indication. At angles less than 45° the dis-
continuity might not be detected. Therefore, to provide
complete evaluation of a part to locate flaws lying in all
directions, it is necessary to apply the magnetic field in
two directions 90° apart.

Applications of magnetic particle inspection include the
evaluation of materials which are considered to be mag-
netic at the test temperature. Such materials include steel,
cast iron, some of the stainless steels (not the austenitic
stainless steels), and nickel. It cannot be used for testing
aluminum, copper, or other materials which cannot be
magnetized. Properly applied, this test method can detect
extremely fine surface discontinuities and will give
“fuzzy” indications of larger, near-surface flaws.

Equipment used with this test method varies in size, port-
ability and expense. Lightweight AC yoke units are
extremely portable and useful for inspection of objects
too large to test otherwise. Such objects might include
buildings, bridges, tanks, vessels, or large weldments.
Less-portable equipment includes prods and coils. Both
typically require a special power source and may have
limited mobility. Stationary equipment usually includes
mechanisms for both head and coil shots. Parts inspected
in stationary units might well be small with extremely
high inspection rates or surprisingly large with corre-
spondingly lower inspection rates. The stationary units
include demagnetization mechanisms.

The iron particles used are very small and are often dyed
to provide a vivid color contrast with that of the test
object. Colors commonly available include gray, white,
red, yellow, blue, and black. These are called visible par-
ticles and are used under a strong visible light source.
Iron particles can also be obtained that are fluorescent
under black light, and their test sensitivity is greater.

These magnetic particles are applied as a dry powder
with a low velocity air stream or are flowed over the part
as a suspension in inhibited water or light oil. The dry
method is called dry magnetic particle testing, and the oil
or water suspension method is called wet magnetic parti-
cle testing. Both methods are frequently used, but the wet
fluorescent method has higher sensitivity and has
become the method of choice for many field and shop
applications. The advantages of MT are rapid testing
speed and low cost. The method can be made extremely
portable and is very good for the detection of surface

discontinuities. Testing can be done through thin paint
coatings.

The major limitation of magnetic particle testing is that it
can only be used on materials that can be magnetized.
Other limitations are that most parts require demagneti-
zation after testing and that very thick coatings may
mask detrimental indications. Demagnetization is usually
done by the AC method and is done by either removing
the part from the magnetizing field slowly or reducing
the induced magnetizing current applied to the part to
zero. Electricity is required for most applications; this
may limit portability. Rough surfaces such as those seen
on welds or castings can make evaluation more difficult.

Results of magnetic particle testing may be recorded by
sketching, photographing or by placing adhesive cello-
phane tape over the indication and then transferring the
tape to a clean piece of white paper, although this
method does not work very well.

Radiographic Testing (RT)

Radiography is a nondestructive test method based on
the principle of preferential radiation transmission, or
absorption. Areas of reduced thickness or lower density
transmit more, and therefore absorb less, radiation. The
radiation which passes through a test object will form a
contrasting image on a film receiving the radiation.

Areas of high radiation transmission, or low absorption,
appear as dark areas on the developed film. Areas of low
radiation transmission, or high absorption, appear as
light areas on the developed film. Figure 10.26 shows the
effect of thickness on film darkness. The thinnest area of
the test object produces the darkest area on the film
because more radiation is transmitted to the film. The
thickest area of the test object produces the lightest area
on the film because more radiation is absorbed and thus
less is transmitted.

Figure 10.27 shows the effect of the material density on
film darkness. Of the metals shown in Figure 10.27, lead
has the highest density (11.34 g/cc), followed in order by
copper (8.96 g/cc), steel (7.87 g/cc), and then aluminum
(2.70 g/cc). With the highest density (weight per unit
volume), lead absorbs the most radiation, transmits the
least radiation, and thus produces the lightest film.

Lower energy, nonparticulate radiation is in the form of
either gamma radiation or X-rays. Gamma rays are the
result of the decay of radioactive materials; common
radioactive sources include Iridium 192, Cesium 137,
and Cobalt 60. These sources are constantly emitting
radiation and must be kept in a shielded storage con-
tainer, referred to as a “gamma camera,” when not in use.
These containers usually employ lead and steel shielding.
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X-rays are man-made; they are produced when electrons,
traveling at high speed, collide with matter. The conver-
sion of electrical energy to X-radiation is achieved in
an evacuated (vacuum) tube. A low current is passed
through an incandescent filament to produce electrons.
Application of a high potential (voltage) between the fil-
ament and a target metal accelerates electrons across this
voltage differential. The action of an electron stream
striking the target produces X-rays. Radiation is pro-

duced only while voltage is applied to the X-ray tube.
Whether using gamma or X-ray sources, the test object is
not radioactive following the test.

Subsurface discontinuities which are readily detected by
this method are those having different densities than the
material being radiated. This includes voids, metallic and
nonmetallic inclusions, and favorably aligned incom-
plete fusion and cracks. Voids, such as porosity, produce
dark areas on the film, because they represent a signifi-
cant loss of material density. Metallic inclusions produce
light areas on the film if their density is greater than that
of the test object. If the inclusion density is less than the
metal, it shows as a dark area on the film.

For example, tungsten inclusions in aluminum welds,
produced by improper gas tungsten arc welding tech-
niques, appear as very light areas on the film; the density
of tungsten is 19.3 g/cc. Nonmetallic inclusions, such as
slag, usually produce dark areas on the film. However
some electrode coatings produce slag having a density
very similar to the deposited weld metal, and slag pro-
duced from them is very difficult to find and interpret.
For detection, cracks and incomplete fusion must be
aligned such that the depths of the discontinuities are
nearly parallel to the radiation beam. Surface discontinu-
ities will also show on the film; however, using radiation
testing to find these types is not recommended since
visual inspection is much more economical. Some of
these surface discontinuities include undercut, excessive
reinforcement, incomplete fusion, and melt-through.
Radiographic testing is very versatile and can be used to
inspect all common engineering materials. As can be
seen in Figures 10.26 and 10.27 the radiation beam is a
divergent beam which will usually present an indication
on the film that is larger than it really is.

The equipment required to perform radiographic testing
begins with a source of radiation; this source can be
either an X-ray machine, which requires electrical input,
or a radioactive isotope which produces gamma radia-
tion. The isotopes usually offer increased portability.
Both radiation types require film, a light-tight film
holder, and lead letters which are used to identify the test
object. Because of the high density of lead and the local
increased thickness, these letters form light areas on the
developed film. Image Quality Indicators (IQI), or penet-
rameters (pennies) are used to verify the resolution sensi-
tivity of the test. These IQIs are usually one of two types:
hole or wire. They are both specified as to material type;
in addition, the hole type will have a specified thickness
and hole sizes, while the wire type will have specified
wire diameters. Sensitivity is verified by the ability to
detect a given difference in density due to the penetrame-
ter thickness and hole diameter, or wire diameter. Figure
10.28 shows both types of the IQIs or penetrameters.

Figure 10.26—Effect of Part Thickness
on Radiation Transmission (Absorption)

Figure 10.27—Effect of Material Density
on Radiation Transmission (Absorption)
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Figure 10.29 shows the placement of the hole type IQI
on a plate weld prior to radiography.

Hole penetrameters vary in thickness and hole diameters
depending on the metal thickness being radiographed.
Figure 10.30 shows the essential features of a #25 IQI
used by the ASME Code; its thickness and hole dimen-
sions will be noted for illustration. Here, the penetrame-
ter thickness is 0.025 in, hence the designation of #25
for the IQI thickness in mils (a #10 is 0.010 in thick, a
#50 is 0.050 in thick, etc.). The hole diameters and posi-
tions are specified and are noted in terms of multipliers
of the individual IQI thickness. The largest hole in a #25

IQI is 0.100 in and is called the “4T” hole, referring to
the fact that it is equal to four times the IQI thickness,
and it is placed nearest the IQI lead number. A “2T” hole
(0.050 in) is positioned furthest away from the lead num-
ber 25 and is equal to two times the IQI thickness. The
smallest hole between the 4T and 2T hole is referred to
as the “1T” hole and is exactly equal to the IQI thickness,
0.025 in. These holes are used to verify film resolution
sensitivity, which is usually specified to be 2% of the
weld thickness. However, a 1% sensitivity can also be
specified, but is more difficult to attain (these are speci-
fied in the codes).

Film processing equipment is required to develop the
exposed film, and a special film viewer with variable high
intensity lighting is best for interpretation of the film.
Because of the potential dangers of radiation exposure to
humans, radiation monitoring equipment is always required.

Figure 10.28—Shim and Wire Type Image
Quality Indicators (Penetrameters)

Figure 10.29—Placement of
Penetrameters and Weld Identification

(Note Shims Beneath IQIs)

Figure 10.30—Features of a Hole IQI
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The major advantage of this test method is that it can
detect subsurface discontinuities in all common engi-
neering materials. A further advantage is that the devel-
oped film serves as an excellent permanent record of the
test if the film is stored properly away from excessive
heat and light.

Along with these advantages are several disadvantages.
One of those is the hazard posed to humans by excessive
radiation exposure. Many hours of training in radiation
safety are required to assure the safety of both the radio-
graphic test personnel and other personnel in the testing
vicinity. For that reason, the testing may be performed
only after the test area has been evacuated, which may
present scheduling problems. Radiographic testing
equipment can also be very expensive, and the training
periods required to produce competent operators and
interpreters are somewhat lengthy. Interpretation of film
should always be done by those currently certified to a
minimum Level II per ASNT’s SNT TC-1A or to AWS
RI. Another limitation of this test method is the need for
access to both sides of the test object (one side for the
source and the opposite for the film), which is shown in
Figure 10.31.

Another disadvantage of radiographic testing is that it
may not detect those flaws which are considered to be
more critical (e.g., cracks and incomplete fusion) unless
the radiation source is preferentially oriented with
respect to the flaw direction. Further, certain test object
configurations (e.g., branch or fillet welds) can make
both the performance of the testing and interpretation of
results more difficult. However, experienced test person-
nel can obtain radiographs of these more difficult geome-
tries and interpret them with a high degree of accuracy.

Ultrasonic Testing (UT)

Ultrasonic testing (UT) is an inspection method which
uses high frequency sound waves, well above the range
of human hearing, to measure geometric and physical
properties in materials. Sound waves travel at different
speeds in different materials. However, the speed of
sound propagation in a given material is a constant value
for that material. There are several ways that sound trav-
els through a material, but that distinction is not of
importance for a discussion at this level. One type of
sound wave, called longitudinal, travels about 1100 feet
per second in air, about 19 000 feet per second in steel,
and about 20 000 feet per second in aluminum.

Ultrasonic testing uses electrical energy in the form of an
applied voltage, and this voltage is converted by a trans-
ducer to mechanical energy in the form of sound waves.
The transducer accomplishes this energy conversion due
to a phenomenon referred to as the “piezoelectric” effect.
This occurs in several materials, both naturally-occurring
and man-made; quartz and barium titanate are examples
of piezoelectric materials of each type. A piezoelectric
material will produce a mechanical change in dimension
when excited with an electric pulse. Similarly, this same
material will also produce an electric pulse when acted
upon mechanically. An example of the common use of
piezoelectric materials is found in the electronic lighters
available for starting gas ranges, gas grills, cigarette
lighters, etc. In these examples, the piezoelectric crystal
is squeezed and released suddenly, resulting in the gener-
ation of an electric spark which jumps across a gap to
ignite the gas.

To perform ultrasonic testing, the transducer is attached
to an electronic base unit. Following a prescribed startup
sequence and calibration procedure, the base unit acts as
an electronic measuring device. This machine will gener-
ate precise electronic pulses which are transmitted
through a coaxial cable to the transducer which has been
placed in acoustic contact with the test object. These
pulses are of very short duration and high frequency
(typically 1 Hz to 10 million Hz, or cycles per second).
This high frequency sound has the ability to be directed
precisely, much like the beam from a flashlight.

When excited by the electronic pulses, the transducer
responds with mechanical vibration and creates a sound
wave that is transmitted through the test object at what-
ever speed is typical for that material. A similar phenom-
enon can be heard when a metal is struck with a hammer
to provide a “ringing.” This ringing is a sonic (lower fre-
quency) sound wave which travels through the metal.
You may have experienced a case where a defective
piece of metal is found because of the dull “thud” which
results when it is struck.

Figure 10.31—Orientation of Radiation 
Source, Test Plate and Radiographic Film
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The generated sound wave will continue to travel
through the material at a given speed and return to the
transducer when it encounters some reflector, such as a
change in density, and is reflected. If that reflector is
properly oriented, it will bounce the sound back to the
transducer at the same speed and contact the transducer.
When struck by this returning sound wave, the piezo-
electric crystal will convert that sound energy back into
an electronic pulse which is amplified and can be dis-
played on an oscilloscope as a visual indication to be
interpreted by the operator.

By using calibration blocks having specific density,
dimensions, and shapes, the ultrasonic unit can be cali-
brated to measure the time taken by the sound in its
travel path and convert this time to part dimensions.
Thus the ultrasonic equipment allows the operator to
measure how long it takes for the sound to travel through
a material to a reflector and back to the transducer, from
which dimensional data can be generated as to the reflec-
tor’s distance below the surface and its size.

Figure 10.32 illustrates a typical calibration sequence on
a steel step wedge for a longitudinal beam transducer
used for thickness determinations. The transducer is
placed on the various known thicknesses of the calibra-
tion block and the instrument is adjusted to provide the
corresponding screen presentations. Once this operation
is complete, the operator can then read the dimension of
a test piece directly from the screen by noting where the

indication rises vertically along the horizontal axis. With
single transducers and multiple reflections, very accurate
measurements can be made using a “peak to peak”
method rather than the rise off the horizontal line. This
technique takes the dimensions between several peaks
and averages the data for a thickness measurement.

In general, the screen presentation provides the operator
with two types of information. First, indications will
appear at various locations along the horizontal axis of
the screen. (There will always be an initial indication,
called a main bang, which will be located near the left
side of the screen.) When the sound enters a part and
bounces off a reflector returning to the transducer, its
return is indicated by a signal rising vertically from the
horizontal line. Second, the signal height can be mea-
sured and gives a relative measurement of the amount of
sound reflected. Once an instrument has been calibrated,
the location of the indication reflector on the horizontal
axis can be related to the physical distance which the
sound has traveled in the part to reach the reflector. The
height of that signal on the screen is a relative indication
of the size of the reflector. Using this information, the
experienced operator can usually determine the nature
and size of the reflector and relate it back to a code or
specification for acceptance or rejection.

There are two basic types of ultrasonic transducers. (1)
Longitudinal waves, or straight beam transducers are
used to determine material thickness or the depth of a
discontinuity below the material surface. These transduc-
ers transmit the sound into the part perpendicular to the
surface of the part, as shown in Figure 10.32. (2) Shear
waves, or angle beam transducers are used extensively
for weld evaluation because they send the sound into the
part at an angle, allowing testing to be accomplished
without the need for removal of the rough weld rein-
forcement (see Figure 10.33). Quite often a longitudinal
beam transducer is attached to a plastic wedge which
provides the necessary angle. Figure 10.34 shows how
the sound propagates through a material when an angle
beam is used.

There are two general types of ultrasonic testing, contact
and immersion. In contact testing, the transducer is actu-
ally placed against the surface of the part. Since the high
frequency sound is not readily transmitted through air, a
liquid is placed between the test object and the trans-
ducer for improved contact. This liquid is referred to as
the couplant. In immersion testing, the part to be evalu-
ated is placed underwater and the sound is transmitted
from the transducer and into the part through the water.
Contact testing has the advantage of being portable while
immersion is more convenient for production testing of
small or irregularly shaped parts.

Figure 10.32—Calibration Sequence
for Longitudinal Beam Transducer
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The applications of ultrasonic testing include both sur-
face and subsurface flaw detection. This method is most
sensitive to planar discontinuities, especially those which
are oriented perpendicular to the sound beam. Lamina-
tions, cracks, incomplete fusion, inclusions, and voids in
most materials can all be detected by this method. Along
with soundness determinations, thickness measurements
can also be made.

The equipment required for ultrasonic testing includes an
electronic instrument with either an oscilloscope or digi-
tal display. Using an instrument with an oscilloscope, an
ultrasonic operator can determine the location, size, and
type of many discontinuities. Instruments with digital
displays are usually limited to dimensional measurements
such as metal thickness. However, when measuring cor-

roded materials for wall thickness, it is best to use an
instrument having a scope output for greatest accuracy.

A suitable transducer couplant will also be necessary for
ultrasonic testing. Many different materials are used as
couplants; some commonly used couplants are oil,
grease, glycerin, water, and cellulose powder or corn
starch mixed with water. Transducers are available in a
wide variety of sizes and styles. Many transducers are
mounted on Plexiglas wedges which allow the sound
to enter the test object at various angles for shear wave
testing.

The last equipment requirement is a calibration standard.
For material thickness measurements, the calibration
standards should be of the same material as the test
object and must have known and accurate dimensions.
For flaw detection, the calibration standards should meet
the above requirements plus contain a machined “flaw,”
such as a side-drilled hole, a flat-bottomed hole, or a
groove. The location and size of this “flaw” must be
known and accurate. Signals from discontinuities in the
test object are compared with the signals from the cali-
bration standard “flaw” to determine their acceptability.
For angle beam testing used in weld testing, one calibra-
tion standard is the IIW Block that provides for beam
exit and shear wave verification. As noted, the calibra-
tion standard should be of the same material; when this is
not practical, another material may be substituted and a
correction curve, based on the difference in sound veloc-
ities of the two materials, is developed for correcting the
actual data.

One of the primary benefits of ultrasonic testing is that it
is considered to be truly a volumetric test. That is, it is
capable of determining not only the length and lateral
location of a discontinuity, but it will also provide the
operator with a determination of the depth of that flaw
beneath the surface. Another major advantage of ultra-
sonic testing is that it only requires access to one side of
the material to be tested. This is a big advantage in the
inspection of vessels, tanks, and piping systems.

Another important advantage is that ultrasonic testing
will best detect those more critical planar discontinuities
such as cracks and incomplete fusion. Ultrasonic testing
is most sensitive to discontinuities which lie perpendicu-
lar to the sound beam. Because various beam angles can
be achieved with Plexiglas wedges, ultrasonic testing can
detect laminations, incomplete fusion, and cracks that are
oriented such that detection with radiographic testing
would be very difficult. Ultrasonic testing has deep pene-
tration ability, up to 200 in in steel, and can be very accu-
rate. Modern ultrasonic testing equipment is very
lightweight and often battery powered making this equip-
ment quite portable. The newer instruments have data

Figure 10.33—Sound Reflection from a
Discontinuity Using Shear Wave UT

Figure 10.34—Angle Beam Propagation

Copyright American Welding Society 
Provided by IHS under license with AWS Licensee=ISATIS Group in iran Revised Sub Account/5620002316 

Not for Resale, 08/27/2013 00:11:03 MDTNo reproduction or networking permitted without license from IHS

-
-
`
`
,
`
,
,
,
,
,
`
,
,
,
`
`
`
,
,
`
`
,
`
,
`
,
`
,
,
,
,
-
`
-
`
,
,
`
,
,
`
,
`
,
,
`
-
-
-



WELDING INSPECTION TECHNOLOGY CHAPTER 10—VISUAL INSPECTION AND OTHER NDE METHODS AND SYMBOLS

10-25

storage built into the units, which are hand held and only
weigh one or two pounds. Stored data can be transferred
to a computer for trend analysis and permanent storage.

The major limitation of this test method is that it requires
a highly skilled and experienced operator because inter-
pretation can be difficult. Also, the test object surface
must be fairly smooth, and couplant is required for con-
tact testing. Reference standards are required, and this
test method for weld inspection is generally limited to
groove welds in materials that are thicker than 1/4 in.

Eddy Current Testing (ET)

When a coil carrying AC is brought near a metal speci-
men, eddy currents are induced in the metal by electro-
magnetic induction. The magnitude of the induced eddy
currents depends on many factors, and the test coil is
affected by the magnitude and direction of these induced
eddy currents. When the test coil is calibrated to known
standards, the eddy current method can be used to char-
acterize many test object conditions. Figure 10.35 is a
schematic presentation of the eddy currents induced in a
test object when the test coil is placed near the surface.

Eddy current testing (also called electromagnetic testing)
is a highly versatile test method. It can be used to mea-
sure the thickness of thin sections, electrical conductiv-
ity, magnetic permeability, hardness, and the heat
treatment condition of test objects. This test method can
also be used to sort dissimilar metals and to measure the
thickness of nonconductive coatings on electrically con-
ductive test objects. In addition, this method can be used
to detect cracks, seams, laps, voids, and inclusions near
the test object’s surface.

The equipment required for eddy current testing includes
an electronic instrument with a meter display and a coil
probe consisting of one or more electrical turns. The test
coil can be a probe type for evaluating a surface, a cylin-
drical coil which surrounds a circular or tubular part, or
an inside diameter coil which is passed inside a tube or
hole. The calibration standards depend on the desired
information. Thickness measurements require calibration
standards of the same material and of known and accu-
rate thickness. Heat treatment determination requires
standards of the same material with known heat treat-
ment histories.

Figure 10.36 illustrates some typical meter displays for
various types of eddy current evaluations, including
metal sorting by conductivity, corrosion thinning, flaw
detection, and determination of coating thickness.

One of the major advantages of eddy current testing is
that it can be readily automated. The probe need not
touch the test object, no couplant is required, and the
method is expedient, all of which makes “assembly line”
inspection relatively easy. Because testing does not
require that the probe contact the part, inspection of hot
parts is facilitated. Finally, eddy current testing can be
used for the inspection of any electrically conductive
material, whether magnetic or nonmagnetic.

The major limitation of eddy current testing is that highly
skilled operators are required to calibrate the equipment
and interpret results. It is limited to the testing of electri-
cally conductive materials and its maximum penetration
is shallow (typically 3/16 in or less). The reference stan-
dards required for eddy current testing can be quite elab-
orate and numerous. Surface dirt or contamination that is
magnetic or electrically conductive may affect test
results and must be removed. And, eddy current testing
of magnetic materials may require special probes and
techniques.

A major application for eddy current testing is the evalu-
ation of tubing such as that found in heat exchangers. By
passing an inside diameter test coil through the inside of
the tube, a vast amount of information can be gained
regarding corrosion, cracking, pitting, etc.

Figure 10.35—Induced Eddy
Current in Test Object
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NDE Symbols

Just as we have welding symbols to aid in specifying
exactly how the welds are to be done, NDE symbols pro-
vide similar information for our inspection and testing
work. Once joined, it will usually be necessary to inspect
those welds to determine if the applicable quality
requirements have been satisfied. When required, tests
can be specified through the use of nondestructive testing
symbols which are constructed in much the same manner
as the welding symbols described earlier. Figure 10.37
shows the general arrangement of the basic elements of
the nondestructive testing symbol. As is the case for the

welding symbol, information below the reference line
refers to the testing operation performed on the arrow
side of the joint, and information above the line describes
the treatment for the other side. Instead of weld symbols,
there are basic NDE testing symbols which are letter des-
ignations for the various testing processes. These are
shown in Table 10.1.

Figures 10.38, 10.39, and 10.40 show testing symbols
applied to the arrow side, other side, and both sides,
respectively. If it is not significant which side is to be
tested, the test symbol can be centered on the reference
line, as shown in Figure 10.41. There is also a conven-

Figure 10.36—Typical Meter Displays for Eddy Current Testing

Copyright American Welding Society 
Provided by IHS under license with AWS Licensee=ISATIS Group in iran Revised Sub Account/5620002316 

Not for Resale, 08/27/2013 00:11:03 MDTNo reproduction or networking permitted without license from IHS

-
-
`
`
,
`
,
,
,
,
,
`
,
,
,
`
`
`
,
,
`
`
,
`
,
`
,
`
,
,
,
,
-
`
-
`
,
,
`
,
,
`
,
`
,
,
`
-
-
-



WELDING INSPECTION TECHNOLOGY CHAPTER 10—VISUAL INSPECTION AND OTHER NDE METHODS AND SYMBOLS

10-27

tion for describing the extent of testing required. A num-
ber to the right of the test symbol refers to the length of
weld to be tested, as shown in Figure 10.42.

If no dimension exists to the right of the test symbol, it
implies that the entire length of the joint is to be tested,
which is similar to the convention for welding symbols.

Other ways to describe the extent of testing are to specify
a percentage of the weld length or the number of pieces
to be tested. Figure 10.43 illustrates the application of a
percentage to describe partial testing, and Figure 10.44
shows how to specify the number of tests, in parentheses,
to be performed. If testing is to be performed entirely
around a joint, the test all around symbol can be applied
as shown in Figure 10.45.

In the case of radiographic or neutron radiographic test-
ing, it may be helpful to describe the placement of the

Figure 10.37—Standard Location of Elements for Nondestructive Examination Symbols
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Figure 10.38—Nondestructive Testing
on Arrow Side

Table 10.1
Basic NDE Testing Symbols

Type of Test Symbol

Acoustic Emission
Eddy Current
Leak
Magnetic Particle
Neutron Radiographic
Penetrant
Proof
Radiographic
Ultrasonic
Visual

AET
ET
LT
MT
NRT
PT
PRT
RT
UT
VT

MT VT

Figure 10.39—Nondestructive Testing
on Other Side

Figure 10.40—Nondestructive Testing
on Both Sides

UT RT

MT

VT

PT

MT
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radiation source to optimize the information received
from these tests. If desired, the orientation of the radia-
tion source can be symbolized as illustrated in Figure
10.46.

These testing symbols can also be combined with weld-
ing symbols as shown in Figure 10.47.

Summary
There are numerous nondestructive test methods avail-
able since no single test method is considered to provide
a complete evaluation of the properties or soundness of a

Figure 10.41—Nondestructive Testing
Where There is No Side Significance

Figure 10.42—Designations for Length
and Location of Weld to Be Tested

Figure 10.43—Designation of Percentage
of Weld Length to Be Tested

Figure 10.44—Designation of Number of
Tests to Be Performed on a Joint or
at Random Locations on the Welds

ET AET

MT 8

PT 250

MT6
MT6

MT6
MT610

(A)  Length Shown

(B)  Location Shown

RT 25%

MT 50%

RT 8
  (3)

(2)
UT

Figure 10.45—Use of
Test-All-Around Symbol

Figure 10.46—Symbols Showing
Orientation of Radiation Source

MT

PT

RT

45°

90°

NRT

Copyright American Welding Society 
Provided by IHS under license with AWS Licensee=ISATIS Group in iran Revised Sub Account/5620002316 

Not for Resale, 08/27/2013 00:11:03 MDTNo reproduction or networking permitted without license from IHS

--``,`,,,,,`,,,```,,``,`,`,`,,,,-`-`,,`,,`,`,,`---



WELDING INSPECTION TECHNOLOGY CHAPTER 10—VISUAL INSPECTION AND OTHER NDE METHODS AND SYMBOLS

10-29

material. As a welding inspector, it may be necessary to
determine which test is best suited for a particular appli-
cation. Consequently, the inspector must understand how
the various tests are conducted, but, more importantly,
must be capable of deciding which test would be best
suited for providing the necessary information to support
the visual inspection.

As an AWS Certified Welding Inspector, it may be your
job to see that the inspections are done by qualified
personnel and that proper records are prepared and main-
tained. While other nondestructive tests may be speci-
fied, the requirement for visual inspection should
be automatic and completed prior to any other test
method.

Also, the welding inspector spends a great deal of time
communicating with others involved in the welded fabri-
cation of various structures and components. The use of
welding and testing symbols is an important part of that
communication process, because this is the “shorthand”
used to convey information from the designer to those
involved in the production and inspection of that prod-
uct. The welding inspector is expected to understand the
many features of these symbols so that weld and inspec-
tion requirements can be determined.

Key Terms and Definitions
backstep—in welding, a technique where the direction

of travel for individual passes is opposite that for the
general progression of welding along the weld axis.

bleed out—in penetrant testing, the “wicking” action of
the developer to draw the penetrant out of a disconti-
nuity to the surface of the part being tested; the sur-
face indication caused by the penetrant after
application of the developer.

capillary action—the effect of the surface tension of liq-
uids causing them to be drawn into tight clearances.

couplant—in ultrasonic testing, the liquid applied to a
test object to improve transducer contact.

density—in metals, density refers to a weight per unit
volume, such as grams per cubic centimeter or pounds
per cubic foot. In radiographic testing, film density
refers to the darkness of the film; a low density film is
light and a high density film is dark.

developer—in penetrant testing, a dry powder or a solu-
tion of fine absorbent particles to be applied to a
surface, usually by spraying, to absorb penetrant con-
tained within a discontinuity and magnify its presence.

dwell time—in penetrant testing, the time the penetrant
is permitted to remain on the test surfaces to permit its
being drawn into any surface discontinuities.

eddy currents—small induced currents in conductive
materials caused by the proximity of a current carry-
ing coil.

excess penetrant—in penetrant testing, the penetrant
remaining on the surface after a portion of it has been
drawn into the discontinuity by capillary action.

ferromagnetic—referring to ferrous metals, iron based,
which can be magnetized.

flaw—in NDT, a synonym for a discontinuity. A flaw
must be evaluated per a code to determine its accep-
tance or rejection.

fluorescence—the property of a substance to produce
light when acted upon by radiant energy, such as
ultraviolet light.

flux—in magnetism, the term referring to the magnetic
field or force.

galvanizing—adding a thin coating of zinc to the sur-
faces of a carbon or low alloy steel for corrosion
protection.

gamma rays—radiation emitted from a radioactive iso-
tope such as Iridium 192.

Figure 10.47—Combination of
Welding and Testing Symbols

MT

VT + RT
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hertz—in engineering, the term denoting cycles per
second.

hold points—preselected steps in the fabrication process
where work must be stopped to permit inspection.

hole IQI—an IQI consisting of a thin piece of material
of specified thickness in mils, containing hole diame-
ters based on IQI thickness. See IQI.

IQI—Image Quality Indicator, a device used to deter-
mine test resolution sensitivity for RT testing; also
called a penetrameter, or penny.

isosceles triangle—A triangle with two equal sides.

main bang—in UT, the term referring to the signal on
the CRT generated by the transducer in contact with
air.

NDE—Nondestructive Examination.

NDI—Nondestructive Inspection.

NDT—Nondestructive Testing.

Oscilloscope—A scope used for displaying electrical
signals.

parameter—a quantity or constant whose value varies
with the circumstances of its application.

penetrameter—see IQI.

penny—see IQI.

piezoelectric—a property of some materials to convert
mechanical energy to electrical energy and vice versa.

pole—in magnetism, the term referring to the polarity of
the two ends of a magnet; a magnet has a north and a
south pole.

prod—in magnetic particle testing, the conductive test
electrodes used to induce magnetism in a part.

right triangle—designating a triangle with one angle
equal to 90°.

ultrasonic—sound frequencies greater than the range of
normal hearing; usually 1 megahertz to 10 megahertz.

wire IQI—an IQI consisting of several wires of varying
diameters. See IQI.

X-rays—radiation emitted from an electrical device.
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