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MODULE12 MECHANICAL TESTING
OF WELDS

This module describes the various mechanical (destructive) tests
that are carried out on welds. Mechanical testing is done for a number
of reasons, including certification of welding consumables, and the
qualification of welders and welding procedures. The following topics
will be covered:

+ . Stress and strain

+ The tensile test

' Requirements of various codes for tensﬂe tests
« Bend tests and code requirements

« Nick-break and fillet weld break tests

« Hardness tests

+ Impact tests

+ Fracture mechanics tests

+ Proof tests and fatigue tests

The results of a mechanical test will depend on the way in which it
is carried out, and standardized methods should be used to produce
meaningful data. When a test is being conducted, reference should
always be made to the standard so that the proper procedure is used.

Except inrare cases, where a small sample can be cut froma welded
joint for testing, mechanical tests must be performed on separate test
plates or samples. In most cases, preparation of the test pieces is also
standardized. In some cases, production test plates are actually welded
to the ends of the real joints, thus providing the effect of a continnous
plate from workpiece to test plate. This has the advantage that the weld
is continnous, with no break in the actual welding operation, and the test
sample is truly representative of the real weld.
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STRESS AND STRAIN

When a metal is subjected to an external force (a load), this will be
resisted by intemal forces within the metal. The intensity of these forces

through a given plane is known as a stress. In the simplest example,

consider a round rod subject to a load of 1 000 N (newtons) asin Fig. 1.
The stress (0) in the rod is given by the load divided by the cross-
sectional area of the rod. For example, if the diameter (d) of the baris
10 mm, then the cross-sectional area is:

Tt(-g-)z = i}rﬂz = 78.54 mm?

The stress in the rod of Section A-A is therefore:

load _ 1000 _ N (newtons)

—_— AT e S WA

78.54 mm2

Figure 1. Rod subject to load.

In this example, the stress is uniform across a section of the rod but
in many cases it is not. If the stress is not uniform, then it cannot be
calculated simply from the load divided by the total cross-sectional
area. Such is the case in a bending beam, and a more complex
calculation is needed to find the stresses at each point in the member.
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In the SI (metric system) of units, load (or force) is measured in
newtons and area is measured in square meters. The unit of stress
{newtons divided by square meters) is called the pascal (Pa). Very
often it is more convenient to use the unit of millions of pascals called
the mega-pascal (MPa). One MPa is the same as one N/mm? (newton
per square millimeter) '

In the Imperial system of units, the load is given in pounds (1b) or
thousands of pounds (kips), and area is measnred in square inches.
Stress is given in the units of pourds per square inch (psi) or thousands
of pounds per square inch (ksi).

To convert ksi to MPa multiply by 6.895
Example: 70 ksi =70 x 6.895 = 482.65 MPa

There are three ways in which a load can act on a cross-sectional
area in a body, and these are illustrated by Figs. 1, 2, and 3. They are:

e Tension
* Compression
* Shear

In Fig. 1, the load is trying to stretch the rod, and the force acts
perpendicular to the cross-sectional area.

InFig. 2, the component is being squashed by the load and is under
a compressive stress. A column in a building is usvally under
compression.- : s

Figure 2. Compression.

=0
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Figure 3. Shear stress in rivet is load “P~ divided by a cross-section of XY.”

InFig. 3, the loadis acting parallel to the cross-sectional area of the
rivet, and the rivet is under a shear stress. The value of shear stress is
still given by load divided by area.

Itis important to note that, although a component can be thought of
as acting in tension, compression or shear, the type of stress depends on
the section surface being considered.

In the case of the rod under simple tension (Fig. 1), only the cross-
sectional area has a tension stress acting on it. But if another internal
surface, such as shown in Fig. 4, is considered, then this may have shear
stresses acting on it as well. In fact, it is the shear stresses acting on
internal surfaces that allow metals to deform plastically when being
loaded in a tension test.

~This surface only has tension
sfresses acting on it

This surface has shear /]
siresses and tension
stresses actingon it

Figure 4. Type of siress
depernids on surface considered.
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Figure 5. Extqnsion of a bar under load.

The strain in a body is a measurement of the change in dimensions.
Ifabar (F1a. 5) of gauge Iength “L” is stretched by an amount “¢”, then
the strain *“g” is:

ie.,strain is the extension divided by the original length. (This assumes
that the extension is small compared with the length, which is true in
most practical cases).

ECj Eiioad

L L + Extension “e”

Strain can be tensile, or compressive, depending on whether the
body increases in length, ordecreases. Thereis also a measure for shear

STRAIN =

£
L

- strain, but this will not be discussed in this module. .

Since strain is alength divided by a lengthitis dimensionless. It may
therefore be expressed as a simple numberoras a percentage. Itis quite
common practice, however, to employ the units used for the original
measurement of length and express strain in mm per mm or inches per
inch.

For example, if a bar 50 mm long is loaded so that it extends 0.1 mm
0 50.1 mm, then the strain is:

. _ extension _ 0.1 _
Strain = Sengh 50 0.002 mm per mm
This may be expressed as 0.002 or 0.2% or 0.002 mm per mm. Ifthe
measurements had been made in inches instead, the same answer would

have been obtained.
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The application of a stress will result in a strain which may not be

in the same direction. In a given direction, itis possible to have a stress

- without a strain (a condition known as plane strain) or a strain without
a stress (known as plane stress). Fig. 6 shows a simple example.

When the bar is loaded, it stretches and suffers a stress and a strain
inthe axial direction (alongitslength). The specimen notoaly stretches,
but also gets a little thinner. It therefore suffers a strain in the transverse
direction even though there is no stress in that direction.

&
S pan— Stress and strain in
this direction

- Strain but no stress in
this direction

e e e e s s . e s s e 7o b

]————-m-—-—uuu———-—-—nl

L

Figure 6. Example of stress and strair.

¥ a bar of metal is subject to a stress, it will deform and exhibit a
strain. If the stress is not too high the bar will return to its original
dimensions when the stress is removed (see Fig. 7). This is known as
elastic behaviour. If a plot is made of the stress (load divided by area)
against the strain (extension divided by original length) then a straight
line will result. The slope of this line, i.e., ratio of the stress to the strain
is known as the Modulus of Elasticity, “E” {sometimes known as

Young’s modulus). “E” characterizes the stiffness of a material. The

relation between “E”, stress and strain is called Hooke’s Law where
o =E&. The value of “E” depends on the type of material e.g., steel and

aluminum have quite different values. The value of “E” for steel is-

usually taken as 200 000 MPa or, in the Imperial system of wunits,
29 000 000 psi.
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"1

original length bar extends when loaded bar returns to its originial length
_ when load is removed

" Figure 7. Elastic behaviour of a bar.

_ Stress

Stress = = Strain

Figure 8. Stress-strain plot for an elastic
material and the definition of the modulus
- of elasticity E. '

Strain

It will readily be seen that using the previously given formulae for -
stress and strain that:

-o_PA _PL
E=%="L =%
With this expression several problems can be solved. For example,
- the total elongation or elastic deformation “e” would be:

= 2L
© = AE
(In ST units “e” and “L” are in meters; “A” in square meters, “P” in

_newtons)
(In Imperial units, “e” and “L” are in inches; “A” in square inches;
“P” jn pounds and “E” in psi)

7
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—

e

_

Deformation is very often a determining factor in design and it
should be noted that “E” does notchange with anincrease in the strength
of the steel and neither, therefore, does “¢”, the sag or deformation for
a given “P”, “L.”, and “A”. Hence if the extension or deformation of a
partmade of low strength steel is not acceptable then no benefit will be
gained by using a higher strength steel.

If a sufficiently high stress is applied to a bar, it will notreturn to its
original length when the stress is removed (see Fig. 9). In this case
where the bar has undergone plastic deformation, the residual strain left
when the stress is removed is known as a permanent set.

original iength

-——I—p—é_rmanent set
bar extends bar does not retum to
when loaded its originial length

when load is removed

Figure 9. Plastic deformation of a bar.

If a plot of the stress against the strain is made for a bar that
undergoes plastic deformation, the result will be as shown in Fig. 10.

 Initially, deformation is purely elastic and the stress-strain plot is a

straight line. At some point, the plot begins to curve over and the
specimen stretches with only small increases in load. If the specimen
is unloaded, the stress-strain plot wiil follow a straight line back to zero
stress, parallel to the initial elastic line. The permanent set is the final
strain when the stress is back to zero.

The stress at which a permanent set is first recorded, when the
specimen is unloaded, is known as the elastic limit.

8
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elastic limit

Stress

Figure 10. Stress-strain curve for
plastic behaviour.

permanent set
Strain

In some metals, the change from elastic to plastic behaviour is
gradual, with the stress-strain plot being a smooth curve.

In many steels, however, there is an abrupt change from elastic to
plastic behaviour and the stress-strain curve appears as in Fig. 11. The
stress reaches a peak, known as the upper yield point, then drops back
alitfle. The specimen then extends plastically without much change in
stress. After the yield strain, the stress begins to rise again in the normal
manner.

Upper vield point ~—{-—
Lower yield point =77~
Yield strain
Stress
Strain

Figure 11. Stress-strain curve for annealed rimmed steel.



fechanical Testing of Welds

The yield behaviour varies widely between steels, some showing
large yield drops as in Fig. 11, some showing just a small kink in the
curve, and others a smooth change from elastic to plastic behaviour. In
metals showing a smooth change, there is no obvious point to take for
the yield point. The yield strength is, therefore, defined as the stress at
which a given permanent set is recorded (usually 0.2%). Fig. 12
illustrates how this is determined. Notice that itmust be measured from
a stress-strain curve by drawing a line parallel to the elastic line offset

by 0.2% strain.

0.2% Yield strength |~~~ -

Elastic limit {—-—---

Stress

[ Strain %
0.2% (or 0.002 inches per inch)

Figure 12. Measuring yield strength by a 0.2% offset method.

It should also be noted that the yield strength of steel is affected by
the rate of strain. Relatively high strain rates (i.e., where a specimen is
pulled too fast) will increase the yield strength value. Hence most
testing specifications place a limit on the rate of strain.

10
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Yield point 4

Stress

THE TENSILE TEST

" If loading of fhe bar is continued, the specimen will eventually

- break. The complete stress-strain curve will ther appear typically as

shown in Fig. 13. The stress rises to a maximum value known as the
ultimate tensile strength (UTS) then decreases until the specimen
finally breaks. If the specimen is observed during the test, it is seen that
at some location the specimen begins to become thinner. Thisis known
as necking and the neck begins to form when the UTS is exceeded.
Deformation is concentrated in the necked regionuntilit breaks (Fig. 14).

Ultimate tensile strength (UTS)

Breaking stress

Strain

Figure 13. Typical stress-strain curve for steel.

Iris important to remember that the stress is the 1oad divided by the
original cross-sectional area. When the specimen necks, the cross-
sectional area at this point decreases. The true stress at the neck will
therefore be higher than the stress reported on the stress-strain curve.
The same applies to the strain.

11
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%

L

> < Specimen breaks across neck

O/

1

Figure 14. Neck in specimen appears after maximum load is reached.

Trmue stresses and true strains are not commonly used in engineering
and therefore all values, such asyield strength, ultimate tensile strength,

~ stress and strain, are based on the original c*oss—sectzonal area and the .
original length of the specimen.

Thus, ultimate tensile strength (UTS) is the maximum load applied
divided by the cross-sectional area, and yield strength (YS) is the load
applied at the yield pointdivided by the cross-sectional area. These are
expressed mathematically as:

Pu - PY

U‘TS--K-am_iYS =% | o

where P, = ultimate load on the specimen as indicated by the tensile
machine in newtons, (or pounds)

P, = the yield point load on the specimen as indicated by the
tensile machine in newtons, (or pounds)
A =.theoriginalcross-sectional area of the specimenin square

meters (or square inches).

Elongation is a measure of ductility and is determined by measuring
the stretch of the metal and expressing thisas a percentage of the original _
length. To determine % elongation, two marks are made on the
specimen before testing, and the distance between these two gauge
marks is carefully measured. After breaking, the two parts of the
specimen are carefully fitted together and the distance between the
gauge marks measured again (Figs. 15 and 16).

12
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Figure 15. Specimen affer tensile test.
Final
I_ gauge length
Lo
- EC
Final diameter = d Final area = _;%# 0785 &
Figure 16. Measurements for elongation, ductility and reduction of area.
Then,
‘ ~-L
% Elongation =. La=L1 5 100
i
where L, = original length
L, =final length
e ' Since the deformation in a tensile specimen is localized, an elonga-
~ tion value is meaningless unless the gauge lengthis indicated asFig. 17
iflustrates.
13




Mechanical Testing of Welds

Before
Testing

Figure 17. Percentage elongation
depends on gauge length.

Gauge length
200 mm
50 mm

Elongation
25% at 200 mm gauge ilength
60% at 50 mm gauge length

Reduction of area is another measurement related to ductlity and
measures the decrease in cross-sectional area after necking during the
tensile test. After the specimen has been broken, the reduced diameter

. “d@” of the necked-down portion is measured and then the reduced area
is calculated as follows: .

2
Final area = l‘% = (.785 x d2
where d = diameter at the neck.

The original cross-sectional area before testing, of course, would be
D? x 0.785 where “D” is the original diameter.

14
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The formula for the percentage of reduction of area “R” is as
follows:

_A1-Ay

A 100

R
where A, is the original cross-sectional area of the specimen in
square inches, and
A, is the cross-sectional area in square inches at the small-
est section after breaking.

To carry out tensile tests, special machines are needed in order to
exertthe necessary force. They are generally of two types—rmechanical
and hydraulic. In both types there isa fixed and amoving crosshead that
applies the force. The specimen is held in special grips connected to the
crossheads. In mechanical machines, the force is applied via a screw
driven by a motor and gears which allow various crosshead speeds tobe
achieved. , :

In the hydraulic machines, force is applied via a hydraulicram. A
wide variation of crosshead speeds can be achieved with the hydraulic
. system and it is usually possible to slow down almost to a constant load
during a test. Fig. 18 shows a typical testing machine. |

Avariety of methods are used forrecording the load. In many of the
older hydraulic machines, the load was measured from the hydraulic
pressure (either directly or from a separate hydraulic circuit) and
displayed on a dial. The dial usually had two pointers, one being free
which was pushed by the load recording pointer. If the load dropped (for
example, at the yield point) the free pointer would stay at the maximum.
load. This provided aready means forrecording yield point (upper yield
point) and the maximum load.

Most modern machines nse load cells to record the load, and then
provide an electrical output. The load can be displayed in digital form,
or arecorder may be used to plot a graph automatically. Machines with
digital displays often have two numbers displayed corresponding to the
two pointers on the old machines. Initially, bothdisplays show the same
reading, but if the load drops, one display stays at the maximum value.
This allows yield point and maximum load to be recorded easily. Some
of these machines allow the force to be displayed in either Imperial or
SI (metric) units by using electronic conversion. In some cases, the
original cross-sectional area may be programmed into the machine so
that the value of stress is displayed rather than just the load. This can
save time in calculations and may reduce the chance of errors.

15
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TEE I L e s e ot i e e e e

Figure 18. Typical tensile testing machine.

Grips for holding specimens range from simple screw threaded
devices to large hydranlically operated clamps. Grips should be
inspected frequently for damage or wear to ensure correct operation.
Damaged grips can lead to non-axial loading, or slipping of the
specimen, which may give misleading results in the test.

H it is desired to measure the strain during a test, an extensometer
is placed on the specimen. This is a device that measures the increase
in length of the gauge length on the specimen, and the electrical output
can be used to drive a recorder. A typical extensometer is shown in
Fig. 19. Very often the extensometer must be removed from the

specimen after the yield point to prevent damage when the speciinen-»

breaks. Formany tests conducted on welds, itis not necessary to use an
extensometer,

16




Mechanical Testing of Welds

Figure 19. Typicaf extensometer.

There are a very large number of standard tensile specimens of
various sizes and shapes, only the two most commonly used in the
testing of welds will be discussed in this module. These are:

- 1. All-weld-metal tensile test specimen. This is used primarily in
the classification of electrodes and is designed to test the tensile
properties of a deposit made under standard conditions.

2. Reduced section tensile test specimen. This is used in the
qualification of welding procedures and is designed to test the
strength of the welded joint asa whole, including the weld metal,
the heat affected zone and the base metal.

Fig. 20 shows the specimen normally used for all-weld-metal ten-
sile tests. The diameter is nominally 0.505 inches in Imperial units,
which gives a cross-sectional area of 0.2 square inches, and this
simplifies the calculation of the stress. The specimen is often called a
“505”. The equivalent nominal diameter of the SI specimen is 10 mm.
In practice, a tolérance is given on diameter and the actual value would
be used to calculate the cross-sectional area.

17
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Imperial Units

21,

aif;;))))

o.sooj: 0.01

Dimensions in inches

— Gauge length —

2+ 0.005

80 min.

51 (metric) Units

)

10.0:i 0.1

Dimensions in mm

—— Gauge length—

50.0 + 0.1

\ R =15 Min.

Figure 20. All-weld-metal specimen dimensions. See relevant codes for dgtaifs.

Specimens with either threaded ends, or with shouldered ends, can
be used. The gauge length is marked by two pop marks and this
facilitates the measurement of final length when the broken halves are
placed back together. The location of the specimen relative to the weld

is shown in Fig, 21.

/
y/
y/
y;
7,
f/
/
4
‘ y/
' /
10 mm
—_——— - 20 mm
AN
A 74
/s

18

Figure 21. Location of all-weld-mefal
tensile specimen.
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When the specimen shows a distinct yield point, an extensometer
need not be used in the test. All required data is obtained from the load
and the initial and final dimensions of the specimen.

‘When the test is used in the classification of welding electrodes, the
procedures used for making the weld and for carrying out the test must
be carefully followed. The results will not necessarily be the sameina
production weld where the welding procedure may be different. Stand-
ards, such as the AWS A3 series and the CSA Standard W48 series
specify the joint geometry, initial plate temperature and maximum
interpass temperature, numbers of passes to use and other details. For
mild steel electrode classifications, except basic classifications (low
hydrogen type) the machined tensile specimen may be aged at tempera-
tures up to 100°+ 5°C fora maximum period of 48 hours prior to testing.
The purpose of this is to remove hydrogen which may adversely affect
the results of the tensile test.

During the tensile test the crosshead speed of the machine must be
controlled. A fast crosshead speed can have the effect of raising the
yield point and giving a misleading indication of the weld metal’s

- strength. The CSA and AWS electrode specifications aliow any speed

up to one half of the specified yield point, butlimititto 3 mm perminute
maximum until the yield point is exceeded. For the remainder of the
test, the maximum crosshead speed is 25 mm per minute.

The reduced section tensile specimen is used mainly in the qualifi-
cation of welding procedures. Specimens have a square or rectangular
cross-section and are prepared transverse to the weld as shown in
Fig. 22. This means that both base material and weld metal are tested. .

Figure 22. Reduced section tensile

specimen transverse to weld.

19
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results is used.

Unlike the all-weld-metal tensile specimen that only samples some of
the weld metal, the reduced section tensile specimen is intended to
represent the entire cross-section of the weld. Thus, the specimen
thicknessis equal to the thickness of the welded plates and only the weld
reinforcement is removed. In cases where the plate is so thick that the
specimen size would exceed the capacity of the testing machine, several
thinner specimens may be taken as indicated in Fig. 23, as long as the
entire thickness is represented. An exception to this is the case of
electroslag and electrogas welds where only a limited number of test
specimens need be taken. CSA W47.1-92 specifies single full thickness
specimens for plates up to 38 mm thick and multiple specimens for
thicker plates. If multiple specimens are used, the average of all of the

75 mm
/""L..l--; A
/ : /
7/ e e e e 4 i
f——1 prn iy
] i ] 25mm/
[N " ___
/P—— ————— /,-._—/1'
Vs 21
e / /l
" e
i | 4
———tr { __V
T h———-—.-—-—-/’--—""
ya / |
e e 7
t—7 Y= /
I L/
i i ——)

Figure 23. Single and multiple reduced section tensile specimens.
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ASME Section IX also allows multiple specimens but, instead of
taking the average of the testresults, each specimen resultis considered
individually. Thus, if three specimens are used and one fails to meet the
minimum tensile strength, then the procedure test has failed.

The dimensions of a typical reduced section tensile specimen are
shown in Fig. 24 and the method of testing in Fig. 25.

These edges may be
oxygen-cut
¢ . As required by :
"—‘i 6 rr;ml l / I tesling equipment l
~ Machine weld
E reinforcement
flush with base

\ . meta‘
PN . '

& mm

I
|

"EE

i Ve S
. r=50mm \
o Gmm; | 6&mm min. Edge of widest

’ face of weld

This section machined
preferably by milling

38 mm for ‘" not exceeding 25 mm
25 mm for “” greater than 25 mm and not exceeding 38 mm
plate thickness for plates. less than 38 mm thick '

i

For plates thicker than 38 mm specimens shall be cut into the
minimum number of approximately equal strips with “t” not
exceeding 38 mm thickness.

Figure 24. Dimensions of a typical reduced section tensile specimen.

Before testing, the least width and corresponding thickness of the
reduced section are measured to calculate the cross-section area. The
ultimate tensile strength is determined by dividing the maximum load
reached during the test by the cross-section area. Itis not normal touse
an extensometer on this test, and the yield point, elongation and
reduction in area are not usually determined because the weld metal,

21
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61
W\

%

Force

~::§‘,

Load measured with load
cell or pressure gauge

|

Force

Figure 25. Methed of testing reduced section tensile specimens.

heataffected zone, and base metal usually have different yield strengths
and ductilities. Therefore, attempting to measure the yield strength and
elongation would be meaningless since it cannot be determined where
the yielding occurred in the joint. The location of the fracture (ie.,
whether in the plate or weld) isrecorded, and the fractured surfaces can
be examined for evidence of weld defects.
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SOUNDNESS TESTS

~ The bend test1s a simple but revealing test that has great popularity
in welding specifications. It is a very old test, having its origin in the
early testing of wrought iron and steel prior to the introduction of modemn
testing equipment. As with a tensile test, the bend test specimen is such
a size and shape that it must be prepared from a test plate, since it would
be prohibitively expensive to cut a specimen from the finished structure.
The great advantage of the bend test Hies in the simplicity of the
equipment needed. No expensive test equipment is required, the test
specimens can be prepared easily, and the test can be carried outright at
the job.

The guided bend test is used in welder and procedure qualification
to determine the ability of a welder to make sound welds, or the
- suitability of a welding procedure.

The test is carried out by preparing specimens and bending them in
a special jig, the dimensions of which vary with specimen thickness and
material strength. Typical jigs used for bend tests are shown in Figs. 26
and 27. Notice that the strain applied to the specimen depends on the
spacing of therollers and the radius of the plunger. Theradius of bending
(and hence, applied strain) is lower for higher strength materials.

Care must be exercised in the preparation of the bend samples. To
prevent stress raisers and premature failure, the edges should be radinsed
and all grinding marks should be parallel to the length of the specimen.

After bending, the specimens are examined for flaws or cracks. Itis
acondition of many codes that the specimens shall be considered tohave
failed if, on examination of the convex surface after bending, thereisa
crack or open defect exceeding 3 mm in length measured in any
direction. Cracks occurring at the corners of the specimen are disre-
garded unless there is evidence of a welding defect.

Guided bend tests are of three types—root-bend, face-bend, and
side-bend. Root-bends and face-bends are both generally used when the
material thicknessis 10 mm orless. Onmaterial over 10 mm, side-bends
are normally chosen due to the difficulty of performing face-and root-
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Yield Strength (MPa)*{ (mm) {(mm) {mm) (mm)
345 and under 38 19 66 30
Over 345 to 620 50 ‘o5 73 365
Over 620 63.5 32 86 43

* Minimum specified

(a) Guided Bend Test Jig

" Flgure 26. Guided bend test Jig. Dimensions shown are for 10 mm specimens.
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Roller any
direction

A
2 A
RN
Material —-A- -B- - " Material -A- -B-
Yield Strength (MPa)*| (mm) (mm) {mm) Yield Strength (MPa)* | (mm) {mm)
345 and under 38 19 €0 " . 345andunder 38 19
Over 345 to 620 ‘50 25 73 | Over 345 to 620 50 25 :
. Overs20 635 | -t * Minimum . Over§20 . f
_ A | 2 | s spoctied _ 835 32
(b) Alternative Roller-Equipped Guided Bend Test {c) Altermative Wrap-Around Guided Bend ~
Jig for Bottom Ejection of Test Specimen Test Jig

Figure 26 (cont). Guided bend test jig. Dimensions shown are for 10 mm specimens.

bends on material of such thickness. The side-bend specimens are 10 - -
mm thick. '

In the face-bend the specimen is bent so that the face of the weld is
in tension, and the face of course is on the outside curvature, so that it
is under the greatest tensile stress.

In the root-bend, the specimen is bent so that the root of the weld is
in tension. Thistestis very effective inrevealing any lack of penetration
or lack of fusion at the root of the weld.

In the side-bend, a narrow test specimen is cut across the welded
joint. The specimen is then bent sideways so that the tension forces tend
to pull the weld metal away from the parent metal over the whole depth
of the weld. This test is preferred for double V groove welds since
internal defects at the root are more likely to be revealed.
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Figure 27, Typical equipment for guided bend festing.

The location and dimensions of root-, face-, and side-bend tests are
illustrated in Fig. 28. '

This is an excellent test to reveal internal weld defects. No special
equipment is needed; a hacksaw, a hammer, and a vise are the only tools
required. Alternatively, the specimen may be broken using a tensile
testing machine. '

\ The size of the specimen may vary, but it usually consists of a strip
. approximately 25 mm wide removed through the weld and parent metal.
The specimen is notched on each side at the weld centre and placed in
aviseoracross supports. Itis then struck with a hammer untilit fractures
through the weld centreline (Figs. 29 and 30). ‘
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N

These edges may be flame-cut and
may or may not be machined

/— R =3 maximum

\ |

N/

"IOT

150 minimur:n

Dimensions in mm

FACE- AND RCOT-BEND SPECIMENS

If flame-cut, not less than 3 shall be machined from edges

R =3 maximum
o]

Y

[}
e !

l_ 150 minimum  —————r—

o

ut along this fine when “T" exceeds 38 and joint preparation from one side

I

l

\

Dimensions in mm

Plate Thickness | Specimen Dimension
T-mm t~mm

1010 38 t

>38 (see Note)

For plates over 38 mm
thick cut specimens into
minimum number of
approximately equal strips
not exceeding 38 mm

SIDE-BEND SPECIMENS

Figure 28. Typical location and dimensions of root-, face-, and side-bend tests.
Refer fo original standards or codes for defails and notes.
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Figure 29. Method for making nick-break
test with a hammer and vise.

I

d

.
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Figure 30. Method for making nick-
break test using supports. Sawcut

Figure 31. Fractured nick-break test
specimens (groove weld mild steel).

The fractured surface (Fig. 31) is examined for defects such as
porosity, slag inclusions, lack of penetration and lack of fusion.
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— 100

The nick-break test will clearly reveal defects if they are present, but
it is a spot check only and may not necessarily be indicative of the
quality of theentire weld. Difficulty exists in determining acceptability
of fractured specimens and, where possible, published acceptability
standards should be applied.

Thefilletweld break test (Fig. 32)1is similarto the groove weld nick-
break test and is used to examine the general guality of the weld. The
method is to apply a force to the back side of a smgle welded “T” joint
and cause the fillet weld to fracture.

The test is used, for example, in CSA W47 and AWS D1.1 in the
qualification of tackers. The test plate is welded in the position in which
the tacker is being qualified, then fractured by applying a force. The
fractured specimen is examined for porosity, penetration, and other
criteria which would determine whether the test has been passed.

r—100

.
]

v
6 max.V AN

13

100

{(Dimensions in mm)

Examine fracture sur-
face for root penetration,
incomplete fusion to
base metal, porosity,
slag, etc.

This dimension
must be greater
or equal to the
leg length for full
penetration to
the root

Figure 32. Typical fillet weld break specimen used in the qualification of tackers.
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HARDNESS TESTING

Hardness testing is one of the more common methods of testing

- metals. It is easy and economical and since there is a fairly definite

relationship between hardness and some of the mechanical properties of

steel, it is informative. The tensile strength of steel will vary in close

relation 1o its hardness. High hardness means high strength and low

hardness, low strength. Usually, a high hardness also indicates low
ductility.

In regards to welding, hardness is important as it influences, for
example, the susceptibility to hydrogen cracking and stress corrosion
cracking in wet sulphide service. In the latter case, weld zone hardness
is often specified not to exceed 225 BHN. Figs. 33 and 34 illustrate
typical testing machines. Small portable units are also available by
which quick and relatively accurate check test can be made (Fig. 35).

Generally speaking, hardness testing is an identation test whereby
apenetrator of a given material, shape, and size is forced into the surface
of the material being tested by a given load. The degree of hardness is
indicated by the depth penetrated or by the area of resulting impression.
‘The Brinell, Vickers, and Rockwell hardness testers operate on this
principle. '

Recent developments in hardness testin g use the principle of meas-
uring the ratio of impact and rebound velocity of 2 tmgsten carbide
hammer directed at a test surface. Harder materials produce higher
rebound velocities. Velocities are measured electronically and con-
verted to hardness values. As shown in Fig. 36 equipment of this type
is compact, lightweight and very portable.

The Brinell tester usually consists of a vertically mounted hydraulic
cylinder which is used to force a ball into the surface of the metal to be
tested. For steel, the ball is 10 mm (0.394 in.) in diameter, the force
applied is 3000 kg (6 6001b) and the force is maintained for 30 seconds.
The diameter of the impression is read and the Brinell number can be
calculated from this. In practice, calculation is unnecessary because
there are tables converting the diameter to the Brinell hardness number.
The principle of operation is shown diagrammatically in Fig. 37.
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Vickers hardness tester.

34.

Figure

Rockwell hardness tester.
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Figure 36. Portable hardness
tester based on principle of
rebounding hammer.

P
Load 3 000 kg

Figure 37. The Brinell hardness test.

Applied load
Indentation area

=P _p/El{n_Jpi_42
= 5 =P/ {D-v?-?)

Hardness =

‘The Rockwell hardness tester makes use of both a diamond cone
(for the hardest materials) and various sizes of steel balls for medium
hard materials. Different hardness charts or scales are used for each.
The twomost commonly nsed in testing welds are the Rockwell “C” and
the Rockwell “B”. Inthe Rockwell “C”, a major load of 150 kg is used
and the indenter is a conical shaped diamond. Inthe Rockwell “B”, the
major load is 100 kg and a 1/16 in. steel ball is used for the indenter,
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A Rockwell test is made by elevating a specimen against the
indenter until a minor load is applied. For“B” and “C” scales this is 10
kg. When this load is applied, the dial indicator is adjusted to a “set”
position. The major load is then applied and the rate and time of
application are governed by the machine. On completion of the
application, the major load is removed and the hardness number is read
directly from the dial indicator (see Fig. 38).

The great advantage of this test method is its rapidity. There is no
need to measure an indentation. The greatrange of scales makes it very
useful for a great range of hardnesses and for varying thicknesses of
material.

The Vickers hardness test originated in England where itis still very
popular. It is widely used for testing welds because the size of the
indentation is small and itis relatively easy to locate specificregions of
the weld for testing. It has the advantage that a wide range of loads can
be used to cover materials from very soft to very hard, but it has the
disadvantage of the Brinell test in that the size of the indentation has to
be measured.

The indenter used is 2 square-based diamond pyramid and the force
applied usually ranges from 5 kg to 100 kg. To make the test, the
specimen is brought to within 1 mm of the indenter and the loading
mechanism is tripped. The load is automatically applied, dwells for a
short time and is automatically removed. When viewed through a
microscope, the impression in the specimen appears as a dark square.
The diagonals of this square are measured to give an “ocular reading”
. and from this the hardness number can be calculated. Again, there are
tables available that make calculation unnecessary. The letters DPH,
DPN or Hv are often used to designate this hardness system. These are
derived from diamond pyramid hardness or number. The appearance of
the indentation in the microscope is iltustrated in Fig. 39 which shows
how the width is measured through a microscope equipped with
movable knife edges. )

The Brinell, Rockwell and Vickers testers may be used forboth hard -

and soft, ferrous and non-ferrous metals. The three methods are
complementary to each other and have different uses and advantages.
The Brinell impression, being large, can only be used for obtaining
hardness values over a relatively large area such as the face of a weld,
base metal and relatively large cross-sections of these. The Rockwell
and Vickers tests, however, can be applied to survey the hardness of
relatively small areas—sections of welds, heat affected zones, etc.
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. 2000
1500
1000

500

The average of D4 and D, is used.

Figure 39. Appearance of indentation in the microscope and method of
measuring the width in the Vickers hardness test.

From the information in Table 1 the reader may convert the hard-
ness values obtained by each of the three methods to any other one, and
also to the corresponding tensile strength in steel. It should be recog-
nized that to arrive at a tensile strength, the average of a number of
hardness values should be taken. The relationship between hardness
and tensile strength for other materials is shown in Fig. 40. The
relationships are approximate only and should be used only as a guide.

Steel "’_\

Brass
A

(o) | “\__— Castiron

Figure 40. Tensile strength versus
! ] l Brinell hardness number {(BHN) for

200 300 400 several materials.

Brinell hardness number
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Table 1. Hardness values of Brinell, Rockwell, and Vickers tests and corresponding tensile

Strengtis of various steels.
Vickers Vickers
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Correlating the Brinell hardness number and the tensile strength of
various steels, it will be found that the tensile strength in psi of a given
steel is approximately 500 times its Brinell hardness number. In
determining the tensile strength of steels in this rough way, it may be
stated that as a rule, the tensile strength will be slightly low for hardness
under 200 and above 400 Brnell. Between these two limits, the
estimated tensile strength is slightly above the actual strength.

In all hardness tests, many factors affect the accuracy of results.
Unfortunately, many people ignore simple precautions and produce
inaccurate results. Care must be taken to ensure that the correct load is
applied. If the wrong load is used, the result is meaningless. It is
essential that there be no friction in the loading system of the machine
or a lighter load will result. The machine should be serviced regularly.
Impactloading must be avoided. Careless loading can break a diamond
indenter and can also cause misshapen impressions which are a source
of error.

The condition of the indenter is very important. Ball indenters are
very prone to flatten after continued use and this tends to give a low

| reading. This fanlt is very prevalent in Brinell testers using a steel ball.

For this reason, Brinell is not used at hardness above 500 BHN.
Diamond points chip very easily and chipped diamonds give incorrect
results that are usually higher than true. The anvil must be kept in good
condition, and it must be clean and smooth. Any indentations in the
anvil tend to have raised edges and these cause serious errors, usually
as low readings. Great care must be taken in measuring the size of an
indentation. It does not take much error in reading to give a great
variation in results.

The thickness of the specimen is very important. If the specimen is
too thin, the indentation effect goes right through and into the anvil.
This is obviously incorrect. If the back of the specimen shows any
indication of the impression, the test is incorrect and the result should
be disregarded. As a rough rule, the specimen- thickness should be at
least ten times the depth of the impression.

The surface should be flat and must be perpendicular to the axis of
theindenter. Otherwise the indenter will tend to slide sideways and give
afalsereading. The surface bas to be smooth enough to allow accurate
measurements to be made. Usually filing plus a light polish with emery
paperis sufficient for Brinell, but Rockwell and Vickers need polishing
with a 320 grit abrasive paper.
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‘The specimen must be firmly supported with no rocking. The
and prevent bulging.

Hardness measurements made in various regions of the weld can be
very revealing. For, example, the hardness in the heat affected zone
(HAZ) of the parent metal just adjacent to the fusion line may indicate
how rapidly the weld has cooled and whether it may be prone to
cracking. Selecting a welding procedure thatkeeps the HAZ hardness
below a certain level is a useful way of preventing cracking.

A comparison between the weld metal hardness and the parent
material gives a rough guide as to whether the weld metal overmatches
the parent. Hardness tests can be useful, quick guides in the identifica-
tion of an incomrect material. Typical weld metal hardnesses are shown
in Table 2.

Table 2. Typical weld metal hardnesses for various electrodes.

SMAW

E48018 _ 150-170 HB
Hardfacing electrodes (4 C, 2.1 Cr) 375-480 HB
FCAW '
E48027-1 200-225 HB
SAW C :
F4802-EM 12K 140-180 HB

*Actual hardness will depend on electrode manufacturer,
dilution, base metal chemistry, welding procedure, etc.

Information from several regions of the weld may be obtained by
- conducting a hardness traverse or a complete pattern. Fig. 41 shows
tesults from a typical linear traverse, where several indentations,
equally spaced in a line across the weld, are made. The distinct
difference between the as-welded and stress relieved results can often
be used to check whether stress relieving has been undertaken. A
detailed patten for surveying the hardness of a fillet weld is shown in
Fig. 42,
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® & OK\\O 0/ 0/ ® o o
300 +
As-welded
) - 250

Vickers

Hardness

Number
200

Stress relieved
150
s 7 _ Figure 41. Typical results from a linear hardngss traverse across a

" weld showing both as-welded and stress relieved resufts.

GHECK POINTS:-
% on Weld Metal _ 1

@® on Fusion Zone
O on Base Metal

(Size of Weld determines
number of Check Points)

Figure 42. A typical pattern of
hardriess check points.
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TOUGHNESS TESTS

In the section on tensile testing, it was shown how the percentage
elongation, or reduction in area, was a measure of the material’s

- ductility. It is possible, however, that a welded structure, made froma

material showing good ductility in a tensile test, could still fail in a
completely brittle manner. There have been many examples of unex-
pected brittle fractures in structures such as ships, bridges, and pressure
vessels, and they have often occurred when the stresses were well below
the yield stress. The reason is that many materials which may show
good ductility in a plain tensile test, behave in a completely different
manner when notches or cracks are present. They may also behave
differently because of impact loading or a low temperature. Steels, in
particular, tend to become more brittle when sharp notches are present,
when the temperature is low or they are subject to impact loads.

In order to measure the toughness of a material, and to reveal its

- behaviour in the presence of notches, several tests have been devised.

Many of these tests are strictly empirical and are useful for comparing
materials, or as quality control checks, butdonot necessarily predict the
behaviour of a real structure. Other tests (fracture mechanics tests) are
more quantitative and in some cases can actually be used to predict a
failure stress in a real structure if the size of the notches or cracks is
known.

The mostcommon toughness test is the Charpyimpact testin which
anotched specimen is broken by a swinging pendulum and the amount
of energy required to break the specimen is recorded. The energy can
be measured simply by allowing the pendulum to drop from a fixed
height and measuring how high it swings up after fracturing the
specimen. If the specimen is brittle and absorbs litfle energy, the
pendulum will swing up almost to its original height. If the specimen
is tough, the pendulum will only swing up a small distance. The value
of energy absorbed is read directly from a dial on the machine and is
measured in joules or foot-pounds (ft Ib). A typical impact testing
machine is shown in Fig. 43.

Charpy impact tests provide comparative data which can beused for |

qualification or quality control checks on materials. The Charpy value
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Figure 43. General view of Charpy impact testing machine.

cannot directly be applied to actual structures because the test uses a
standard size specimen and an arbitrary notch which are not necessarily
representative of real structures. Thetestis simply used to establish that
a specified minimum property level has been achieved. These mini-
mum levels may be based on historical performance or on correlations
with full scale tests.

Incarrying outa test, the specimen is loaded into the anvil with apair
of special tongs which facilitate location of the specimen in the ma-
chine. The specimen is supported at each end as shown in Fig. 44 and

. the pendulum strikes the back of the specimen behind the notch. This
puts the side with the notch into tension, causing the specimen to
fracture from the notch.
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Figure 44. (a) Charpy V-notch (CVN) specimens, )
Kpow These D imensions

Specimen in position, (c) Directions of impact.
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Figure 45. Dimensions of Charpy specimens. The V-notch is the one most commonly used.
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The most commonly used specimen, the Charpy V-notch (CVN), is
10% 10x 55 mm and has a V-notch 2 mm deep with 2 0.25 mm tipradius.
Subsize specimens are also sometimes used when testing thinner
material. Other shapes of notches, the keyhole and the U-notch, have
also been used and are more suited to brittle materials such as castiron,
The dimensions of these specimens are shown in Fig. 45. The dimen-
sions of the notch, in particular, must be carefully controlled and
tolerances and finishes are specified in ASTM E23 “Standard Methods
for Notched-Bar Impact Testing of Metallic Materials.”

A similar test to the Charpy is the Izod impact test. A similar
specimen is used, butit is struck by the pendulumin a different manner.
Fig. 46 illustrates the essential features of the Izod test.

Direction of blow
from swinging

pendulum
28 mm
\\ ']
Heévy o - :
clamping Figure 46. Setup for Izod test.
anvil . .
10 mm x 10 mm
' test piece
SVLLALLARLARNA RGN

In addition to the total energy required to fracture the specimen,
several other important pieces of information may be obtained from the
test. If the fractured ends are exarnined, it is seen that brittle specimens
breaking with low energy have a flat, crystalline fracture showing many
shiny facets. A tough specimen shows more deformation and the
surface is dull and fibrous. Typically, a specimen would show part of
the surface crystalline and part dull. The percentage of crystalline and
percentage of dull (known as shear) can be measured.
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With tough specimens the side faces also expand opposite the notch
and the amount of the deformation can be measured. This is termed the
lateral expansion and a device for measuring it is shown in Fi g.47. The
lateral expansion is the sum of the expansion on each side.

Figure 47. Lateral expansion measurement. '

The two broken halves are placed back-to-back and pressed against the stop fo measure the
expansion of one side. The sum of the expansion on each side is the lateral expansion.

Steels usually become more brittle at low temiperatures and this
behaviour may be revealed by conducting tests at several temperatures.
Theenergy recorded ateach temperature may then beplotted againstthe
temperature. Asanexample, Fig. 48 shows the results of testing at eight
different temperatures. The graph shows low energy at low tempera-
tures, then an increase in energy through a temperature interval known
as the transition range. At high temperatures the curve flattens out to ,
give an upper shelf. The transition temperature, at which a certain  © .
energy (for example 20 J) is reached, is often used as a method of
comparing the toughness of several materials.
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Figure 48. Fracture faces of CVN specimens tested af various temperatures and the transition curve. .

When conducting impact tests on welds, it is most important that
the specimens are machined from the right location, and that the notch
is orientated correctly. A totally misleading result may be obtained if
the notch is in the wrong position. When impact tests are required as
part of the classification of an electrode, they are machined from the
same test weld as the tensile specimens. The test plate is 20 mm and
LT the impact specimens are located mid-thickness as shown in Fig. 49.
The notch is placed perpendicular to the plate surface on the centreline
of the weld. '
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Weld centreline

Figure 4. Orientation of impact specimen for weld metal fests. '

It is important to note that the width of the specimen probably
encompasses more than one weld pass, and the proportion of each pass
sampled is Iikely to affect the results. A slki ght shift in the location of the
specimen, or a small change in the sequence of weld passes, may well
have a significant effect on the result of the impact test. When testing
to a specification, strict adherence to the given procedures is essential.

The testing of the heat affected zone (HAZ) can be more trouble-
some because of its narrow width and the fact that it is usually sloping.
In most cases, the notch samples only part of the HAZ. To locate the
position the specimens should be machined as over-length blanks, then
etched to reveal the weld and HAZ. The desired position of the notch
can then be marked and the specimens cut to final length. Fig. 50 shows
the location of a typical HAZ impact test.

 <>

2-

N

Figure 50. Location of heat affected zone impact specimen.
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When impact tests are required in the gualification of welding
procedures, specimens from several positions within the joint may be
required, particularly for thick plates.

When testing the parent metal, the orientation of the specimen with
respect to the rolling direction is important. Usually longitudinal
specimens are tested where the length of the Charpy specimenis parallel
to the rolling direction. Sometimes (particularly in pressure vessel
fabrication) transverse specimens may also be required. These
orientations are shown in Fig. 51.

Rolling direction

(a) Longitudinal specimen

Rolling direction A

(b} Transverse specimen , , ;

Figure 51. {8} Langifﬁdinal and (b) Transverse Charpy specimens from base mefal. -
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Mechanical Testing of Welds

This test was developed to determine the temperature at which a
brittle fracture could initiate in a steel from a small defect. It evolved
from observation of fractures in ship steels where fracture initiation
occurred from small brittle regions in welds such as arc strikes, tack
welds, or cracks in the welds. It is primarily a test for the toughness of
the steel, but has been used for measuring toughness of weld metal or
the heat affected zone.

The plate being tested has a small weld bead of brittle hard facing
metal deposited onitin which a small notch is made. The plateisplaced
onajig and a weight dropped on it. This causes the plate tobend against
the stop as shown in Fig. 52 and the hard facing bead to crack. This
crack may be arrested in the plate, or may lead to complete fracture of
the plate. The maximum temperature at which the specimen breaks is
known as the “Nil-ductility transition temperature” (NDTT). The
method is described in ASTM E208. '

/

Hard facing deposit
with notch
&
NG
159 mm]: /
—  Slmm
" (Tvoe P3 23 - 136 kg
. (Type PS specimen) | Falling weight |
Déﬂection
A stop l
I e— = r | el -
Section A-A

s

Figure 52. The principle of the drop weight test for determining the Nil-ductility
transition temperature (NDTT) of a steel.
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1t was mentioned earlier that the fracture behaviour of a material
depended on the presence of notches or cracks. Although empirical
tests, such as the Charpy V-notch test, are useful in providing an
indication of the toughness of a material, they do not say how large a
crack must be to cause brittle fracture. Attempts to relate the size of
cracks, material toughness and the stress to cause fracture have evolved
into the science of fracture mechanics. The main features of fracture
mechanics tests are:

» They are initiation tests, i.¢., they determine conditions under
which fractures initiate.

+ They use sharp cracks (usually made by fatiguing the speci-
men). The crack size is accurately measured.

+ The stress or deformation (or both) to cause fracture initiation is
measured. 2
-1

If the stress, “6”, to cause fracture ;n a brittle material containing a
crack of depth, “a”, is measured, it is possible to calculate a parameter,
K. known as the critical stress intensity factor. K, is ameasure of the
toughness of the material. Knowing the K. for amaterial in a structure,
and the stress to which it is subjected, allows the maximum size crack
that will not cause failure to be determined. A typical specimen for
measuring K is showninFig. 53, and the testmethod is fully described
in ASTM E24.

If the specimen exhibits a significant degree of plastic deformation
before fracture (as is the case with most structural steels), a valid K.
cannot be measured. As an alternative for thesé materials, a method has
been developed (principally in the UK) in which the Cracking Tip

'Opening Displacement (CTOD) is measured. The method is described
in a British Standard (B.S. 5762), and is covered by ASTM 1250.

H Ac REan 9%' CTOD testing of materials measures the resistance of the material
T [% ' to crack extension and is a function of temperature, thickness, Ioading
rate and microstructure. CTOD data can be used to:

»  specify toughness requirements for a structure

» assess the significance of flaws within a structure

» specify the largest acceptable flaw size within a structure and
- assess the sensitivity of a structure to the presence of flaws.
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2H B
H
A'-“--'--~
£
w Do\

\ tret——————— i
Wy a > ; ‘
SECTION B-B

@ 6} B ENLARGED
a0\ / \
A \ SECTION A-A
D DIA. /\
B o '*\I
PROPORTIONS. s ’
a = Nominal crack length
including fatigue crack
W = 2a :
-t o, L] i
S =0la 1.3 mm ) 60°+1 |
H =12z 15 mm 90041
D =05a ‘ J ‘ ;
F =2E=11a l \
B = Thickness . : : -
6.4 mm 6.4 mm
NOTCH
ENLARGED VIEW

Figure 53. Specimen for measuring K, of a material,

The CTOD approach is based upon the elastic-plastic stress analysis
techniques and unlike Charpy impact testing, the results can be directly
applied to welded structures. Furthermore, the data can be used in the
design stages, during fabrication and non-destructive inspection, and
after the structure is in service.
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The test uses specimens whose size is determined by the thickness
of the material of interest. A fatigue crack is grown into the area to be
tested, either the weld metal, the heat affected zone or the base metaland
the specimen is subjected to three point bending. The bending rate is
slow and the specimen is tested at the design temperature of the
structure. The information obtained from the test is used to perform
what is known as an engineering critical assessment. Fig. 54 shows the
dimensions of the specimen, where B is the thickness of the material
being tested, and the clip gange used to measure the crack tip cpening

during the test.
P2 P/2
SPAN = 4W
1 1~ Single edge notched -
a A/ ' B bend (SENB) specimen
W 1 / in three point bending.
P

Clip gauge is used fo
measure displacement at
knife edges suitably
&aitached to the specimen.

Figure 54. The crack-tip opening displacement (CTOD) fest.
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PROOF TESTS

Proof testing involves an overload test on a total structure includin g
the welded joints and base metal. It is a final check, not only on the

‘qualities of the welds and material, but also on the effectiveness of the

design and thus on the overall efficiency of the weldment. It comes the
closestof any test to proving the usefulness of the product forthe service
intended. Other tests are a means of quality control throughout
manufacture. Proof tests are a measure of the final quality as manufac-
tured. .

Several difficulties are inherent in overload testing. One is to truly
duplicate or nearly simulate actual workin g conditions, and the otheris
the possible damage to the weldment which may result from overload-
ing. Itis, for example, possible to initiate a minor crack by overload

which may well propagate under the lesser loads of service conditions, .

Sometimes it is advisable to paint the weldment with a resin or other
telltale coating that will reveal points at which stress had been carred
beyond the yield. This might conceivably occur at abrupt chan ges of
section due to weld faults like overlap, undercut, excessive convexity,
or cracks. In this manner, it will also reveal similar design faults,

For vessels and pipes it is usual to test with water. Ajr, because it
can be compressed, involves a danger of explosion and hence is

-generally notrecommended for prooftesting. Fig. 55 shows a prooftest

of a pressure vessel.

The use of water is preferable to air but is slower, and due to its
weight, may in some cases induce unintended loadin g. Clean water at
ambient temperature is mostly used for proof tests of this kind. A lower
lemperature may cause sweating and make examination more difficult.
Cold water may also lower toughness and cause brittle fracture. Bleeder
valves should be provided at the highest point of the vessel, or pipe
system, to permit venting out of all air during the filling operation. The
hydrostatic pressure should be applied gradually and should be left on
for a sufficient length of time to permit making a complete examination

of all welds. The testing pressure is usually called for by the governing o
code, specification, or drawing. Failing specific instructions, itis usual '

to test at a pressure one and one-half times the maximom working
pressure of the vessel.
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Figure 55. Proof test at 4.14 MPa {600 psi) on a pressure vessel
(breaker tank for high voltage switching).

In testing structures such as roof trusses and bridges, a dead weight
1oad of sand bags, pig iron, or standard steel sections may be applied in
a distributed manner to simulate actual loading across the span, includ-
ing both dead weight and wind load. The resulting deflection can be -
measured and, if desirable, stresses checked at possible points of stress
concentration as previously suggested. Hydraulic jacks provide an-
other means of loading and, for such structures as bridges, rolling and
shock loads may be applied to better approach actual operating condi-
tions.

For rotating parts such as rotors and turbines, the proof test usually
consists-of running at an abnormally high speed which will, of course, -
increase the centrifugal stresses beyond those of normal operation.

A successful overload test is usually a satisfaction to the owner and
to the fabricator. Itisnot an absolute proof of quality or efficiency and
it may fall short of proving ability for service. Itisa desirable testif not
carried to an extreme, but is no substitute for inspection and quality
control throughout fabrication.
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FATIGUE TESTS

Fatigue failure occurs under repeating or fluctmating loads even
though the maximum stress developed is less than the yield and tensile
strength of the material. Fatigue failures are progressive, beginning as
minute cracks that grow under the action of fluctuating stress.

Sharp notches cause concentrations of stress at a local point and are
highly undesirable under fatigne loading. Defects in material and weld
faults, such as overlap, undercut, voids, inclusions and microcracks, can
lead to fatigue failures. A fafigue crack may be created and failure of
the welded joint, oreven the complete weldment, may resuit. Testshave
shown that surface contour and weld faults occurring on the surface
have a far greater effect on fatigue strength than subsurface defects.

Although fatiguetests are not actually routine tests and arerather too
laborious to be carried out under ordinary shop or field conditions, they _
are, however, of greatvalue fora designerin determining the endurance
of welded joints.

The purpose of such tests is to establish the fatigue strength for a
given welded joint simulating service conditions. The following
methods are used for fatigue testing:

1.- A rotating test specimen is subjected to a definite stress in
tension and compression ranging from zero to a maximum with
each revolution.

2. Bending test. A specimen is subjected to fluctuating stresses of
certain magnitude. :

3. Thepush-pullmethod. A specimen is subjected to alternate and
eqnal values of tension and compression.

There are many types of fatigue testing machines on the market. A
special unit for weld tests is shown in Fig. 56 and typical butt joint
specimens in Fig. 57. Fillet welds and other types of joint may also be
investigated. A large machine is shown in Fig. 58.
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Figure 56. Schematic diagram of Wilson fatigue testing maching
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Figure 57. Transverse butt joint fatigue specimen.

It is usual to carry out several tests in which the number of cycles to
failure under given stress ranges is determined. A curve of stress range
against cycles to failure (an S-N curve) can be plotted. Data of this type
have been compiled for various kinds of welded joint details and are
included in codes such as CSA W59 and AWS D1.1. A typical S-N
curve for a particular joint detail is shown in Fig. 59.
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Figure 58. FLAWS (Floor Loading and Weighing System) test frame being used
{o perform fatigue test on a holiow beam (Ontario Hydro Research Laboratory).
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Figure 58. Typiéai experimental results from fatigue tests on cover plated beams.
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MECHANICAL TESTING OF WELDS

MODULE 12

Guides & Exercises

To obtain maximum benefit from this module we suggest that you follow this guide and cotnplete the exercises
asindicated. Itisimportant that youwork through the text methodically, studying each section thoroughly before
moving on. The exercises are designed to give you an indication of whether you have learned the material and
can move on or whether you need to go back and study the section again.

Do the exercises honestly. They will not help you unless you take them seriously. f you get a question wrong
go back through the text until you understand where you have gone wrong and know the correct answer.

The length of time required to complete the module will vary from student to student. Find your own pace. Do
not rush. Remember you are trying to learn something, not win a race.

Some people iike to underline séctions when they réad atext. We suggest that you use caution if you do this.
What you think is important first time you read it may be different after reading it three times. We suggest you
read a section three times thoroughty before highlighting anything.

The last exercise is designed to give you an indication of whetheryou are ready to take the closed-book exams.
The exercise questions are of a similar standard to the official exams. Do not take the exam until you feel you
are ready and you may wish to study several Modules before taking the exams on each. The details of the
examination procedures areon a separate sheet.

If ydu have any difficulties with this Module do not hesitate to ask for help. You may find you feam more by
attending seminars which are given periodically, and you should also contact your local WIC Chapter to see if

- they can be of assistance. Remember, if you fail the examination you can atways try again later.
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Guide 1

" Read carefully pages 1 1o 7 and answer the following questions:

1.  Complete the following sentence—

- “When a metal is subjecied 1o load it will be resisted by internat forces within the meta!. '
The intensity of these forces through a given plane is known BIS cereeemeraseree e resranmeentea _

2.  Select the three ways inwhich a load can acton a cross—sechonal area in a body.

a)
b}
c)
d)
e)
f)

Perpendicular
Tension
Angular
Compression
Heliaxial
Shear

3. True or faise?

“Strain is the extension divided by the original length.”

4.  The Modulus of Elasticity, “E", for steel is usuaily taken as—

a)
b)
c)
d
e)

2 000 MPa
200 000 MPa
200 MPa

2 000 000 MPa
28 000 MPa
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Guide 2

Read carefully pages 8 fo 22 and answer the following questions:

1. Ifa plot of stress against strain is made for a bar that undergoes piastié deformation,
the stress at which a permanent set is first recorded when the bar is unloaded is known

as—

a) Permanent set

b} Strain

C)  Elastic limit

d)  Proportional limit
2.  Trueorfalse?

“Stress is the load divided by the original cross-sectional
3. Complete the following statement—

“To carry out tensile tests, special machines are needed
force. They are generally of two types. ................... and

4. Complete the following senfence—

“Gitis desired to measure the strain during a test, an......
specimen.” :

&1

R e s g < 2 e e L

area.”

in order to exert the necessary

...........................
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Guide 3

Read ca}efully pages 23 to 28 and answer the following questions:

1.

2.

Name the three types of guided bend iests.

Compilete the following statement—

“After bending, the welds are examined for flaws or cracks. It is a condition of almost
all codes that the specimens shall be considered to have faited i, on examination of the
convex surface after bending, there is a crack or open defect exceeding ......ccucue.n.... mm
in length measured in any direction”

What is the purpose of a nick break test?
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Guide 4

Read ca}efully pages 30 to 37 and answer the following questions:

1.

Answer yes or no—

Does a hardness test give any indication of whether the material is readily weldable?
Name three types of hardness testing machines.

Most hardness testing machines use the indentation test where a penetrator of a given
material, shape and size is forced into the surface of the material being tested bya
given load. However, one of the machines uses the principle of a bouncing hammer.
How does this hardness tester work?

In the Rockwell C Scale what is the major load which is used?

a) 130kg
b) 100kg
<) 150 kg
d) 140kg
e) 160 kg

Complete the following statement—

“It is essential that there be no friction in the loading system of the machine or a
.............................. load will result.” '
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Guide 5
Read cérefully pages 37 to 47 and answer the following questions:

1. When making a hardness test the thickness of the specimen is very important. As a
rule, the thickness should be—

a) Eight times the depth of the impression
’ b) Five u " - . u "
c) Fifieen = °
d Ten " "
e} Twenty"™ *

2. Complete the following senlence—
“The most common toughness est IS the . iicrnciiinenreniaens in which a notched
specimen is broken by a swinging pendulum and the amount of energy required to
break the specimen is recorded.”

3. True or false?

“If the fractured ends of an impact test specimen are examined, it is seen that brittle
specimens breaking with low energy have a flat crystalline fracture showing many shiny
facets.” : - : :

4.  Whenimpact tests are required in the qualification of welding procedures, several
positions may be required for particularly thick plates.

Sketch the posttion of a longitudinal specimen from base metal.
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Guide 6

Read caireiul!y pages 48 1o 56 and answer the foflowing questions:

True or false?

“The drop weight test is a test for the toughness of the steel and is not used for meas-
uring toughness of weld metal or the heat affected zone.”

Complete the following statement—

“Attempls to relate the size of cracks, material toughness, and the siress fo cause
fracture have evolved into the science of S

When hydrostatic testing a pressure vessel or pipe, failing special instruction, it is usual

o test at a pressure of—

a)
b)
c)
d)

iwo times the maximum working pressure of the vessel

two and one half times the maxzmum workmg pressure of the vessel
oneandonethird * " "
oneandonehalf " ¥ " "



Mechénical Testing qf Welds

Guide 1

il S

Guide 2 .

W

Guide 3
1.
2.
3

Guide 4

wn

o

Guide 5
1
2.
3

Guide &

1.
2.
3

ANSWERS

Stress
b}, d}, 1)
True

b)

c)

True

Mechanical and hydraulic
Extensometer

a) Face bend b) Root bend ¢) Side bend
3
To reveal internal weld defects

Yes

Brinell, Rockwell, Vickers

The rebound velocity of a fungsten carbide hammer is measured electronically
and converted to a hardness value.

c)

Lighter

e |

Charpy impact tes
True

True
Fracture Mechanics
d)
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MODULE 12

TEST

This test is designed to determine whether you are ready io attempt the formal examination.

Complete the ANSWER SHEET and compare the results with the TEST KEY. If you score
less than 70% we suggest you restudy the material.

1. What is the approximate diameter of the tensnie spec:men most often used for all-weld

metal tests?

&) 20 mm
b) 1in.
c) 5 mm
dj 10 mm
€} 3.8in.

2.  High hardness values on steel can generally be related to:

a)
b)
c)
d)

€)

high strength and fow ductifity

a high percentage of alpha ferrite constituent
low strength and high ductility

high strength and high ductility

an increased degree of weldability

3.  The nil-ductifity transition temperature determined from a drop weight test refers to:

a)
b)
c)
d)

€)

the lowest temperature at which a crystalline fracture surface is observed
the Charpy transition temperature

the minimum temperature at which the specimen breaks

the upper shelf ‘

the maximum temperature at which the specunen breaks

4. Whena 30 m long steel cable supports an axial Idad, there is a strain of 0.25%. The
elongation of the cable with this load is:

a)
b)
c)
d)
€)

150 mm
6mm
75 mm
1m
75m
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10.

The modulus of elasticity (E) of steel is:

2500 000 MPa
200 000 MPa
20 000 000 ksi
29 000 000 MPa
2 800 000 psi

Impact tests measure the:

a)
b}
c)
d)
&)

hardness of a material

ultimate tensile strength of a material
ability of 2 material to store energy
energy required to break a specimen
load required to break a specimen

A guided root bend test on a weld would best reveal:

a) the weld ductility by measuring the difference in distance between gauge marks
b} excessive reinforcement
C) the integrity of the face weld
d) lack of penetration or fusion
£) HAZ properties
- Charpy test values: -
a) are a measure of ductility
b} measure tensile strength
<) can be applied directly to a real struclure
d) are used for qualification and quality control checks
€) provide the same results as drop weight tests

A steel bar of square cross-section, 50 mm x 50 mm is subjected to a load of 213 kN.

.

b)
c)
d)
€)

What is the tensile siress in the bar:

852 ksi
213 MPa
85.2 MPa
8.52 MPa
213 ksi

When conducting a tensile test the rate of loading up to the yleld point is usually fimited
to some maximum value. Why?

because g fast loading rate might increase the yield stress
because a fast loading rate might lower the UTS

to prevent the specimen breaking before reaching the UTS
to allow fime for readings to be taken

to allow time for hydrogen removal
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Canadian Welding Bureau
Answer Sheet - Module 12

Complete the "Answer Sheet” and compare the results with the "Test Key”. If you have a pass mark less
than 70%, you are advised to re-study the material.

Please circle only ONE letter corresponding to the answer you think is most correct.

[ auestion __ ANSWERS
" 1 -a b c d e
" 2 a b C d e
3 a b c d e
4 a b C d e
5 a b c d e ”
8 a b c d e
7 a b c d e h
8 a b c d - e
9 a b Lo d e
10 a b c N d e |

The answer key below is provided for your use in the event that you wish to retest yourself.

, QUESTION | . ] ANSWERS » _ "
1 a b c d e ﬂ
" 2 a b c _d e "
| 3 a b c d @ "
4 - a b . C d e ﬁ”
5 a b c d - e
n 6 a b c d e _
7 a b c d e
8 a b c d e
9 a b c d e 1’
10 a b c d e H
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Canadian Welding Bureau
Test Key - Module 12

Compare your answer sheet to this key.

ﬁ QUESTION ANSWERS ‘ |
I 1 ' a b c e

2 b c d e |
i] 3 a b c ¢ (e

4 | a b @ d e
ll 5 a @ c d e

6 a b c @ e
n 7 a b c @ e
u 8 a b c e

9 a b d e i
ﬂ. 10 (@ b o d e
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