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MODULES BASIC WELDING
METALLURGY OF
STRUCTURAL STEELS

The heat from welding may have a dramatic effect on the properties
of the metal adjacent to the weld. In some cases this can lead to cracks
or other detrimental effects, particularly in the case of steels which
undergo metallurgical transformations when heated and cooled. To
ensure that welds can be made successfully without cracking and

. having adequate properties, welding procedures are developed. Those
involved in developing or applying welding procedures should, there-

- fore, have aclearappreciation of the metallurgical principles involved.
These are described in detail in this module.

Specifically the following topics will be covered;

* Heat flow and cooling rates

* Zonesin a weld

*  Hydrogen effects

* Avoiding hydrogen cracking
* Metallurgical transformations
¢ Cracking tests

« Lamellar tearing

*  Weld metal reactions

» Solidification cracking

= Properties of welds

Mostof the discussion centres on the welding of steels that are used
for construction purposes (e.g., bridges, pressure vessels, etc.) and
specific welding problems associated with ‘'other metals are not cov-
ered. In particular, this module will provide a basis for understanding
the welding procedure requirements contained in many of the struc-
tural welding codes such as AWS D1.1 and CSA W59,
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HEAT FLOW

. Almost all welding involves heating and cooling of the metal being
welded, and in arc welding sufficient heat is applied to melt the metal.
Adjacent to the melted metal (the weld metal) is a zone that reaches high
temperatures, but does not melt. This region is known as the keat

. affected zone (HAZ). There are two major effects of the heating and
cooling cycle.

* Metallurgical transformations may occur in the weld metal and

HAZ.
» Stresses and strains may be induced leading to distortion and

possible cracking

Inorder to understand the effects that welding may have on a metal,
itis necessary to know how much heat the welding process supplies to

rapidly the metal cools.

Consider for a start, the electric lamp shown in Fig. 1. The rate at
which the lamp converts electrical energy into heat and light is given by
the current times the voltage. In the example, the rate of conversion is:

1.5 amps x 100 volts = 150 joules per second (or watts)

Amps x Volts = Watlls

1.5 x100 =150

Figure 1. The electric lamp converts
electrical energy to heaf and light.

the metal, what temperatures are expcncnced in the HAZ, and how _
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In a similar manner, an electric arc converts electrical energy into
heat and light and the rate is calculated in the same way (Fig. 2). Inthe
example, an arc of 300 amps with an arc voltage of 25 volts would be
producing heatandlight at therate of 300 X 25=7500 joules per second.

lCu rrent = 300 amps

Figure 2. The electric arc converts
elecirical energy to heat and light.

% ]

Rate at which heat and light are produced is 300 x 25 = 7500 joutes per second

Arc voltage = 25 volts

The proportion of total energy that is converted into heat that
eventually enters the plate is known as the efficiency and varies with the -
process. Table 1 shows the values of efficiency that have been
measured in experiments. In some processes it depends on technique
(e-g., arc length) and precise values cannot be given.

Table 1. Heat efficiency of welding processes.

Process Efiiciency %
Submerged Arc Welding 80-99
Gas Metal Arc Welding . 65-85
Flux Cored Arc Welding ‘ 865 -85

- Shielded Metal Arc Welding 50 -85
Gas Tungsten Arc Welding 20-50
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Inmostarc welding, the arcismoved along the workpieceata steady
speed in order to produce a uniform weld. Under these conditons, a
very important parameter is the energy input per unit length of weld.
Suppose, for example, the arc shown in Fig. 2 is moving at a speed of
5 mm per second. The total energy per second is 7500 joules and
therefore the energy per unit length of weld will be:

Energy input = 15-50—0 = 1500 joules per mm

or 1.5 kilojoules per mm

volts X amps

ie., Energy input = spoed

If the speed were measured in mm per minute, the calculation of
energy input becomes:

i Enerevioput = volts X amps X 60
-g' SOCIEY 1P Speed in mm per minute X 1000

= kilqjoulcs'permm- o

‘When Imperial units are used:

volts X amps X 60
Speed in in. per minute X 1000

Energy input =
= kilojoules per in.

To obtain the true heat input this would have to be multiplied by the
cfﬁc1ency of the process.

The energy input can vary widely depending on the process and
welding conditions and some typical values are given in Table 2. The
energy input is an important parameter since itrelates to the size of the
weld, the width of the HAZ, and the cooling rate. In general, the higher
the energy input (or more correctly the heat input), the larger the weld,
the wider the HAZ, and the slower the cooling rate. Fig. 3 shows a
relationship between fillet weld size and energy input for submerged arc
welds and Fig. 4 shows a similar relationship for shielded metal arc
welds.
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Table 2. Comparison of energy input for three proéesses {typicai).

Electroslag Submerged Shielded
Arc Metal Arc
Current (amps) 800 600 200
Voltage 34 28 23
Welding Speed, mm/sec (ipm) 032  {0.75) 5.1 (12) 1 34 - (8
Energy Input, kJ/mm {kJ/in.) 88 (2178) 3.3 (84) | 1.4 (34.5)
Cross-Section Area of Weld, ' ‘
- sgmm {sq in.) ) 5600 (8.7 7 (0.11) 39 - (0.08)
Width of HAZ, mm (in.) 17.8 (0.7) 3.1 (0.12) | 2.6 (0.08) .
Energy Input kd/mm
2 4 ({] 8 10 12 14
L] - [) ¥ 1 [) T ) 20
2 I ) ®
- by b » 116
= E
= E
=4 Subarc Electrode +ve <
5 1p L Pe © &
S %g | o 110 S
Sne [ ® 48
s F ' 48
316 |- * 44
0 50 100 150 200 250 300 350

Energy Input‘ kd/in.

Figure 3. Relation between fillet size and energy input for submerged arc welding.

It is important to recognize that the same energy input may be
achieved with various combinations of weldin gcurrentand speed. Fig. 5
shows how increasing the current and speed in proportion keeps the
energy input and fillet weld size constant, but increases the penetration.
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Figure 4. Relation between fillet size and energy input for shielded metal arc welding.

400 amps 600 amps 800 amps -
30 volis 30 volis 30 volis

4.23mm/s - 8.35 mm/s 8.57 mm/s

283kJ/mm . - 2.83 kJ/mm 2.83 kJ/mm
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With manual welding, the technique will influence the energy
input. Depositing stringer beads using a small diameter electrode
involves a low energy input, whereas a weaving technique results in a
higher energy input.

When a weld is made, the heat is rapidly conducted away from the
weld zone into the surrounding plate after the arc has passed. The rate
at which the weld zone cools has an important effect on its structure,
properties and risk of cracking. The rate of cooling in a given material
will depend on three major factors: : '

* The heat input to the weld (i.e., the energy input times the

efficiency)

* The plate thickness

~+ Theinitial temperature of the plates (i.e., the preheat orinterpass
ternperature) '

« Pepre Cpemis7Rry. .

Increasing the heat input will reduce the cooling rate (i.e., the weld
will take longer to cool). For thick plates, the cooling rate is inversely
proporiional tothe heatinput. For example, doubling the heat input will
halve the cooling rate. On thin plate, the cooling rate is more sensitive

* to heat input and doubling the heat input will reduce the cooling rate
four times. R '

For a given heat input the cooling rate increases as the thickness
increases, as shown in Fig. 6. Beyond a certain thickness, the cooling

Thin plate Thick plate

30 |-

25 |-

Figure 6. Increase of cooling -
rate with thickness.

Energy input 1.7 kJ/mm

1 ! ! | - i ¥

10 20 30 40 - 50 60

Thickness of Plate (mm)
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rate becomes virtually independent of the thickness and any platein this

range may be considered as “thick”. For example, the cooling rate for

an energy input of 1.7 kJ/mm weld on a 100 mm plate will be the same

asthatona 50 mmplate. Inthe range where the plate is considered thin,

the cooling rate depends on the square of the thickness. For example,

at 1.7 kJ/mm heat input a 12 mm plate will cool four times as quickly
. as a 6 mm plate.

Fortunately, the relationships amiong heat input, thickness, and
cooling rate can be expressed graphically, making it far easier to
estimate coolingrates. In Fig. 7 a cooling rate diagram is presented for
the case of bead on plate welds using the submerged arc process. The

diagram includes the effect of preheat which also tends to reduce the

cooling rate. Notice that the bottom left scale is energy input for
submerged arc and is simply calculated from volts, amps, and speed.
The efficiency factor is already built into the curves. The cooling rate
is measured at 540°C and is expressed in °C per second.

The following example illustrates how the diagram is used.
Example:

A weld is made with submerged arc on 12 mm plate using the
following conditions:

Current 350 amps

Arcvoltage 29 volts

Speed - 508 mm per minute

Preheat None (initial plate temperature is 20°C)

The energy input is:

350 x 29 x 60
508 x 1000 — 1-%X/mm

Enter the diagram at 1.2 kJ/in. and go up to the 12 mm line; then go
across to the right hand part to intersect the line marked 20°C for
preheat; then go up to read off the cooling rate, about 16°C/s.

If the ﬁlate had been 50 mm thick, then coing up the 1.2 kJ/mm line |

would have indicated that anything thicker than 19 mm is “thick” and
the line marked “thick plate” would be used.
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Figure 8. Effect of peak temperature on
_fﬁe struclure of the HAZ when welded.

Although designed for bead-on-plate situations, the diagram can be
used for groove welds if the plates are not too thick. Itcan also be used
for fillet welds by taking 2/3 of the energy input. For example, a fillet
weld of 2.4 kJ/mm will cool at the same rate as a bead-on-plate of 1.6
kJ/mm if the plate thicknesses are the same.

Adjacent to the weld pool, the metal will be rapidly heated to some
peak temperature followed by cooling. The peak temperature reached

will determine what metallurgical changes will occur. Forsteel, regions

exceeding 723°C will partially transform to austenite on heating.
Above 910°C complete transformation to austenite occurs. On cooling,
the austenite may transform to structures quite different from the
original parent plate. Regions that do not exceed 723°C will not be

.. transformed although other minor changes may occur. Fig. 8 shows,

diagrammatically, the effect of peak temperature,

Regions that are close to the fusion boundary can experience
temperatures sufficiently high that growth of the austenite grains
occurs. The extent to which they grow and the width of the grain
coarsened zone depends on the energy input. Even in quite low energy

11500

Temp. °C

et T L L T P p——

Unaffected
parent metal
ferrite and
pearlite

Structure at peak
temperature
Partially Completely . Weld metal
transformed transformed
ferrite and 1o austenite
austenite

10
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input welds, the austenitic grain size close to the fusion boundary may
- substantially exceed the original austenite grain size of the parent metal.
Fine grain steels will exhibit a much narrower coarse grain zone
because higher temperatures are required to cause grain growth. Fi 2.9
- shows the maximum austenite grain size as a function of energy input.
A large ASTM number (= 5) indicates a fine grain.

N When the weld cools, the parts of the HAZ that have formed
austenite will transform back again. The structure that is finally

1 ‘ produced will depend on the cooling rate. Inlow energy input welds on
thick plate the cooling rate will be as fast as quench and a hard
5 martensitic structure may be produced. With higher energy, thinner
plates, or preheat, a slower cooling rate will be experienced and a softer
microstructure may result. It is most important for those involved in
welding to understand the type of HAZ structure likely to be produced
inthe steel being welded. Ifahard martensitic structure is formeditmay
be susceptible to cracking. On the other hand, in some steels, a very
slow cooling rate may produce a soft, but coarse grain structure with
. very low toughness. Later in this module, the effects of steel compo-
TN sition on the HAZ structure will be discussed more fully, but first the
general problem of hydrogen cracking will be described.

11
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HYDROGEN CRACKING

Ore of the major problems encountered in welding steels is Aydro-
gen cracking. The term “hydrogen cracking” is used for a broad class
of cracks since hydrogen is nearly always involved. It need not,
however, always be the most important factor and several other factors
can contribute to the problem. Itis also known as cold cracking since
it only occurs after the weld has cooled down.

These cracks can occur in many locations in the weld and some
commonly observed locations are shown in Fig. 10. They may occurin

Know THese [ Z=RMs.

Transverse crack in weld metal

Transverse crack in heat
‘affected zone

Toe crack
Weld metal crack
Root crack

Underbead crack

Figure 10. Commonly observed
positions of hydrogen cracks {cold
cracks} in groove and fillet welds.
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shielding gas

Water vapour in |

the air or in

the weld metal or in the heat affected zone, and in various orientations. .
One feature of hydrogen cracking is that it may exhibit a delay
phenomenon. Even after the weld has cooled to room temperature,
there may be a further lapse of time before crackin goccurs. Undermost
conditions if cracking is to occur it will do so within a day of welding.
This is one of the reasons that codes often call for a waiting period
between welding and inspection.

The major factors that influence hydrogen cracking are:

* The susceptibility of the weld metal or HAZ to hydrogen
embrittlement, which is related to the chemical composition
and microstructure

* The hydrogen content

*  The stress or strain level at the point of crack initiation

* Temperature—cracking can only occur after the weld has
cooled below about 100°C

Hydrogen is a gas that is often present in the atmosphere surround-
ing the arc. The hydrogen comes from the breakdown of water or

- organic material and can dissolve in the molten pool as shown in

Fig. 11. If the weld cools quickly significant quantities of hydrogen
may be trapped in the weld and heat affected zone as shown mn Fig. 12.

Moisture on electrode
> coating or grease on wire §

Figure 11. Possible scurces of hydrogen.

13
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. /_H\
Molien H ] - Hydrogen is readily dissolved
Weld H H inmoltenweld metalas atomlc
Metal H ‘ hydrogen.

Hy H2
N Hydrogen begins {o difiuse out
%zgsfled H into the HAZ and surrounding
Metal atmosphere. Some hydrogen
will remain in the weld metal.
‘Hz Hy

Figure 12. Trapping of hydrogen in rapidaf cooled weld.

Hydrogen, trapped in steel, has the peculiar property of causing severe
embrittlement. Even small quantities of hydrogen can cause a large
reduction in ductility or a drop in the fracture stress of a notched steel
specimen. Weld metal tensile specimens that contain hydrogen very
often reveal “fish eyes” on the fracture surface and a loss of ductility

(Fig. 13).

Tensile specimen contéining hydrogen showing poor ductility when tested
Frgure 13. Loss of ductility in steel due to the presence of hydrogen.

14
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Embritflementmay be delayed and a specimen containing hydrogen
may sustain a load for a period of time before breaking. This effect is
illustrated in Fig. 14 where a series of specimens have been tested to plot
a “load versus time to failure” curve.

1800 o ‘
Notched specimens quenched
{typical results)

1000

Applied Stress (MPa)

500 |- o o

I : ¢ _ - ' 1
1 10 100 1000

Time to Failure (min)

Figure 14. Plot of load against time to failure for steel specimens containing
fiydrogen illustrating the delayed fracture effect.

There are two other peculiar features of hydrogen embrittlement.
One is that the effect diminishes with increasing temperatures and at
about 150°-200°C hydrogen has no embrittling effect on steel. The
second is that the effect is a maximum at very slow or steady rates of
loading. Unlike other types of embrittlement the effect of hydrogen
disappears at very fast or impact loading rates. The presence of
hydrogen will not, therefore, affect the results of a Charpy Impact Test.

15
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Very low Low

hydrogen hydrogen Non-hydrogen controiled

=1 Non-hydrogen controlled |
i electrodes '

{Submerged arc

5 10 15 20 25 - 30

Weld metal'hydrogen content, mi/100 g of deposited metal

Figure 15. Effect of pracess and types of electrodes on potential hydrogen {after Coe).

The hydrogen content of a weld depends on the process used (see
Fig. 15), the welding procedure and, in particular, the level of preheat.
Someelectrodesare designed to provide a low hydro genlevel by special
formulation of the coating. Coatings which are termed “basic”, release
carbon dioxide into the arc atmosphere and this lowers the amount of
hydrogen gas present. Theseelectrodes will only produce low hydrogen
if they are kept dry, and proper storage and drying procedures should be
followed.

Standards, such as CSA W59 and AWS D1.1, specify maximum
exposure times before electrodes must be rebaked as shown in Fig. 16.
AWS A4.3 provides methods for determining hydrogen content.

16
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( CSA W59 requirements

1200 ¢ — —
——— (250°F) > E’480 electrodes

hermetically sealed

damaged

wet electrodes: discard

.

370°-430°C
 —t {700°-800°F)|
rebaking oven

EA480 basic electrodes

0lding Oven "

|

* Could be less for scme Q&T steels,
See clause 5.2.2 4.6 for details

Figure 16. Summary of some CSA W59 requirements for electrodes.

Hydrogen will not cause cracking in a weld unless there is a stress

 present; but due to the non-uniform heatin gin welding, there are always

contraction stresses formed. In most cases, the exact stresses in a weld
are never known and would be very difficult to measure or calculate.
There are, however, two contributing factors that may sometimes be
estimated, even if only qualitatively:

+ Restraint
» Stress concentrations

The restraint is the resistance to shrinkage that is imposed on the
plates being welded. Welding personnel leam from experience what
types of joints are “high restraint™ and what are “low restraint” and in
a few cases calculations have been made. Restraintis hj gherin thicker
plates and usually higher in groove welds than fillet welds. In Fig. 17
some examples are given.

17
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: ‘ WELDS USUALLY LOW RESTRAINT

Most fillet welds
e.g., web to flange welds

Groove welds in thin material
Longitudinal seam in a vessel

’ WELDS OFTEN HIGH RESTRAINT

Set through nozzles in
thick plate

i

Corner joints resirained
by diaphragm

: ) ‘ Tee joints on bath sides
o - of amember

Repair welds

18
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Stress concentrations are more easily recognized and in some cases
they can be avoided, but in others they cannot. A gap between parts
being fillet welded will cause a stress concentration at the root and
increase the risk of cracking. Another situation that may promote a
crack is where a gap exists between sections of a backin g bar. Welding
over this gap may produce a transverse crack in the weld metal, In this
case the sections of the backing bar should be welded together first so

.that no gap exists. A few examples of stress concentrations are shown
in Fig. 18. '

Misalignment Root run of groove weld and
partial penstration weld

Poor profile at toe

Gap in backing bar

Figure 18. Some examples where stress concentrations increase the risk of cracking.

19
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£
Steels can be welded without cracking if procedures are used that
control one or more of the pnmary factors responsible. The procedure
must, therefore, control one or more of the following:
* Thestress
* The microstructure (hardness of the HAZ)
« The hydrogen content
* Temperature
In most cases the stress cannot be controlled and the procedure must
be aimed at controlling the HAZ microstructure (hardness) and the
hydrogen content. Guidelines on controlling cracking are givenin CSA
W59-M1989 Appendix P and AWS D1.1 Appendix XI.
The type of microstructure, its hardness and suscepﬁbility to
cracking, that forms in the heat affected zone depends on:
* the hardenability of the steel (alloy content)
« the weld cooling rate
If the HAZ hardness of a carbon steel is measured as a function of )
the cooling rate, a curve such as thatin Fig. 19 will be obtained. At fast
cooling rates, a hard martensitic structure will form, whereas at slower
] cooling rates, a softer HAZ will be produced.
Increasing the carbon content of the ste¢l raises the hardness of the
martensite and also allows it to form at a slower coolin grates. The hard
; Martensite
"
&
5
£ Figure 19. HAZ hardness
& plotted against cooling rate
= for a carbon steel.
Slow Fast g

Cooling Rate

20
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P)QM martensite is very susceptible to cracking but the softer structures are
M not. Such a steel could be welded without cracking by ensuring that the

Hardness

cooling rate was sufficiently slow to prevent martensite formation.

If the steel contains alloying elements, its hardenability would be
higher and the HAZ hardness curve would change as shown in Fig. 20.
The cooling rate at which martensite forms now decreases. A usefil
index of the hardenability of the steel is the carbon equivalent which
indicates the net effect that alloy elements will have in shiftin gthecurve
in Fig. 19 to one like Fig. 20.

Increasing carbon content

Increasing alloy content

Slow Fast

Cooling Rate

Figure 20. HAZ hardniess curve for steels containing alloy elements.

The carbon equivalent is given by:

CE =C+ M“ﬁ‘*'Si+Cr+I\§Io+V+ Nifscu %

where the symbols represent the weight percentage of the elements.

Because the carbon equivalent measures the hardenability, it gives
arough indication of the risk of cracking and has been widely used as
a “weldability” index. More precisely, it may be employed to estimate
the maximum cooling rate allowed in a weld without formin g an
excessively hard HAZ. Fig. 21 shows this relationship.

21
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Figure 21. Critical cooling rate to keep the HAZ below a hardness of 350 Hv
as a function of carbon equivalent.

If the alloy content is sufficiently high, the formation of martensite
! ' cannot be prevented even at slow cooling rates but the structure may be
| -softened by high preheatlevels. With alloyed steels, the risk of cracking
; |  in the HAZ will depend mainly on the carbon content of the steel. With
a carbon content 0f 0.10% or less the martensite is not very hard and is
not likely to crack under most situations. With higher carbon the S
martensite will be harder and there is a risk of cracking. To avoid
cracking, hydrogen control must be used. :

22
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% Carbon

0.40

0.30

0.20

0.10

A useful diagram that indicates whether the HAZ hardness can be
limited by controlling the cooling rate is shown in Fig. 22. The carbon
contentis plotted against the carbon equivalent and a given steel would
fall into one of three zones:

Zonel  Carbon and low alloy steels with a carbon content of
about 0.10% or less. These include modern low carbon
steels such as those developed for pipeline applications

- and modern high strength steels used increasingly in
structural fabrication. A hard HAZ is not produced
under most conditions and hydrogen cracking is not
Likely under most normal circumstances. The weld
metal may be more likely to crack than the HAZ.

ZoneIl  Most carbon and carbon manganese steels used for
structural and pressure vessel applications, e. g., AS516.

- Ahard HAZ may be avoided by controlling the coolin,
rate, otherwise hydrogen control is necessary. :

Zone Il Alloyed steels with more than 0.10% carbon. This
includes some quenched and tempered steels (. g2.,A514),
Hardness cannot be controlled by coolin grateand often
quite a fast cooling rate is desirable to ensure adequate
HAZ toughness. Hydrogen control must be used to

prevent cracking.
Il
I
!
- Zonell /
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f, Z It |
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B !
/
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- / : Figure 22. Grouping of steels on
L T L : the basis of carbon content and
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carbon equivalent.
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CE = C+Mn6+8i+Cr+Mo+V+ Ni+ Cu %
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If 2 hard microstructure is formed in the HAZ, the only remaining
factor that can be controlled to prevent cracking is the amount of
hydrogen. Hydrogen can be reduced by a low hydrogen process with
careful drying of consumables and by using preheat. A preheated plate
will remain hot long enough after welding to allow time for hydrogen
to diffuse out of the weld. When the plate finally cools, little hydro gen

~ remains (Fig. 23). Even quite modest preheat levels are very effective

in reducing the hydrogen content and, in welding structural steels, this

* is the main reason for preheating. The level of preheat required will

depend primarily on the plate thickness and the carbon content of the
steel.

Estimated from data from experiments with G-BOP cracking tests

1 ) 1 i

50 100 ' 150 200
Preheat °C’

Figure 23. Effect of preheat on the fraction of original hydrogen remaining in a weld
when allowed to cool.

With higher carbon alloy steels, preheat alone may be insufficient
to diffuse out enough hydrogen and further post weld heating may be
required. If the heat affected zone is excessively hard after welding, it
may also be necessary to soften it by tempering at some suitable

- {emnperature.

It should be realized that the reason for preheating a plate is to allow
time for hydrogen diffusion after the weld is made. The effect,
therefore, depends as much on the way in which preheat is applied as it
does on the actual temperature. Preheating a larger area around the joint
will obviously have a greater effect than just applying a local preheat,
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When making multiple pass welds, the heat from previous passes
will help to maintain the temperature of the plates and this is termed the
“interpass” temperature. The interpass temperature should normally be
maintained at the same level as the specified preheat to avoid cracking.
A common situation that can give rise to a risk of cracking is where a
partially completed weld is allowed to cool, rather than maintaining the
interpass ternperature until the weld is finished.

. A summary of factors affecting hydrogen cracking is given in
Fig. 24

» Plate thickness
* Joint type -
* Heatinput - * Cooling rate

* Preheat \ * Hardness
» Ambient temperature * Susceptibility to
/ hydrogen cracking

= Steel compssition * Hardenability

« Electrode type
-« Moisture

* Humidity

e Preheat

» Hydrogen level in the weld + Cracking

» Electrode strength ' .
* Restraint (thickness) = Stress on the weld or HAZ
* Welding sequence

Figure 24. Summary of factors affecting hydrogen cracking.

Itis not the purpose of this module to present a detailed method for
estimating preheat levels nor to give a list of recommended procedures
forall steels. One example, however, will serve to llustrate the practical
application of some of the principles discussed in the previous sections.
The CSA W59 Standard contains a table listin g requirements for
preheat and interpass temperatures, and parts of this are summarized in
Table 3. It should be noted that the preheat temperatures are higher for
thicker plates and for processes that are not hydrogen controlled. These
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Table-3. Minimum preheat requirements for selected steels extracted from CSA Standard W59-Msg.

EXAMPLES OF SELECTED STEEL TYPES

Thickness of

Thickest Non-hydrogen Hydrogen Controlied Process
Part (mm) Controlled (SMAW with basic electrodes, FCAW with
Processes CH Electrodes, GMAW, SAW)
| CSAG40.21-M | CSAG40.21-M | CSAG40.21-M | CSAG40.21-M
260 W& WT 260 to 380 400 and 480 700 Q
300 W& WT WE&WT WE&WT & 700 QT
ASTM A38 ASTM A38 ASTM A572 ASTM A514
A516 A572 Gr 42, 50 Gr 60, 65
AB33 Gr A, A833,GrE
B,C.D
Ad41
Upio 20 none none 10°C 10°C
over 20 to 40 85°C 10°C 60°C 50°C
over40to 60 - 17 c 65°C CO110°C 80°C
over 60 - 150°C ~107°C 150°C 110°C

Note: The Standard should be consulted for complete details.

temperatures cannot be considered exact since many factors such as
restraint and actual chemical composition are not included. In an
attempt to address these factors CSA W59 and AWS D1.1 provide
alternate guidelines but, again, they cannot be considered exact for all
cases. In severe situations the temperatures determined may not be
adequate to prevent cracking and in other cases they may be overly
conservative. Testing may be necessary to validate a selection of
preheat.

The energy input is not included in the table, but CSA W59 has a
separate requirement allowing submerged arc welding to be used
without preheat if adequate energy input is ensured. This is applicable
when making fillet welds in one pass and is based on providing enough
heat input to limit the cooling rate, thus avoiding excessively hard heat
affected zones. This leads to a simple requirement for a minimum size
fillet weld depending on the carbon equivalent and thickness of the steel
(Table 4).
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T hY

Table 4. Minimum single pass fillet weld sizes to eliminate preheat (SAW only).

Carbon Equivalents

Plate Thickness () 3
0.35 0.40 0.45 0.50 0.55 0.60
1< 12 welded to t > 40 8 | s 8 10 10 12
i>12weldedto i > 40 8 8 10 - 10 i2 .18

*This thickness is 20 mm for some steels. Consult CSA Standard W59-111989 for detaiis.

CE = Cs (Mnét-Si) +(CreMo+ V), (v £Cu) o

Many different types of tests have been devised to reveal hydrogen

- cracking and three are described here. The first is the Controlied
Thermal Severity (CTS) Test (Fig. 25) and uses a fillet weld. Two
blocks are bolted together with one block machined to provide a smail
gap at the root. Two test welds can be made on a single specimen and
 the “thermal severity” or cooling rate can be changed by using plates of

Root noich —\ /
Bl Tap plate

t .6 B !
t | | __b /-— ottom plate
t |

= 10

Clearance hole 13 mm

Figure 25. Controlled Thermal

__, Anchor welds Severity (CTS) Test.

108

Tes’e welds

250 Dimensions in mm

27



Basic Welding Metaliurgy of Structural Steels

different thickness. As with all hydrogen cracking tests, a certain time
is allowed to elapse before examination for cracks, in this case usually
three days. The welds are sectioned, polished, and examined for cracks
under the microscope.

A testuseful for studying crack susceptibility in a groove weld is the
Tekken Test shown in Fig. 26 which was developed in Japan. The use
of a sloping Y groove preparation promotes HAZ cracks, while the
straight Y encourages the weld metal to crack. Itis ahigh restraint test
with the restraint increasing with the thickness.

| 150 |

 Section A-A

s | N

>/§ 

Dimensions in mm

(3]
o
o
>
|
|
|
|
|
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| .
Lo
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|
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I
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]
|
|
I
|
|
|
)
B N

Groove Preparation in the Slit Test Used as Weld Metal Cracking Test

ses (Y|

Figure 26. The Tekken Test.
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—A

o 125 — ' 125 —— |

Clamp e

‘ T

/ Machined

Test weld

Machined — | i

Dimensions in mm

T
50
4

| | | |
'375 ' 50 @ 375"

Section A-A

Figure 27. The Gapped Beaa’-On—Plal_‘e (G-BOP) Test.

In Fig. 27 the Gapped Bead-On-Plate (G-BOP) Test is illustrated.
This is a simple test for weld metal hydrogen cracking and comprises
two blocks which are clamped together. The matin g faces are machined
to bear upon one another and one block has a recess machined mit. A
weld bead is deposited across the gap and the blocks are left in the
clamps for 48 hours after welding. To examine for crackin g, the welds
are heated with a torch to a dull red heat in the vicinity of the gap,
allowed to cool, then broken open. Discolouration of the fracture
surfaces indicates that a crack was present before heating (Fig. 28).
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Figure 28. Typical fracture appearance in the G-BOP Test
showing the presence of a crack.

Tests of the types described are useful for comparing the relative
crack susceptibilities of materials, but generally do nozestablish whether
a certain welding procedure would be successful in practice. Since the
cooling rates, preheating and restraint are likely to be quite different in
practice, results from a cracking test should not be used directly in
practice. The G-BOP Test, for example, is far more severe than most
practical sitzations.
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LAMELLAR TEARING

The presence of non-metallic inclusions that become flattened out
during the rolling of a steel plate results in the ductility through the
thickness (Z-Direction) being lower than in the other directions, If
welds are made that impose very high strains through the thickness,
there is a possibility that cracks can open up in the plate beneath the
weld. These cracks are termed “lamellar tears” and the typical location
is shown in Fig. 29. Lamellar tearing is most likely to occur in large
welds where the strains are normal to the plate surface, the most
susceptible joints being T-Butt and corner joints. The main factors
influencing the problem are; -

« The type of joint (i.e., design)

« The through-thickness ductility of the stee

¢ The restraint of the joint :

¢ Other welding procedural factors such as the hydrogen content

Figure 29. Typical location of a lamellar tear.

Thepotential for lamellar tearing should be recognized at the design
stage and susceptible joints avoided. In critical applications where a
high restraint, potentially susceptible Jjoint cannot be avoided, consid-
eration should be given to the use of a premium steel with enhanced
through-thickness properties. In some casesa simple changein the plate
preparation will reduce the risk of lamellar tearing. For example,
Fig. 30 shows how a corner joint may be modified to accomplish this.
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Figure 30. Redesign of corner joints
A to reduce risk of lamellar tearing.

“There are a number of precautions that can be taken during welding
that may help to minimize the risk of lamellar tearing. First, all
hydrogen control measures, such as well dried electrodes and adequate
preheat, should be taken. Partially completed welds should not be
allowed to cool down and, in welds made from two sides, a balanced
technique should be used to minimize rotation strains (Fig. 31).

Figure 31. A balanced welding technique minimizes rotation strains.

When welding long joints, a block weld sequence in which short
sections are completely welded, appears to be beneficial. Full penetra-
tion welds should be used to avoid the stress concentration effect at the

root which could initiate cracking.

Ifthe tcChniques areinsufficient, then the plate can be buttered, that
is, a layer of weld metal deposited on the plate before being welded
(Fig. 32). Sometimes buttering can be done “in situ™ as part of the
welding procedure. The buttering technique removes susceptible steel
and may be beneficial for other reasons.
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Figure 32. Use of buttering to minimize risk of lamellar tearing.

In cases where a steel with enhanced through-thickness properties
is justified to avoid lamellar tearing, steel making techniques are now
available which result in excellent properties. Research has shown that
in most cases a through-thickness ductility of 20% reduction of area is
adequate for most situations and a steel with 30% will not show the
problem even under very severe restraint.
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WELD METAL

The solidified weld metal will have a microstructure quite different
from that of the parent material since it has not gone through the heating
and rolling sequence that a plate does. Itis, in fact, like a small, Tapidly
cooled casting and its properties will depend on the microstructure,
composition, and cooling rate. The weld metal composition does not
usually match that of the parent material even though the strength may
bethe same. Anexampleis givenin Table 5 where a weld metal havin g
equal strength to a carbon steel plate-has much lower carbon content.

Table 5. Composition of parent metal and weld metal having similar strengths.

B % Carbon % Manganese | % Silicon
Typical Hot Rolled Carbon 0.24 0.8 0.23
Steel {e.g., A515)
Weld Metal Giving Equal 0.08 1.1 0.35
Strength {e.g., E48018)

Weld meal is a mixture of melted parent metal and melted electrode,
and its composition will depend on three things:

+ The composition of the electrode

+ The composition of the parent metal

»  Chemical reactions between the weld metal, flux or shielding
gas

The proportion of parent metal melted into the weld is known as the
“dilution ™ and is defined as follows:

Weight of Parent Metal Melted
Weight of Total Melted Metal

Dilution =

34
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The dilution will vary according to the process and some examples
are shown in Fig, 33. If a chemical element does not become involved
in chemical reactions, then the amount in the weld metal can be
determined from the parent metal composition, the electrode composi-
tion, and the dilution.

Low Dilution

High Dilution

Electroslag Weld

Figure 33. Some examples of dilution factor in welds.

The diagram shown in Fig. 34 is useful for estimating weld metal
compositions for such elements. For example, suppose an electrode
containing 8% nickel is used to make a one pass weld of 60% dilution
on a plate containing 3% nickel. A line is drawn from the 8% to the 3%
‘ on the top and bottom scales respectively. The weld metal content can

5 L now beread off for a dilution of 60%, giving justover 5%. The diagram
’ is useful for elements such as molybdenum, nickel, copper and chro-
mium, but cannot be used for chemically active elements such as
carbon, manganese or silicon.
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Fillet Welds

Multipass Groove Welds

Single Pass V-Groove Welds

Square Groove Welds

% Element in Electrode

234567‘89101112131415
L] T 1

20

% Dilution

2345678910111213141-5

% Element in Parent Meta]

Figure 34. Diagram for estimating weld melal compasiﬁon for elements that

do not undergo chemical reactions.

A detailed discussion of the many chemical reactions that can occur
is beyond the scope of this module, but those involving the element
oxygen will be mentioned. Although the slag or gasisintended to shield
the weld metal from the atmosphere, some oxygen may still enter the
molten pool. Inertgases, such asargon, provide very effective shielding

. and the weld metal oxygen content is likely to be low. Carbon dioxide

gas, however, can break down in the arc and introduce quite high levels
of oxygen.

Submerged arc fluxes contain oxides and these can break down and
transfer oxygen to the weld metal. Silica (5i0,) in particular is readily
reduced and fluxes containing a large proportion of it will transfer

-silicon and oxygen to the weld.  Fluxes with a low potential for

transferring oxygen are often called basic “fluxes” (Fig. 35). Although
silica in a flux may transfer oxygen its presence has many desirable
features. The selection of a flux in practice will, therefore, depend on
many factors,
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The presence of a high oxygen content in the weld could Iead to
porosity when the metal solidifies, in the same way that gaspockets are
formed in a rimmed steel ingot. To avoid this, deoxidizing elements
L (such as silicon, manganese, aluminum) may be added. Theyreact with
: the oxygen to form non-metallic inclusions. In carbon dioxide welding,
- the deoxidizing elements are contained in the wire (hence the wire is
“hard™). Extra deoxidizing elements may be added to the wire if itis to
be used on rusty plate or other situations with high oxygen present (see
Table 6). In some fluxes deoxidizing elements are added to the flux.
Table 6. Typical compositions of wires for carben dioxide welding.
Wire Type % Carbon { Manganese | Silicon | Titanium Zirconium | Titanium
CSA W48.4 E4805-3
f Moderate deoxidation. 0.10 1.15 0.60
Used primarily for single
pass welds.
CSA W48.4 E480S-2 | _
Triple deoxidized wire. For 0.05 1.15 . 0.5 0.07 - 0.10 6.05

use on rimmed and semi-
killed steels and rusty
conditions.
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The presence of non-metallic oxide inclusions may influence the
toughness of the weld metal and the Charpy V-notch impact energy is
likely to be lower if large quantities of oxides are present. Where high
toughness is required in submerged arc welds, fluxes that provide low
oxygen are often specified. Fig. 36 shows how oxygen content may
affect the weld metal toughness.

400 ‘
: (WIC data from submerged arc and flux cored arc welds)
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Figure 36. Results of experiments that show how the weld metal toughness
may be influenced by the oxygen content.

It was mentioned that the weld metal solidifies like a small casting.
Crystals begin to form at the solid/liquid interface and grow in towards
the centre of the pool. The shape and structure of the growing crystals
will depend on the welding conditions. Ifthe welding speed is high, an
elongated weld pool willresult and the crystals will grow from the sides
of the pool towards each other as shown in Fig. 37(a). If the welding ey
speed is slow, then growth of the solidifying crystals will tend to
originate from the back of the weld pool—Fig. 37(b).
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a) High welding speed produces a long
weld pool.
Solidifying crystals grow from the sides
toward each other.

b} Slow welding speed produces a short
weld pool. '
Crystals grow forward from the back of
the pool.

Figure 37. Effect of welding speed on the solidification structure of the weld metal.

Sometimes when the solid crystals grow towards each other, liquid
becomes trapped between them. As the coolin g weld shrinks, a crack
can form where the liquid was trapped. These cracks usually run along
the centre of the weld, sometimes the entire length of the weld and are
called solidification cracks. Fig. 38 shows the cross-section of a weld
containing a solidification crack. The prime causes are the shape of the
weld pool and the presence of elements that may cause liquids toremain
at temperatures below the solidification temperature. In the example of
a high speed weld shown in Fig. 37(a), the advancing crystals may
sweep impurities ahead of them which cause liquid to be trapped
between the crystals. This is not likely to happen in the slow weld —
Fig. 37(b). Excessive welding speed may, therefore, be a cause of
solidification cracking along the centreline.

The cross-section shape of the weld is also important. A high
welding current or narrow groove angle may produce a deep narrow
weld susceptible to cracking (Fig. 38). A rule-of-thumb used for many
years is that, for the root run of a submerged arc weld, the current should
not exceed ten times the groove angle, e.g., for a 60° groove the current
should not exceed 600 amps.
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a) Narrow groove or high
current produces deep

weld likely to crack b) Wider groove or

lower current gives a
shallower weld pool
less likely to crack

Figure 38. Effect of weld shape on solidification cracking.

Certain impurities may lower the freezing temperature of the hiquid
and this can Iead tocracking in the weld metal. The addition of sulphur,
for example, to iron lowers its melting temperature to as low as 988°C,
asseeninFig. 39. Theeffectcanbe offset by the addition of manganese,
but sulphur contamination in weld metal is likely to lead to cracking.
The risk of cracking from sulphur is even greater if the weld metal Juing
- contains more than about 3% of mckel : "

Another element that can cause cracking is copper. Althou gh not
usually present in significant quantities in the electrode, it may be
introduced accidentally. The copper contact tip of the welding head
might accidentally arc to the workpiece and melt some copper into the
weld. Proper care and attention to correct procedures and pracnce is

~ necessary to avoid this kind of contamination.

1537 Melting temperature if iron

Figure 39. Increasing sulphur content
lowers the melting termnperature of iron.

Temperaiure °C

10 20 30 40 50
% Sulphur
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The weld metal microstructure in a structural steel will be guite
different from that of the parent plate for several reasons:

The weld metal is not hot worked Iike a plate and will have a
solidification structure. - _

The austenite grains of the hot weld metal are usually large and
clongated.

‘The weld metal composition is different and it may contain

many small oxide inclusions. ’
The weld metal cooling rate is nsually much more rapid than
that of a plate after rolling. '

Many types of microstructures may be observed but a typical one is
shown in Fig. 40. When the gustenize transformed, ferrite was Initially
formed atthe grain bonndaries and the existence of these ferrite “veins”
istypical. A large number of small, interlocking grains of ferrite have
also formed within the austenite grain and it islikely that the small oxide
inclusions played a part in their formation.
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Figure 41. Refined microstructure of reheated weld metal.

’ " Ifthe microstructure in Fig. 40isreheated to above 910°C, it will be
fully wransformed back to small austenite grains, which, on cooling,
produce z fine ferrite structure. Reheated weld metal is shown in
Fig. 41. This effect occurs in a miltipass weld where the heat from one

microstructure usually has better toughness than the as-welded struc-
ture, a multipass weld will normally be tougher than a single pass weld.
Fig. 42 lustrates the effect of multipass welding on the refinement of
the microstructure.

pass refines the grains of the previous passes. Since the refined
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Heating a welded fabrication to about 625°C to reduce residual
stresses, is-commonly required in specifications, particularly when
thick sections are welded. The stress relief temperatyure is below the
transformation temperature so there will be no major changes in the
microstructure, but hard areas will be softened by tempering. There
will, however, be changes in the properties of the weld metal. The
tensile strength is likely to be reduced by a substantial amount depend-
ing on the length of time of the stress relief treatment. A typical result
isshown inFig. 43, but the exact drop in strength will vary with the type
of weld metal. ' ' :

-1 600
-1550
As-welded strength
MPa
— 500
daso Figure 43. Typical drop in
‘ tensile strength of weld metal
[ H i due to stress relief.

10

100 1000

Stress Relief Time (hr)

Careful selection of electrodes is, therefore, important if the fabri-
cationis to be stress relieved. Often, itis necessary to take into account
the possibility of several stress relief treatments during fabrication. In
these cases alloyed weld metals are usually required and molybdenum
bearing electrodes are often specified for stress relieved applications,

A coarse grain structure in the HAZ or weld metal can lead to a
decrease in the fracture toughness. For applications where it is neces-
sary to maintain good fracture toughness, procedures that ensure a fine
grain structure must be used. This may involve placing a limit on the
energy input of the process so that the austenite grain growthin the HAZ
is restricted and the weld cools sufficiently quickly. A heat input
restriction may preclude the use of certain welding processes, such as
electrogas, that inherently have a hi gh heat input.
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Heat input restrictions will depend on the type of steel and the level
of toughnessrequired, but are usually imposed when welding quenched
and tempered steels (e.g., A514). Where low heat inputs are deliber-
ately used to provide good toughness, special attention must be paid to

~ hydrogen control toavoid hydrogen cracking. Inmany of the new tough
steels, the carbon content is very low (Zone I Steels, Fig. 22) and there
islittlerisk of cracking even with fast cooling rates. In some steels with
moderate carbon (Zone I Steels) preheat is necessary to prevent
cracking but the preheat and interpass must not be allowed to exceed a
maximum value, otherwise the fracture toughness will suffer.

Additional Resources

Linnert, G.E., Welding Metallurgy of Carbon and Alloy Steels,
Volumes 1 and 2 (1965 and 1967), published by the American
Welding Society, 550 N.W. LeJeune Road, Miami, FL 33126,
US.A. ' ‘

Stout, R.D., Weldability of Steels, 1987. The American Welding
Society, 550 N.W. LeJeune Road, Miami, FL. 33126, U.S.A.

Lancaster, J.F., Metallurgy of Welding, 1980, published by George
Allen and Unwin, London.

AWS D1.1. Structural Welding Code. American Welding Society,
550 N.W. LeJeune Road, Miami, FL 33126, U.S.A.

Welding Handbook, Seventh Edition, Volume 4. American Weld-
ing Society, 550 N.W. LeJeune Road, Miami, FL. 33126, U.S.A.
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BASIC WELDING METALLURGY OF STRUCTURAL STEELS

MODULE 9

Guides & Exercises

To obtain maximum benefit from this module we suggest that you follow this guide and complete the exercises -
as indicated. Itisimportantthat 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 fo go back and study the section again.

Do the exercises honesﬂy. They will not help you unless you take them seriously. If 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 leamn something, not win a race. ‘ ‘
Some people like {o underline sections when they read 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 thoroughly before highlighting anything. .

The last exercise is designed to give you an indication of whether you 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 are on a separate sheet.

if you have any difficulties with this Module do not hesitate to ask for help. You may find you learn more by
attending seminars which are given periodically, and you should also contact your local WIC Chapter io see if
- they can be of assistance. Remember, if you fail the examination you ¢an aiways try again later.

T
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After working through each guide, check your answers (on page 52) for accuracy. If any of
your answers are wrong, restudy the guide subject matter in the text until you understand it
before moving on to the next guide.

Guide 1

Read c}arefu}}y pages 110 9 and answer thé following questions:

P Buring arc welding there is a zone adjacent to the weld metal that reaches hightem-

peratures but does not melt. What is the name of this region?

2.  Inelectric arc welding what is the proporﬁdn of total energy that is converted into heat
that eventually enters the plate known as?

3. . With manual welding the technique will influence the energy input. Ofthe following
techniques, which involves the higher energy input?

a)  Weaving techniques
b) Depositing stringer beads

4, Considering that increasing the heat ihput will reduce the cooling rate, is the following
statement true of false?

“For thick plates, the cooling rate is inversely proportional to the heat input.”
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Guide 2

Read carefully pages 10 to 19 and answer the following questions:

1. Inthe metal adjacent io the weld pool certain metallurgical changes will occur. What is
the condition which will determine what metallurgical changes will occur?

2. Complete the following statement—

“Regions that are close to the fusion boundary can experience temperatures
sufficiently high enough that growth of the......eeeesereeeeen ocCurs.”

3. True o?‘false?

“One feature of hydrogen cracking is that it ondy occurs when the weld and heat
affected zone are at very high temperatures.” '

4, Which of the illustrations shows poor ductility?

a)

5. True or false?

“Hydrogen will not cause cracking in a weld unless there is stress present.”
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Basic Welding Metallurgy of Structural Steels

Guide 3

Read carefully pages 20 to 30 and answer the following questions:

1.

Complete the following statement—

“In the heat affected zone of a carbon steel weld fast cooling rates will form a
=7 o ORI, " :

Which of the following' types of steal lS the least susceptible to hydrogen cracking in
normal circumstances:

aj Most carbon and carbon steels used for structural, and carbon mangarnese steels
used for structural and pressure vessel applications

b)  Carbon and low alloy steels with a carbon content of about 0.1 0% orless
¢}  Alloyed steels with more than 0.10% carbon
True or false?

“The reason for preheating a plate is to allow time for hydrogen diffusion after the weld
is made.”

Three types of tests are described in this module. What is the full description
of CTS.?
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Guide 4
Read carefully pages 31 to 38 and answer the following questions:

1. What condition does the illustration depict?

2. True or false?

“Solidified weld metal will have a mxcrostmcture the same as that of me parent
matenal (plate).” : S ,

3. 'Comp!ete' the following statement—
“The proportion of parent metal melted into the weld is known as the.... .o

4.  Insubmerged arc welding, what are fluxes with a low potential for transferring
often called?
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Basic Welding Metallurgy of Structural Steels

Guide 5

Read carefully pages 38 10 44 and answer the following questions:

1.

What effect does the presence of large quantities of oxides have on the Charpy V-
notch impact energy?

What type of weld peol does high welding speed produce?

: 'Centreiine solidification ¢racking is most likely caused by:

a)  Welding speed too high
b)  Welding speed too slow

When a carbon steel weldment is stress relieved at 625°C are there any major changes
in the microstructure?
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ANSWERS

The heat affected zone
The efficiency

a)

True

The peak temperature reached

-Austenitic grains

False
a)
True

Martensitic structure
b}
True

“Controlled Thermal Severity

Lamellar tearing
Falgse

Dilution

Basic fluxes

It is likely to be lower
Along weld pool

a)

No
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Basic Welding Metallurgy of Structural Steels

MODULE 9

TEST

This test is designed to determine whether you are ready to attemnpt 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. A largé ASTM grain size number indicates:

a)
b)
c)
d)
e)

medium sized grain
a coarse grain

an elongated grain
a fine grain

none of the above

2. What type of groove preparation does the Tekken test use?

a)
b)
c)
d)

e)

the J groove

a square groove

the double V groove

a sloping or straight Y groove

“none of the above

3.  What is the main reason for preheating a plate?

a)
D)
c}

d)

€)

to allow time for hydrogen diffusion after the weld is made

* to limit slag inclusions

to ensure underbead fusion
1o ensure complete root penetration
to preclude hot cracking

4, Select the answer which will complete the following statement.

“The risk of cracking from sulphur is even greater if the weld metal contains more than

about

a)
b)
c)
d)
e)

............................. of nickel.”

0.13%
0.3%
3%
0.03%
1.3%




Basic Welding Metallurgy of Structural Steels

10.

An electric arc converts electrical energy into heat and light at a specific rate. At what
rate is heat and light produced from an arc of 300 amps with an arc voltage of 25 voits?

a) 5700 joules per second
b) 7500 joules per second
) 750 joules per second

d) 75, 000 joules per second
e} " 12joules per second’

If a hard microstruciure is formed in the HAZ, what is the only remaining factor that can
be controlled to prevent cracking?

a) the amount of flux

) the amount of helium

¢) . the amount of carbon
d) the amount of oxide

e} the amount of hydrogen

Select the answer which will complete the following statement.
At about. el hydrogen will have NO embrittling effect.”

a)  70°C-90°C
b)  25°C-40°C
c)  45°C-70°C.
d)  150°C - 200°C
e}  15°C-20°C

For steel, at which temperature is there a partial transformation to austenite?

a) exceeding 723°C
b) excesding 970°C
¢). below723°C

d) exceeding 1723°C
g)  exceeding 310°C

What type of cracking may be caused by excessive welding speeds?

a) cold cracking

D) HAZ cracking

) solidification cracking along the centreline
d) hydrogen cracking

g) lamellar tearing

Why would a multipass weld normally be tougher than a single pass weld?

a) because the heat from one pass enlarges the grains of the previous pass
b) because the carbon content of previous passes is reduced

c) because the heat from one pass refines the grains of the previous pass

d) because the grains of the previous passes are elongated

e) because the heat from the previous pass refines the grains of the next pass
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Canadian Welding Bureau
Answer Sheet - Module 9

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

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

et o i e e v o e e en e e @

QUESTION ‘ _ ANSWERS

i 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 =
g 8 a b c d e
o 9 a b c d e
10 a b c d e

11 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
2 a b c d e
3 a b c d e
4 a b c d. e
5 a b c d e
6 a b c d e
; 7 a b c d e
j 8 a b c d e
: 9 a b C. d’ e
- 10 ' a b C d e




Compare your answer sheet to this key. *-

Canadian Welding Buréau™"

Test Key - Module® °

_ANSWERS
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