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A Chart Method to Determine Necessary Preheat

Temperature in Steel Welding*

By Nobutaka YURIOKA** and Tadashi KASUYA**

Abstract

Preheating is carried out to avoid cold cracking in steel welding. The occurrence of
cold cracking is considered to be governed by accumulating diffusible hydrogen, welding
residual stresses and hardness at the crack initiation site. The hydrogen accumulating at the
crack site depends on the initial diffusible hydrogen content in weld metal, the weld heat
input and the wall thickness. The local residual stress is governed by the weld metal vield
strength, the joint vestraint and the wnotch stress concentration factor. The HAZ hardness
s influenced by the steel chemical composition, the weld heat input and the plate (wall)
thickness.

These influential factors affect cold cracking independenly or in an interacted manner.
It must be, thus, difficult to predict the mecessary preheat temperature by a theovetical
method or simple formulae. The method presently proposed is completely based on the
empirical vesults by y-groove weld cracking tests. The present method determines the
necessary preheat temperature through the charts describing the following respective effects :
1) steel composition ; 2) diffusible hydrogen content of weld metal ; 3) weld heat input ;
4) wall thickness ; 5) weld metal yield strength ; 6) joint restraint. As to the steel
composition, this method uses CEN carbon equivalent that preferably assesses weldability of
a wide variely of steels. Also, this method considers a logarithmic dependence of the weld
metal hydrogen and the analysis of hydrogen diffusion in a weld has proved that the

hydrogen effect on cold cracking must be logarithmic.

Key Words : Preheating, Hydrogen, Weld metal, Carbon equivalent, Heat input, Cold
cracking, Hardness, Heat-affected-zone, Steel

1. Introduction

There have been many methods'~!? proposed
to determine the necessary preheat temperature
in the steel welding. These methods consider
some or all of the important influential factors to
cold cracking, that are the steel chemical compo-
sition, the weld metal diffusible hydrogen, the
welding heat input, the weld thickness, the weld-
ing residual stresses, and the joint restraint.
However, there are considerable differences
among the methods in assessing the significance
of these factors. For instance, the linear effect of
weld metal hydrogen is considered in some
methods but its logarithmic effect is considered in
other methods. Also, the effect of steel chemical
composition differs from method to method in
evaluating the importance of each alloy element.

This study reconsiders a chart method?®
proposed by one of the authors, mainly focussing
on the influences of hydrogen and steel chemical

composition. The validity of some of the preheat
determining methods is compared with that of the
chart method, based on the cold cracking experi-
mental results.

2. Chart Method

Since Dearden and O’Neil*® published a con-
cept of carbon equivalency in 1940, many indices
evaluating the cold cracking susceptibility of a
steel have been reported. Some of the important
ones are listed in Table 1!4-1*%. They are roughly
divided into three groups ; the first is of a CEw
type which originated from the Deardens’ carbon
equivalent, the second is of a Pcm type which
regards carbon as more important than the first
group, and the third is of a CEN type in which the
significance of an alloy element varies depending
on a carbon content.

Fig.1 shows the critical preheat temperature,
that is the minimum preheat temperature neces-
sary to avoid cold cracking in the y-groove weld
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Table 1 Various Types of Carbon Equivalency for Steel Welding.
Group Formula Ref.
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Fig.1 Relation between Critical Preheat Temperatures and Carbon Equivalents.

cracking tests®®, plotted against three groups of
carbon equivalent. The cracking tests include
those conducted in the Shipbuilding Research
Group?” and the independently conducted tests
for a low-carbon low-alloy steel and a copper
precipitation steel??. Table 2 shows the chemical
composition of the tested steels. In Fig. 1, the
critical preheat temperature for steel H is not

higher than 50°C. This means that no HAZ cracks
but weld metal cracks were observed in the non-
preheat condition while they were stopped at 50°C
preheating.

As shown in Fig. 1, CE,y is a preferable index
for carbon steels and carbon manganess steels but
absolutely unacceptable for low-carbon low-alloy
steels. Pcm is suitable for the steels except steel
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Table 2  Chemical Composition of Steels for y-Groove Weld Cracking Tests.
Steel [ Process [ C [Si |Mn | Cu|Ni [CriMo|Nb | V B [CEnw | Pem|CEN
A [CR-AcC}.15}.18] .73 .278 |.1951.269
B [CR-AcC/|.10}.24]1.28 .320 |.176 (.252
C CR A11.3111.31 .02 .338 {.192.286
D |[CR-AcC|.14}.2711.20 .354 |.213|.326
E AR .141.37(1.43 .384 |.225].356
F CR .151.29(1.42 .391 |.2311.373
G AR .15(.43]1.59 .421 1.247 (.405
H QT .07(.28]1.38 211.21 .04 1.0015| .389 |.181|.254
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Fig.2 Master Curves for Cetermining Necessary Preheat Temperature.

A, a carbon (lean alloy) steel and steel I, a copper
precipitation steel. In the welding of structural
steels with a heat input of around 1.7 kJ/mm,
roughly speaking, a martensite (hard phase)
volume is rather high at HAZ (weld heat affected
zone) of low alloy- steels with fairly high har-
denability and, on the contrary, it is rather low in
lean alloy steels with low hardenability. Hard-
ness of a martensite phase is determined by a
carbon content alone and that of HAZ with a low
fraction of martensite is determined by a CE;w
type of carbon equivalent?®. Since HAZ hardness
strongly affects the cold cracking susceptibility,
CE.w is a preferable index for carbon steels. On
the other hand, the effect of carbon becomes more

significant to HAZs with a high volume fraction
of martensite. Pcm regards carbon as more
important than CE,y, and thus Pcm is suitable for
low-carbon low-alloy steels except such a special
steel as a copper precipitation steel.

CEN carbon equivalent is considered suitable
for all the types of steels from Fig. 1, since CEN
was proposed to evaluate the cold cracking sus-
ceptibility of a wide variety of steels®. In fact,
CEN approaches to CE,y as carbon increases and
it approaches to Pcm as carbon decreases. It
follows that CEN was adopted as a yardstick of
the steel susceptibility to cold cracking in the
chart method.

Fig. 2 shows the master curves indicating the
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relationship between the critical preheat tempera-
tures in y-groove weld cracking tests, the CEN
carbon equivalent, and the plate thickness. This
relationship is valid under the condition that the
diffusible weld metal hydrogen (by gaschromato-
graph method or mercury method) is 5ml/100 g,
the welding heat input is 1.7 kJ/mm, and the
ambient temperature is 10°C. Jdpanese steel

manufactures have carried out y-groove weld
cracking tests as one of the steel performance
testing whenever a new steel has been developed
and they have, therefore, had the sufficient data
concerning y-groove weld cracking testing. A
chart of Fig. 2 is thus derived from the empirical
data.

Fig. 3 shows the effect of weld metal diffusible
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Fig.3 CEN Correction Depending on Weld Metal Hydrogen.
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hydrogen on the critical preheat temperature in y
-groove weld cracking tests in terms of a CEN
increment. As shown in Fig. 3, the effect of weld
metal hydrogen is nearly logarithmic. The logar-
ithmic dependence in the chart method is based
on a number of experimental facts?36824  Fig. 4
shows the effect of a weld heat input on the
critical preheat temperature also in terms of a
CEN increment. With increasing weld heat input,
the CEN increment becomes negative because of
the reduction in HAZ hardness arisen from slow
cooling due to high.heat input welding. When a
volume fraction of martensite at a HAZ becomes
low in such a case of high heat input welding, a
HAZ hardness is determined by the carbon equiv-
alent similar to CE;;y as mentioned before. It
follows that the decrement of CEN lowers in a
steel with higher CE,y in a higher heat input
region as shown in Fig. 4.

When diffusible weld metal hydrogen and a
weld heat input differ from 5ml/100 r and 1.7 kJ/
mm of the standard condition respectively, an
increment or a decrement in CEN is given corre-
sponding to the bias from the standard as shown
in Fig.3 and Fig.4. The total bias from the
standard can thus be converted into the sum of
the CEN increments. Then, the critical preheat
temperature for a y-groove weld cracking test
with a given thickness is found by substituting the
total of the CEN increments (Figs.3 and 4) and
the original CEN calculated from the steel com-

position into CEN in the mater curves of Fig. 2.

In y-groove weld cracking testing, a one-pass
short bead is deposited on a 2 mm wide slit under
a very severe constraint. This testing is consid-
ered very stringent because of no post heat effect
by subsequent weld passes, the existence of an
acute notch at the weld root and the effect of high
tensile residual stresses. This situation consider-
ably differs from that met with the normal weld-
ing practice. From this reason, fabricators in
Japan usually employ the preheat temperature
75°C lower than the critical one in y-groove weld
cracking testing of the same welding conditions
as those in practice. This is the case for the
fabrication of a TS (tensile strength) 490 MPa
grade of steel. As the steel strength and thereby
the weld metal strength increases ovér TS590
MPa, a decrement from the critical preheat tem-
perature in y-groove weld cracking testing
should be reduced, i.e., the preheat temperature in
practice must be closer to the critical. This is
because toe cracking, under-bead HAZ cracking
and weld metal cracking other than root cracking
are more likely to occur in multi-pass welds with
an increase in the steel strength and the weld
metal strength.

Fig. 5 gives the permissible decrement from the
critical preheat temperature in the master curve
of Fig. 2, depending on the weld metal strength
and the restraints. Fig.5 uses the weld metal
yield strength instead of the steel strength. The
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Fig.5 Correction of Necessary Preheat Temperature for Welding Practice.
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reason for this is that the weld metal strength of
the finally deposited weld determines the maxi-
mum level of tensile residual stresses?®. Fig.5
also suggests that the use of a soft weld metal or
an under-matching joint is beneficial for the
avoidance of cold cracking.

As a result, the necessary preheat temperature
in the practical fabrication is determined in the
chart method in the following manner: (1) to
calculate CEN and CE;w from the steel chemical
composition ; (2) to find a CEN increment through
the deviation of the weld metal hydrogen from
the standard in Fig.3; (3) to find a CEN incre-
ment through the deviation of the heat input from
the standard and CE,w in Fig.4; (4) to correct
CEN by adding the sum of the CEN increments to
the original CEN ; (5) to determine the critical
preheat temperature in y-groove weld cracking
testing from the corrected CEN and the plate
thickness in the master curve of Fig. 2; (6) to
determine the necessary preheat temperature in
practice through the correction in Fig. 5 depend-
ing on the weld metal strength and the joint
restraint.

Let us show a example of the prediction.
Suppose CEN and CE;w be 0.38% and 0.45%,
respectively. A plate to be welded is 20 mm thick.
A welding heat input, a weld metal diffusible
hydrogen content and a weld metal yield strength
are supposed to be 2.5 kJ/mm, 10 mi/100 g, and
450 MPa, respectively. The CEN correction due
to the hydrogen content is 0.05% from Fig. 3, and
that due to the heat input and CE.w is —0.03%.
Hence, the total of the CEN increments is 0.029%
(0.05—0.03) and the corrected CEN is 0.40%

(0.38+0.02). Then, the necessary preheat temper- .

ature for y-groove weld cracking tests is given as
70°C from CEN of 0.409 and a thickness of 20 mm
from Fig. 2. The acceptable reduction of preheat
temperature is 20°C for repair welding and 60°C
for normal welding practice. Finally, the chart
method predicts that the necessary preheat tem-
perature is 50°C (70°C—~20°C) for repair welding
and no preheat (70°C—60°C) is required in normal
welding for this example. It is of quite inconve-
nience to look into several charts of Fig. 2 to Fig.
5 in this method. An application software that

programmed this procedure is thus prepared®®.
3. Comparison of Experiments and Predictions

The y-groove weld cracking tests were addi-
tionally conducted to examine the validity of the
chart method. The tested steels ranged from the
mild steel of a TS400 MPa grade to the high
strength steel of a TS780 MPa grade. Their
chemical compositions are shown in Table 3. The
weld metal hydrogen in the tests were varied
between 1 ml/100 g and 40 ml/100 g by the use of
a gas metal arc welding (GMAW), low hydrogen
electrodes, laboratory-made electrodes, and cellu-
lose electrodes. The weld heat inputs employed
were 1.7kJ/mm and 3.2 k]/mm. Table 4 shows
the carbon equivalents of the tested steels and the
welding conditions.

After the completion of test welding, y-groove
weld cracking test pieces were kept-for three
days in a chamber where the temperature was
constantly held at 20°C. The occurrence of root
cracking was macrc-photographically examined
on five transversely sectioned pieces from a y-
groove weld cracking test piece, and then the
critical preheat temperature at which root cracks
are stopped was determined. Thus obtained
critical preheat temperatures are shown as T¢; in
Table 4.

Necessary preheat temperatures for the test
cases in Table 4 were predicted by the preheat
determining methods of the BS-5135!%, the AWS
-D1.1-91'Y, the AWS-DI1.1-Appendix-XI-91'%,
and the chart method. The assumption made in
the prediction is that the restraint level is high for
the AWS Appendix-XI, the welding condition is
normal for the BS-5135, and the weld metal yield
strength is 909 of the steel tensile strength in the
chart method. The predicted results are listed in
Table 5. The chart method can predict two
preheat temperatures ; one is the critical preheat
temperature for y-groove weld cracking tests and
the other is the necessary one for actual welding
practices (T, in Table 5).

A satisfactory agreement is recognized
between the y-groove weld cracking test results
(Te:) and the prediction by the chart method,
while a fairly good agreement is recognized

Table 3 Chemical Composition of Steels for Additional y-Groove Weld Cracking Tests.
Stee! 4 Si Mn P N Cu Ni cr Mo v B CECIIW) Pcm CEN
TS400MPa . 116 .22 1.18 .022 .0028 .008 .02 .019 - - - 318 .184 . 270
TS490MPa . 174 .40 1.38 017 .0045 .009 .02 .023 - - - J411 258 414
TS590MPa .173 .29 1.30 .018 .0057 .007 - .018 - .054 .0001 .404 .255 .405
TS780MPa . 131 .24 0,80 .006 .0035 .21 80 .51 466 .032 .0008 .534 .267 .455
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Table 4 Experimental Conditions and results for y—Gro;)ve Weld Cracking Tests.

Test Steel Thicknass Carbon Equivalent Heat I[nput Electrode Hydrogen Ter'’
CECIIN) Pcnm CEN
No. (an) (%) (%) (%) (kJ/aa) (n1/100gr) ()
1 E7016-6 5 20
2 TS400MPa 25 0.318 0.184 0.270 1.7 E7016-X2’ 13 20
3 E7010-6 40 75
4 ER7058-6°’ 1 20
5 TS490MPa 20 0.411 0.258 0.414 1.7 E7016-6 5 100
] ET018-X%’ 13 125
7 ET010-6 40 150
8 TS580MPa 25 0.405 0.255 0.404 1.7 ET016-X2’ 13 100
] E7T010-6 40 125
10 ER708-6’ 1 20
1" TST80MPa 40 0.534 0.267 0.455 1.7 E11018-0 3 100
12 ET016-6 5 150
13 ET016-X?’ 13 175
14 TS780MPa 40 0.534 0.267 0.455 3.2 E7018-6 ] 100
1):Necessary proheat temperature to avoid cold cracking at HAZ
2):E7016-X is E7016-6 with middle hydrogen, made on an experimental basis
3):ERT08-6 is for GNAN process. Others are for SNAW process
Table 5 Predicted Necessary Preheat Temperatures.
Test Steel Ter Predictions
No. BS-5135 AWS-D1.1 ; Present Method
c) ; . Appendix X! ! y-groove ; Ta"?
1 20 20 ¢ - 20 5 20 120
2 TS400MPa 20 20 1 66 ! 85 ! 20 P20
3 75 200 1 66 116 i 61 boo20
4 20 20 | 20 | 20 20 {20
5 TS490MPa 100 20 i 20 5 118 i 80 o2
6 125 20 | 66 138 E 132 i 74
7 150 20 ! 68 149 ' 1563 195
i B et L L DS L R R EET LR EEED
8 TS690MPa 100 20 ' - 5 138 5 137 :: 87
9 125 ‘20 P ; 149 E 155 1105
10 20 125 | 80 | 129 : 20 P20
11 100 126 @ 80 | 149 ! 125 P14
12 TS780MPa 150 125 80 149 ! 156 E 145
13 175 175 ¢+ - 149 ; 184 bo173
14 100 200 1 80 ! 148 : 121 io110
1) :Necessary preheat temperature for ordinary conditions

predicted by using the Present Method
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between the AWS Appendix-XI and T.,.. How-
ever, the necessary preheat temperature given by
the AWS Appendix-XI (a high restraint case) is
fairly higher than T,, that should be employed in
practice by the chart method, for the lower tensile
strength steels. Instead, AWS DI1.1 gives the
necessary preheat temperatures close to Te.

The AWS Appendix-XI and the BS-5135 give
the same preheat temperatures irrespective of the
steel grade or the steel strength level if the rele-
vant steel carbon equivalent does not differ. For
instance, the AWS Appendix-XI gives the almost
same preheat temperature for the TS490 MPa
steels and the TS780 MPa steels because of their
similar Pcm values, and the BS-5135 also give the
same temperatures for the TS490 MPa and TS590
MPa steels because of their similar CE;;w values.
On the contrary, the chart method considers the
effect of residual tensile stresses or the weld
metal strength and gives T, different from T, as
shown in Table 5.

The AWS Appendix-XI successfully predicts
the effect of weld metal hydrogen on the y-groove
weld cracking tests (T.) for TS490 MPa grade
steels (Test No. 4, 5, 6 and 7). There seems to be
no effects of weld metal hydrogen for the TS400
MPa, TS490 MPa and TS590 MPa steels accord-
ing to the BS-5135. This stems from the fact that
the plate thicknesses of those steels are 20 mm
and 25 mm which are too thin for the BS-5135 to
recognize the hydrogen effect.

The AWS D1.1 and the AWS Appendix-XI do
not consider the effect of a welding heat input,
and thus the same preheat temperatures are
predicted for the test cases of No. 12 and No. 14.
The BS-5135 takes this effect into account.
However, a considerable difference is seen
between the 1.7 kJ/mm heat input of Test No. 12
and the 3.2 kJ/mm heat input of Test No. 14 ; the
preheat temperature for the former case is 125°C
and that for the latter is 20°C. The heat-input
effect of that extent would be expected in the
steels with lower hardenability or lower CE;w as
shown in Fig. 4 but it is not so for such a steel as
a TS780 MPa grade with high hardenability.

4. Effect of Weld Metal Hydrogen

The BS-5135 classifies the weld metal hydro-
gen, Hy, into four groups: A (15<Hp), B (10<H,
<15ml/100g), C (5<Hp<10ml/100g), and D
(Hp<5ml/100 g). In the BS-5135, the necessary
preheat temperature is determined by a graph
corresponding to the given CE,,y which depends
on the hydrogen level (scale A to D). These four
different levels of a linear scale can be converted

into the difference in CE,w. It may be stated that
each graph in the BS-5135 is given for the CEuw
corrected by a hydrogen level. The chart method
follows the BS-5135 in the concept of the conver-
sion of the hydrogen effect into carbon equivalen-
cy. In the BS-5135, furthermore, the conversion
from the hydrogen group A to B is equal to 0.02 in
CEnw, A to Cis 0.04 and A to D is 0.09, respective-
ly. This conversion is somewhat logarithmic.
Nevertheless, the BS-5135 seems to be unable to
reflect the effect of weld metal hydrogen correctly
on the preheat temperature determination, espe-
cially in the lower hydrogen welding, because it is
based on the linear grouping of weld metal hydro-
gen of a 5, 10, and 15 scale. In fact, the AWS A5
Committee?” has concluded that “a logarithmic
scale of benchmarks for defining better low
hydrogen electrodes was more logical than the
IIW linear system” which is equivalent to the BS
-5135.

A JSSC (Japan Steel Structure Construction)
procedure® adopts a linear effect of hydrogen.
The cold cracking susceptibility index, P. in this
procedure is as follows :

P.=Pcm+H,/60+K/4000 (1)
where, Hp : diffusible weld metal hydrogen by a
glycerine method (ml/100 g), K : restraint inten-
sity of a joint (Kgf/mm/mm).

Itoh et al.® later suggested that the term of Hp
should be replaced by 0.093 log(Hy), taking the
logarithmic effect of hydrogen into account.
Many methods regard a weld metal effect as
logarithmic while the coefficient of log (Hp) being
slightly different?®®!229,

The experimental results concerning the hydro-
gen effect are plotted in Fig. 6, where the critical
preheat temperatures in y-groove weld cracking
tests are indicated against a logarithm of hydro-
gen in Fig. 6a and in a linear scale in Fig. 6b. It is
absolutely obvious that the logarithmic descrip-
tion of the hydrogen effect is more logical than
the linear description.

Let us now attempt to verify the logarithmic
dependence of hydrogen. Cold cracking is gener-
ally initiated when a weld cools below 100°C?®.
The hydrogen effusion from a weld is limited
below 100°C or thereabouts because of the low
hydrogen diffusion rates in lower temperatures.
In other words, the remaining hydrogen at 100°C,
(Hg), that is effective to the cold cracking initia-
tion and propagation, is determined as a function
of thermal history till 100°C® :

Hr=H,"f(ti00) (2)
where, H, : initial hydrogen content that is the
weld metal diffusible hydrogen (ml/100 g), tyoo :
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Fig. 6 Relation between y-Groove Weld Cracking Test Results and Weld Metal Hydrogen.

Table 6 Welding Conditions for a Case Study.
Steel Carbon Critical Weid Metal Cooling
Equivalent Preheat Hydrogen Time
Ter (°C) Ho (ml/100g) t 00 (8
Steel-1 CE1 50 2 ta
100 4 th
Steel-2 CE2 50 5 ta
? 10 ?

cooling time to 100°C after the completion of
welding (s).

The primary objective of preheating is to
extend t, and to reduce Hg.

A case study is attempted to verify the logarith-
mic relation. Let us suppose in this case study
that the critical preheat temperatures are 50°C
under the welding of weld metal hydrogen of 2
ml/100 g and 100°C under 4 ml/100 g for the Steel
-1 with carbon equivalency of CE1. Suppose the
critical preheat temperature is 50°C under the
weld metal hydrogen of 5ml/100 g for the Steel-
2 with CE2, then what is the critical preheat
temperature for Steel-2 in the welding with weld
metal hydrogen of 10 m1/100 g ? This situation is
depicted in Table 6.

From Eq. 2, the residual hydrogen is given as:

Hr (Steel-1) =21 (t,) =4-f(t,) (3)
Hg (Steel-2) =5-1(t,) (4)
Then, the following relation results from Eq. 3
and Eq. 4:
Hp (Steel-2) =10-f(t,) (5)

Since t, is the cooling time for the 100°C pre-
heating, Eq. 5 implies that 100°C is the answer for
the critical preheat temperature for Steel-2 weld-

ed with weld metal hydrogen of 10 m1/100 g.
Almost all the methods determining necessary
preheat temperature use a parameter which
includes the carbon equivalency and the hydrogen
effect. This parameter may be called a cold
cracking susceptibility index, CI which is expres-
sed like Pc in Eq. 1 as:
CI=CE+g(H,) (6)
Assuming that g(H,) is of a logarithmic func-
tion, i.e,, g(H,) =A log (H,) where A is constant,
then CI is given for the case of Table 6 as fol-
lows :
CE1+Alog(2) =CE2+A log (5)

for 50°C preheat (7)
CEl1+A log(4) =CE2+A log (10)
for 100°C preheat (8)

An identical answer is derived from both Eq. 7

and Eq.8:
CE1-CE2=Alog(5/2) from Eq.7
=Alog(10/4) from Eq.8 (9)

As indicated in Eq. 9, there is no inconsistency
in the logarithmic assumption for the hydrogen
effect. However, if the linear function is assumed
for g(H,), then g(H,) =B H, where B is constant
and it follows:
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CE1+BXx2=CE2+BX5

. for 50°C preheat (10
CE1+BXx4=CE2+BX10
for 100°C preheat {1
From Eq. 10, CE1—CE2=Bx3 12
From Eq. 11, CE1—CE2=BX6 13

Eq.12 and Eq. 13 do not meet each other. It
can, therefore, be concluded that the effect of
weld metal diffusible hydrogen on the cold crack-
ing susceptibility must be logarithmic.

5. Other Considerations in Preheating

The occurrence of cold cracking is greatly
influenced by a notch concentration factor at the
vicinity of a cracking initiation site, and a notch
concentration factor is notably high in root welds
in partial penetration welding®. However, in
normal welding practice, root cracks are inspect-
ed after the completion of V-groove welding or at
the back gouging of root welds of a first pass side
in double-V (X) and double single bevel (K)
welding. The chart method is on the premise of
these cases. Therefore, preheat temperatures
should be somewhat higher than that given by the
chart method for the partial penetration welding
in which a difficulty inherently arises in the
inspection of root cracking. The preheat for the
repair welding case in Fig. 5 may be recommend-
ed for the partial penetration welding.

The cooling time to 100°C, t;q, is governed not
only by a preheating temperature but also by a
preheating method. Localized preheating or pre-
heating with a rapid heating rate considerably
shortens tio. The master curves of Fig. 2 is for
homogeneous preheating, and uniform preheating
with a slow heating rate is thus recommended in
welding practices. Otherwise, preheating temper-
atures must be raised higher than that given by
the chart method.

The master curves assumes that y-groove weld
cracking tests are conducted at the ambient tem-
perature of around 10°C. The authors proposed a
method of the conversion of an ambient tempera-
ture effect to the CEN increment so that the chart
method can be used for the case of a different
ambient temperature?®. At any rate, the neces-
sity of preheating is relaxed in a hot climate but
higher preheating temperatures than that given
by the chart method should be employed in a cold
climate.

Furthermore, the most recommended measures
to avoid cold cracking especially in stringent
conditions is postheating immediately after the
completion of welding or the sustenance of a weld
at temperatures higher than the necessary pre-

heat temperature during multi-pass welding.
This measures is very effective from a viewpoint
of the extension of t,q, which results in the enhan-
cement of hydrogen effusion from a weld.
Although there is no rule stipulating the condition
of the immediate postheating, the temperature
and the duration for this heat treatment may be
150° or thereabouts and around 10 mins per 25 mm
thickness, respectively.

6. Conclusion

A chart method determining preheat tempera-
tures was reviewed focussing on the effect of
carbon equivalency and weld metal diffusible
hydrogen. The validity of the BS-5135, the AWS
D1.1, and the chart method was compared based
on the cold cracking test results.

1) A number of carbon equivalents have been
proposed. However, there is no perfect carbon
equivalency which can evaluate HAZ hardness
and a microstructure change both affected by a
welding cooling rate. Among them, CEN carbon
equivalent is considered a preferable index in
assessing the cold cracking susceptibility of a
wide variety of steels.

2) The effect of weld metal diffusible hydro-
gen on the cold cracking susceptibility must be
not linear but logarithmic, from both the experi-
mental facts and the analysis of hydrogen
diffusion.

3) It seems difficult for a simple formula of
the susceptibility index to determine necessary
preheat temperatures in steel welding. This is
because cold cracking is influenced independently
or in an interacted manner by many factors in-
cluding the steel chemical composition, the weld
heat input, the weld thickness, the weld metal
diffusible hydrogen, the weld metal strength, the
joint constraint and others. A chart method,
which takes all the above effects into account and
is based on CEN and logarithm of hydrogen, is
considered preferably reliable for a wide variety
of welding conditions.
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