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Calculating the Susceptibility of Carbon Steels
to Solidification Cracking During Welding

CHUNZHI XIA and SINDO KOU

Existing experimental results of weldability tests show the susceptibility of carbon steels to
solidification cracking varies significantly with the C content. To analyze the effect of the C
content on the susceptibility, equilibrium solidification of binary Fe-C alloys was assumed as an
approximation in view of the rapid diffusion of the interstitial solute C in Fe. First, the curve of
the equilibrium freezing temperature range vs. the C content was plotted and compared with the
experimental results, but the agreement was not good. Then, the susceptibility index, i.e., |dT/
d(fS)

1/2| near (fS)
1/2 = 1 (T: temperature; fS: fraction solid) recently proposed for Al alloys was

tried. The curve of the susceptibility index vs. the C content was calculated. The curve agreed
well with the experimental results of crack susceptibility tests of carbon steels in welding.
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I. INTRODUCTION

CRACKING can occur in the mushy zone during
solidification, called solidification cracking in welding
and hot tearing in casting. It occurs along boundaries of
columnar dendritic grains under the tension induced by
solidification shrinkage and thermal contraction.[1] Var-
ious weldability tests have been used to evaluate the
susceptibility of alloys to solidification cracking. The
most widely used test is the Varestraint test.[2] A
horizontal plate is bent downward suddenly during
welding against a curved block to induce tension in the
plate and hence the mushy zone to cause cracking. The
greater the maximum or total crack length is under a
given tension (i.e., for a given plate thickness and radius
of the bending block), the higher the crack susceptibility.
Although the tension at the top surface of the plate is
known, the tension in the mushy zone that causes
cracking is unknown. The transverse-motion weldability
(TMW) test is a newest test developed recently by Soysal
and Kou.[3,4] This is a simple lap welding experiment
illustrated in Figure 1. The upper sheet is stationary
while the lower sheet is moved at a constant speed V in
the transverse direction of welding to induce tension in
the mushy zone alone to cause cracking. The slower the
lower-sheet V is required to cause cracking, the higher
the crack susceptibility. The nominal horizontal tensile

strain rate at the top surface of the mushy zone is the
horizontal width of the weld divided by V. Unlike the
Varestraint test,[2] the TMW test can induce solidifica-
tion cracking by applying tension slowly and a filler
metal can be used during welding to evaluate its effect
on solidification cracking. The TMW test requires no
pneumatic system and bending blocks, only a motor. It
also requires much less workpiece material. The TMW
test has been applied to Al alloys,[3–5] Mg alloys,[6]

stainless steels,[7] Ni-base alloys[8] and carbon steels.[9]

The validity of the TMW test[3–9] has been verified by
the results of other weldability tests and by filler metal
guides.
Kou[10] recently proposed a criterion for solidification

cracking. Based on the criterion, an index was further
proposed for predicting the susceptibility to solidifica-
tion cracking.[10,11] The validity of the index was verified
against welds of Al alloys,[4,12–16] Mg alloys,[6] Ni-base
alloys,[8] and Al filler-metal guides.[17,18] The criterion
for cracking is illustrated in Figure 2(a), where a volume
element X is shown between the roots of two columnar
dendritic grains near the centerline of the mushy zone.
For mathematical analysis, the grains near the centerline
can be imagined to be growing inside an array of
hexagonal tubes along the welding direction.[10]

Three factors can affect if a void (crack) can form in
the volume element. Factor 1 is the volumetric rate of
space increase in X caused by the transverse tensile
strain. Factor 2 is the volumetric rate of space decrease
in X caused by the lateral growth of the grains. Factor 3
is the volumetric rate of space decrease in X caused by
liquid entering X minus liquid leaving X. The criterion
for cracking to occur is that Factor 1 exceeds the sum of
Factors 2 and 3. Although liquid has no strength to
resist cracking, it can feed the space in X to keep a void,
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i.e., crack, from being created. An equation was derived
for the criterion based on the conservation of space.[10]

Cracking can occur if crack initiation sites are available,
such as micro porosity or folded oxide films[19,20] or
external surfaces.[21]

Kou[10] proposed |dT/d(fS)
1/2| near (fS)

1/2 = 1 as the
index for the susceptibility of Al alloys to solidification
cracking, where T is temperature and fS the fraction of
solid. The higher the index is, the greater the crack

susceptibility becomes. The index is explained in
Figure 2(b). Let R be the characteristic radius of
columnar grains near fS = 1. As an approximation, he
showed R is proportional to (fS)

1/2. Thus, for a given
temperature drop |dT| during cooling, a high |dT/d(fS)

1/

2| suggests a very small lateral growth dR. So, lateral
growth is very slow, and Factor 2 is small. Since the
grains grow thicker very slowly as they grow longer, the
liquid channels between the grains becomes very long,
which slows down the liquid feeding needed to resist
cracking.[22] So, Factor 3 is also small. Thus, the higher
|dT/d(fS)

1/2| is near (fS)
1/2 = 1, the more likely Factor 1

can exceed Factor 2 plus Factor 3.
Since the maximum steepness |dT/d(fS)

1/2| occurs near
(fS)

1/2 = 1, the maximum steepness can also be used as
the index.[11] Based on the observation of Fisher and
Kurz,[23] extensive bonding between columnar dendrites
can occur at fS = 0.98, that is, (fS)

1/2 = 0.99. Thus,
Kou[11] also proposed to use the maximum |dT/d(fS)

1/2|
up to (fS)

1/2 = 0.99 as a simple index for the crack
susceptibility of Al alloys. Beyond (fS)

1/2 = 0.99,
solidification cracking is unlikely because of extensive
bonding between grains. As mentioned previously, the
validity of the index has been verified against Al
welds.[4,6,8,12–18] The crack susceptibility index proposed
by Kou[10,11] has also been used by other
investigators.[24–27]

In the present study, the maximum |dT/d(fS)
1/2| near

(fS)
1/2 = 1 was applied to carbon steels as the suscep-

tibility index and was calculated based on equilibrium
solidification, i.e., complete diffusion of C in both liquid
and solid iron.

(a)

(b)

Fig. 2—Solidification cracking model proposed by Kou[10]: (a) criterion for cracking and (b) index for crack susceptibility.

Fig. 1—Transverse motion weldability test.[3,4] The lower sheet is
moved in the transverse direction of welding to induce solidification
cracking.
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II. PROCEDURE

The thermodynamics software Pandat[28] and the Fe
database PanIron[29] of CompuTherm, LLC, Madison,
WI were used to calculate the binary Fe-C phase
diagram. The equilibrium solidification model was then
used, that is, assuming complete diffusion in both liquid
and solid, to calculate the fraction of solid fS as a
function of temperature T for binary Fe-C alloys of
various C contents. The curves of T vs. fS, i.e., the
solidification paths, of the Fe-C alloys were plotted. The
curves of T vs. (fS)

1/2 were also plotted. Extensive
bonding between grains was assumed to occur at fS =
0.98, i.e., (fS)

1/2 = 0.99. Thus, the maximum steepness
|dT/d(fS)

1/2| up to (fS)
1/2 = 0.99 was taken as the crack

susceptibility index. The index was then plotted as a
function of the C content, that is, the crack susceptibility
curve of Fe-C alloys.

III. RESULTS AND DISCUSSION

A. Equilibrium Freezing Temperature Range

The calculated binary Fe-C phase diagram is shown in
Figure 3(a). It shows three phases in equilibrium with
each other at the peritectic temperature 1494.6 �C. They
are d-ferrite at its maximum C solubility 0.093 wt pct C,
austenite c at the peritectic point 0.172 wt pct C, and the
liquid phase L at 0.528 wt pct C. The assumption of
complete diffusion in both liquid and solid, i.e., equilib-
rium solidification, is based on the fact that C is an
interstitial solute in Fe. At a given C content, the
equilibrium freezing temperature range is from the
liquidus temperature to the solidus temperature at the
C content. As shown in Figure 3(b), it increases with
increasing C content from zero in pure Fe to the
maximum solubility of d-ferrite at 0.093 wt pct C,
decreases with increasing C content to the peritectic
point at 0.172 wt pct C, and then increases again with
further increase in the C content.

Figure 4 shows the experimental results of the Vare-
straint test and the TMW test of carbon steels. The
closed circles indicate the TMW test results of Xia and
Kou,[9] shown by plotting the lower-sheet speed V vs. the
C content. As mentioned previously, the slower the
lower-sheet V is required to cause cracking, the higher
the crack susceptibility. In Figure 4 V is plotted to
increase from top to bottom, so that crack susceptibility
is higher near the top and lower near the bottom,
consistent with results of other tests shown in the same
figure. In the TMW test of a given material, a crack
initiated does not propagate at all when V is low and
propagates all the way to the end of the weld (i.e., full
propagation) when V is high. Thus, there exists a range
of V where crack propagation changes from none to full
crack propagation, i.e., the transition range. In Figure 4
the transition range of each carbon steel tested is
indicated by a vertical bar, with a closed circle shown
at the midpoint of the range. Thus, a bar located closer
to the top of the figure indicates a higher crack
susceptibility.

In Figure 4 the open circles indicate the results of
Shankar and Devletian[30] based on the longitudinal
version of the Varestraint test.[2] The open triangles are
also the results of Shankar and Devletian[30] but based
on the transverse version of the Varestraint test.[31] Both
sets of results are shown by plotting the maximum crack
length vs. the C content. The closed triangles indicate the
results of Matsuda et al.[32] based on in situ observation
and measurement during the tensile hot cracking test of
plain carbon steels, shown by plotting the minimum
strain required to cause cracking vs. the C content.
Welding was conducted along the centerline of a
horizontal tensile-test specimen pulled in the transverse
direction of welding. The lower the minimum strain was
needed to cause cracking, the higher the crack suscep-
tibility. As can be seen, the experimental results of the
weldability tests shown in Figure 4 are essentially
consistent with each other except for the three points
of Shankar and Devletian[30] encircled by the oval,
which seem consistent neither with the results of
Matsuda et al.[32] nor those of the TMW test.[9]

(a)

(b)

Fig. 3—Binary Fe-C system: (a) phase diagram and (b) equilibrium
freezing temperature range DT (from liquidus to solidus). Calculated
using Pandat[28] and PanIron[29]
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The thick dotted line in Figure 4 is the curve of the
equilibrium freezing temperature range DT vs. the C
content. As an approximation, the carbon steels in the
present study are taken as binary Fe-C alloys, neglecting
their very low S and P, and relatively low Si and Mn
(Table I). However, the equilibrium freezing tempera-
ture range does not correlate with the experimental
results.

B. Index for Solidification-Cracking Susceptibility

The index for the susceptibility to solidification
cracking recently proposed by Kou,[11] i.e., the maxi-
mum values of |dT/d(fS)

1/2| up to (fS)
1/2 = 0.99, is

explored as follows. Figure 5 shows example T–fS curves
of several binary Fe-C alloys. The arrowheads along the
curves indicate the points where new solid phases start
to form from the liquid phase (L) during solidification.

Figure 6 shows the curves of T vs. (fS)
1/2 beyond (fS)

1/

2 = 0.90 based on the T–fS curves in Figure 5. The short
straight lines are the tangents showing the maximum
steepness |dT/d(fS)

1/2| up to (fS)
1/2 = 0.99, that is, the

index for the susceptibility to solidification cracking.
The index is plotted vs. the C content in Figure 6(h). The
‘‘N-shaped’’ curve shows a peak at 0.093 wt pct C (the
maximum C solubility in d-ferrite) and a minimum at
0.192 wt pct C (slightly beyond the peritectic composi-
tion 0.172 wt pct C).
In Figure 7 the curve of the calculated susceptibility

index vs. the C content (dotted thick line) is compared
with the results of the TMW test and the Varestraint
tests. As shown, the curve correlates well with the results
of the TMW test and the Varestraint tests, except for the
three points of Shankar and Devletian[30] inside the oval.
As can be seen, the peak of the calculated susceptibility
curve at 0.093 wt pct C is very close to the peak shown
by Shankar and Devletian[30]. In the butt-welding test of
low C steels, Ohshita et al.[33] observed a critical C
content, slightly below which solidification cracking
occurred and slightly above which solidification crack-
ing disappeared. The critical content existed between
0.08 and 0.11 wt pct C, close to the peak shown in
Figure 7. As shown in Figure 6, the steepness of the
T–(fS)

1/2 curve decreases with increasing C content from
0.093 wt pct C (Figure 6(b)) through 0.192 wt pct C
(Figure 6(e)). This suggests, with increasing C content
from 0.093 to 0.192 wt pct C, columnar dendritic grains
grow thicker faster to bond together and liquid feeds

Fig. 4—Comparing susceptibility to solidification cracking based on TMW test, Varestraint tests, tensile hot cracking test, and equilibrium
freezing temperature range DT.

Table I. Chemical Compositions (Wt Pct) of the Carbon
Steels Tested by Xia and Kou[9]

Carbon Steels C Mn Si P S Fe

04C 0.044 0.20 0.02 0.004 0.002 balance
09C 0.09 0.29 0.02 0.023 0.009 balance
16C 0.16 0.77 0.01 0.010 0.007 balance
44C 0.44 0.89 0.21 0.014 0.0001 balance
50C 0.50 0.69 0.24 0.010 0.003 balance
65C 0.65 1.04 0.23 0.015 0.001 balance
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faster, thus increasing the resistance to solidification
cracking. This explains the decreasing susceptibility with
increasing C from 0.093 to 0.192 wt pct C.

As can also be seen in Figure 7, the calculated
susceptibility curve shows a minimum at 0.192 wt pct
C. In the intermittent butt-welding test of carbon steels
in the range of 0.13 to 0.22 wt pct C, Amaya et al.[34]

showed the crack susceptibility was negligible but
started to increase suddenly beyond 0.19 wt pct C. This

critical C content of 0.19 wt pct is consistent with the
minimum susceptibility at 0.192 wt pct C shown in
Figure 7.
Thus, the crack susceptibility curve based on the

maximum |dT/d(fS)
1/2| from (fS)

1/2 = 0.90 to 0.99 as the
susceptibility index is consistent with the results of the
TMW test,[9] Varestraint tests,[30] tensile hot cracking
test,[32] and butt-welding tests.[33,34] This seems to
indicate that C plays a dominant role in the solidifica-
tion cracking of carbon steels. However, other elements

(a) (e)

(b) (f)

(c) (g)

(d) (h)

Fig. 5—Calculated paths of equilibrium solidification (i.e., complete C diffusion in solids and liquid) of Fe-C alloys: (a) Fe-C phase diagram and
(b) through (h) curves of T vs. fS.
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are also present, such as Mn, Si, P and S as shown in
Table I for the carbon steels used in the TMW test.[9] S
and P are known to increase the crack susceptibility of
steels. They affect the crack susceptibility more signif-
icantly than Mn and Si. The S content is very low (0.001
to 0.003 wt pct) except for steels 09C and 16C. Steel 09C
contained 0.009 wt pct S and 0.29 wt pct Mn, and the

Mn/S ratio was 32.2. Steel 16C contained 0.007 wt pct S
and 0.77 wt pct Mn, and the Mn/S ratio was 110.
Smith[35] showed no solidification cracking in carbon
steels at 0.09 wt pct C if Mn/S> 9 and no cracking at
0.16 wt pct C if Mn/S> 55. Thus, S in steels 09C and
16C might not have a significant effect on their crack
susceptibility. The P content was about constant at

(a) (e)

(b)
(f)

(c)
(g)

(d)

(h)

Fig. 6—Calculated crack susceptibility of Fe-C alloys: (a) through (g) maximum |dT/d(fS)
1/2| (from Fig. 5) up to (fS)

1/2 = 0.99 as susceptibility
index and (h) calculated crack susceptibility curve.
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0.012 wt pct except for steel 04C (0.004 wt pct P) and
steel 09C (0.023 wt pct P). Steel 09C had twice more P
than steel 16C (0.010 wt pct P) but a lower crack
susceptibility than steel 16C. Thus, the higher P content
(0.023 wt pct) of steel 09C could not have increased its
crack susceptibility significantly. The ferrite potential
corresponding to Table I is shown in Table II, which
will be discussed subsequently. In the Fe-C alloys of
Shankar and Devletian[30] shown in Figure 7, the S
content and the P content were both below 0.001 wt pct
as can be seen in Table III. The ferrite potential
corresponding to Table III is shown in Table IV, which
will also be discussed subsequently. In the plain carbon
steels of Matsuda et al.[32], the S content was below
0.005 wt pct and the P content at 0.010 wt pct as can be
seen in Table V. The ferrite potential corresponding to
Table V is shown in Table VI, which will also be
discussed subsequently.

Fig. 7—Comparing results of TMW test, Varestraint tests, tensile hot cracking test, and susceptibility calculation (under equilibrium
solidification).

Table II. Ferrite Potential Calculated Based Table I Using Eqs. [1] and [2]

Carbon Steels C + 0.02 [Mn] �0.1 [Si] CP FP

04C 0.044 + 0.004 � 0.002 0.0460 1.1350
09C 0.09 + 0.0058 � 0.002 0.0938 1.0155
16C 0.16 + 0.0154 � 0.001 0.1654 0.8365
44C 0.44 + 0.0178 � 0.021 0.4368 0.1580
50C 0.50 + 0.0138 � 0.024 0.4898 0.0255
65C 0.65 + 0.0208 � 0.023 0.6478 � 0.3695

Table III. Compositions (Wt Pct) of Carbon Steels Tested

by Shankar and Devletian
[30]

Carbon Steels C Mn Si P S

#9628 0.002 0 0.07 0.001 0.001
#9855 0.012 0 0.076 0 0.0005
#9937-A 0.030 0 0.07 0.001 0.0007
#9629 0.053 0 0.07 0.001 0.001
#9656 0.078 0 0.075 0 0.0008
#9637-B 0.09 0 0.07 0.001 0.0007
#9636 0.104 0 0.072 0.001 0.001
#9658 0.165 0 0.071 0 0.0004
#9631 0.228 0 0.07 0.001 0.001
#9637 0.30 0 0.07 0 0.0004
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C. Further Discussion

The focus of the present study is welding instead of
casting. However, it is worth mentioning that hot
tearing and related issues in casting of carbon steels
have been studied extensively.[36–40] Numerous examples
can be found in the review by Azizi et al.[38] Some of the
results in the present study can be related to work on
steel casting as follows.

Figure 7 shows that beyond 0.2 pct C the crack
susceptibility increases with increasing C content. The
welding mushy zone can be expected to be longer along
its centerline with a higher C content, which can be seen
from the Fe-C phase diagram in Figure 3(a). In all the
crack susceptibility tests involved in Figure 7, the mushy
zone is subjected to applied tension, especially in the
transverse direction. Thus, the mushy zone can be
expected to crack to the end of its centerline. This may
not be true in continuous casting where tension is not
applied externally. So, beyond 0.2 pct C the crack
susceptibility may increase in a weldability test but not
necessarily in continuous casting.

The strain (shrinkage) induced by the d fi c trans-
formation has been shown to play a crucial role in hot
tearing in steel casting.[38] For carbon steels this shrink-
age is most significant at 0.1 wt pct C.[40] Consider the
09C steel (0.09 wt pct C) in Figure 7 as an example for
comparing the strain rate caused by the d fi c
transformation and the strain rate in the TMW test.
The equilibrium temperature range of the (d + c) region
at 0.09 wt pct C, taken from the Fe-C phase diagram in
Figure 5(a), is about 40 �C. Senda et al.[31] measured a
cooling rate of about 267 �C/s during solidification of
steel in welding. Using this cooling rate for estimation,
the time to cool through the 40 �C range for the d fi c
transformation in the 09C steel weld is 0.15 s (i.e., 40 �C
‚ 267 �C/s). Ohshita et al.[33] pointed out the lateral
shrinkage associated with the transformation from
d-ferrite to austenite c is 0.0011. Thus, the strain rate
can be estimated as 0.73 pct/s (i.e., 0.0011 ‚ 0.15
seconds).

Table IV. Ferrite Potential Calculated Based Table III Using Eqs. [1] and [2]

Carbon Steels C + 0.02 [Mn] � 0.1 [Si] CP FP

#9628 0.002 0 � 0.007 � 0.005 1.2625
#9855 0.012 0 � 0.0076 0.0044 1.239
#9937-A 0.030 0 � 0.007 0.023 1.1925
#9629 0.053 0 � 0.007 0.046 1.135
#9656 0.078 0 � 0.0075 0.0705 1.07375
#9637-B 0.09 0 � 0.007 0.083 1.0425
#9636 0.104 0 � 0.0072 0.0968 1.008
#9658 0.165 0 � 0.0071 0.1579 0.85525
#9631 0.228 0 � 0.007 0.221 0.6975
#9637 0.30 0 � 0.007 0.293 0.5175

Table V. Compositions (Wt Pct) of Carbon Steels Tested by Matsuda et al.[32]

Carbon Steels C Mn Si P S Fe

08C 0.08 0.28 0.14 0.010 0.003 balance
16C 0.16 0.28 0.14 0.010 0.004 balance
30C 0.31 0.28 0.14 0.010 0.004 balance
50C 0.50 0.29 0.14 0.010 0.005 balance

Table VI. Ferrite Potential Calculated Based Table V Using Eqs. [1] and [2]

Carbon Steels C + 0.02 [Mn] � 0.1 [Si] Cp FP

08C 0.08 + 0.0056 � 0.014 0.0716 1.071
16C 0.16 + 0.0056 � 0.014 0.1516 0.871
30C 0.31 + 0.0056 � 0.014 0.3016 0.496
50C 0.50 + 0.0058 � 0.014 0.4918 0.0205
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Now consider the strain rate in the 09C-steel weld
during the TMW test. The transition range for the
lower-sheet V to change from no cracking to full
cracking is from 0.155 to 0.208 mm/s, the midpoint of
the range being about 0.18 mm/s. Since the width of the
09C-steel weld W is 4.4 mm,[9] the overall critical strain
rate in the transverse direction across the width of the
weld is 0.18 mm/s divided by 4.4 mm, that is, 0.041/s or
4.1 pct/s. This strain rate is much higher than the 0.73
pct/s strain rate caused by the d fi c transformation. In
fact, it has been shown that the local critical strain rate
near the crack is much higher than the overall critical
strain rate across the width of the weld, about one order
of magnitude higher.[41,42] Thus, it is likely that the
strain rate caused by the dfi c transformation in carbon
steels is less significant in welding than in casting.

Wolf[43] introduced the following ferrite potential
(FP) as a measure of the extent of the peritectic behavior
experienced by a steel:

FP ¼ 1:25� 2:5 CP½ �; ½1�

where the carbon equivalent CP is defined as follows:

CP ¼ C½ � þ 0:02 Mn½ � þ 0:04 Ni½ � � 0:1 Si½ � � 0:04 Cr½ �
� 0:1 Mo½ �:

½2�
When FP is in the range of 0.85 to 1.05 (peritectic

behavior range), the tendency for depressions, crack
formation, and uneven shell growth is said to be high.

Table II shows the ferrite potentials calculated for the
carbon steels used in the TMW test based on their
compositions listed in Table I. The compositions of the
carbon steels used by Shankar and Devletian[30] and
their ferrite potentials are shown in Tables III and IV,
respectively. Likewise, the compositions of the carbon
steels used by Matsuda et al.[32] and their ferrite
potentials are shown in Tables V and VI, respectively.
Based on these tables, Figure 7 is replotted vs. the ferrite
potential as shown in Figure 8. The shaded region
represents the range of 0.85 to 1.05, in which the
peritectic behavior is expected to be highest. As shown a
peak crack susceptibility does exist in the range of ferrite
potential between 0.85 and 1.05 as expected. However,
below the range the crack susceptibility decreases with
decreasing ferrite potential, instead of remaining
roughly constant and well below the peak as expected
in casting of carbon steels.[38]

Finally, it just came to the authors’ attention that the
index for the susceptibility to solidification cracking
proposed by Kou[10,11] has been applied by Guo and
Wen[26] recently to study hot tearing in steel ingots.
Unlike the equilibrium solidification of binary Fe-C
alloys considered in the present study, they considered
multicomponent alloys and diffusion in calculating the
index, which had been demonstrated previously by Liu
and Kou for Al alloys.[13] They concluded the index was
useful for their study.

Fig. 8—Plotting results of TMW test, Varestraint tests, and tensile hot cracking test in Fig. 7 vs. ferrite potential.
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IV. CONCLUSIONS

By assuming equilibrium solidification of binary Fe-C
alloys as an approximation for the solidification of
carbon steels, the susceptibility of carbon steels to
solidification cracking can be analyzed. The curve of the
equilibrium freezing temperature range vs. the C content
does not correlates well with the experimental data of
the weldability tests of carbon steels. Based on equilib-
rium solidification and the maximum |dT/d(fS)

1/2| near
(fS)

1/2 = 1 as the index for the susceptibility to
solidification cracking, the curve of the susceptibility
vs. the C content has been calculated. The curve agrees
with the weldability tests of carbon steels.
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