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Abstract

A new test was developed to evaluate the cracking sensitivity of thick plates based on
the strong constraint conditions during the welding process. A typical application of the new
test on assessing the cracking sensitivity of Q345R container steel was also investigated. The
surface crack rate (δ) and the cross-section crack rate (ζ) both increased when setting the gap
narrower. Crack rate and crack length both increased with increasing restraint stress. Under
the critical constraint stress, the experimental results show that the welding heat input has
no significant effect on crack sensitivity. With increasing carbon equivalent, the crack length
and crack rate both increased. The aggregation of S and P was found near the crack, and the
oxygen content was high. The fracture showed the characteristics of dendrites and microcrack,
which was approved as a solidification crack.

K e y w o r d s: rib plate restraint crack sensitivity test, numerical simulation, residual stress,
critical constraint stress, crack sensitivity, solidification cracking

1. Introduction

At present, the commonly used welding cold crack
tests mainly include the Y-shaped groove butt crack
test, the cold crack test method for pin welding, the
butt joint rigid restraint welding crack test method,
the tensile restraint crack test (TRC), etc. The weld-
ing hot crack test mainly includes the adjustable
restraint crack test and the pressure plate docking
(FISCO) welding crack test. The conventional crack
sensitivity test mainly has two limitations: one is that
the test method is not closely related to the field
welding, and the test constraint stress state has dif-
ficulty reflecting the actual welding situation; sec-
ond, the constraint stress of some methods is less
than the existing welding site, and it is difficult to
predict the crack sensitivity of the welding site. Be-
cause of the above problems, according to the ac-
tual situation of field construction, a new test method
for welding crack sensitivity is proposed: the method
of rib plate restraint crack sensitivity. The sensitiv-
ity of the rib plate restraint method to the crack
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is explored by means of numerical calculations and
tests.
In the last decade, we have made great progress

in understanding residual stresses and deformations
in welded structures. In the context of pressure ves-
sel and pipeline applications, Dong et al. [1] reviewed
the latest advances in welding residual stress modeling
procedures. Garza et al. [2] measured residual stresses
using the deep hole drilling method, and the results
were compared with those from finite element analy-
sis with good agreement. Deng et al. [3, 4] used the
three-dimensional thermal elastic-plastic deformation
finite element method (FEM) to simulate the welding
deformation of butt-welded joints of low-carbon steel.
The welding temperature field, plastic strain distribu-
tion, and welding residual stress characteristics of the
welded sheet were numerically analyzed. By compar-
ing the simulation results with the measured results,
it is found that the finite element prediction results of
thermal elastic-plastic large deformation are in good
agreement with the experimental values. Boellinghaus
et al. [5, 8] explored the effects on a wide range of
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Ta b l e 1. Chemical constituents of Q345R and E711 (mass fraction, %)

Materials C Mn P S Si Al Nb Ti Fe

Q345R 0.1 1.5 0.013 0.003 0.25 0.025 0.032 0.36 97.717
E711 0.059 1.41 0.016 0.008 0.41 – – – 98.097

parameters to give the reader a comprehensive un-
derstanding of what to consider when preparing for a
weldability test. The effect of volume change caused by
austenite-martensite transformation on final residual
stress and welding deformation was treated. The final
residual stress and welding deformation of low-carbon
steel were not affected by HAZ solid phase transfor-
mation [6, 7].
Currently, the research on welding numerical sim-

ulation at home and abroad mainly focuses on the
numerical simulation of thin plate welding, T-joints,
thin small steel pipes, or the numerical simulation of
welding for some new materials [9–11]. In the pro-
cess of pressure vessel production, Q345R, as a widely
used pressure vessel steel, is a kind of low alloy struc-
tural steel. Compared with ordinary carbon structural
steel, it has high strength, good corrosion resistance,
is lightweight, and has low-temperature performance.
However, during the welding process, cracks some-
times occur under the strong constraint conditions of
large and thick plates. Especially in the first welding
process, cracks are more likely to initiate due to the
enormous constraint stress.
Welding crack is one of the defects that have the

greatest impact on the quality and performance of
joints in equipment welding manufacturing. It not only
reduces the strength of the weld but also is more likely
to form a sharp notch at the end of the crack, caus-
ing serious stress concentration, resulting in failure
of the welded structure and production safety acci-
dents. Therefore, in the welding process, it is neces-
sary to avoid the occurrence of welding cracks; espe-
cially in the welding and manufacturing of pressure
vessels, the requirements for cracks are more stringent.
A reliable and accurate evaluation method of welding
crack sensitivity is a strong guarantee for joint qual-
ity.

2. Test materials and methods

2.1. Test materials

Q345R container steel was selected for the rib
plate restraint test. Test plate parameters were
(620 × 268 × 20mm3) with a V-shaped groove, a
single groove angle of 25◦, and a blunt root edge of
1 mm. The welding wire was an E711 ø 1.2 mm flux-
cored wire, and the material composition is shown in
Table 1.

Fig. 1. Diagram of the rib restraint method.

2.2. Test method

Welding is a process of local rapid heating and
subsequent rapid cooling. With the movement of the
heat source, the temperature of the whole weldment
changes sharply with time and space. The distribu-
tion of the welding temperature field is very un-
even, and considerable welding stress and deforma-
tion will generate during welding. Before the test,
a three-dimensional thermal elastic-plastic finite el-
ement model was established. The birth and death
element method was used to simulate the weld fill-
ing and welding heat input process, and the dynamic
stress and deformation during the whole welding pro-
cess were realized. The welding temperature field and
stress field of the rib plate were obtained, and the
welding residual stress distribution of the rib plate
was analyzed [3]. Through the calculation: find the
significant constraint stress that is convenient to test,
establish the model shown in Fig. 1, meshing grid,
and calculate the simulated stress. The main factors
affecting the restraint are the number of ribs (X), the
distance between ribs (D), the height of ribs (H), and
the thickness of ribs (T ).
Based on the results of numerical calculations,

large constraint stresses are selected to explore the test
parameters and the effect of root clearance on crack
sensitivity. Firstly, if cracks occur, the feasibility of
the restraint crack sensitivity experiment of the rib
plate is determined. Secondly, under strong restraint
conditions, the test parameters and the root gap have
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Fig. 2. Simulation of residual stress with different rib thicknesses: (a) D = 120 mm, H = 100 mm, and (b) D = 150 mm,
H = 100 mm.

a significant impact on the crack sensitivity. In order
to ensure that subsequent experiments reduce errors,
it is necessary to determine the experimental plan.
Based on the simulation law, find the critical value of
the constraint stress. In the state of critical restraint
stress, the influence of different factors on crack sen-
sitivity can be more intuitively expressed, and the in-
fluence of different factors on crack sensitivity can be
explored.

3. Test results and discussion

3.1. Simulation result analysis

Firstly, the influence of rib thickness on con-

straint stress is investigated by numerical calcula-
tion. As shown in Fig. 2a, different rib thickness
models are used to calculate the welding resid-
ual stress. For Path 1/Path 3, because close to
the rib, the greater the thickness of the rib, the
greater the Z residual stress. When the thickness
of the rib exceeds 20mm, the distribution of resid-
ual stress in Path 2/Path 4 Z-direction is consis-
tent. When the thickness of the test plate is 20mm,
Fig. 2b shows the distribution of the welding trans-
verse residual stress on the four paths. For Path
1/Path 3, with the increase in the thickness of the
rib, the Z-direction residual stress also increases.
Therefore, from the simulation results in Figs. 2a,b,
when the thickness of the rib exceeds 20mm, the
increase in restraint stress is not apparent; the rib
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Fig. 3. Residual stress simulation diagram of different rib heights: (a) D = 120 mm, T = 12 mm, (b) D = 150 mm, T =
12 mm, and (c) D = 150 mm, T = 20 mm.



X. Gao et al. / Kovove Mater. 61 2023 205–221 209

Fig. 4a–c. Simulation diagram of residual stress with different rib distance: (a) H = 100 mm, T = 12 mm, (b) H = 150 mm,
T = 12 mm, (c) H = 200 mm, T = 12 mm.
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Fig. 4d. Simulation diagram of residual stress with different rib distance: (d) H = 100 mm, T = 20 mm.

Ta b l e 2. Specification and quantity of rib plate

Rib number X Rib distance D (mm) Rib thickness T (mm) Rib height H (mm)

5 120 20 150

with a thickness of 20 mm is selected as the test
rib.
Secondly, the influence of rib height on restraint

stress is investigated by numerical calculation. As
shown in Fig. 3a, different rib height models are used
to calculate the welding residual stress. When the rib
height is 150 mm, for Path 1/Path 3, the restraint
stress is the largest. When the rib height exceeds
150mm, the Path 2/Path 4 Z-direction residual stress
curves almost coincide. In Fig. 3b, it can also be seen
that for Path 1/Path 3, the peak value of the re-
straint stress is with the height of the ribs 150mm, and
for Path 2/Path 4, when the height of the test plate
exceeds 150mm, the distribution of the Z-direction
residual stress is consistent.
Figure 3c shows that for Path 3 when the height

of the ribs is increased from 150 to 300mm, the peak
value of the restraint stress increases by 40 % because
it is close to the ribs. For Path 2/Path 4, when the
test plate height exceeds 150mm, the distribution of
residual stress in the Z direction is basically the same.
Therefore, from the simulation results in Fig. 3, com-
bined with the actual situation of the test, the rib
plate with a height of 150mm is selected as the test
rib plate.
Finally, the influence of rib distance on restraint

stress is investigated by numerical calculation. First,
as shown in Fig. 4a, the distribution of residual stress
in the Z direction of the four paths is basically the

same, and the smaller the distance between the ribs
is, the greater the constraint stress. Figure 4b shows
Path 1/Path 3 is close to the rib plate, and the max-
imum stress appears at the position of the rib plate.
With the decrease in the distance between the ribs,
the Z-direction residual stress increases. The residual
stress distribution of Path 2/Path 4 is basically the
same. From the simulation results of Figs. 4c,d, the
law is similar to Figs. 4a,b, so through the simulation
analysis, combined with the actual situation, the rib
distance of 120mm is suitable as the test parameter.
Based on the stress simulation diagram of differ-

ent rib plates, it can be seen that of the four paths,
Path 3 has the most negligible constraint stress. The
constraint stress is mostly between 100–200MPa, so
the probability of cracking is the smallest. Path 1 is
close to the rib plate, at the weld toe on the lower
surface of the weld, and the constraint stress reaches
350–400MPa. However, due to the slight deformation
of the root during the welding process, the cracking
tendency is small. Path 2/4, located on the upper sur-
face of the weld, the restraint stress is between 350–
400MPa, reaching the yield strength of the material,
and the crack is more likely to appear on the upper
surface of the weld.
Through numerical calculation, five ribs were de-

termined. The height of the ribs (H) was 150mm,
the thickness of the ribs (T ) was 20mm, and the
distance between the ribs (D) was 120mm. The ribs
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Ta b l e 3. Welding parameters of the rib restraint method

Test number Welding material Current type Welding current Arc voltage Welding speed Gas flow Heat input
and polarity (A) (V) (cm min−1) (L min−1) (kJ cm−1)

1 E711 DCEP 220–240 30–32 15.0 15–25 18.22–21.20
2 E711 DCEP 220–240 37–38 15.9 15–25 21.19–23.75

Fig. 5. Schematic diagram of test 2.

were welded to the test plate with a center distance of
120mm. To reduce the deformation of the test plate,
the method of interval and segmented welding was
adopted. The size of the leg of the fillet weld (h) was
controlled at 6 mm. The welding of the ribs produces
residual stress and affects the restraint stress state of
the ribs. Therefore, to eliminate the influence of the
residual stress generated by the welded ribs on the
test results, the test plate was subjected to stress re-
lief annealing after welding at 600–650◦C. The time
was 210 (3 h + 30)min. Errors in root clearance were
reduced, and unilateral groove control was held at
25◦. Five ribs were used as much as possible to en-
sure that the rib height, rib thickness, and rib distance
were consistent. The welding process was carried out
by manual FCAW [13–15]; the welding gun did not
oscillate, and the ceramic liner was placed close to
the back. In order to avoid arc extinction (dry elon-
gation 30–40mm), the welding material was kept in
contact with the molten pool, and the welding di-
rection was from left to right. The rib plate specifi-
cations and quantities are shown in Table 2. Surface
crack rate (δ) = crack length/total weld length. Post-
weld sectioning, observation of cross-sectional crack-
ing rates, observation of specimen sections, and count-
ing of crack locations and crack lengths, section crack
rate (ζ) = section crack length/weld thickness fol-
lowed.

3.2. Effect of experimental parameters on test
results

The test parameters have a significant influence

on weld forming [15], and it is of great significance
to explore the influence of test parameters on crack
sensitivity. The test design and parameters are shown
in Table 3 to examine the effect of the change in test
parameters on crack sensitivity.
In test 1, the weld was well formed, and no cracks

were found on the front of the weld by the penetration
test. The ceramic liner was removed, and the back pen-
etration test was carried out. No cracks were found.
The test parameters of test 1 were not sensitive to
cracks.
In test 2, the weld was well formed. Cracks ap-

peared on the front side of the test plate, cracks ap-
peared in the weld center, and the crack direction was
parallel to the weld. The back weld was well formed,
observing the back and performing the penetration
test on the back of the weld. The results are shown
in Fig. 5, and there is no crack on the back of the
weld. As shown in Fig. 5, it is found that welding
cracks appear at the arc initiation, the middle section
of the weld, and the arc extinguishing place of the
weld. From Fig. 5, two 5–10mm cracks and six 10–
15mm cracks can be obtained. The total crack length
is 86 mm, and the surface crack rate (δ) is 14.1%.
According to the test results, the arc voltage has

a great influence on the crack sensitivity of the rib
restraint method. Therefore, the welding test param-
eters are determined as shown in Table 4.

3.3. Effect of root clearance on test results

The root gap has a great influence on crack sensi-
tivity, so it is necessary to study the effect of the root
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Ta b l e 4. Welding parameters of the rib restraint method

Welding Current type Welding current Arc voltage Welding speed Gas flow Heat input
material and polarity (A) (V) (cmmin−1) (L min−1) (kJ cm−1)

E711 DCEP 210–230 38–40 16–19 22 17.39–23.80

Ta b l e 5. Welding parameters of the wide and narrow gap tests

Test Welding Current type Welding current Arc voltage Welding speed Gas flow Heat input Root gap
number material and polarity (A) (V) (cm min−1) (L min−1) (kJ cm−1) (mm)

1 E711 DCEP 210–220 38–40 22.9 22 14.43–15.91 4.6–5.2
2 E711 DCEP 210–220 38–40 15.9 22 20.78–22.91 9.2–9.8

Fig. 6. Wide and narrow gap assembly diagram: (a) narrow gap and (b) wide gap.

gap on the crack rate [12]. According to the difference
in root clearance, design test 1 is shown in Fig. 6a,
and test 2 is shown in Fig. 6b. The narrow gap root
clearance is 4.6–5.2mm, the wide gap root clearance
is 9.2–9.8mm, and the welding parameters of test 1

and test 2 are shown in Table 5.
The narrow gap is shown in Fig. 7. The crack ap-

pears in the front center of the test plate, and the crack
in Fig. 7c is parallel to the weld. Figure 7a shows the
front penetration results of the narrow gap weld. It is
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Fig. 7. Narrow gap test of the rib restraint method: (a)
obverse side, (b) reverse side, and (c) surface crack.

found that welding cracks appear at the arc ignition,
the middle section of the weld, and the arc extinguish-
ing place of the weld. The back weld is well formed,
observing the back and performing the penetration
test on the back of the weld. The results are shown
in Fig. 7b and there is no crack on the back of the
weld.
During the test, due to the different gaps, to ensure

the formation of the weld, the welding speed is con-
siderably different, and the wide gap welding speed
is significantly reduced. The wide gap test is shown
in Fig. 8, with a crack parallel to the weld. Figure
8a shows the front penetration results of the narrow

Fig. 8. Wide gap test of the rib restraint method:
(a) obverse side and (b) reverse side.

gap weld, observing the back and performing the pen-
etration test on the back of the weld. The results are
shown in Fig. 8b, and there is no crack on the back of
the weld.
As shown in Fig. 9, the wide and narrow gap rib

plate restraint method crack position diagram, Fig. 9a
shows five 5–10mm cracks, five 10–15mm cracks, and
a 32mm crack at the end. The total crack length is
128mm, and the surface crack rate (δ) is 20.9%. The
location of the crack is closely related to the location
of the rib. Because of the maximum restraint stress at
the rib, the location of the crack mostly appears near
the rib. Figure 9b shows two 5–10mm cracks and six
10–15mm cracks. The total crack length is 86 mm, and
the surface crack rate (δ) is 14.1%. The root gap sig-
nificantly affects the crack sensitivity of the rib plate
restraint crack test, and the surface crack rate (δ) of
the narrow gap test is substantially higher than that
of the wide gap test.
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Fig. 9. Crack position diagram of the wide and narrow gap
rib restraint methods: (a) narrow gap and (b) wide gap.

The metallographic structure of the narrow gap
rib restraint crack is shown in Fig. 10a. As shown
in Fig. 10c, the weld thickness is 7.8mm, the crack
length is 2.1 mm, and the section crack rate (ζ) reaches
27.1%. The metallographic structure of the crack of
the wide gap rib restraint method is shown in Fig. 10b.
As shown in Fig. 10d, the weld thickness is 6.9 mm,
the crack length is 1.0 mm, and the section crack rate
(ζ) is 14.5%. Weld cracks spread downwards from the
upper surface. The most common is the longitudinal
crack along the weld center. The section crack rate

(ζ) of the narrow gap test is higher than that of the
wide gap test. This is because the gap is small. During
the welding process, the fusion ratio is relatively large,
and the base material melts more, which results in the
restraint stress of the rib plate being more reflected in
the weld. As a new method for detecting crack sensi-
tivity, the rib restraint method requires avoiding the
influence of welding materials as much as possible and
reflecting the sensitivity of the base metal to cracks as
much as possible. Therefore, the fusion ratio is large,
which can better meet the design requirements of the
rib restraint method. In the rib restraint method, the
narrow gap is selected as the test requirement, and the
root gap should be kept at 4–5mm.

3.4. Effect of constraint on test results

The rib plate restraint method simulates the re-
straint stress under actual production conditions. By
adding rib plates to limit the deformation of the test
plate, tensile stress is applied to the weld to achieve
the purpose of detecting crack sensitivity. The re-
straint stress applied to the test plate by the rib re-
straint method is much higher than the restraint stress
under the actual production conditions, and the con-
ditions are more stringent. To investigate the effect of
restraint stress on crack susceptibility, it is necessary
to find critical restraint stress. According to the simu-
lation results, the main factors affecting the restraint
are the number of ribs (X), the distance between ribs
(D), the height of the ribs (H), and the thickness of
the ribs (T ), as shown in Table 6, the following sets of
tests were designed to find the critical restraint stress.
As shown in Fig. 11, five 20mm rib plates, with a

root gap of 2.6–3.1mm, a total crack length of 90mm,
and a surface crack rate (δ) is 14.8%; two 20mm rib

Fig. 10. Metallographic diagram of a normal section of wide-narrow gap rib restraint: (a), (c) narrow gap and (b), (d)
wide gap.
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Ta b l e 6. Welding parameters and root gap under different restraint stresses

Test Welding Current type Welding current Arc voltage Welding speed Gas flow Heat input Root gap
number material and polarity (A) (V) (cm min−1) (L min−1) (kJ cm−1) (mm)

1 E711 DCEP 210–220 38–40 16.9 22 19.55–21.56 2.6–3.1
2 E711 DCEP 208–220 38–40 18.9 22 17.31–19.28 3.2–3.6
3 E711 DCEP 208–214 38–40 16.2 22 20.20–21.88 3.6–4.1
4 E711 DCEP 216–224 38–39 17.2 22 19.76–21.03 3.9–4.3

Fig. 11 Test results under different restraint stresses: (a) 5 × 20 mm, (b) 2 × 20 mm + 3 × 18 mm, (c) 4 × 20 mm, and
(d) 3 × 20 mm.

plates and three 18mm rib plates were used, with a
root gap of 3.2–3.6mm, a total crack length of 62mm,
and the surface crack rate (δ) is 10.0%; using four
pieces of 20 mm rib plates with a gap of 3.6–4.1mm,
the total crack length is 22 mm, and the surface crack
rate (δ) is 3.6 %; using three pieces of 20 mm rib plates
with a gap of 3.9–4.3mm, the total crack length is
0 mm, and the crack rate is 0. The law of the effect
of constraint on cracking can be obtained in Fig. 13.
With the increase in constraint stress, the crack rate
and the crack length increased.

The residual stresses were calculated by four
different detention models [16, 17] (5 × 20mm,
2 × 20mm + 3 × 18mm, 4 × 20mm, 3 × 20mm),
and the results of the four paths were averaged, as
presented in Eq. (1). The occurrence of cracks in the
weld is not only related to a certain path but is gener-
ated under the influence of the comprehensive resid-
ual stress of the weld. Therefore, the results of the
four paths are averaged to quantitatively express the
influence of restraint on crack sensitivity, and the ex-
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Fig. 12. Simulation diagram of residual stress: (a) path1, (b) path2, (c) path3, (d) path4, and (e) average.

perimental results are shown in Fig. 12.

4∑

1
Path n

4
= Average. (1)

From the stress simulation graph [16], it can be seen
that the residual stress after welding increases signif-
icantly with the increase in the number of rib plates.
And as the number of rib increases, especially when

the number of rib increases to 5, the fluctuation of the
stress curve decreases significantly, and the residual
stresses along the weld are distributed more uniformly.
The constrained state of the four 20 mm rib plates

can be approximated as the critical constrained stress
we are looking for. In the critical restraint stress, it is
possible to explore on this basis: (i) The effect of heat
input on crack sensitivity; (ii) The effect of base mate-
rial composition (carbon equivalent) on crack sensitiv-
ity.
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Ta b l e 7. Test results at different heat inputs

Test Welding Current type Welding current Arc voltage Welding speed Gas flow Heat input Crack length
number material and polarity (A) (V) (cm min−1) (L min−1) (kJ cm−1) (mm)

1 E711 DCEP 166–175 32.9 12.2 15–25 18.53–19.54 28
2 E711 DCEP 279–284 38.6 16.6 15–25 26.86–27.34 30

Fig. 13. Crack length and crack rate under different con-
straint stresses.

3.5. Effect of heat input and carbon equivalent
on crack sensitivity

According to the test results as shown in Table 7,
when the heat input is 18.53–19.54 kJ cm−1, the total
crack length is 28 mm, and the surface crack rate is
4.5 %; when the heat input is 26.86–27.34 kJ cm−1, the
total crack length is 30 mm, the surface crack rate is
4.9 %. According to the experimental results, it can
be seen that with the increase in heat input, the crack
length, as well as the increase in crack rate, are not
significant; it can be considered that the experimental
results of welding heat input are not significant.
Carbon equivalent experimental conditions are

shown in Table 8. As shown in Fig. 14a, Ceq = 0.37,
the total crack length is 4 mm, and the surface crack
rate is 0.6 %; in Fig. 14b, Ceq = 0.41, the total crack
length is 22mm, and the surface crack rate is 3.6%; in
Fig. 14c, Ceq = 0.43, the total crack length is 31mm,
and the surface crack rate is 5.1 %. With the increase
of carbon equivalent, the crack length as well as crack
rate both increase.
The effects of heat input and carbon equivalent on

the crack rate are shown in Fig. 15; it can be con-
sidered that the experimental results of welding heat
input are not significant. The effect of carbon equiva-
lent on crack sensitivity is more significant.

Fig. 14. Test results under different carbon equivalent:
(a) Ceq = 0.37, (b) Ceq = 0.41, and (c) Ceq = 0.43.
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Ta b l e 8. Test results at different carbon equivalent

Test Welding Current type Welding current Arc voltage Welding speed Gas flow Heat input Carbon equivalent
number material and polarity (A) (V) (cm min−1) (L min−1) (kJ cm−1) Ceq

1 E711 DCEP 212–230 37.6–39.8 18.8 15–25 17.55–20.16 0.37
2 E711 DCEP 208–214 38–40 16.2 15–25 20.20–21.88 0.41
3 E711 DCEP 207–229 38.2–40.1 19.5 15–25 16.79–19.05 0.43

Fig. 15. Effect of heat input and carbon equivalent on crack
rate.

3.6. Crack analysis

According to the appearance time and location of
the crack, it is preliminarily judged to be a hot crack
[14]. During the crystallization process of the weld,
near the solid phase line, due to the solidification of the
liquid metal, the metal shrinks, and the residual liquid
metal is insufficient and cannot be filled in time. Under
the action of stress, intergranular cracking occurs.
As shown in Fig. 16, the weld cracks along the cen-

ter and is perpendicular to the growth direction of the
weld columnar crystal. Both sides of the crack are uni-
form columnar crystals. The columnar crystal grows
to the center of the weld, columnar crystal tips con-
tact each other, and columnar crystal growth stops.
In the late stage of weld metal crystallization, due to
the low melting point of the eutectic, it is crowded
out at the front end of the columnar crystal. The
post-crystallized metal is a low-melting-point compo-
nent, containing more impurities, and is enriched at
the forefront of the columnar crystal or at the junc-
tion of adjacent columnar crystals. The formation of
the so-called “liquid film” isolates the connection be-
tween the grains and makes the grain boundary a weak
zone. The liquid film is the internal cause of crystal
cracks, and tensile stress is the external cause of crys-
tal cracks.

Fig. 16. Microstructure diagram of cracks: (a) crack and
(b) crack tip.

Sulfur and phosphorus will increase the tendency
of solidification cracks. They will expand the crystal-
lization temperature range and increase the crack sen-
sitivity. Sulfur and phosphorus are elements that are
easily segregated in steel, and it easily forms a variety
of low-melting eutectics at the grain boundaries, thus
significantly increasing the crack tendency. As shown
in Fig. 17, at the beginning of the crack, the aggre-
gation of S and P was found near point A, and the
oxygen content was higher. Near the crack propaga-
tion, two points C, D were found to have higher S
and P content. Carbon is the main element affecting
the crystallization crack in steel and can aggravate the
harmful effects of sulfur and phosphorus. The colum-
nar crystal intersects at the center of the weld, and the
segregation degree of S and P elements is the highest.
The melting point of the metal in these areas is the
lowest, and the tendency to produce crystalline cracks
is greater.
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Fig. 17. Crack microstructure and EDS component scanning: (a) crack initiation and (b) crack propagation.

Fig. 18. Crack fracture morphology: (a) fracture surface and (b) amplification of fracture surface.

As shown in Fig. 18a, the crack fracture has ob-
vious dendritic protrusions, and it is observed that
the fracture has the characteristics of a liquid column
and column head. As shown in Fig. 18b, there are
microcracks in the fracture, which can be judged as
crystalline cracks caused by the liquid film, which can
easily lead to cracking under low stress.

4. Conclusions

1. Through numerical simulation, the parameters
of the new test are determined finally as the number of
ribs 5, the height of the rib (H) 150mm, the thickness
of the ribs (T ) 20mm, and the distance of the ribs (D)
120mm. According to the test results, the voltage has
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a great influence on the crack sensitivity during the
rib restraint testing method. Therefore, the welding
current is determined to be 210–230 A, the arc voltage
38–40V, and the welding speed 16–19 cmmin−1.
2. The surface crack rate (δ) and cross-section

crack rate (ζ) of the narrow gap test are both higher
than those of the wide gap test. The reason is that
the narrow gap led to a large fusion ratio, which re-
sults in the constraint stress of the rib plate being
more reflected on the weld. As the restraint stress in-
creases, the crack rate and the crack length both in-
crease. When the crack rate is reduced to 3.6%, and
the crack length is only 22mm, it is considered critical
restraint stress.
3. The method can be used to analyze the influence

of various factors on crack sensitivity. The welding
heat input has no significant effect on crack sensitiv-
ity when using the new test. With increasing carbon
equivalent, the crack length as well as crack rate both
increase.
4. Cracks that appeared in the weld center are per-

pendicular to the growth direction of the columnar
dendrites. The aggregation of S and P was found near
the crack, and the oxygen content was high. The frac-
ture showed the characteristics of dendrites and micro-
crack, which was approved as a solidification crack.
5. The new rib plate restraint method has the fol-

lowing three advantages: (i) By adjusting the height
of the rib plate, the thickness of the rib plate, and the
distance of the rib plate, the restraint stress can be
adjusted very flexibly to meet the simulation of the
stress state under strong restraint conditions, adapt-
ing to the application of different production condi-
tions; (ii) The restraint design is close to the actual
welding structure, more accurately reflecting the real
situation of the actual welding stress and more closely
matching the actual production conditions; (iii) The
rib plates restraint method is more intuitive, which is
conducive to reducing test costs and improving pro-
duction efficiency.
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