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Abstract

The coarse-grained heat-affected zone (CGHAZ) 
samples were prepared from T23 steel with three 
different carbon contents on a thermal simulator, 
then isothermal slow strain rate tensile tests were 
carried out at 500° ~ 750°C, and the effect of 
carbon content on the stress-relief cracking (SRC) 
sensitivity of T23 steel was evaluated according to 
fracture ductility. The microstructure evolution of 
the CGHAZs in the process of SRC was observed 
by optical microscopy, structural equation 
modeling energy-dispersive spectroscopy, and 
transmission electron microscopy energy-dispersive 
spectroscopy/selected area electron diffraction to 
reveal the mechanism of SRC. Finally, the feasibility 
of adjusting carbon content to prevent SRC was 
discussed. The results showed the classical theory 
of intragranular precipitation hardening cannot 
explain the cause of SRC, and a new viewpoint was 
put forward that the precipitation of M23C6 at the 
grain boundary was the main reason for SRC. The 
precipitation of M23C6 carbide cannot only provide 
a preferred site for void nucleation but also leads 
to the depletion of alloy elements in the matrix 
near the grain boundary. The interaction of these 
two aspects leads to the direct weakening of grain 
boundaries. Moreover, the SRC of T23 steel could be 
inhibited when the carbon content was determined 
to be close to the ASME standard lower limit of 0.04 
wt-%. In summary, reducing the carbon content can 
inhibit the SRC sensitivity of T23 steel, which is not 
due to reducing the relative weakening of the grain 

boundary by reducing the precipitation hardening 
in the grain interior but to inhibiting the direct 
weakening of the grain boundary by reducing the 
precipitation of M23C6 at the grain boundary.
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Introduction

ASME SA-213 T23 steel (2.25 Cr-1.6 WVNbB) is a multial-
loying, low-alloy, heat-resistant steel developed by Sumitomo 
Metal and Mitsubishi Heavy Industries of Japan in the 1990s 
(Refs. 1, 2). It can replace traditional Cr-Mo steels, such as T11, 
T12, and T22, as well as reduce the wall thickness of boiler 
tubes operated under high temperature and pressure. T23 
steel not only has an excellent creep fracture strength close 
to that of high-chromium martensitic, heat-resistant steel 
T91 at 600°C (Ref. 1), but it also has the advantages of good 
thermal conductivity compared with austenitic steel and 
low cost compared with high- and medium-alloy steel. It is 
an ideal material for manufacturing important components 
such as water walls, superheaters, and reheaters in ultra-
supercritical boilers (Refs. 3–5). However, steam leakage 
accidents caused by stress-relief cracking (SRC) occurred 
in the T23 steel welds of the USC boilers operated in China 
(Refs. 6–9). Those accidents caused plenty of damages and 
economic losses, which reminded people to re-evaluate 
the feasibility of T23 steel in USC boiler applications (Refs. 
10–13).

OCTOBER 2022 | 253-s



SRC is also known as reheat or postweld heat treatment 
cracking, which is generally defined as intergranular crack-
ing. It occurs in the coarse-grained heat-affected zone 
(CGHAZ) during heat treatment or high-temperature service 
(Refs. 14–17). In the formation process, the stress becomes 
concentrated at the grain boundary of the CGHAZ during 
welding residual stress relaxation, resulting in a degree of 
plastic deformation much greater than the plastic limit of 
a grain boundary (Ref. 18). Intragranular strengthening is 
considered to be the metallurgical cause of grain boundary 
fractures of CGHAZs during short-term high-temperature 
creep. According to the theory of intracrystalline strength-
ening, carbides and nitrides of Cr, Mo, V, Ti, Nb, and other 

elements are dissolved by the action of the welding thermal 
cycle when the peak heating temperature exceeds 1100°C in 
the CGHAZ, while the carbides and nitrides are precipitated 
in the grain during reheating treatment, resulting in intra-
crystalline strengthening (Refs. 19–21). With the increase 
of intragranular strength, the deformation caused by stress 
relaxation is concentrated at the grain boundary, and SRC is 
generated when the plasticity of the grain boundary is insuffi-
cient. McCullough et al. (Ref. 22) indicated SRC resulted from 
intracrystalline strengthening due to Cr, V, and Ti precipita-
tion after reheating. However, Picker et al. (Ref. 23) reported 
the segregation of impurity elements (such as phosphorus 
and sulfur) at the grain boundary during reheating of the HAZ 

Fig. 1 — Schematic illustration of the thermal cycle 
curve.

Fig. 2 — Schematic illustration of the tensile sample 
(unit: mm).

Table 1 — Chemical Compositions of Investigated T23 Steel (mass %)

No. C Si Mn Cr Mo V Nb Ti W

0.043 C 0.043 0.16 0.35 2.20 0.11 0.25 0.037 0.024 1.57

0.050 C 0.050 0.25 0.44 2.25 0.11 0.24 0.050 0.013 1.60

0.083 C 0.083 0.16 0.37 2.05 0.13 0.23 0.045 0.003 1.45

ASME 0.04 ~ 0.10 ~ 1.90 ~ 0.05 ~ 0.20 ~ 0.02 ~ 0.005 ~  1.45 ~ 

≤ 0.50

SA 213 0.10 0.60 2.60 0.30 0.30 0.08 0.060 1.75
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also reduced the plastic deformation capacity of the grain 
boundary and made SRC form easier. Nawrocki et al. (Ref. 
24) pointed out that SRC in the HAZ of T23 steel was caused 
by the difference between the precipitation and nonprec-
ipitation zone of intragranular and intergranular carbides. 
Wang et al. (Ref. 25) described SRC as a creep crack caused 
by microvoid aggregation at the grain boundary, which is 
due to the precipitation of a large number of carbides at 
the grain boundary. The above research shows the tradi-
tional intracrystalline strengthening theory cannot explain 

the generation mechanism of SRC cracks in T23 steel, and 
the direct weakening of intergranular precipitates also has 
an important impact on SRC. However, both intragranular 
strengthening and grain boundary weakening are closely 
related to the precipitation of carbides. The study on the 
effect of carbon content on SRC of CGHAZs in T23 steel is 
not only helpful to reveal its mechanism but also provides a 
basis for adjusting carbon content to prevent SRC.

In this study, the simulated CGHAZ sample was prepared 
first, and then the isothermal slow strain rate tensile test 

Fig. 3 — Location of sampling for microstructure examination.

Table 1 — (continued)

B N P S Al Ni

0.002 0.002 0.004 0.003 0.004 0.003

0.002 0.003 0.014 0.001 0.001 0.020

0.004 0.003 0.007 0.001 0.005 0.040

0.0010 ~ ≤ ≤ 

≤ 0.015 ≤ 0.030 ≤ 0.010

0.0060 0.03 0.40
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was carried out to simulate the stress relaxation of welds 
during reheating. The SRC sensitivity of T23 steel CGHAZs 
with different carbon content was evaluated according to 
fracture ductility. Microstructure evolution during the for-
mation of SRC was analyzed, especially for the precipitation 
of carbides inside grains and at grain boundaries with the 
change of carbon content characterized. The relationship 
between carbide precipitation and SRC was established, 
and the generation mechanism of SRC was clarified. On this 
basis, the feasibility of regulating carbon content to inhibit 
SRC of T23 steel CGHAZs was discussed.

Experimental Procedures

The investigated materials were T23 tube or plate in 
normalized (1060 ± 10°C) and tempered (760 ± 15°C) con-
ditions. As shown in Table 1, the chemical compositions of 
the three groups of T23 steel were also similar except for the 
carbon concentration. Three investigated T23 steels were 
numbered as 0.043 C, 0.050 C, and 0.083 C, respectively, 
according to their carbon concentration.

The sensitivity of SRC in the CGHAZ was evaluated by 
the isothermal slow strain rate tensile test, which was car-
ried out in two steps. First, the CGHAZ was simulated by 
a Thermecmastor-Z® thermomechanical simulator using a 
90-mm-long cylindrical specimen with threaded ends. The 
gas tungsten arc welding process with a heat input of 25 kJ/
cm and preheating at 100°C was simulated. The thermal cycle 
curve is shown in Fig. 1 (CGHAZ simulated). After welding 
simulation, the center diameter of each sample was reduced 
to 5 mm, as shown in Fig. 2. Then it was heated and held at 
500° ~ 750°C for 5 s and slowly strained to fracture with 
a velocity of 0.5 mm/min, as shown in Fig. 1 (tensile test). 
In addition, both simulated and tensile tests were carried 
out under vacuum conditions below 7.0 Pa. The reduction of 
area (RA) was measured to assess the ductility, which was 

related to the SRC susceptibility. To reduce the measurement 
deviation and ensure the accuracy of the results, the diam-
eter was measured three times from different directions, 
then the average value was calculated as the results. Two 
samples were tested for each tested temperature, and the 
average RA was taken as the result. The tensile tests were 
conducted under vacuum conditions to prevent oxidation 
of the fracture surface.

The sampling location and observation methods are shown 
in Fig. 3. The fracture surface was examined using a scan-
ning electron microscopy (SEM; Quanta 400) to analyze the 
fracture mode. The CGHAZ areas were taken to make metal-
lographic samples. After grinding, polishing, and etching 
with 4% nitric acid alcohol, the samples were observed by 
the optical microscope (OM) ZEISS Axio Observer 40MAT 
and the Quanta 400 SEM. Then the samples were tested by 
an HXS-1000A hardness tester with a load of 100 g and a 
holding time of 10 s.

The sample with a thickness of 0.3 mm was cut along the 
cross section of the CGHAZ areas by using wire cutting. After 
grinding the thin metal plate to about 80 ஜm with sandpaper, 
the circular plate with a diameter of 3 mm was washed out 
by a punching machine. The final dilution was carried out by 
double spray electrolysis with 10% perchloric acid ethanol 
solution. Finally, the thin foil samples were observed and 
analyzed by a JEOL-2010 transmission electron microscope 
(TEM), the composition of precipitates was identified by an 
INCA energy-dispersive x-ray spectrometer (EDS), and the 
structure and type of carbide were determined by selective 
area electron diffraction (SAED).

Fig. 4 — RA of the simulated CGHAZ samples at 
different tensile temperatures.

Fig. 5 — The stress-displacement curve of CGHAZs 
with different carbon content during tensile testing 
at 700°C.
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Results

Isothermal Slow Strain Rate Tensile Tests

Figure 4 shows the results of the isothermal slow strain rate 
tensile test. The RA of the 0.043 C’s CGHAZ was the highest. 
The RA of the 0.050 C’s CGHAZ was similar to that of the 
0.043 C’s CGHAZ at a temperature not exceeding 600°C, 
but the RA decreased significantly when the temperature 
was more than 600°C. The RA of the 0.083 C’s CGHAZ was 
higher at 500°C but dropped sharply after 500°C, showing 
a lower RA than the 0.050 C’s CGHAZ. In general, the RA of 
the CGHAZ decreased with the increase of carbon content.

The susceptibility of SRC was evaluated according to the 
criteria developed by Vinckier and Pense (Ref. 26) as follows: 
1) Extremely susceptible, RA < 5%; 2) highly susceptible, 5% 
≤ RA ≤ 10%; 3) slightly susceptible, 10% < RA ≤ 20%; and 
4) not susceptible, RA > 20%. According to the criteria, the 
0.043 C’s CGHAZ is not susceptible to SRC, the 0.050 C’s 
CGHAZ is not sensitive to SRC at 550° ~ 650°C and slightly 
susceptible at 700° to 750°C, while the 0.083 C’s CGHAZ 
is highly susceptible or even extremely susceptible at 550°
to 750°C.

Figure 5 shows the stress-displacement curve of CGHAZs 
with different carbon content during the tensile test at 700°C. 
It can be seen that the 0.043 C’s CGHAZ has the longest 
tensile time and the largest displacement before fracture, 
so it has the largest plasticity. The 0.083 C’s CGHAZ has 

the shortest tensile time and worst plasticity, while the  
0.050 C’s CGHAZ is between them.

The test results show the decrease of carbon content can 
improve the SRC resistance of the T23 steel’s CGHAZ. ASME 
2199-6 (2011) has already specified a carbon content range 
of 0.04–0.10 wt-% for T23 steel. According to the test results, 
when the carbon content is close to the lower limit of the 
standard, the steel is no longer sensitive to SRC.

Fractography

Figure 6 shows the SEM images of the fracture surfaces 
of tensile specimens at 700°C. The fracture morphology of 
the 0.043 C’s CGHAZ was an intergranular and transgranular 
mixed fracture, which was characterized by a ductile frac-
ture with obvious dimples and secondary cracks along the 
grain boundary, as shown in Figs. 6A and D. When the carbon 
content increased to 0.05%, the proportion of transgran-
ular fracture decreased and that of intergranular fracture 
increased, and dimples on the grain boundary surface became 
shallower and smaller, as shown in Figs. 6B and E. The fracture 
morphology of the 0.083 C’s CGHAZ was a typical intergran-
ular fracture with fewer dimples than that of the 0.050 C’s 
CGHAZ at the grain boundary, as shown in Figs. 6C and F.

The investigation revealed both the grain interior and grain 
boundary deformed during the tensile test and finally frac-
tured with considerable ductility in the 0.043 C’s CGHAZ. 
With the increase of carbon content, not only intragranular 
deformation but also grain boundary deformation decreased, 
resulting in a fracture morphology from mixed fracture to 

B C

F

Fig. 6 — Micromorphology of fracture surfaces after tensile testing at 700°C: A, D — 0.043 C; B, E — 0.050 C;  
C, F — 0.083 C.

A

D E F

B C
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complete intergranular brittle fracture. The increase of plas-
ticity of the 0.043 C’s CGHAZ may be due to the combined 
effect of grain internal deformation and grain boundary 
deformation enhancement. However, the improvement of 
grain boundary plasticity may play a dominant role, which 
may be due to the increasing grain boundary plasticity pro-
longing tensile fracture time, thus allowing sufficient time 
for deformation to occur in the grain.

Microstructures of CGHAZs

Figures 7A–F show the OM images of the CGHAZs of 0.043 
C, 0.050 C, and 0.083 C before the tensile tests. All of the 
CGHAZs had bainite and martensite mixed microstruc-
tures, which is consistent with the CGHAZ in the actual T23 
tube butt joint reported by Wang et al. (Ref. 27), indicating 
the preparation of simulated CGHAZ in this work was suc-
cessful and the selection of thermal simulation parameters 
was appropriate. Moreover, the martensite structure in the 
as-welded CGHAZ of T23 steel increased with the increase 
of carbon content, while the bainite structure decreased.

After the isothermal slow strain rate tensile test, the micro-
structure had no obvious change near the fracture and was 
still bainite and martensite. However, it can be seen from 
Fig. 6E that the originally equiaxed grains of 0.043 C were 
obviously elongated after the tensile test at 700°C, the micro-
structures were recovered to a certain extent, and some 
small angle lath boundaries disappeared. With the increase 
of carbon content, the degree of grain deformation decreased 
significantly. When the carbon content was 0.083 wt-%, 
the grains were basically not deformed after the tensile test 
at 700°C (Fig. 7F). The observation of the microstructure 
near the fracture also showed the grain deformation of the 

CGHAZ decreased gradually with the increase of carbon con-
tent, which is consistent with the macroscopic deformation 
shown in Fig. 4.

Figure 7 also shows the fractured 0.043 C CGHAZ had 
transgranular and intergranular cracks, but the 0.083 C 
CGHAZ had only intergranular cracks, which is also consistent 
with the fracture morphology observations shown in Fig. 6.

Figure 8 shows SEM images of the CGHAZ near the frac-
ture after the tensile test at 700°C. There were a lot of voids 
and microcracks at the grain boundaries, as shown in the 
backscattered electron images of Figs. 8A, D, and G. It is 
worth noting a small number of transgranular cracks can 
be observed in the fractured 0.043 C CGHAZ, while only 
the intergranular crack presented in the fractured 0.050 C 
and 0.083 C CGHAZs. From the second electronic images 
at high magnification, as shown in Figs. 8B, E, and F, it 
can be seen there were a large number of second-phase 
particles in the voids and microcracks at the grain bound-
aries, which increased with the increase of carbon content. 
When the carbon content was 0.043 wt-%, the precipitates 
were scattered at the grain boundaries (Figs. 8B, C). When 
the carbon content was 0.083 wt-%, the precipitates were 
almost connected into network carbides (Figs. 8H, I).

Li et al. (Ref. 28) revealed the progress of SRC as follows: 
Microvoids initially nucleated at grain boundaries then grew 
and coalesced, finally forming microcracks. The SEM images 
of Fig. 8 reflected the same fracture progress, so it can be 
determined the fracture of the 0.083 C’s CGHAZ was caused 
by SRC according to this standard. In addition, the fracture 
of the 0.043 C’s CGHAZ was not consistent with SRC, but 
its cracking was also partly due to the aggregation of micro-
voids. The above results show the fracture of T23 steel is 
mainly due to the aggregation of microvoids. It is well known 

Fig. 7 — OM images of as-welded CGHAZs: A — 0.043 C; B — 0.050 C; C — 0.083 C. CGHAZs fractured at 700°C: 
D — 0.043 C; E — 0.050 C; F — 0.083 C.

A

D

B

E

C

F
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the preferred sites for microvoids formation are inclusions, 
second-phase particles, or fine oxide particles (Refs. 29, 
30). Therefore, the increase of carbon content promotes 
the increase of carbide precipitation, thus increasing the 
formation probability of microvoids. In conclusion, the variant 
carbon content led to the difference in microvoid or microc-
rack between 0.043 C, 0.050 C, and 0.083 C CGHAZs, which 
eventually led to the difference of fracture.

Figure 9 shows the TEM images of grain interiors from 
thin foil samples of the CGHAZ fractured at 700°C. It can be 
seen from Figs. 9A and C that both the 0.043 C and 0.083 
C CGHAZs contained lath martensite with high density dis-
location, indicating their microstructures did not recover 
significantly during tensile tests at high temperature, but 
there were significant differences between the precipitation 
of carbides in the grain interior. By comparing Figs. 9A and 
C, it can be seen that the carbides over 50 nm increased 
in the 0.083 C’s CGHAZ. EDS analysis shows there are two 

kinds of carbides: one has a high Fe content and a relatively 
low Cr content (Fig. 9D, see image 1 to the right), and the 
other has a lower Fe content and a relatively high Cr content 
(Fig. 9D, see image 2 to the right). They are M23C6 and M7C3, 
respectively, according to the study by Wang et al. (Ref. 27). 
It is noteworthy that the MX carbides less than 20 nm rich in 
V and W precipitates existed in the 0.043 C’s CGHAZ (Fig. 
9B) but not in the 0.083 C’s CGHAZ, which may be because 
the 0.083 C’s CGHAZ broke too fast, resulting in insufficient 
time to precipitate MX carbides (Fig. 5).

Figure 10 shows typical TEM images of the carbides on 
the prior austenite grain boundaries from thin foil samples 
of CGHAZs fractured at 700°C. It can be seen from Figs. 10A 
and B that plenty of carbides are decorated at grain boundar-
ies, in which the carbides in the 0.043 C’s CGHAZ exhibited 
as blocky and elliptic, while the carbides in the 0.083 C’s 
CGHAZ exhibited as blocky or rod shaped. In addition, the 
size of the rod-shaped carbides in the 0.083 C’s CGHAZ was 

Fig. 8 — Typical SEM images near the fracture surface of CGHAZs after the tensile test at 700°C: A, B, C — 0.043 C;
D, E, F — 0.050 C; G, H, I — 0.083 C.

A
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B C

F
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larger, which was the result of the aggregation of adjacent 
carbides. Figures 10B and D show the carbide precipitates 
at the grain boundary were primarily M23C6 composed of 
Fe, Cr, and W, in which the content of Cr and W in M23C6 was 
greater than in the matrix (Fig. 10D, see image 1 to the right). 
The result of SAED also confirmed the carbides at the grain 
boundaries were M23C6 (Figs. 10E, F).

Depletion of Alloy Elements Near  
Grain Boundaries

The depletion of alloy atoms likely occurs adjacent to grain 
boundaries due to the precipitation of intergranular carbides 
during high-temperature tensile tests. Figure 11 shows the 
EDS line scanning results of 0.043 C and 0.083 C CGHAZ thin 
film samples fractured at 700°C. The path of the line scan 
across the grain boundaries avoided the carbides to acquire 
the distribution of alloy elements near the grain boundaries, 
as shown in Figs. 11A and B. It can be seen from Fig. 11B there 
is an obvious trough of about 200 nm wide in the EDS spec-
trum (Fig. 11B, see images 1 and 2) of Fe and Cr near the grain 
boundary, which indicates the solute strengthening element 

Cr was depleted near the grain boundary in the 0.083 C’s 
CGHAZ. However, the alloying element depleted area in the 
0.043 C’s CGHAZ was not as obvious as that in the 0.083 
C’s CGHAZ, which was due to less M23C6 precipitated at the 
grain boundary and longer element diffusion time due to 
the longer tensile time.

A large amount of M23C6 carbides precipitating at the grain 
boundary in a short time will consume large amounts of Fe and 
Cr near the matrix, but the diffusion rates of Fe and Cr in the 
matrix are much lower than at the grain boundary. Therefore, 
these interior atoms cannot supplement the grain boundary 
in time and eventually form a depletion region. Moreover, the 
depletion of elements near the grain boundary will lead to 
softening of the grain boundary, which makes the formation 
of microvoids and microcracks easier at the grain boundary, 
resulting in fracture.

Hardness of As-Welded and Fractured 
CGHAZs

Figure 12 shows the hardness of as-welded and tensile 
fracture CGHAZs at 700°C. It can be seen that the as-welded 

A B

Fig. 9 — Typical TEM images of grain interior from thin film samples of CGHAZs fractured at 700°C: A — 0.043 C; 
B — EDS analysis of 0.043 C; C — 0.083 C; D — EDS analysis of 0.083 C.

C D

A B
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CGHAZs of 0.043 and 0.050 C had similar hardness of 
approximately 320 HV determined by their small marten-
site microstructure, while the hardness of the 0.083 C’s 
CGHAZ increased to 418 HV, which was due to the increase 
of martensite and supersaturated solid solution carbon in 
martensite. After a tensile test at 700°C, the hardness of the 
0.043 C’s CGHAZ significantly increased from 314 to 355 
HV, the hardness of the 0.050 C’s CGHAZ slightly increased 
from 316 to 328 HV, but the hardness of the 0.083 C’s CGHAZ 
slightly decreased from 398 to 418 HV. The obvious increase 

in hardness of the 0.043 C’s CGHAZ may be due to intragran-
ular coherence strengthening of the fine MX phase and strain 
hardening produced by large deformation. The hardness of 
the 0.050 C and 0.083 C CGHAZs slightly increased or even 
decreased, which may be due to reduced grain deformation 
and intragranular hardening without MX phase precipitation. 
The hardness test results show MX may play an intragran-
ular strengthening role in the 0.043 C’s CGHAZ, while the 

F

I

Fig. 10 — Grain boundary precipitation from thin film samples of CGHAZs fractured at 700°C: A — TEM images 
of 0.043 C; B — EDS analysis of 0.043 C; C — TEM images of 0.083 C; D — EDS analysis of 0.083 C; E — SAED of 
0.083 C; F — electron diffraction pattern of M23C6.
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C D
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intragranular strengthening of M23C6 and M7C3 in the 0.050 
C and 0.083 C CGHAZs can be ignored.

Discussion

Effect of Grain Boundary Carbide 
Precipitation on SRC

The microstructure analysis shows the formation of SRC 
in T23 steel CGHAZs is mainly caused by the formation of a 
large number of microvoids at the grain boundary. With the 
increase in the number and size of microvoids, they will gradu-
ally gather together to form microcracks, which will eventually 
lead to grain boundary cracking. With the increase of carbon 
content, the carbide precipitation at the grain boundary in 
CGHAZs increase (as shown in Figs. 8 and 10), which promotes 
the formation of a microvoid, resulting in the transformation 
of the fracture from a mixed intergranular and transgranular 
fracture to a complete intergranular fracture, thus reducing 
the fracture plasticity in the high-temperature tensile test. 
The effect of grain boundary carbide precipitation on grain 
boundary direct weakening is discussed below.

Effect of Grain Boundary Carbide Precipitation on 
Void Nucleation

The energy required for microvoid nucleation varies 
according to the nucleation position. The critical size and 
critical nucleation work required for microvoid nucleation 
is given as follows (Ref. 31):

3

2 2
s s

D = =n n
c c v cG r F V

in which rc is the critical nucleation size of the void, ɀ is the 
surface-free energy of the void (unit area), ɐn is the local 
tensile stress acting on the grain boundary, ȟGc is the critical 
nucleation work, V is the volume of the microvoid, Fv is the 
shape factor, and Vc is the critical nucleation volume.

When r > rc, ȟG decreases with the increase of r. When r < rc, 
ȟG increases with the increase of r, and the void cannot exist 
stably. As can be seen from Equation 1, rc is only related to the 
stress and ɀ, while Fv is related to the nucleation position. For 
voids with the same radius of curvature (rc), Fv changes greatly 
with the different positions of void formation (such as intra-
granular, pure grain boundary, interface between secondary 
phase and matrix, or interface between secondary phase and 
grain boundary). Goods et al. (Ref. 33) reported the critical 
volume of nucleation is the smallest at the interface between 

(2)

Fig. 11 — EDS line scans across grain boundaries in the fractured sample at 700°C: A — Path of line scan of 
0.043 C CGHAZ, (a1) Fe, (a2) Cr; B — path of line scan of 0.083 C CGHAZ, (b1) Fe, (b2) Cr.
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the secondary phase and the grain boundary, so it is preferred 
to nucleate here. The carbides exist inside or at the edge of 
the voids in the T23 steel CGHAZ after high-temperature  
tensile testing (as shown in Fig. 8), which proves the micro-
voids nucleate preferentially at the grain boundary. Figure 
13 shows a series of processes of nucleation, growth, and 
aggregation of microvoids attached to grain boundary car-
bides. The voids nucleate near the grain boundary carbides. 
The greater the number density of grain boundary carbides, 
the more that voids nucleate and the easier it is to connect 
to form microcracks.

Under the action of tensile stress, the second-phase 
particles at the grain boundary only occurs during elastic 
deformation, while the surrounding matrix undergoes plas-
tic deformation. When the release of particle elastic strain 
energy caused by interface separation is greater than the 
increase of surface energy, the interface between the second 
phase and the matrix will separate and form voids. The critical 
strain required to cause cavitation is given as follows (Ref. 33):

1
2

1
2

( ) , 1

( ) , 1
{

be

be

³ <

³ >

c

c

k
r

k
kr

where r is the particle radius of the second phase, and Ⱦ and 
Ɉ are given as follows (Ref. 33):

* /=k E E

in which v* is Poisson’s ratio for the particle, which is 0.22; 
v is Poisson’s ratio for the matrix, which is 0.3; and E* and E
are the elastic modulus of the particles and matrix, respec-
tively, taken as 600 and 150 GPa. The relationship between 
the critical strain of void nucleation in T23 steel CGHAZs 
and particle radii were calculated. The results are shown in 
Fig. 14. It can be seen that the critical strain required for 
void nucleation decreases significantly with the increase of 
the particle radius, indicating the increase of M23C6 size will 
promote the nucleation of microvoids.

The above analysis shows the increase of grain boundary 
carbide density and size can promote the formation and 
aggregation of microvoids and accelerate the intergranu-

(3)

* * 2
9

2 *

((7 5 )(1 ) (1 )(8 10 ) )((7 5 )(1 ) 5 (1 ))24 10
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b - - + + + - - + + -
= ´

- - + +
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v v v k

(4)

(5)

Fig. 12 — Hardness of as-welded CGHAZs and tensile 
fracture CGHAZs at 700°C

Fig. 13 — The illustration of void nucleation and 
coalescence in CGHAZs during high-temperature 
stretching.

Fig. 14 — Relationship between the critical strain of 
void nucleation and the second-phase particle radius.
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lar fracture so as to improve the SRC sensitivity of T23 steel 
CGHAZs.

Effect of Grain Boundary Carbide Precipitation on 
Nearby Solute Atom Depletion

A large amount of M23C6 precipitation in a short time will 
also lead to the depletion of grain boundary alloy elements. 
Taking the Cr atom as an example, the Cr depletion pre-
diction model proposed by Yin et al. (Ref. 34) was used to 
calculate the Cr dilution at the grain boundary in CGHAZs. 
The approximate value of solute atom distribution near the 
grain boundary in one dimension was described by error 
function as follows:

( )min max min
x dC = C + C -C erf

22 Dt
xæ ö,   £    ç ÷

è ø
    

where C is the solute concentration at position x, Cmin is the 
solute concentration at the grain boundary or the interface 
between the particles and matrix and Cmax is the solute con-
centration at the grain center, x is the distance to the grain 
boundary, D is the diffusion coefficient, t is the time, and d
is the grain diameter. If a grain can be approximated as a 
cube with sides of a, b, and c, respectively, Equation 6 can 
be extended to a three-dimensional coordinate system, and 
its expression is modified as follows in Equation 7:

( )min max min

ax
2

x y z bC -C erf erf erf
22 Dt 2 Dt 2 Dt
c
2

C C y

z

ì ü£ï ï
ï ï

æ ö æ ö æ ö ï ï= + ,    £   í ýç ÷ ç ÷ ç ÷
è ø è ø è ø ï ï
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where x, y, and z are distances from three adjacent grain 
boundaries. Equation 7 can only describe 1⁄8 grain, and the 
rest can be obtained by translation conversion. If the grain 
volume excluding grain boundary precipitates is V and its 
average solute concentration is C, then Equation 8 can be 
expressed as follows:

  ( )min max min8

=

= + -   
òòòCV CdV

C V k C C

where

/2 /2

0 02 2 2
c/ 2

0

x y zer f er f er fæ ö æ ö æ ö= ç ÷ ç ÷ ç ÷
è ø è ø è øò ò ò

a b
k dx dy dz

Dt Dt Dt

Solving Equation 8 for Cmin, we can obtain

(6)

(7)

(8)

Table 3 — Alloy Element Factors for Predicting SRC Susceptibility

Formula Criteria 0.043 C-T23 0.083 C-T23

ȟG1  = Cr + 3.3Mo + 8.1V + 10C-2 
ȟG1 > 2, sensitive

ȟG1 < 1.5, insensitive
ȟG1 = 3.018,

sensitive
ȟG1 = 3.172,

sensitive

T = 20V + 7C + 4Mo + Cr + Cu – 0.5Mn  
+ 1.5lgQ

T > 0.9, sensitive

T = 4.16, T = 4.11

Al/2N ≤ 1, Q = Al; Al/2N > 1, Q = 2 N sensitive sensitive

Table 2 — Parameters Used in the Calculation

T/°C a, b, c/
Ɋm B n C0 D/m2·s–1 Vf,max

PɅ / 
mole·mȃ͵

PȽ / 
mole·mȃ͵ NS

700 33 1.190 × 10–4 1.165 0.0237809 5.79 × 10–17 0.002887 5339 136869 23

(9)
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where

( )f 01V V V= -

where V0 = abc is the total volume of grains and Vf is the volume 
fraction of precipitates at the grain boundaries. The average 
solute concentration C can be determined by the volume 
fraction Vf of precipitates at the grain boundary:

f s
0

f

N 1= -  
1-

θ

α

V ρC C
ρ V

æ ö
  ç ÷

è ø

where C0 is the initial solute concentration (equal to Cmax 
when the grain center concentration is not affected by grain 
boundary precipitates), ɏȽ and ɏɅ are the molar density of 
the matrix and precipitate, respectively, and NS is the atomic 
number of the solute atoms in the precipitated phase. The 
volume fraction Vf of grain boundary precipitates can be 
expressed as Equation 13:

( )( )f f max 1 exp B，= - - nV V t (13)

where Vf,max is the volume fraction of precipitates after all 
precipitation.

Simultaneously, Equations 11–13 are substituted into 
Equation 10 to obtain the time-dependent solute atom 
concentration Cmin at the grain boundary. When the time is 
determined, Cmin is also a fixed constant. By substituting Cmin
of fixed time into Equation 6 or 7, the distribution of the solute 
atom concentration near the grain boundary of fixed time 
can be obtained (Equations 6 and 7 are concentration distri-
bution equations expressed in one- and three-dimensional  
coordinates, respectively). The concentration distribution 
obtained by Equation 6 can be used to draw a variation curve; 
that is, the concentration of the solute atom near the grain 
boundary changes with the distance from the grain boundary, 
so as to analyze the depletion of matrix solute elements near 
the grain boundary after the precipitation of M23C6.

Table 2 shows the parameters used in the calculation. 
Figure 15A shows the calculated results of Cr distribution 
at the grain boundary during the high-temperature tensile 
test of the 0.083 C’s CGHAZ at 700°C for 1 min. It can be 
seen that the width of the Cr element depletion zone near 
the grain boundary was about 200 nm, which is basically 
consistent with the measured results in the fracture spec-
imen of the CGHAZ after stretching for 1 min, as shown 
in Fig. 11B. Figure 15B shows the relationship between Cr 
concentration and time at the grain boundary during the high- 

temperature tensile test. It can be seen that the Cr concentra-
tion at the grain boundary first decreased and then increased 
with the increase of holding time, which was caused by the 
dynamic process of the precipitation of carbide at the grain 
boundary consuming the nearby Cr atoms and the diffusion 
of Cr atoms into the grain boundary to supplement the Cr 
atoms. In the initial short time, a large number of carbides 
precipitated at the grain boundary, consuming a large number 
of Cr in the nearby matrix, and the diffusion of Cr in the grain 
to the grain boundary was not enough to compensate for 
the consumption of carbides, so the Cr content at the grain 
boundary decreased sharply in a short time. With the increase 
of time, the precipitation rate of carbide decreased and the 
speed of consumed Cr atoms decreased. When the Cr atoms 
consumed by grain boundary carbide and the Cr atoms dif-
fused into the grain boundary reached equilibrium, the Cr 

(10)

(11)

(12)

A

Fig. 15 — Calculated results: A — The distribution of 
Cr near the grain boundary after holding at 700°C for 
1 min; B — the influence of time on Cr concentration 
at the grain boundary.

B

OCTOBER 2022 | 265-s



concentration at the grain boundary reached the minimum. 
As time continued to increase, more Cr atoms diffused into 
the grain boundary than were consumed by the carbide at 
the grain boundary. The amount of Cr concentration at the 
grain boundary gradually increased. Finally, the Cr concentra-
tion tended to balance. The results of the high-temperature  
tensile test at 700°C (Fig. 5) showed that the fracture time 

caused by SRC was generally less than 0.5 h, indicating the 
depletion of the Cr element does exist in the formation pro-
cess of SRC.

In conclusion, with the increase of carbon content, the 
density and size of M23C6 at the grain boundary of the CGHAZ 
increase significantly, which not only provides more sites 
for void formation but also consumes Cr and other solid- 
solution-strengthening elements near the grain boundary, 
causing the direct weakening of the grain boundary. Under the 
action of tensile stress, the voids are more easily generated 
at the grain boundary. When the microvoids increase and 
grow, they aggregate into void chains, forming microcracks 
and eventually leading to intergranular fracture, which is the 
main cause of SRC in T23 steel CGHAZs.

Effect of Carbides Precipitated in Grain  
on SRC

The carbides also precipitated in the grain interior of T23 
steel CGHAZs during high-temperature tensile testing. M7C3 
and MX carbides mainly precipitated in the grain interior of 
the 0.043 C’s CGHAZ, while only M23C6 and M7C3 precipitated 
in the grain interior of the 0.083 C’s CGHAZ due to short 
fracture time, and MX carbides were not precipitated. The 
hardness test results show the hardness of the 0.043 C’s 
CGHAZ increased significantly after the high-temperature 
tensile test (the microhardness value increased from 314 to 
355 HV0.1), while the precipitation hardening of the 0.083 C’s 
CGHAZ was not obvious or even slightly reduced. This may be 
because only the coherent strengthening of fine MX carbides 
can produce obvious intragranular precipitation hardening.

Fig. 16 — Schematic illustration of cracking in the simulated CGHAZs of T23 steel with different carbon contents.

Fig. 17 — Relationship between the phase and carbon 
content of T23 steel at the metastable equilibrium.
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According to the traditional SRC formation theory (Ref. 18), 
intragranular precipitation hardening is the main cause of 
SRC generation. The theory points out that the precipitation 
of the second phase in the grain interior causes the increase 
of the strength in the grain and the relative weakening of 
the grain boundary. Under the action of high temperature 
and tensile stress, the plastic deformation will focus on the 
relatively weak grain boundary, which causes the preferen-
tial formation and propagation of microcracks at the grain 
boundary, and finally leads to intergranular cracking. The 
empirical criteria of SRC sensitivity based on this view are 
given in Table 3 (Ref. 17). According to the formula in Table 
3, both 0.043 C-T23 and 0.083 C-T23 are sensitive to SRC, 
which is obviously inconsistent with the experimental results 
of 0.043 C-T23’s insensitivity to SRC. Moreover, although the 
MX precipitated in the grain interior of the 0.043 C’s CGHAZ 
during high-temperature tensile testing, which improved the 
precipitation hardening, it still had excellent resistance to 
SRC, while no significantly intragranular hardening occurred 
in the 0.083 C’s CGHAZ during tensile testing at high tem-
perature, and the SRC resistance was very low. These results 
indicate that intragranular precipitation strengthening does 
not play a major role in the formation of SRC in T23 steel 
CGHAZs.

Suppressing SRC by Regulating  
Carbon Content

The fracture mechanisms in the CGHAZ of T23 steel with 
different carbon content can be summarized as illustrated in 
Fig. 16. In the as-welded condition, the microstructures of the 
CGHAZ were both lath martensite and bainite with very few 
carbides decorating the grain interior. At low carbon content, 
the quantity of grain boundary carbides was reduced and 
the size was small, so the grain boundary strength could be 
retained, which reduced the strength difference between 
grains and grain boundaries, leading to the reduction of 
nucleation of grain boundary voids, and thus the formation 
of voids occurred preferentially inside the grain. In addition, 
the intracrystalline crack propagation was accompanied by 
a large amount of plastic deformation, and the maintenance 
of grain boundary strength made the coarse-grained region 
produce more plastic deformation during the crack propaga-
tion stage. Therefore, the fracture mode was transgranular 
and intergranular fracture. At high carbon content, more 
M23C6 precipitated at the grain boundary, which provided 
more positions for the nucleation of voids at the grain bound-
ary and led to the formation of the element depletion zone 
at the grain boundary. The combined action of these two 
aspects directly weakened the grain boundary, which made 
the voids nucleate easier at the grain boundary. Then the 
microvoids increased and grew, gathered into void chains, 
formed microcracks, and finally led to intergranular fracture.

In conclusion, the grain boundary weakening caused by the 
precipitation of a large amount of M23C6 at the grain boundary 
is the main reason for SRC in T23 steel CGHAZs. Therefore, the 
formation of M23C6 at the grain boundary must be inhibited to 
prevent the occurrence of SRC. Figure 17 shows the variation 
curve of the MX and M23C6 phase content with carbon content 
calculated by Thermo-Calc. Considering the short occurrence 

time of SRC, the formation of the M6C precipitated phase in 
the later creep period was inhibited during calculation, and 
the metastable calculation results were obtained. It can be 
seen that with the increase of carbon content, the content 
of M23C6 increases while the precipitation amount of the 
MX phase is almost unchanged. When the carbon content 
is 0.04%, the content of M23C6 is close to zero, indicating that 
only when the carbon content is reduced to about 0.04% can 
the formation of M23C6 be inhibited so as to eliminate the 
SRC of the CGHAZ in T23 steel. The calculated results are 
consistent with the experimental results that 0.043 C-T23 
steel is insensitive to SRC. However, it should be pointed 
out that if the content of carbon is too low, the eutectoid 
ferrite may be formed due to the decrease of the cooling 
rate during normalizing, and the creep strength of the steel 
may be reduced.

Conclusions

1) SRC susceptibility in T23 steel CGHAZs decrease as 
the carbon content decreases. When the carbon content 
decreases to 0.04% (the appropriate minimum value in the 
ASME standard), its SRC susceptibility can be eliminated.

2) Reducing the carbon content reduces the precipitation 
of M23C6 carbides at the grain boundary of the CGHAZ during 
stress release, but it does not reduce the precipitation of 
the precipitation hardening phase MX in the grain interior.

3) The precipitation of M23C6 carbides at the grain bound-
ary is the main factor causing SRC in the T23 steel’s CGHAZ. 
Its precipitation not only provides a site for void nucleation 
but also leads to the depletion of alloy elements in the matrix 
near the grain boundary. These two effects lead to the direct 
weakening of grain boundaries.

4) Reducing carbon content can improve the SRC resis-
tance of the CGHAZ of T23 steel not because it reduces the 
relative weakening of the grain boundary produced by the 
intragranular precipitation hardening but because it inhibits 
the direct weakening of the grain boundary caused by the 
precipitation of M23C6 carbides at the grain boundary.

Acknowledgments

The authors would like to express their gratitude for proj-
ects supported by the National Natural Science Foundation 
of China (52174370 and 51574181), Key Research and Devel-
opment Project of Hubei Province (2021BAA058).

References
1. Vaillant, J. C., Vandenberghe, B., Hahn, B., Heuser, H., and 

Jochum, C. 2008. T/P23, 24, 911 and 92: New grades for advanced 
coal-fired power plants — Properties and experience. Int. J. Pres. 
Ves. Pip. 85(1-2): 38–46. DOI: 10.1016/j.ijpvp.2007.06.011

2. Liu, Z., Feng, H., Zhang, W. J., Song, Z. G., Zhu, Y. L., and Gao, P. 
2019. Effect of carbon content on precipitation behavior of M23C6 
phase in alloy 690J. Iron Steel Res. 31(8): 754–761.

3. DuPont, J. N., Siefert, J. A., and Shingledecker, J. P. 2017. Micro-
structural evolution and mechanical properties of Grades 23 and 24 
creep strength enhanced ferritic steels. Int. Mater. Rev. 62: 32–56.  
DOI: 10.1080/09506608.2016.1207008

OCTOBER 2022 | 267-s



4. Park, K., Kim, S., Chang, J., and Lee, C. 2012. Post-weld heat 
treatment cracking susceptibility of T23 weld metals for fossil 
fuel applications. Mater. Design. 34: 699–706. DOI: 10.1016/j.
matdes.2011.05.029

5. Shin, J., and McMahon, C. J. 1984. Mechanisms of stress relief 
cracking in a ferritic steel. Acta Metall. 32(9): 1535–1552. DOI: 
10.1016/0001-6160(84)90100-7

6. Ren, Y. B., Wang, W., and Ping, S. B. 2016. Failure analysis of 
T23/TP347H dissimilar steel welded tube joint for high temperature 
reheater. Heat Treat. Met. 41: 199–203.

7. Long, H. G., Long, Y., and Chen, H. D. 2011. Mechanism of 
T23/12Cr1MoV dissimilar steel welding failure in high temperature 
reheater. Electric Power 44: 70–73.

8. Komai, N., Masuyama, F., and Igarashi, M. 2005. 10-year  
experience with T23 (2.25 Cr-1.6 W) and T122 (12Cr-0.4 Mo-2W) in 
a power boiler. J. Press. Vess. Tech. 127(2): 190–196. DOI: 10.1115/ 
1.1904052

9. Igarashi, M., Yoshizawa, M., Matsuo, H., Miyahara, O., and Iseda, 
A. 2009. Long-term creep properties of low C-2.25Cr-1.6 W-V-Nb 
steel (T23/P23) for fossil fired and heat recovery boilers. Mat. Sci. 
Eng. A 510: 104–109. DOI: 10.1016/j.msea.2008.05.054

10. Zhao, H. H., Ling, R. H., Jia, J. M., and Zhao, J. C. 2011. New 
heat-resistant steel T23’s performance characteristics and early 
failure. Proceedings of the Chinese Society for Electrical Engineering, 
31(20): 107–113.

11. Wang, X., Zhu, D., Hu, L., Li, X. Q., Li, C., Ge, Z. X., and Yang, Q. X. 
2015. Short-term failure analysis of T23 steel joint of water wall of 
1000MW tower furnace. Chinese Journal of Electrical Engineering
35: 154–161.

12. Long, H. G., Long, Y., and Chen, H. D. 2011. Failure mechanism 
of T23/12Cr1MoV dissimilar steel weld of high temperature reheater.
China Power 05: 70–73.

13. Xiao, G. H., Li, Y. M., and Han, C. G. 2011. Leakage reason analysis 
on T23 steel tube fillet weld in inlet header of high-temperature 
reheater. Physical Testing and Chemical Analysis Part A: Physical 
Testing 47(10): 668–670.

14. Dhooge, A., Dolby, R. E., Sebille, J., Steinmetz, R., and Vinckier, 
A. G. 1978. A review of work related to reheat cracking in nuclear 
reactor pressure vessel steels. Int. J. Pres. Ves. Pip. 6(5): 329–409. 
DOI: 10.1016/0308-0161(78)90023-6

15. Francis, J. A., Mazur, W., and Bhadeshia, H. K. D. H. 2006. Review 
type IV cracking in ferritic power plant steels. Mater. Sci. Tech. 22(12): 
1387–1395. DOI: 10.1179/174328406X148778

16. Watanabe, T., Tabuchi, M., and Yamazaki, M. 2006. Creep 
damage evaluation of 9Cr-1Mo-V-Nb steel welded joints showing 
type IV fracture. Int. J. Pres. Ves. Pip. 83(1): 63–71. DOI: 10.1016/j.
ijpvp.2005.09.004

17. Dhooge, A., and Vinckier, A. 1987. Reheat cracking — A review of 
recent studies. Int. J. Pres. Ves. Pip. 27(4): 239–269. DOI: 10.1016/ 
0308-0161(87)90012-3

18. Chen, Z. B., Lv, Y. S., Shi, W., Qi, Q. Y., Wang, H. B., and Xing, J. 
T. 2016. Research progress on reheat crack of welded joint of low 
alloy heat resistant steel. Welding & Joining 12: 21–27.

19. Tamaki, K., and Suzuki, J. 1983. Influence of V and Ti on the 
reheat cracking: The study of reheat cracking of Cr-Mo steels (Report 
4). Quarterly Journal of The Japan Welding Society 1(2): 152–160.

20. Ito, Y., and Nakanishi, M. 1971. Study on stress relief cracking in 
welded low alloy steels (report 1): The investigation of the condition 
under which stress relief cracking may occur. Journal of the Japan 
Welding Society 40: 1261–1266.

21. Nakamura, H., Naiki, T., and Okabayashi, H. 1970. Relation 
between stress relief cracking and metallurgical properties of low 
alloy steels. Transactions of the Japan Welding Society 1(01): 60–71.

22. McCullough, C., and Buker, A. J. 1991. The role of grain 
boundary migration in reheat cracking. Acta Metall. Mater. 39(12): 
3217–3225. DOI: 10.1016/0956-7151(91)90056-7

23. Picker, C., and Fraser, A. S. 1999. Experience of crack-
ing in austenitic stainless components of the UK prototype fast 
reactor.Int. J. Pres. Ves. Pip. 65(3): 283–293. DOI: 10.1016/
0308-0161(94)00139-A

24. Nawrocki, J. G., Dupont, J. N., Robino, C. V., and Marder, A. 
R. 2000. The stress-relief cracking susceptibility of a new ferritic 
steel — Part 1: Single-pass heat affected zone simulations. Welding 
Journal 79(12): 355-s to 362-s.

25. Wang, X., Xu, D. L., Chen, Y. C., Li, C. Z., and Qiao, Y. X. 2010. 
The reheat cracking susceptibility of T23(7CrWVMoNb9-6) steel. 
Mater. Sci. Tech. 17: 172–175.

26. Vinckier, A. G., and Pense, A.W. 1974. A review of underclad 
cracking in pressure-vessel components. WRC Bulletin.

27. Li, Y., Wang, X., Wang, J., and Chen, A. 2019. Stress-relief  
cracking mechanism in simulated coarse-grained heat-affected 
zone of T23 steel. J. Mater. Pro. Tech. 266: 73–81. DOI: 10.1016/ 
j.jmatprotec.2018.10.028

28. Li, X. Q., Wang, X., Yang, C., Ge, Z. X., Yang, X. B., and Ren, Y. Y. 
2016. Effects of preheating and post-weld heat treatment on the 
mechanical properties of T23 steel weldment. Electric Power 49: 1–5.

29. Anderson, T. L. 2017. Fracture mechanics: Fundamentals and 
applications. Boca Raton, Fla.: CRC Press.

30. Dieter, G. E., and Bacon, D. 1988. Mechanical Metallurgy: SI 
Metric Edition, p. 263. New York: McGraw-Hill Book Co.

31. Raj, R., and Ashby, M. F. 1975. Intergranular fracture at ele-
vated temperature. Acta Metall. 23(6): 653–666. DOI: 10.1016/ 
0001-6160(75)90047-4

32. Raj, R. 1978. Nucleation of cavities at second phase particles 
in grain boundaries. Acta Metall. 26(6): 995–1006. DOI: 10.1016/ 
0001-6160(78)90050-0

33. Goods, S. H., and Brown, L. M. 1979. Overview No. 1: The nucle-
ation of cavities by plastic deformation. Acta Metall. 27(1): 1–15. DOI: 
10.1016/0001-6160(79)90051-8

34. Yin, Y. F., and Faulkner, R. G. 2007. Model predictions of grain 
boundary chromium depletion in Inconel 690. Corrosion Science
49(5): 2177–2197. DOI: 10.1016/j.corsci.2006.10.022

XUE WANG (wangxue2011@whu.edu.cn) and DONGDONG 
ZHANG are with the School of Power and Mechanics, Wuhan 
University, Wuhan, China. YONG LI is with Datang Boiler Pres-
sure Vessel Inspection Center Co. Ltd., Hefei, China. XIANHONG 
LAI and WEI ZHANG are with Dong Fang Boiler Group Co. Ltd., 
Zigong, China.

268-s | WELDING JOURNAL




