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Different regions of heat-affected zone (HAZ) were simulated by heat treatment to investigate the
mechanisms of the Type IV fracture of P92 (9Cr-2W) steel weldments. Creep deformation of simulated
HAZ specimens with uniform microstructures was investigated and compared with those of the base metal
(BM) and the weld metal (WM) specimens. The results show that the creep strain rate of the fine-grained
HAZ (FGHAZ) is much higher than that of the BM, WM, the coarse-grained HAZ (CGHAZ), and the
inter-critical HAZ (ICHAZ). According to the metallurgical investigation of stress-rupture, the FGHAZ
and the ICHAZ have the most severely cavitated zones. During creep process, carbides become coarser, and
form on grain boundaries again, leading to the deterioration of creep property and the decline of creep
strength. In addition, the crack grows along the FGHAZ adjacent to the BM in the creep crack growth test
(CCG) of HAZ.

Keywords cavity, creep, creep crack growth (CCG), heat-affected
zone

1. Introduction

Based on the increasing demand for reduction in CO2

emission, the heat-resistant steels for high-efficient ultra super
critical (USC) power plants at 650 �C and above have been
paid much attention by scientists in Europe, USA, and Japan
(Ref 1-3). However, owing to the inhomogeneous microstruc-
ture in the heat-affected zone (HAZ) and fusion line and the
lower fracture toughness (compared with the base metal) of the
weld metal (WM), most of the fractures in industrial compo-
nents tend to occur at welded joint (Ref 4-6). Particularly, the
HAZ can be divided into three zones with different micro-
structures: coarse-grained HAZ (CGHAZ), fine-grained HAZ
(FGHAZ), and inter-critical HAZ (ICHAZ) adjacent to the BM.
Consequently, these microstructural discrepancies usually result
in different fracture behaviors in the HAZ.

For high-Cr ferritic steels, such as 9 and 12Cr steels,
softening and fine-grained zones, produced in the HAZ of
welded joint during the heat cycle of welding, accelerate the
evolution of microstructure which will result in damage during
elevated temperature creep. It is called Type IV creep, and it
will significantly reduce the creep life of welded joint of ferritic
steels at elevated temperature and low-stress conditions
(Ref 7-15). However, the mechanism responsible for the
degradation of creep rupture strength in the welded joint is
still not well understood.

The creep rupture tests of simulated HAZ specimens by heat
treatments and creep crack growth tests of the P92 (9Cr-2W)
steel with tempered lath martensitic structure steel weldment
were investigated in the current research. Meanwhile, the effect

of the HAZ on creep properties was also studied. Furthermore,
the experimental results are compared with that of the base
metal (BM).

2. Materials and Methods

2.1 Materials and Specimen

The material used in this study is 9Cr-0.4Mo-2W-MnVNb
steel (ASME P92), which was cut from a tube of [

355 mm9 42 mm. The composition of the P92 alloy (see
Table 1) was measured using the Opto-Electronic Direct
Reading Spectrometer (OES) (SPECTRO LAB M9). The
atomic emission spectrometry (AES) was employed to deter-
mine the composition mentioned in the manuscript. The present
steel was first normalized at 1040 �C for 4 h, then air-cooled,
and finally tempered at 760 �C for 11 h. The Ac1 and Ac3
transformation temperatures are 850 and 920 �C, respectively.
Gas tungsten arc (GTA) welding and shielded metal arc
welding (SMAW) were applied for root pass and fill pass
welding, respectively. The actual process parameters of mul-
tilayer SMAW welding are given in Table 2.

The standardized CT precracked specimens were adopted in
creep crack growth tests based on ASTM E1457-00 (Ref 16).
The locations of base metal, WM, and HAZs of the welded
joint are shown in Fig. 1. The precrack tip of CT specimen is
located in the middle of HAZ.

2.2 Heat Treatment for Simulated HAZ

In the actual welded joint, the width of the HAZ is only a
few millimeters, and the properties of different regions in the
HAZ cannot be derived from welded joint. Hence, it is normal
to attempt to simulate the different regions of HAZ micro-
structure. This can be done either by heat treatment or by weld
simulator.

Weld simulator can reflect the changes of microstructure in
the HAZ and it is better than heat treatment due to its ability to
simulate heating rate accurately and cooling rate of HAZ in the
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center of the specimen as well as the really experience.
However, it should be noted that the simulated results are
dependent on the dimensions of the specimen, and the
reasonable width of specimen is 10-15 mm. Therefore, since
the size of the simulated zone is limited, it is difficult to extract
specimens with uniform microstructure from the HAZ pro-
duced using a simulator (Ref 11).

For using heat treatment to simulate the HAZ microstruc-
ture, the material is heated rapidly in a furnace to the peak
temperature during welding, and then is cooled quickly. Results
from HAZ simulated by heat treatments have shown that
FGHAZ/ICHAZ is heated to a temperature close to the Ac3
temperature of the steel, The Type IV cracking would take
place in the welded joint, and has the minimum creep strength
(Ref 17). Although the heating and cooling rates that can be
achieved are lower than those in an actual weld thermal cycle,
furnace heating can heat the whole specimen to the same
temperature homogeneously. Thus, the microstructure is uni-
form throughout the specimen.

Figure 2 shows the condition of heat treatment for the
preparation of simulated HAZ specimens. The Ac1 temperature
of P92 steel is about 850 �C (1093 K), while the Ac3
temperature is about 920 �C (1193 K). At an average heating
rate of 3.53 K/s, the simulated HAZ specimens were kept for
180 s at various peak temperatures between 850 �C (1073 K)
and 1200 �C (1473 K) and then were cooled in air. Finally, the
tempering was carried out for each specimen including the BM

at 760 �C (1033 K) for 2 h. The welded joint was prepared by
means of multilayer SMAW welding.

2.3 Uniaxial Tensile Creep Test and Creep
Stress-Rupture Test

To investigate the microstructure evolution and the creep
deformation properties of HAZ, uniaxial tensile creep tests for
simulated HAZ were conducted on round-bar specimens of
10 mm in diameter and 100 mm in gage length according to
ASTM E 139 (Fig. 3). The creep tests for WM and BM were
also conducted using the same geometric specimens. The
temperature of the creep test was 650 �C, and the applied stress
was 160 MPa. The creep stress-rupture test was performed at
650 �C for up to 4032 h, and then it was stopped to investigate
the microstructure using an optical microscope.

2.4 Creep Crack Growth Test

The creep crack growth tests of welded joint were carried
out using CT specimens of 15-mm thickness (see Fig. 1). The
notch tip was located in HAZ. The precrack of 2.1 mm was
introduced by fatigue loading at room temperature. After
fatigue precracking, 25% side-groove of the thickness was
machined. The creep crack propagation was measured by the
direct-current electrical potential method (Ref 18, 19). Mean-
while, the crack opening displacement in front of the crack tip
was also measured. The applied initial stress intensity factor
(KI) was 12 MPa m1/2, and the test temperatures were the same
as those used in the creep rupture tests.

3. Results and Discussion

3.1 Creep Properties and Microstructure Investigation

Figure 4 shows the corresponding creep deformation char-
acteristics of the BM, ICHAZ, FGHAZ, CGHAZ, and the WM

Table 1 Chemical composition of P92 steels (wt.%)

C Si Mn S P Cr Ni Mo W V Nb B Al N

0.1 0.47 0.4 0.001 0.0082 8.77 0.12 0.38 1.48 0.16 0.054 0.0011 0.02 0.043

Table 2 Process parameters of multilayer SMAW
welding

Groove Single bevel 20�

Preheating 200 �C
Welding current 120 A
Arc voltage 24 V
Welding speed 2.2-2.4 mm/s
Multi-layer 78 pass

Fig. 1 The geometry and size of the CT specimen used for testing

Fig. 2 Test condition of heat treatment for simulated HAZ
specimens
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of the P92 steel under the temperature of 650 �C, and the
applied stress was 160 MPa. The minimum creep strain rates
for the different regions in the welded joint are given in
Table 3. The results showed that the creep strain rate of the
FGHAZ was much higher than that of the BM and other
different zones of HAZ. The creep life of the HAZ simulated at
the peak temperature of 1200 �C (CGHAZ) was longer than
those of the ICHAZ, FGHAZ, BM, and WM, indicating that the
creep strength of the CGHAZ in an actual weld is the highest.
The creep life of the FGHAZ was the shortest, while the creep
life of the CGHAZ was the longest. The fracture of the welded
joint tended to initiate in the FGHAZ.

The interrupted creep stress-rupture test showed that the
fracture tend to occur in the FGHAZ and ICHAZ (shown in
Fig. 5). A significant number of creep cavities were observed in
the FGHAZ and the ICHAZ. After creep rupture test, the
FGHAZ is the most severely cavitated zone; the cavitation in
the ICHAZ is less than that in the FGHAZ, but much more than

that in other zones. Meanwhile, there are a few cavitations in
the WM. The BM is slightly cavitated, mainly along with grain
boundaries, whereas the cavitations in the CGHAZ are less than
the WM. It is possible to find exceptional areas with a few
relatively large cavities (0.5-1 lm).

TEM micrographs of thin foils cut out from the HAZ
adjacent to BM are shown in Fig. 6, to investigate the changes
of precipitation of carbides and sub-grain structures before and
after creep test (at 650 �C for 4032 h). It showed that carbides
were coarser and were mainly located at the grain boundaries.
Dislocation densities inside the grains were very low (Fig. 6a).
Some of the carbides gathered at grain boundaries, even located
at the intersection of three grain boundaries as shown in
Fig. 6(b) and (c). TEM micrographs of the extracted replica of
the HAZ adjacent to BM of the welded joint for virgin
condition and after creep were shown in Fig. 7. The amount of
carbide precipitates was little in the virgin condition (Fig. 7a).
The precipitated particles observed were M23C6 and fine MX
carbonitrides (Fig. 7b). On the other hand, in the ruptured
specimens (Fig. 7c, d), the amount of carbide precipitates was
larger, and the size of carbides was coarser than those in the
virgin condition (Fig. 7a, b). The precipitation of coarse Laves
phase (Fig. 7d) was also observed, though it was not observed
in the virgin condition.

In the virgin specimen, these carbides dispersed in the grains
can strengthen the matrix, based on the mechanisms of solid
solution strengthening and the precipitation hardening, thereby

Fig. 3 Dimension of the creep specimen

Fig. 4 The creep curves of different regions at 650 �C under
160 MPa

Table 3 The minimum creep rate of different regions
of welded joint

Different regions of welded joint Minimum creep rate, mm/h

FGHAZ 2.78E�3
ICHAZ 2.71E�3
WM 1.21E�3
BM 5.30E�4
CGHAZ 1.33E�4
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insuring the creep resistant strength of P92 steel. However, after
creep test, carbides become coarser and form on grain
boundaries again. This will lead to the deterioration of creep
property and the decline of creep strength, along with the
decreasing effects of solid solution strengthening and precip-
itation strengthening. Meanwhile, these coarse precipitates can
weaken the bonding force between grain boundaries and the
bonding force between the particle and matrix. It can be
confirmed that Laves phase tends to precipitate on the grain
boundaries. The precipitation strengthening effect from Laves
phase is believed to be insignificant as the Mo and W elements
are removed from solution in the ferrite, offsetting any
beneficial effects of the Laves phase attained with precipitation
strengthening resulting in the declines of creep resistance
values (Ref 20). Hence, it makes the creep voids apt to nucleate
during creep, which leads to further decline of creep resistance
strength.

3.2 Creep Crack Growth Properties of Welded Joint

The C* integral introduced by Riedel and Rice (Ref 21),
having been regarded as the most appropriate one among the

existing high temperature fracture parameters, has been widely
used to correlate the data of creep crack growth (CCG). In
practice, the C* parameter can be determined in terms of the
measured load line displacement rate, which is needed
frequently in crack assessment of the welded structures. In
CCG studies of welded joint (Ref 22, 23), the experimental C*
estimation equation of ASTM E1457 (Ref 16) has been
generally applied.

The creep crack growth rate is evaluated by C* parameter
which is calculated as follows:

C� ¼ pDc

WBN

n

nþ 1

2

1� a=w
þ 0:522

� �
ðEq 1Þ

where W is the specimen width, a is the crack length, P is
the load, BN is the net thickness, Dc is the crack opening dis-
placement rate, and n is the creep exponent in Norton�s rule.

Figure 8 shows the creep crack growth curves of CT
specimens for the welded joint tested at the load that initial KI is
12 MPa m1/2. Creep crack has propagated on the grain
boundaries in the FGHAZ zone heated around the Ac3
temperature during welding. As shown in the creep crack

Fig. 5 The microstructures of different zones of welded joint after creep stress-rupture test: (a) cross section of welded joint, (b) BM,
(c) ICHAZ, (d) FGHAZ, (e) CGHAZ, and (f) WM
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growth curves of the welded joint, the crack scarcely grows
during incubation period and then grows rapidly during the
accelerating stage.

In order to obtain a reliable crack growth data, it is necessary
to stop tests before specimen is ruptured. In Fig. 9, the

experimental data of CCG rate was correlated with crack tip
parameters. The CCG rates correlate well with C*, particularly
at higher crack growth rates. It is worth noting that the
weldment deformation is inhomogeneous due to micro-
structure heterogeneity. Crack growth may also follow some

Fig. 6 Transmission electron micrographs of HAZ adjacent to the base metal. (a) Dislocation densities and carbides, (b) carbides at the grain
boundaries, and (c) carbides at the intersection of three grain boundaries

Fig. 7 Transmission electron micrographs of carbon extraction replicas on the HAZ adjacent to the BM. (a, b) virgin condition and (c, d) creep
for 4032 h specimen
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microstructure components that are different from the simulated
material on which mechanical and creep data are obtained.
Crack growth increases slowly at first and as a result, the
region, where the data are concentrated near the lowest da/dt
values, occupies 80-90% of the total creep fracture life, as
shown in Fig. 9. The results indicate that the creep deformation
and fracture are substantially influenced by inhomogeneous
microstructure in terms of their creep properties.

Figure 10 shows micrographs of the creep crack growth of
HAZ specimens. Metallographic observation shows that both
initial and final crack tips were found in the HAZ, indicating
that the defect-propagated regions were throughout the test
within the HAZ. For P92 steel, although the initial tip position

was in the middle of the HAZ or closer to the coarse grain
region, the crack propagation path was found in the fine grain
region adjacent to the BM (see in Fig. 10a). This means that,
for longer test duration, the crack could grow in the Type IV
position. Many cavities were observed around the crack tip
from higher magnification SEM images (Fig. 10b, c), which
would result in stress relaxation and acceleration of creep rack
growth rate. In Fig. 10(b), it can be observed that the separate
cavities first formed, and then coalesced into aligned cavity
chains. With the creep duration increasing, cavity chains
coalesced into small scale microcracks, and finally formed
macroscopic cracks that can be detected in the standard
nondestructive inspections.

Fig. 8 Creep crack growth curves of CT specimens for welded
joint

Fig. 9 The relationship between creep crack growth rate and C*
parameter for P92 welded joint

Fig. 10 Creep crack growth path of P92 HAZ specimen. (a) Creep crack growth path, (b) high magnification image of crack tip, and (c) cavity
at the crack tip around
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4. Conclusions

Creep test of the HAZs, creep stress-rupture, and creep crack
growth of P92 (9Cr-2W) steel welded joint were investigated,
and the following conclusions can be drawn:

1. With respect to the creep deformation characteristics of
P92 steel under the temperature of 650 �C, for simulated
HAZ specimens, the creep strain rate of fine-grained
HAZ was much higher than that of the BM, WM and
other different zones of HAZ. The fracture of the welded
joint specimen will occur in the FGHAZ.

2. Based on metallurgical investigation of creep stress-
rupture test, the FGHAZ have the most severely cavitated
zones where crack initiation and growth are easier. In the
industrial practice, Type IV creep fracture will occur.
During creep process, carbides become coarser and form
on grain boundaries again. This will lead to the deteriora-
tion of creep property and the decline of creep strength.

3. The crack growth rate of welded joint correlates well with
C*, particularly at higher crack growth rates. The first
stage of creep crack growth curve (lower crack growth
rates) accounts for 80-90% of the total creep fracture life.
The creep-propagated position of HAZ specimen is
located at the fine grain region adjacent to the base metal.
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