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Abstract
In order to clarify the reason why the creep rupture time of pre-strained Ni-23Cr-7W
Alloy (HR6W) is longer than that of the non-pre-strained HR6W, microstructures of HR6W after a series of creep tests were investigated. The creep
tests were conducted at 750˚C, 90 and 100 MPa. In the pre-strained samples,
the grain boundary shielding ratio by precipitates was larger than that of the
non-pre-strained sample. In addition, in the pre-strained samples the size of
the M23C6 carbide in the grains was finer than in the non-pre-strained sample.
The W content in the M23C6 carbide in the pre-strained samples tended to be
larger than in the non-pre-strained sample. Therefore, the Ostwald ripening
of the carbide was delayed and the size of M23C6 carbide was thought to be
fine for a long time. These observations show that creep strength in the
pre-strained samples is higher than that of the non-pre-strained sample because
of both precipitation strengthening inside of the grains and grain boundaries.

Keywords
A-USC, HR6W, Cold Working, Creep Strength, Grain Boundary Shielding
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1. Introduction
For coal-fired power plants, the technology of the Advanced-Ultra Super Critical
(A-USC) boilers is being developed with the purpose of enhancing generation
efficiency and reducing CO2 emissions [1]-[6]. The steam temperature of A-USC
boilers will be 100˚C higher than that of the conventional 600˚C-class Ultra Super Critical (USC) boilers [7]. Therefore, Ni-based alloys are planned to be used
in A-USC boilers. As the Ni-based alloy, currently, Ni-23Cr-7W Alloy (HR6W) is
receiving attention as a candidate material for A-USC boilers [8]. The creep strength
DOI: 10.4236/wjm.2017.710023 Oct. 30, 2017
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of HR6W is enhanced by precipitation strengthening on the Laves phase and
M23C6 carbide. HR6W has excellent high-temperature ductility and thermal fatigue characteristics compared to other Ni-based alloys [9]. Boiler tubes are generally subject to bending in manufacturing process. Austenitic stainless steels are
used for boiler tubes of USC boilers. There are many reports about the effect of cold
working on the creep strength of austenitic stainless steels [10] [11] [12] [13] [14]. At
the short-time conditions, the creep rupture strength of cold-worked austenitic stainless steels is significantly higher than that of the non-cold-worked austenitic stainless steels. On the other hand, at the long-time conditions, the creep rupture strength
of cold-worked austenitic stainless steels is similar to that of non-cold-worked austenitic stainless steels [11]. It has been clarified that this characteristic results from
aggregation and coarsening of carbide. Conversely, with regards to HR6W, Okada

et al. reported that creep rupture time of HR6W that was subjected to cold working by up to 30% at room temperature increases approximately 100 times than
HR6W that was not subjected to cold working and the creep strength is stable for a
long time [15]. Saito et al. reported that the increase in the creep rupture time of
HR6W that was subjected to cold working of 20% was maintained in a long-term
test of 70,000 h or more [16]. In addition, Kubushiro et al. reported that the increase in creep rupture time of cold-worked HR6W is remarkably large as compared with other cold-worked Ni-based alloys [17]. However, there has been almost
no discussion on the mechanism of this increase in strength.
The purpose of this study is to clarify the reason why the creep rupture time of
cold-worked HR6W is longer than that of the non-cold-worked HR6W. For this
purpose, the pre-strained HR6W was prepared via interrupted tensile test and microstructures of HR6W after a series of creep tests were investigated.

2. Experiment Method
In this study, two heats of HR6W tube materials were used as test materials. The
tubes were subjected to solution heat treatment. The chemical composition of HR6W
is shown in Table 1. For simulating the cold work, among the test materials, Alloy A was processed into arc-shaped tensile test specimens, i.e., cross-section of
the specimens is arc-shaped. The arc-shaped specimens were parallel portion with
a width 15 mm, a thickness 8 mm, and a gauge distance 70 mm. Tensile interrupted
tests were carried out on them. The specimens were subjected to pre-strain of
10% and 15%. They are referred to as the pre-strained samples. After the interrupted tensile test, the parallel portion of each test specimen was re-processed
Table 1. Chemical composition of HR6W.
C
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Si

Mn

P

S

Ni

Cr

W

Ti

Nb

Fe

Alloy A

0.070

0.15 1.02

0.008

<0.01

Bal. 23.37

7.54 0.09 0.18

22.06

Alloy B

0.080

0.20 1.15

0.008

0.002

Bal. 22.80

8.00 0.11 0.19

22.0
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into a specimen with gauge length of 30 mm and a parallel portion of 6 mm for
creep tests.
The Vickers hardness of the 0%, 10%, and 15% pre-strained samples were 146,
190, and 207 HV, respectively. Dislocation density measurements were conducted by XRD on the initial samples [18] [19]. Creep tests in the pre-strained
samples (Alloy A) were conducted at 750˚C, 100 MPa. Creep rupture test was
conducted in the 0% pre-strained sample; whereas creep interrupted tests were
conducted in the 10% and 15% pre-strained samples. In addition, Alloy B was
processed into creep test specimen with gauge length of 30 mm and a parallel
portion of 6 mm and creep test was conducted (hereafter, it is referred to as the
non-pre-strained sample). Creep rupture test in the non-pre-strained sample
was conducted at 750˚C, 90 MPa. Each of the ruptured or interrupted test specimen was cut such that the surface to be observed was parallel with the stress
axis. The creep voids and cracks were observed with an optical microscope (OM).
The M23C6 carbide on grain boundaries and Laves phases on grain boundaries or
in the grains were observed with the backscattered electron of a scanning electron microscope (SEM) under the conditions of an acceleration voltage of 15 20 kV and WD = 5 mm. Figure 1 shows a flow diagram of experimental procedure. In addition, the grain boundary shielding ratio ρ was calculated using Expression (1) [20].

ρ = 1 − ∑ λi L

(1)

In this expression, λi is the length of the grain boundary that does not contain precipitates, and L is the total length of all the grain boundaries.
AlloyB

AlloyA
processing
Arc- shaped speciemen

Interrupted tensile test
pre-strained at 10% and 15%

processing
Creep specimen

XRD

Creep test
AlloyA: 750℃,100MPa
AlloyB: 750℃, 90MPa
Microstructure observation
Figure 1. Flow diagram of experimental procedure.
DOI: 10.4236/wjm.2017.710023
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In order to evaluate the fine M23C6 carbide contained in the grains, carbon extraction replicas of the non-pre-strained sample and the pre-strained samples
were prepared and scanning transmission electron microscope (STEM) observations were conducted. STEM observations of the M23C6 carbide were conducted
under the condition of an acceleration voltage of 200 kV. In order to quantitatively evaluate the composition of M23C6 carbide, EDX analysis on 30 pieces was
conducted.

3. Results and Discussion
3.1. Effect of Pre-Strain on Creep Rupture Strength
Figure 2 shows the effect of pre-strain on the creep rupture time of HR6W. The
vertical axis indicates the ratio between the creep rupture time of the pre-strained
sample and that of the non-pre-strained sample. The horizontal axis indicates
the degree of cold working. The black circles correspond to the results of the creep
tests on the pre-strained samples (Alloy A). Figure 1 also indicates the results
reported by Okada et al. [15]. The result for the 0% pre-strained sample was obtained from the creep rupture test, in which the sample was ruptured in approximately 1000 h. On the other hand, the results for the 10% and 15% pre-strained
samples were obtained in a 10,000 h interrupted test. These results indicate that
cold-worked HR6W significantly increases its creep rupture time, as reported by
Okada et al. and Saito et al. [15] [16]. To clarify the cause of this increase, the microstructures of the 10% and 15% pre-strained samples (samples interrupted at
750˚C, 100 MPa for 10,400 h) and that of the non-pre-strained sample that was
subjected to a test of practically the same duration (Alloy B material ruptured at
750˚C, 90 MPa for 11,010 h) were compared.

Figure 2. The effect of pre-strain on the creep rupture time of HR6W.
DOI: 10.4236/wjm.2017.710023
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3.2. Difference in the Microstructures of the Non-Pre-Strained
Sample and Pre-Strained Samples
Figure 3 shows OM images taken from non-pre-strained sample and pre-strained
samples. Figure 3(a) shows the microstructure of the non-pre-strained sample
ruptured at 750˚C, 90 MPa for 11,010 h. Figure 3(b) and Figure 3(c) show the
microstructures of the 10% and 15% pre-strained samples interrupted at 750˚C,
100 MPa for 10,400 h, respectively. In the image of the non-pre-strained
sample shown in Figure 3(a), cracks initiated at the grain boundaries. On the
other hand, in the images of the 10% and 15% pre-strained samples, voids
and cracks were not observed at the grain boundaries, despite the fact that the
samples were subjected to tests of practically the same duration as the test on
the non-pre-strained sample. To clarify the cause, SEM observations of the grain
boundaries in the non-pre-strained sample and the pre-strained samples were
conducted.

3.3. The Effect of Pre-Strain on the Precipitates near Grain
Boundaries
Figure 4 shows backscattered electron images of grain boundaries. Figure 4(a)
shows the microstructure of the non-pre-strained sample ruptured at 750˚C, 90
MPa for 11,010 h. Figure 4(b) and Figure 4(c) show the microstructures of the
10% and 15% pre-strained samples interrupted at 750˚C, 100 MPa for 10,400 h,
respectively.
Precipitates of white color are Laves phase, and precipitates of gray color
are M23C6 carbide. The amount of precipitates on the grain boundaries in the
pre-strained samples was larger than that in the non-pre-strained sample. Therefore, the grain boundary shielding ratio by precipitates in the non-pre-strained
sample and in the pre-strained samples were calculated from Equation (1). Figure 5 shows the results of the calculations. The grain boundary shielding ratio by
precipitates in the non-pre-strained sample was approximately 55%, whereas in
the pre-strained samples it was 90% or higher. This is considered to be due to
dislocations introduced by Pre-strain become precipitation sites and they accelerate precipitation [20] [21]. Takeyama et al. reported that in Ni-based alloys,

(a)

(b)

(c)

Figure 3. OM images of HR6W ruptured at 750˚C, 90 MPa for 11,010 h ((a) virgin) and interrupted at 750˚C, 100 MPa for 10,400
h ((b) pre-strained at 10% (c) pre-strained at 15%).
DOI: 10.4236/wjm.2017.710023
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(a)

(b)

(c)

Laves

Cr23C6

2μm
Figure 4. Backscattered electron images of grain boundaries for HR6W ruptured at 750˚C, 90 MPa for 11,010 h ((a) virgin) and
interrupted at 750˚C, 100 MPa for 10,400 h ((b) pre-strained at 10% (c) pre-strained at 15%).

Grain boundary shielding ratio
by presipitates, ρ / %
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Figure 5. The ratio of grain boundary shielding by precipitates in HR6W crept at 750˚C
for 11,010 h without pre-strain and at 750˚C for 10,400 h with pre-strain.

creep rupture strength increases with increase in the grain boundary shielding
ratio by precipitates [22] [23] [24]. One of the reasons why in this way, the creep
rupture strength of the pre-strained samples increased more than that of the
non-pre-strained sample is considered to be the increase in the grain boundary
shielding ratio by precipitates due to pre-strain.

3.4. The Effect of Pre-Strain on Precipitates in the Grains
In the previous section, it was found that the grain boundary shielding ratio differs depending on whether or not pre-strain is applied. Next, the intragranular
microstructures in the non-pre-strained sample and the pre-strained samples were
examined in order to clarify the effect of pre-strain on the precipitates in the
grains. Since the size of Laves phase and M23C6 carbide in the grains are different, Laves phase and M23C6 carbide were observed by backscattered electron images and by STEM bright field images, separately.
Figure 6 shows backscattered electron images of Laves phase in the grains.
DOI: 10.4236/wjm.2017.710023
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Figure 6(a) shows the images of the non-pre-strained sample ruptured. Figure
6(b) and Figure 6(c) show the images of the 10% and 15% pre-strained samples
interrupted, respectively. The needle-like precipitates of white color are Laves phase.
Figure 7 shows the average diameters of Laves phase that were calculated as equivalent circle diameters from the analysis of the backscattered electron images. The
average diameters of Laves phase were 0.5 - 0.6 μm in the non-pre-strained sample and pre-strained samples. This fact suggests that pre-strain has almost no effect on the size of Laves phase.
Figure 8 shows STEM images and the results of EDX analysis in the
non-pre-strained sample and the pre-strained samples. Figure 8(a) and Figure
8(d) correspond to the non-pre-strained sample. Figure 8(b) and Figure 8(e)
correspond to the 10% pre-strained sample. Figure 8(c) and Figure 8(f) correspond to the 15% pre-strained sample. From the results of the EDX analysis
shown in Figure 8(d), Figure 8(e), and Figure 8(f), the Cr-rich precipitates in

(a)

(c)

(b)

1µm
Figure 6. Backscattered electron images of intragranular grain for HR6W ruptured at 750˚C, 90 MPa for 11,010 h ((a) virgin) and
interrupted at 750˚C, 100 MPa for 10,400 h ((b) pre-strain at 10% (c) pre-strain at 15%).

Diameter of Laves Phase（μm）

1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
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10%

Pre-strain, ε / %

15%

Figure 7. The average diameters of Laves phase for HR6W in virgin alloy after creep
ruptured at 750˚C, 90 MPa for 11,010 h and pre-strained alloy after creep interrupted at
750˚C, 100 MPa for 10,400 h.
DOI: 10.4236/wjm.2017.710023
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Figure 8. Scanning transmission electron images ((a) virgin (b) pre-strained at 10% (c) pre-strained at 15%) and results of EDX
analysis taken from the precipitates in grains of HR6W ((d) virgin (e) pre-strained at 10% (f) pre-strained at 15%).

the grains were identified as M23C6 carbide. The peak relative intensity of W increased with the increase in pre-strain. Form the results of STEM images shown
in Figures 8(a)-(c), it is found that the size of M23C6 carbide in the pre-strained
samples is finer than that in the non-pre-strained sample. From the STEM images of each sample, the sizes of the M23C6 carbide were calculated as equivalent
circle diameters.
Figure 9 shows histograms of the diameters of M23C6 carbide. In the non-prestrained sample, the diameters of M23C6 carbide took a size randomly in the
range from 20 to 100 nm, and their average diameter was approximately 50 nm.
On the other hand, in the pre-strained samples, the diameters of the M23C6 carbide reached its peak at 20 to 40 nm, and the average diameter of M23C6 carbide
in the 10% and 15% pre-strained samples were 35 nm and 30 nm, respectively.
These findings clearly show that pre-strain contributes to the formation of finer
M23C6 carbide in the grains. The cause of the formation of finer M23C6 carbide in
the pre-strained samples compared to in the non-pre-strained sample is considered to be from the difference in initial dislocation density due to cold working.
A number of studies have reported that the size of precipitates formed on dislocations have finer than that of precipitates formed in the matrix [25] [26] [27]
[28]. In addition, studies based on energetics have reported that dislocations act
as preferential nucleation sites for precipitates and reduce the critical nucleus
radius in preferential nucleation [29] [30]. Therefore, dislocation density measurements were conducted by XRD on the initial samples that were not subjected
to the creep test.
DOI: 10.4236/wjm.2017.710023
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Figure 10 shows the results of the measurements. The dislocation density of
the non-pre-strained sample was 5.3 × 1013 m−2, whereas the dislocation density
of the 10% pre-strained sample and of the 15% pre-strained sample were 1.16 ×
1014 m−2 and 1.72 × 1014 m−2, respectively. Accordingly, it is suggested that the
reason for the formation of finer M23C6 carbide in the pre-strained samples is
that M23C6 carbide precipitated on dislocations introduced by pre-strain.
There are reports that in Ni-base alloys and austenitic steels, M23C6 carbide
precipitated on dislocations causes creep strength to increase [27]. Accordingly,

0.35
0%

0.3

10%

Frequency

0.25

15%

0.2
0.15
0.1
0.05
0
10 20 30 40 50 60 70 80 90 100110120130140150
Diameter of M23C6 (nm)

Figure 9. Histograms showing the distribution of diameters of M23C6 carbide in HR6W
with and without pre-strain.
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Figure 10. Change in the dislocation density with the amount of pre-strain in HR6W.
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It is suggested that M23C6 carbide in the pre-strained samples contributed to the
creep strengthening more than in the non-pre-strained sample and acted as a
factor in increasing the creep strength of the pre-strained samples.
In contrast to previous reports on pre-strained Ni-base alloys or austenitic
steels, the aggregation and coarsening of M23C6 carbide in the pre-strained HR6W
were not observed during long time creep tests in this study. The reason why the
size of M23C6 carbide remained fine for a long time is considered to be that M23C6
carbide is rich in W content (Figure 8). There are some reports that W concentrated in M23C6 carbide considerably delays the carbide coarsening [31] [32]. Yoshizawa et al. concluded that the reason for this delay is the effect of concentrated
W in M23C6 carbide, some Cr atoms are replaced with W atoms, which exhibit a
lower diffusion rate in iron than Cr atoms, and this replacement suppresses Ostwald ripening [32]. Then, quantitative EDX analysis on 30 pieces of M23C6 carbide was conducted and their diameters were calculated. Figure 11 shows the results of the calculations. It is found that fine M23C6 carbide tends to be rich in W
content. In other words, much fine M23C6 carbide in the pre-strained samples
tend to be richer in W content in M23C6 carbide than in the non-pre-strained sample. Accordingly, it is considered that for this alloy also, the rich W in the M23C6 carbide delayed the Ostwald ripening of carbide and contributed to the maintenance
of the fine carbide for a long time. The grain size dependence of W content is probably caused by the Gibbs-Thomson effect. Since W content is larger when the
size of M23C6 carbide is smaller, it is estimated that the size of carbide consequently
maintained to be fine, delaying growth. The details of this matter need to be examined in the future.

4. Conclusions
In order to clarify the reason why the creep rupture time of pre-strained HR6W
is longer than that of the non-pre-strained HR6W, microstructures of HR6W
after a series of creep tests were investigated. The obtained results are as follows.
150
Diameter of M23C6 (nm)

0%
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15%
100
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5
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20

W content in M23C6 (at%)

Figure 11. The relationship between W content in M23C6 carbide and its diameter.
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1) The grain boundary shielding ratio by precipitates in the pre-strained samples was higher than in the non-pre-strained sample. Therefore, it was considered
that grain boundary strengthening by precipitates in the pre-strained samples acted
more than in the non-pre-strained sample, increasing the creep rupture strength
of the pre-strained samples.
2) Significant difference in the size of the Laves phase in the grains depending
on pre-strain was not observed.
3) In the pre-strained samples the size of the M23C6 carbide in the grains was
finer than in the non-pre-strained sample. Therefore, it is suggested that M23C6
carbide in the pre-strained samples contributed to the creep strengthening more
than in the non-pre-strained sample and acted in increasing the creep strength
of the pre-strained samples.
4) It is considered that the reason why the size of M23C6 carbide in the pre-strained
samples remained fine for a long time is that the W content in the M23C6 carbide
in the pre-strained samples tended to be larger than in the non-pre-strained sample.
From the above, it is considered that when the cold working is applied to HR6W,
precipitation strengthening inside of the grains and grain boundaries effectively
works, so that the creep strength significantly increases as compared with other
Ni-based alloys.
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