
 

International Journal of Materials Science and Applications 
2017; 6(4): 178-189 

http://www.sciencepublishinggroup.com/j/ijmsa 

doi: 10.11648/j.ijmsa.20170604.13 

ISSN: 2327-2635 (Print); ISSN: 2327-2643 (Online)  

 

Effect of Cold Working on Creep Rupture Strength of 
Alloy617 

Yoshiki Shioda
1
, Kyohei Nomura

1
, Keiji Kubushiro

1
, Yoshinori Murata

2
 

1Research Laboratory, Materials Department, IHI Corporation, Yokohama, Japan 
2Department of Materials, Physics and Energy Engineering, Nagoya University, Nagoya, Japan 

Email address: 

yoshiki_shioda@ihi.co.jp (Y. Shioda) 

To cite this article: 
Yoshiki Shioda, Kyohei Nomura, Keiji Kubushiro, Yoshinori Murata. Effect of Cold Working on Creep Rupture Strength of Alloy617. 

International Journal of Materials Science and Applications. Vol. 6, No. 4, 2017, pp. 178-189. doi: 10.11648/j.ijmsa.20170604.13 

Received: May 26, 2017; Accepted: June 8, 2017; Published: June 29, 2017 

 

Abstract: The effect of cold working on the creep rupture strength of Alloy617 was investigated. The creep rupture tests were 

conducted at temperatures of 700 to 800°C, under stresses from 100 to 350 MPa. At high stress conditions, the creep rupture time 

of the non-pre-strained samples are similar to those of the pre-strained samples. On the other hand, at low stress conditions, the 

creep rupture time of the pre-strained samples are longer than those of the non-pre-strained samples. The amount of precipitates 

near the grain boundaries in the pre-strained sample is higher than that in the non-pre-strained sample. Weak regions such as PFZ 

and recrystallization grains in the non-pre-strained sample are formed in the early stage of creep compared to the pre-strained 

sample. At low stress conditions, the precipitates near the grain boundaries in the pre-strained sample play an effective role to pin 

the grain boundaries and they delay the formation of the weak regions resulting in extension to the creep rupture time. 
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1. Introduction 

Recently, for coal-fired power plants, the high temperature 

steam conditions are required for the reduction of CO2 

emissions and high efficiency of the plants. As a step up from 

the current 600°C class Ultra Super Critical (USC) boilers [1], 

technology to Advanced-Ultra Super Critical (A-USC) boilers 

are being developed [2-8]. In A-USC boilers, 700°C steam 

which is 100°C higher than the steam used in USC boilers, is 

used. Both the ferritic heat-resistant steels and austenitic 

heat-resistant steels are not suitable for this steam temperature 

of A-USC boilers. Therefore, Ni based alloys which have high 

strength and corrosion resistance are planned to use in A-USC 

boilers. As the Ni based alloy, currently, Alloy617 

(Ni-22Cr-12.5Co-9Mo alloy) is receiving attention as a 

candidate material for A-USC boilers. Precipitates in Alloy 

617 are mainly γ' phase (Ni3(Al, Ti)), M23C6 carbide, M6C 

carbide and Ti (C, N) carbonitride. It is reported that the creep 

strength is affected considerably by the precipitation of γ’ 

phase at temperatures below approximately 800°C [9-12]. 

This alloy has high creep-rupture strength for up to 100,000 

hours at 700°C and the strength is approximately 100 MPa. 

However, Ni based alloys have not been used in boilers thus 

far. In addition, boiler tubes are cold-worked during 

fabrication. Therefore, it is necessary to clarify the effect of 

cold working on long-time creep-rupture strength of Ni based 

alloys, because this effect varies significantly depending from 

alloy to alloy [13, 14]. Furthermore, there are some reports 

about the effect of cold working on creep rupture strength of 

ferritic heat-resistant steels and austenitic heat-resistant steels 

[15-17], but very few reports exist about that of Alloy617. In 

addition, most of creep tests in the previous papers were 

conducted at temperatures of 850 to 1000°C, which is much 

higher than the temperature conditions of A-USC. [18, 19]. 

The purposes of this paper are to clarify the effect of cold 

working on the creep rupture strength, the creep deformation 

behavior and the change in microstructure of pre-strained 

Alloy617. For those purposes, the pre-strained Alloy617 was 

prepared via interrupted tensile test and was used for the creep 

rupture and interruption tests. 

2. Experimental Procedures 

In this study, Alloy617 tube material with an outer 

diameter of 38 mm and a wall thickness of 11 mm was used 
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as a test material. The tube was subjected to solution heat 

treatment at 1200°C for 22 min. The chemical composition of 

Alloy617 is shown in Table 1. 

Table 1. The Chemical composition of Alloy617. 

(wt, %) 

Alloy C Ni Cr Mo Co Al Ti Si Fe Mn B 

Alloy617 0.059 Bal. 21.90 8.66 11.70 0.97 0.42 0.07 0.94 0.04 0.003 

 

Alloy617 has equiaxial grains of approximately 100 µm 

and there are no precipitates in the grains. Few undissolved 

carbides are only observed. 

For simulating the cold work, the tube was processed into 

arc-shaped tensile test specimens. The arc-shaped specimens 

were parallel portion with a width 15 mm, a thickness 11 mm, 

and a gauge distance 80 mm. Tensile interrupted tests were 

carried out on them. The specimens were subjected to 

pre-strain of 30%. The strain rate is 1.67×10 
-3

 s 
-1

. Figure 1 

shows a representative result showing the relationship 

between stress and interrupted tensile strain. 

 

Figure 1. Relationship between stress and interrupted tensile strain. 

Non-uniform deformation was not observed in the 

interrupted specimens. The specimens subjected to pre-strain 

of 30% in a tensile test at room-temperature are referred to as 

the pre-strained specimens, while the specimens that are not 

subjected to the pre-strain are referred to as the 

non-pre-strained specimens. The Vickers hardness of the 

non-pre-strained specimen and the pre-strained one are 205 

and 332 HV, respectively. After the interrupted tensile test, the 

parallel portion of each test specimen was re-processed into a 

specimen with gauge length of 30 mm and a parallel portion of 

6 mm for creep rupture tests. The creep rupture tests were 

conducted at temperatures of 700 to 800°C, under stresses 

from 100 to 350 MPa. The samples were maintained for 2 

hours at test temperature before the creep tests were 

started．The samples tested at 700°C under 350 MPa were 

conducted until ruptured and the creep test at 750°C under 170 

MPa was interrupted after 997 hours. Each creep test sample 

was cut such that the surface to be observed was parallel with 

the stress axis. Microstructure observation and electron back 

scatter diffraction (EBSD) measurement were used on the 

samples. Microstructures of the samples were observed with a 

scanning electron microscope (SEM) and a scanning 

transmission electron microscope (STEM). For the EBSD 

measurement, the pitch was 0.2 µm and the measurement 

range was 200 × 200 µm. 

3. Experimental Results and Discussion 

3.1. Influence of Pre-strain on Creep Rupture Strength 

Figure 2 shows the effect of the pre-strain on the creep 

rupture strength. The vertical axis and the horizontal axis are 

the stress and creep rupture time, respectively. 

 

Figure 2. The effect of plastic strain on creep rupture strength in Alloy617. 
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At high stress conditions, no significant difference was 

seen in the creep rupture strength between the pre-strained 

and non-pre-strained samples. Meanwhile, at low stress 

conditions, the pre-strained samples exhibited higher creep 

rupture strength compared to the non-pre-strained samples. 

This figure shows that the effect of cold working on the creep 

rupture strength is different between high and low stress 

conditions. To clarify the causes, creep strain tests were 

conducted at 700°C under 350 MPa and 750°C under 170 

MPa. Figure 3 shows the creep rate-time curves. 

 

Figure 3. Creep rate－time curves of pre-strained alloys and virgin alloys at 700°C, 350 MPa and 750°C, 170 MPa. 

Under both creep conditions, the transient creep rate of the 

pre-strained samples is smaller than that of the 

non-pre-strained samples and the minimum creep rate is 

smaller by approximately one order of magnitude. The figure 

also shows that both the time to reach the minimum creep 

rate and the time at which accelerating creep begins, are 

delayed for the pre-strained samples. In addition, comparing 

the pre-strained samples to the non-pre-strained samples, the 

creep deformation behaviors after acceleration varied 

dependently on the stress. Specifically, at 750°C under 170 

MPa, the creep rate of the pre-strained sample did not rapidly 

increase after accelerating creep began, unlike the 

non-pre-strained sample. On the other hand, at 700°C under 

350 MPa, the creep deformation behaviors after the 

accelerating creep of both samples were similar to each other. 

This shows the effect of pre-strain on creep rupture strength 

is different between the high stress condition and the low 

stress condition, because the creep deformation behavior of 

the pre-strained sample after the acceleration of creep rate at 

the high stress condition is not similar to that at the low stress 

condition. 

To consider the reason why the creep rate of the 

pre-strained samples is smaller than that of the 

non-pre-strained samples, the instantaneous strain in creep 

tests were examined. Figure 4 shows the relationship 

between the instantaneous strain and the load stress when 

stress was applied. 

 

Figure 4. Comparison of instantaneous strains of pre-strained samples with 

virgin samples. 

On the non-pre-strained sample remarked “Virgin” in the 

figure, an instantaneous plastic strain occurred at around a 

load stress of 300 MPa, but such strain did not occur on the 

pre-strained sample. This means that hardening occurs in the 

pre-strained samples due to dislocations introduced by cold 

working. In the next section, microstructures are observed to 

confirm whether the difference in fracture morphology and in 

microstructure between both samples exists or not. 
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3.2. Fracture Morphology and the Initiation Point of Fracture of the Ruptured Samples 

Figure 5 shows fracture morphology taken from (a) non-pre-strained sample, (b) pre-strained sample (test conditions: 700°C, 

350 MPa), (c) non-pre-strained sample and (d) pre-strained sample (test conditions: 750°C, 170 MPa). 

 

Figure 5. Secondary electron images of fracture surface in Alloy617 ruptured at 700°C, 350 MPa ((a) virgin, (b) pre-strain at 30%) and 750°C, 170 MPa ((c) 

virgin, (d) pre-strain at 30%). 

Comparing (a) to (b), dimples and intergranular cracking 

are seen on the fracture surface of the non-pre-strained 

sample, whereas intergranular cracking are observed on that 

of the pre-strained sample. Comparing (c) to (d), the 

non-pre-strained sample shows dimples in the fracture 

surface, but the pre-strained sample shows dimples and 

intergranular cracking in the fracture surface. To clarify the 

causes of this difference, each ruptured sample was observed 

using a SEM while attention was paid to the area where the 

crack had initiated. 

Figure 6 shows SEM images of the samples ruptured at 

700°C under 350MPa. (a) is the non-pre-strained sample and 

(b) is the pre-strained sample. 

 

Figure 6. Secondary electron images of Alloy617 ruptured at 700°C, 350 MPa (a) virgin, (b) pre-strain at 30%. 
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For both samples, cracks initiated at the interface between the matrix and the grain boundaries or at the grain boundary 

without precipitates. 

Figure 7 shows SEM images of intragranular grain for the samples ruptured at 700°C under a stress of 350 MPa. (a) is the 

non-pre-strained sample and (b) is the pre-strained sample. 

 

Figure 7. Secondary electron images of intragranular grain for Alloy617 ruptured at 700°C, 350 MPa (a) virgin, (b) pre-strain at 30%. 

For both samples, fine γ' phase was precipitated in the grains, and no significant difference was observed in the 

microstructure. 

Figure 8 shows SEM images of the samples ruptured at 750°C under 170 MPa. (a) and (b) show the initial crack location on 

the non-pre-strained sample and the pre-strained sample, respectively. (c) and (d) show the grain boundaries in the 

non-pre-strained sample and in the pre-strained sample, respectively. 

 

Figure 8. Secondary electron images of crack initiation position ((a) virgin, (b) pre-strain at 30%) and grain boundaries ((c) virgin, (d) pre-strain at 30%) for 

Alloy617 ruptured at 750°C, 170 MPa.  

It is found again that the cracks initiated along precipitation 

free zones (PFZ) in the non-pre-strained sample. On the other 

hand, cracks initiated at the interfaces between matrix and the 

grain boundaries or at the grain boundary without precipitates 
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in the pre-strained sample. It is also found that the amount of 

precipitates at the grain boundaries in the non-pre-strained 

sample is observed to be smaller than that in the pre-strained 

sample. However, the rupture time of the sample in Figure 8(c) 

is different from that in Figure 8(d), and hence the detailed 

microstructures were compared using test samples for which 

the creep test was interrupted after the same time. 

3.3. Microstructures of the Interrupted Samples 

Figure 9 shows SEM images of the interrupted samples (test 

conditions: 750°C, 170 MPa, interrupted after 997 hours). 

 

Figure 9. Secondary electron images of Alloy617 interrupted at 750°C, 170 MPa (t = 997h, (a) virgin, (b) pre-strain at 30%). 

Figure 9(a) shows PFZ near the grain boundaries in the 

non-pre-strained sample, as is the case with the ruptured 

sample shown in Figure 8. However, no PFZ is seen in the 

pre-strained sample as is seen in Figure 9(b). In addition, the 

amount of precipitates at the grain boundaries in the 

pre-strained sample is larger than that in the non-pre-strained 

sample. As shown above, despite the same creep time, the 

amount of precipitates near the grain boundaries varies by the 

applied strain. In order to investigate the sort of precipitates 

and their size, the test samples were observed by STEM/EDX. 

The results are shown in Figure 10. (a) is a bright field image 

(BF image), taken from the interrupted non-pre-strained 

sample (test conditions: 750°C, 170 MPa, interrupted after 

997 hours) and (b), (c) and (d) are the corresponding EDX 

images of Al, Cr and Mo, respectively. 

 

Figure 10. Scanning transmission electron images of virgin Alloy617 interrupted at 750°C, 170 MPa (t = 997h, (a) BF, (b) Al, (c) Cr, (d) Mo). 
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According to the previous study [9-12], precipitates rich in 

Cr near the grain boundary and in the grains were identified 

as M23C6 carbide. Precipitates rich in Mo were identified as 

M6C carbide and precipitates rich in Al were identified as the 

γ' phase as well. The BF image (a) shows the trace of the 

grain boundary migration. By combining this with the Cr 

image (c), the location where M23C6 carbide lined up was 

possibly the initial grain boundary. Figure 11 shows STEM 

results for the pre-strained sample subjected to the creep 

interrupted test conducted under the same condition as that 

for the non-pre-strained sample shown in Figure 10. 

 

Figure 11. Scanning transmission electron images of pre-strained Alloy617 interrupted at 750°C, 170 MPa (t = 997h, (a) BF, (b) Al, (c) Cr, (d) Mo). 

M23C6 carbide, M6C carbide, and the γ' phase were also 

seen, as is the case with the non-pre-strained sample. 

Although M6C carbide was also observed in this sample, it 

did not seen in the Figure 11. Comparing Figure 10(b) with 

Figure 11(b), the amount of γ' phase near the grain boundary 

is larger in the pre-strained sample than in the 

non-pre-strained sample. As for M23C6 carbide, a comparison 

of Figure 10(c) and Figure 11(c) shows that the amount of 

this carbide near the grain boundary is larger in the 

pre-strained sample and the size is larger as well. In addition, 

no M23C6 carbide is seen in the grains, unlike the 

non-pre-strained sample. From SEM and STEM observations, 

it is found that (1) the amount of precipitates at the grain 

boundaries in the non-pre-strained sample is smaller than that 

in the pre-strained sample and (2) grain boundary migration 

is seen in the non-pre-strained sample. To examine the sort of 

precipitates and the state of the grain boundary in the 

non-pre-strained sample in more detail, an EBSD pattern and 

backscattered electron images (BEIs) were analyzed. Figure 

12 shows the results taken from the non-pre-strained sample 

interrupted creep (test conditions: 750°C, 170 MPa, 

interrupted after 997 hours). 
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Figure 12. Results of (a) IPF image, (b) backscattered electron image of Alloy617 interrupted at 750°C, 170 MPa. 

The white bordered area in the inverse pole figure (IPF) 

image (Figure 12(a)) almost matches the area in the BEIs 

(Figure 12(b)). The IPF map shows that the grain boundary is 

considerably curved and strain contrast is seen around it. In 

addition, there is a trace of grain boundary migration as is the 

case with the TEM observation. In that area, no γ' phase is 

seen [20-22]. 

 

 

3.4. Strain Distribution in the Non-pre-strained and 

Pre-strained Samples 

To clarify the reason why the amount of precipitates in the 

pre-strained sample became large near the grain boundary, 

the sample before creep test was observed with EBSD 

measurement. Figure 13 shows the results. (a) is the KAM 

(Kernel Average Misorientaion) map of the non-pre-strained 

sample and (b) is its KAM distribution. (c) is the KAM map 

of the pre-strained sample and (d) is its KAM distribution. 
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Figure 13. Comparison of KAM of virgin alloy with pre-strained alloy (a) KAM map of virgin alloy, (b) KAM distribution of virgin alloy, (c) KAM map of 

pre-strained alloy, (d) KAM distribution of pre-strained alloy. 

 

Figure 14. Results of KAM of pre-strained alloy (a) KAM map, (b) KAM distribution (the grain boundaries 1-2°map and the grain boundaries >2°map are 

drawn with sky blue lines and blue lines). 
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It means in Figure 13 that as the red color becomes darker 

on the KAM map, the local misorientation (i.e. dislocation 

density) is larger. There are no regions with large KAM 

values in the non-pre-strained sample. On the other hand, in 

the pre-strained sample, regions with large KAM values are 

locally seen near the grain boundaries. These are also seen in 

the KAM distributions in Figures 13(b) and (d). In the 

non-pre-strained sample, the peak is around 0.3° and at the 

KAM values of 1° or more, whereas in the pre-strained 

sample, the ratio of the KAM values of 1° or more is larger 

and the ratio of 2 to 3° or more is also larger than in the 

non-pre-strained sample. In order to make clear the regions 

where the KAM values are 1° or more (i.e. sections with 

large dislocation density) in the pre-strained sample, the 

sections with KAM values of 1 to 2° are shown in sky blue 

color and the regions with 3° or more are shown in blue color 

in Figure 14. 

It is found in Figure 14 that most of the regions with KAM 

values of 3° or more exist near the grain boundaries. It is 

considered that many dislocations introduced by the 

pre-strain have accumulated near grain boundaries. These 

facts indicate that a large amount of precipitates near grain 

boundaries observed in the pre-strained sample is due to the 

precipitation on the dislocation accumulated near the grain 

boundaries. It has been reported that dislocations introduced 

by cold working in Ni base alloys and austenitic steel become 

precipitation sites and they accelerate precipitation [22, 23]. 

In addition, it has been reported that an increase in 

precipitates near grain boundaries improves the creep rupture 

strength [24, 25]. It is considered that the precipitates near 

grain boundaries in the pre-strained sample play an important 

role to reduce grain boundary migration and thereby prevent 

the formation of zigzag grain boundaries and reduce the 

formation of weak conditions such as PFZ and 

recrystallization, which results in an improved creep strength. 

Figure 15 shows the IPF maps of the samples ruptured at 

750°C under 170 MPa. (a) (non-pre-strained sample) and (b) 

(pre-strained sample) show that recrystallization have 

developed at the grain boundaries and at crack initiation sites 

for both samples. 

 

Figure 15. IPF images with EBSD of Alloy617 ruptured at 750°C, 170 MPa (a) Virgin, (b) pre-strain at 30%. 

As mentioned in the section in 3.1, the rupture time of the 

non-pre-strained sample is shorter than that of the 

pre-strained sample. This fact is probably because many 

recrystallization grains were formed at the grain boundaries, 

as is seen Figure 15(a). In other words, weak conditions are 

quickly formed in the non-pre-strained sample comparing to 

the pre-strained sample. 

3.5. Differences in Creep Deformation Behaviors Depending 

on Stress 

In the previous section, the reason why the creep rupture 

strength of the pre-strained sample at low stress conditions is 

higher than that of the non-pre-strained sample was explained. 
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In this section, the threshold stress between the high stress 

condition and the low stress condition is mentioned. It has 

been reported that the threshold is consistent with the stress 

at which instantaneous plastic strain occurs in creep test 

when stress is applied (athermal yield stress) [26-28]. When 

the test stress is equal to or higher than the threshold stress, 

large plastic deformation occurs and many dislocations are 

introduced, which work-hardens the test samples. It is 

considered that these introduced dislocations affect creep 

deformation behaviors and that the amount of the 

dislocations varies whether the applied stress is higher or 

lower than the threshold stress. In this study, the stress at 

which instantaneous plastic strain occurred after application 

of stress was determined from Figure 4. The threshold stress 

for the non-pre-strained sample was approximately 300 MPa 

at 700°C and 170 MPa or more at 750°C. In this research, all 

creep tests at 700°C correspond to conditions greater than the 

athermal yield stress. Therefore, the non-pre-strained sample 

is possibly work-hardened when stress is applied, and hence 

the creep strength becomes the same as that of the 

pre-strained sample. Meanwhile, all the test stresses at 750°C 

creep are equal to or lower than the threshold stress. 

Therefore, the non-pre-strained samples are not 

work-hardened when stress is applied and thereby the 

microstructural difference is observed, as mentioned in 3.4. 

As a result, the creep rupture time of the non-pre-strained 

sample becomes shorter than that of the pre-strained sample. 

From the above, it is considered that the dislocations 

introduced before the creep deformation promotes 

precipitation of γ' phase and M23C6 carbide near the grain 

boundary and they delay formation of PFZ. Therefore, the 

creep rupture strength of Alloy 617 increases due to 

introduction of dislocations. 

4. Conclusion 

The effect of cold working on the creep rupture strength of 

Alloy617 was investigated. The obtained results are as follows. 

(1) At high stress conditions, the creep rupture time of the 

non-pre-strained samples are similar to those of the 

pre-strained samples. Meanwhile, at low stress conditions, 

the creep rupture time of the pre-strained samples are longer 

than those of the non-pre-strained samples. The threshold 

stress is almost consistent with the stress at which 

instantaneous strain in the non-pre-strained sample occurs. 

(2) Both the transient creep rate and the minimum creep 

rate of the pre-strained samples are smaller than those of the 

non-pre-strained samples. The value of minimum creep rate 

is smaller by approximately one order of magnitude. In 

addition, it is found that applying pre-strain delays both the 

time to reach the minimum creep rate and time at which 

acceleration begins. 

(3) Weak conditions such as PFZ and recrystallization 

grains in the non-pre-strained sample are formed at an earlier 

stage of creep compared to the pre-strained sample. 

(4) The density of precipitates near the grain boundaries is 

larger in the pre-strained sample than that in the non-pre-strained 

sample. It is considered from this result that at low stress 

conditions, the precipitates near the grain boundaries in the 

pre-strained sample play an important role to pin the grain 

boundaries and that they delay the formation of weak conditions 

resulting in extension of the creep rupture time. However, at 

high stress conditions, the non-pre-strained sample is possibly 

work-hardened when stress is applied and this creep strength 

becomes same as that of the pre-strained sample. 
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