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Creep Behavior of 9% Ni Alloy Steel at Elevated Temperatures
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ABSTRACT: Little design data is available for the creep life prediction of 9% Ni alloy in elevated temperatures. Therefore, in this study, a series 
of creep tests under 16 combined conditions with 4 kinds of stresses and 4 temperatures was performed to obtain creep design and life prediction 

data for 9% Ni alloy, with the following results. The stress exponents decreased as the test temperature increased. The creep activation energy 
gradually decreased as the stresses became larger. The Larson-Miller parameter (LMP) constant for this alloy was estimated to be about 2.

Corresponding author Chang-Min Suh: 1370, Sangyeok-dong, Buk-gu, Daegu 702-701, Korea, +82-10-3513-4593, cmsuh@knu.ac.kr

1. Introduction

Most of the industrial facilities and their parts are used in 

high temperature and high pressure. Their conditions of appli-

cation environment are to be worse gradually in order to maxi-

mize the performance. Therefore, it is important to develop a 

high temperature material. Especially, the decision and compre-

hension of an allowable stress for design is also very impor-

tant in a point of view of the safety.

The 9% Ni alloy steel has been used as a material for a 

ground type of LNG tank. This material has a high tough-

ness and good performance at a low temperature. This material 

mainly imported until few years ago, but recently it was 

developed by POSCO. Thus 9% Ni alloy steel is executed a 

series of creep tests for applying it at elevated temperature. Creep 

and fatigue tests are mainly studied for alloys and austenite 

stainless steels(Baek et al., 1994; Baek et al., 2000; Suh et al. 1988; 

Dorn, 1956). But the research of the nickel alloy is insufficient.

2. Experimental procedures

The creep deformation can be progressed by heat energy, 

which the deformation rate could be expressed by the 

Arrhenius's equation (ASM Metals handbook, 1985).

Currently, the activation energy of a creep process at the 

high temperature over 0.4~0.5 Tm (Tm : melting temperature) 

is well known to be the same as the activation energy of a 

self-diffusion in the case of a pure metal or a solid solution 

metal. This is expressed by Eq. (1).

 ×exp


 (1)

where ε̇ is the creep rate, QSD is the activation energy， R is 

the gas constant, T is the absolute temperature and K is the 

constant.

Firstly, a creep fracture test is performed to obtain the 

relation between stress and rupture time at a constant tem-

perature of an original material for an estimating lifetime, 

respectively. In this study, Larson-Miller parameter curves are 

obtained, and two curves are plotted at the same graph. In 

order to estimate the residual lifetime from a stress, P0 and P1 

are obtained by Eq. (2) and Eq. (3), respectively. The tempera-

ture is assumed an equivalent temperature Teq because we don't 

know the exact temperature.

P0=Teq(C+Logt0)=Teq[C+Log(t1+t)] (2)

P1=Teq(C+Logt1) (3)

where t is the used time, t1 is the residual lifetime, and t0 is 

the total lifetime.

In this study, the creep specimens of 9% Ni alloy steel is 

made by electric discharge machine (EDM) according to the 

KSB 0814 and ASTM No. 7 (ASM Metals handbook, 1985). 

Thereafter, it is annealed that cooling in furnace with holding 

time of 1 hour at 1020℃. Figure 1 shows the shape of the 

specimen.

The temperatures for the creep test are 380, 420, 460 and 

500℃. And applied stresses are 200, 240, 280 and 320 MPa. 

The creep tests were carried out at 16 test conditions, 

respectively.

Fig. 1 Dimension of tensile creep specimen (unit: mm)
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During uniform static load is loaded, a rupture time (tr), a 

rupture strain (εr), and a minimum creep rate (ε̇min) are 

measured experimentally. The effective life and the design 

allowable load can be obtained by these data.

Table 1 and Table 2 show chemical components and 

mechanical properties of 9% Ni alloy steel used in this study, 

respectively. This specimen is the material used in LNG 

storage tank facilities (KOGAS in Pyung-Taek).

The creep test apparatus in this study shown in Fig. 2 is a 

lever beam type. This apparatus can uniformly maintain a stress 

condition irrespective of the amount of the creep process. The 

ratio between the lever and arm is 1:15 for the cam lever type. 

An electrical furnace is used and its temperature is con-

trolled by the temperature and power automatic control system. 

In addition, a specimen is set up within the quartz tube of 

the furnace in order to maintain the temperature within ±1℃.

Table 1 Chemical composition of 9% Ni alloy steel (wt.％)

C Si Mn P S Ni Fe

0.038 0.235 0.589 0.003 0.0006 9.049 Bal.

Table 2 Mechanical properties of 9% Ni alloy steel

Yield Strength (MPa) 585

Ultimate Tensile Strength (MPa) 690

Elongation (%) 36

Min. impact value (J/-196℃) 70

Fig. 2 Schematic diagram of the creep tester

The specimen is loaded after two hours holding time until 

the deformation rate is reached a constant level by the thermal 

expansion of the creep specimen.

The length deformation of the specimen is measured by 

linear variable differential transformer (LVDT), (model: CAS-025) 

which can measure the deformation up to ±1×10
7 μm. LVDT 

is attached on the steel plate in the back of the furnace which 

is not affected by heat and electromagnetism.

After performing the creep test at each test condition, the rup-

tured specimens are observed by a SEM (Model No. JSM-5600).

3. Results and discussion

3.1 Creep curve
The creep curves are obtained by plotting the true strain 

(ε−ε0) according to the displacement in the creep test, where ε 
are the total strain and ε0 are the initial strain.

(a) 380℃

(b) 420℃

(c) 460℃
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(d) 500℃
Fig. 3 Relation between the creep strain and the rupture time 

with 4 groups of temperature and stress level

Table 3 Experimental data for the creep test

Temp. 
(℃)

Stress 
(MPa)

Average creep 
rate, (hr-1)

Rupture time, tr (hr)

380

200 0.00234 unfractured until 7 days

240 0.00326 〃
280 0.00438 〃
320 0.00558 〃

420

200 0.00175 〃
240 0.00262 〃
280 0.00417 〃
320 0.00587 〃

460

200 0.00265 〃
240 0.00856 154

280 0.02171 115

320 0.04570 82

500

200 0.00625 153

240 0.02033 86

280 0.05075 75
320 0.30900 17

The steady-state creep rate is calculated by Eq. (4).

  

  
(4)

Table 3 shows experimental data including steady-state creep 

rate and rupture time at each temperature and stress level.

Figure 3 (a) and Figure 3 (b) show the creep curves measured at 

380 and 420℃, respectively. In this case, the creep curves show 

that the stage I is very short and the stage II is very long. Under 

the given conditions, the specimens are not ruptured during 

168 hours (7 days) at 4 groups of stress level from 200 to 320 MPa.

Figure 3 (c) shows the creep curves at 460℃. The mini-

mum fracture time of the specimen is 82 hours and the 

maximum is 154 hours. Figure 3 (d) shows the creep curves 

measured at 500℃. The creep resistance and the fractured creep 

rate decrease as the stress level increases.

3.2 Time to rupture as the function of stress 
Figure 4 indicates the relation between the rupture time (hr) 

and the stress level (MPa) of 9% Ni alloy steel and Ni-5.8 

Al-14.6Mo-6.2Ta single crystals for comparison (ASM Metals 

handbook, 1985). Two data of 9% Ni alloy and Ni-5.8Al-14.6 

Mo-6.2Ta show different characteristics because of the differen-

ce of the material and testing conditions, that are, polycry-

stalline vs. single crystal, high stress level vs. low stress level 

and low temperature vs. high temperature. Two lines at 460℃ 

and 500℃ of 9% Ni alloy steel obtained from this study show 

slightly below the data of Ni-5.8Al-14.6Mo-6.2Ta.

Fig. 4 Time to rupture as the function of stress for 9% Ni alloy 

steel compared with Ni-5.8Al-14.6Mo-6.2Ta (wt.%) single 

crystals [ASM Metals handbook, 1985]

3.3 Stress exponent for a creep rate
The creep process is that a deformation is continued with a 

time as the thermal activation process which a pure diffusion of 

atoms or gradual movement of dislocation for recovery is conti-

nued. In this creep process, the dependence of a stress level 

on the elevated temperature creep rate is expressed as Eq. (5) 

according to the studies of Garofalo (1965) and Cuddy (1970).

ε̇s=Kσn (5)

where, σ is the stress level, ε̇s is the steady-state creep rate, 

K is the constant and n is the stress exponent.

Figure 5 shows an example of scatter band of steady-state creep 

rate at 420℃ and the solid square marks indicate the average 

value of it.

Figure 6 shows the dependence of a creep rate εs on an app-

lied stress level σ from Eq. (5). It shows a linear relationship at 

each test temperature and the slope of this line is the stress 

exponent (n). As the creep test temperature increases from 380 

to 500℃, the stress exponent gradually increases to 2.48, 4.94, 

5.89, and 8.43 depending on the stress level, respectively.

The stress exponent increases as the temperature increases. 

This reason is that the dislocation density is decreased and the 

activation energy is also increased when the stress is going 

up. The similar results of these were also obtained in other 
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studies (Garofalo et al., 1962; Garofalo, 1965; Cuddy, 1970).

Fig. 5 An example of scatter band of steady-state creep rate at 

420℃ and solid square marks indicate the average value of it

Fig. 6 Dependence of a creep rate on an applied stress level

3.4 The activation energy for a creep rate
The creep rate is controlled by a thermal activation process, 

so it can be expressed as the Arrhenius-type Eq. (6).

 ×exp

 (6)

where, Qc is the activation energy for the creep process, K 

is the constant for stress, microstructure and temperature,   

is the gas constant and T is the absolute temperature. 

Figure 7 shows the dependence of a creep rate ε̇s on an 

applied stress level σ and 1 / T (reciprocal of temperature). 

From this equation, Qc can be obtained as the slope of lnε̇s 

and 1 / T. Therefore, Qc is obtained from the slope of straight 

line as shown in Fig. 7. The activation energy for the creep 

process Qc from this figure is obtained as 110.93, 218.94, 

262.78, and 373.81 kJ/mol corresponding to the stress level 

200, 240, 280, and 320 MPa, respectively.

The activation energy of the creep process is decreased 

with decreasing stress level. This phenomenon is described 

with Eq. (9) and Eq. (10) which are the relational equation of 

creep activation energy and effective stress as shown by 

Bradley, etc. (Bradley et al., 1976).

QC = QSD - σe ( ) (9)

σe = σa - σi (10)

where, Qc is the activation energy for a creep process, QSDis 

the activation energy for a self-diffusion, σa is the applied 

stress, σe is the effective stress, σi is the internal stress,   

is the activation volume for a creep process.

σe and   increase according to σa therefore, Qc is seen 

to decrease with increasing σe. According to Garofalo (Garo-

falo, 1965), if the creep temperature is about 0.5 Tm, the activa-

tion energy for creep is nearly same to that for the self-diffu-

sion. If the creep rate is low, the activation energy for creep is 

low too. Thus accompanied by the precipitation in alloy, the 

activation energy for creep is higher than that for the self-diffu-

sion in the parent metal.

Fig. 7 Dependence of a creep rate on temperature and stress level

3.5 Prediction of a residual creep life
Table 3 shows the creep data and compares the rupture 

time of the material at the same temperature. The rupture life is 

decreased rapidly with increasing the external stress at 460℃ 

and 500℃. Therefore, when the rupture life is known at some 

temperature region, the estimate methods of those at other tem-

perature region can be done by the Larson-Miller parameter 

and the Manson-Haferd parameter (Manson and Haferd, 1953).

In this study, the Larson-Miller parameter as shown in Eq. (11) 
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is used, which is simple and widely applied to many alloys.

(a)

(b)

(c)
Fig. 8 Determination of the Larson-Miller parameter from stress- 

fracture time curves. (a) 9% Ni alloy steel. (b) Pure copper 

[Hwang et al. 2005] and (c) α-Ti alloy [Hwang and Yoon, 2004]

Fig. 9 Comparison of the Larson-Miller parameter for 9％ Ni alloy 

steel, pure copper [Hwang et al. 2005] and α-Ti alloy [Hwang 

et al. 2004] by the experimental stress-rupture curves

(a) x200 (b) x500

(c) x1000 (d) x3000 

Fig. 10 SEM micrographs of the static creep rupture at tempera-

ture 460℃ and stress level 320 MPa

P = f(σ) = T(logtr + C) (11)

where, P is the Larson-Miller parameter, T is the absolute 

temperature, tr is the rupture time, σ is the stress, and C is 

the constant.

The creep life can be estimated by the constant C from Eq. 

(11). Using the data in Table 3, C can be calculated by the 

extrapolation method for the correlation graph of logtr and 1 

/ T, therefore the C is about 2 as shown in Fig. 8 (a). Two similar 

examples of determination of the Larson-Miller parameter 

from stress and fracture time curves of a pure copper and a 

α-Ti alloy were shown for comparison at Fig. 8 (b) and Fig. 8 

(c), respectively (Hwang and Yoon, 2004; 2005).

Therefore, the Larson-Miller parameter of this study can be 

expressed as Eq. (12). Figure 9 shows the difference of the 

Larson- Miller parameter for 9％ Ni alloy steel with pure 

copper and α-Ti alloy by the experimental stress-rupture 

curves (Larson and Miller, 1952).

P = T(logtr + 2) (12)

3.6 Observation of a creep rupture surface
Generally, there are generally two reasons for the decrease 

of creep life. The first opinion is based on the damage of void 

that is generated and grown at the grain boundary during the 

creep process. The second opinion is the promotion of crack 

generation that is based on the effect of oxidation, although 

void is not generated at the grain boundary during the creep pro-

cess. This test material is more considered as the first opinion.

Figure 10 shows SEM micrographs under the test condition 

of temperature 460℃ and stress 320 MPa. When enlarged the 

microstructure of the fractured surface, the dimple is domi-

nantly observed at plastic deformation is observed at Fig. 10 (a) 

and ductile fracture Fig. 10 (b, c, d). The phase of the ductile 

fracture is shown by the intergranular fracture because of 

elevated temperature and stress level.
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4. Conclusions

9% Ni alloy steel which has a high ductility and a good 

performance at low temperature is creep-tested at elevated tem-

peratures, that is, 4 groups of temperature are 380, 420, 460, and 

500℃ and that of stress is 200, 240, 280, and 320 MPa, respe-

ctively. Therefore the basic data is obtained in order to know 

the residual life of creep. The obtained results are as follows.

(1) The stress exponent (n) for the creep process was 

gradually increased to 2.48, 4.94, 5.89, and 8.43 with increasing 

the creep test temperature 380, 420, 460, and 500℃, respectively.

(2) The creep activation energy for the creep process (Qc) 

was gradually increased as 110.93, 218.94, 262.78, and 373.81 

kJ/mol with increasing of the stress 200, 240, 280, and 320 MPa, 

respectively.

(3) Creep life can be estimated and calculated by the extra-

polation method for the correlation graph of logtr and 1 / T, 

so that C is about 2.
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