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Abstract 
 
The high-chromium high-nickel alloy is widely used as a heat-resistant material for components in plants under elevated temperatures, 

and thus, prediction of its creep deformation and rupture life is required for safe design. In this study, a creep constitutive model for the 
28-48WCo alloy was determined by employing the Sherby-Dorn equation. Creep deformation tests were conducted at temperatures of 
817, 871, 927 and 982 °C, under an applied stress ranging from 27.58 to 82.74 MPa. High temperature tension tests were also conducted 
to measure the change in elastic modulus with temperature variation. The model provided good predictability of the minimum creep 
strain rate in the range of experimental test conditions, with a coefficient of determination of 0.92. The creep rupture life was character-
ized using the Larson-Miller parameter. Creep design curves were proposed to estimate the creep rupture life of the 28-48WCo alloy at a 
temperature range of 817-982 °C.  

 
Keywords: Creep; Rupture life; Constitutive model; Larson-Miller parameter; Fe-Cr-Ni; 28-48WCo  
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- 
 
 
1. Introduction 

The 28-48WCo alloy steel belongs to the group of 28 %Cr-
48 %Ni heat-resistant stainless steel, with addition of W and 
Co elements for improving its high temperature mechanical 
properties. These additive elements increase the heat resis-
tance of the alloy by constraining the precipitation of carbides 
at grain boundaries and minimizing coarsening of the carbides 
within the grain [1-4]. The high nickel and chromium contents 
of the 28-48WCo alloy also make it resistant to corrosion and 
oxidation at elevated temperatures. Owing to its heat-resisting 
properties, this alloy has been widely used for components in 
high temperature chemical plants, such as fittings, castings, 
and coils in heating furnaces. The 28-48WCo steel is gener-
ally used for manufacturing of the above components by con-
ventional casting, while the HK, HP and KHR steels are used 
for manufacturing furnace tubes by centrifugal casting [5]. 

The residual life of components manufactured by conven-
tional casting with the 28-48WCo alloy depends on the creep 
deformation and rupture failure caused by aging and the creep 
damage accumulated during its service period under high tem-
perature and stress. Thus, reliable predictions of the amount of 
creep deformation and damage of the 28-48WCo alloy are 

necessary for safe use of these components.        
Various models have been suggested as constitutive equa-

tions describing the creep deformation of heat-resisting alloys. 
The Norton’s power law creep model has been one of the 
most widely used, and the temperature dependency of creep 
deformation was reliably described by the Arrhenius type 
model. This approach was successfully employed by Barrett, 
Ardell, and Sherby [6] for establishing a creep deformation 
model, which is known as the Sherby-Dorn equation. The 
power law creep model has been recently applied to describe 
the creep behavior of the SUS304HV stainless steel using the 
experimental results of uniaxial creep tests and small punch 
creep tests, its also applied for alloy 617 in high temperature 
to study the effect of air and helium environments on the creep 
behavior [7, 8]. For high Ni-Cr steels, such as the 20Cr-25Ni 
and HP40Nb alloys, the Sherby-Dorn equation has been ap-
plied for modeling creep behavior [9, 10]. A modified Garo-
falo equation has been applied for the constitutive creep model 
using the Levenberg-Marquardt algorithm for calculating all 
coefficients of the creep equation for the P91 steel [11]. The 
improved Dyson-McLean approach has been also applied for 
creep deformation behavior of tempered martensitic P9 steel 
[12]. The concept of continuum damage mechanics (CDM) 
has been used in this form of creep constitutive equation by 
considering the load carrying area reduction owing to cavity 
formation for the 316 stainless steel, 1/2Cr1/2Mo1/4V ferritic  
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steel, 316LN, and HT-9 stainless steels [13-15]. In the Sherby-
Dorn equation, the effects of stress and temperature on the 
creep strain rate are decoupled. In the q -projection creep 
model, the effects of temperature and stress are coupled in the 
constitutive equation. The q -projection model has been ap-
plied for creep behavior of the Cr25Ni35Nb and Cr35Ni45Nb 
alloys [16]. 

In this study, the Sherby-Dorn constitutive equation was 
applied for modeling the creep deformation behavior of the 
28-48WCo alloy using experimental creep test results. Creep 
tests were conducted at temperatures of 817, 871, 927 and 
982 °C under a stress range from 27.58 MPa to 82.74 MPa. 
Further, the creep rupture life data of the same material were 
modeled with the well-known Larson-Miller parameter.   

 
2. Experimental procedures 

2.1 Material and specimens 

The conventionally casted 28-48WCo heat resistant 
stainless steel [17] was used as the test material. The chemical 
composition of the 28-48WCo required by the manufacturer’s 
specification is listed in Table 1. Because the chemical com-
position of this material is similar to that of KHR48NCo [18], 
the composition of the KHR48NCo is also included and com-
pared with that of 28-48WCo. The amounts of C, Cr, Si and 
Mn are slightly different, and the required amounts of the 
other components are the same. The 28-48WCo alloy used in 
this study was produced by conventional casting and its 
chemical compositions are presented in Table 1. 

The tensile and creep test specimens were fabricated fol-
lowing ASTM E8 [19] and ASTM E139 [20] standards by 
electrical discharge machining. The specimen’s diameter and 
gage length were 6 mm and 30 mm, respectively, and shown 
in Fig. 1. Specimen for metallurgical investigation was pre-
pared with the as-cast material. The microstructure of the vir-
gin material was investigated using optical microscopy and 
scanning electron microscopy (SEM). The composition analy-
sis was conducted by energy dispersive x-ray spectroscopy 
(EDS) analysis. 

 
2.2 Test conditions 

The tensile tests were carried out at room temperature and at 
elevated temperatures of 817, 871, 927 and 982 °C. The ten-
sile strength and percent elongation were measured. From the 

linear elastic parts of the stress-strain curves, the Young’s 
modulus data were estimated. Creep tests following ASTM E-
139 [20] were also conducted at temperatures of 817, 871, 927 
and 982 °C in the stress range of 27.58-82.74 MPa. The de-
tailed test conditions are summarized in Table 2. The creep 
strain-time curves during the tests were recorded. After rup-
ture of the specimens, the failure strain at the gage length of 
each specimen was measured. 

 
3. Results and discussion 

3.1 Microstructure of virgin 28-48WCo alloy 

The microstructure of the as-cast 28-48WCo alloy is shown 
in Fig. 2. The low-magnification image in Fig. 2(a) shows 
continuous networks of primary carbides appearing as a den-
dritic pattern formed during solidification. The high magnifi-
cation in Fig. 2(b) shows carbide precipitates near the grain 

 
 
Fig. 1. Specimen before creep testing. 

 

 
 
Fig. 2. Microstructure of as-cast 28-48WCo alloy: (a) Optical micros-
copy at lower magnification (x 400); (b) SEM image at higher magni-
fication (x 5000). 

 
 

Table 1. Chemical composition of the 28-48WCo and KHR48NCo alloys [17, 18] and the material used in this study (wt %). 
 

Material C Ni Cr Mn P S Co W Si Fe 

28-48WCo 
(required) 0.45-0.50 46.0-50.0 26.0-30.0 ≤ 2.0 ≤ 0.03 ≤ 0.03 2.5-4.0 4.0-6.0 ≤ 2.0 Bal 

KHR48NCo 
(required) 0.35-0.65 46.0-50.0 25.0-28.0 ≤ 1.5 ≤ 0.03 ≤ 0.03 2.5-4.5 4.0-6.0 ≤ 1.75 Bal 

28-48WCo 
(this study) 0.59 48.84 29.32 1.16 ND 0.01 3.99 5.93 0.50 Bal 
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boundaries. These precipitates could be identified as chro-
mium carbides (M7C3 and/or M23C6 types) and W carbides 
(M6C types) based on the EDS analysis results. As shown in 
Fig. 3, three locations characterizing various carbides were 
selected and the composition of the carbides was analyzed. At 
EDS scan locations A and C, in which the precipitates ap-
peared in bright color contrast, Ni and W showed strong peaks 
that indicated Ni-rich (Ni = 42.69, 45.43 wt.%) and W-rich 
carbides (W = 8.04, 8.66 wt.%). At EDS scan location B, in 
which the precipitates appeared as a dark contrasted color, a 
dominating Cr peak was observed (Cr = 77.87 wt.%), indicat-
ing Cr-rich carbides that had been formed during casting. 
These segregated carbides may affect the material resistance at 
high temperature.  

 
3.2 Tensile properties 

The tensile properties measured with the as-cast 28-48WCo 
alloy are summarized in Table 3. As the test temperature in-
creased from 817 °C to 982 °C, the tensile strength and 
Young’s modulus decreased. Elongation at failure increased 
from 22.5 % to 34.0 %, which shows the ductile characteris-
tics of the material. The decrease in tensile strength with in-
creasing operation temperature was explained based on the 
evolution of carbide precipitates at elevated temperatures [21]. 
Strength reduction owing to overheating also showed similar 
microstructural changes, as discussed in Ref. [22]. The 
Young’s modulus, E, decreased rapidly with increasing tem-
perature. It was 207.3 GPa at 817 °C and decreased to 142.3 
GPa at 982 °C. Its regression equation was derived, as ex-
pressed by Eq. (1), using a second-order polynomial function. 
The regression accuracy expressed in the root mean square of 
the error (R2) was 0.9997. 

Table 2. Creep test results of the conventionally casted 28-48WCo alloy. 
 

Temp. 
°C (°F) 

Applied stress 
(MPa) 

Min. strain rate 
(h-1) 

Rupture life  
(h) 

Failure strain  
(%) 

817  
(1500) 

72.40 
65.50 
58.60 

6.384E-04 
1.266E-04 
2.287E-05 

236.04 
523.32 
1372.28 

26.10 
12.35 
8.84 

871  
(1600) 

82.74 
75.84 
68.95 
62.07 
51.72 
44.82 

1.487E-02 
6.628E-03 
3.685E-03 
1.073E-03 
2.515E-04 
3.334E-05 

16.21 
28.77 
50.54 
115.73 
386.33 
1510.28 

46.15 
33.31 
36.31 
19.03 
18.28 
13.29 

927  
(1700) 

62.05 
55.16 
48.26 
44.82 
41.37 
31.03 

1.445E-02 
3.216E-03 
1.745E-03 
5.312E-04 
3.467E-04 
3.431E-05 

14.74 
42.72 
87.86 
177.98 
220.72 
1337.00 

44.00 
26.62 
34.58 
16.49 
17.16 
14.61 

982  
(1800) 

48.26 
41.37 
34.47 
27.58 

1.457E-02 
2.943E-03 
1.016E-03 
2.645E-04 

14.69 
43.24 
101.02 
370.05 

61.06 
24.05 
22.75 
25.94 

 

 
 

 
 
Fig. 3. EDS analysis spectrum of as-cast 28-48WCo alloy. 
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3 2 0 3( ) 2.7027 10 4.4702 10 1.6409 10 .E T T T-= - ´ + ´ - ´   (1) 
 

E(T) is Young’s modulus in GPa and T is the temperature 
expressed in °C. This equation was derived using the data in 
the temperature range of 817-982 °C. The equation can be 
applied in the 800-1000 °C range with reasonable accuracy. 

 
3.3 Creep properties 

The creep test results are summarized in Table 2 and shown 
in Fig. 4. Fig. 4 shows the creep strain data as a function of the 
elapsed time in semi-log scales for each test temperature. 
These creep strain data were converted to creep strain rate data 
using the 7-point polynomial method of ASTM-E647, shown 
in Fig. 5 in the log-log scale. Figs. 5(a)-(d) show the strain rate 
versus elapsed time t at constant temperatures of 817, 871, 927 
and 982 °C, respectively, illustrating roughly three creep re-
gimes. The primary creep was scarcely observed and the sec-
ondary creep was dominant during the whole creep life. The 
tertiary creep contribution appeared after half of the creep life. 
The secondary creep rate, which is the minimum strain rate, 
was obtained by determining the average value of the strain 
rate with data in the range of 30-60 % of creep rupture time 
for each specimen. The obtained minimum strain rate is also 
summarized in Table 2. 

Using the measured secondary creep rate, the Norton’s 
power law creep constants were determined as shown in Fig. 6.  

The secondary creep follows the power law creep model 
rather well. As the temperatures varied as 817, 871, 927 and 
982 °C, the power law creep exponent changed as 15.76, 9.68, 
8.55 and 6.96, respectively. As the temperature increased, the 
power law hardening decreased owing to the thermally acti-
vated process. It should be noted that the exponent value at 
817 °C was considerably high when compared with the other 
cases. 

 
3.4 Constitutive equation for minimum creep strain rate 

The minimum creep strain rate depends on the applied 
stress (σ) and temperature (T), as shown in Fig. 6. The consti-
tutive equation for creep deformation suggested by Sherby-
Dorn, and Barrett et al. [6] was employed in this study. The 
minimum strain rate can be expressed as a function of (σ, T), 

Table 3. Tensile properties of the conventionally casted 28-48WCo 
alloy used in this study. 
 

Material 
Test  

conditions 
°C (°F) 

Young’s 
modulus, E 

(GPa) 

Tensile 
strength,  
(MPa) 

Elongation 
(%) 

25 (77) 303.4 530.9 10.0 

817 (1500) 207.3 346.3 22.5 

871 (1600) 201.7 276.7 23.3 

927 (1700) 181.0 204.0 27.3 

28-48WCo alloy 

982 (1800) 142.3 158.3 34.0 

 
 

 
(a) 

 

 
(b) 

 

 
(c)  

 

 
(d) 

 
Fig. 4. Creep test results of the 28-48WCo: (a) At 817 °C; (b) at 
871 °C; (c) at 927 °C; (d) at 982 °C. 
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as shownbelow [6, 23]: 
 

( , )f Te s=&      

0 exp .
( )

n
QA

E T RT
se

ì ü é ù= -í ý ê úë ûî þ
&                        (2) 

 
Here, e&  is the minimum creep strain rate, σ is the applied 

stress, E is the Young’s modulus of the material, R is the uni-
versal gas constant, T is the absolute temperature, and Q is the 

activation energy for creep. n is the creep exponent. A0 and n 
are material constants. 

Using the experimental data given in Table 2, the materials 
constants A0 and n characterizing stress dependency, and Q 
characterizing temperature dependency, were determined by a 
regression method. The error between the experimentally 
measured minimum creep strain rate values and the values 
estimated using Eq. (2) was minimized with all the data points. 

The determined values of the three constants, A0, n and Q 
for Eq. (2) were 7.989×1011 h-1, 8.577, and 1.763×105 J/mol, 
respectively. Substituting these values in Eq. (2), the constitu-
tive equation for the minimum creep rate became as follows: 

 
5

11 8.577 1.763 107.989 10 ( ) exp( )
( )E T RT
se ´

= ´ -&   (3) 

 
where 3 2 0 3( ) 2.7027 10 4.4702 10 1.6409 10E T T T-= - ´ + ´ - ´  
and R = 8.314 J/Kmol. 

A comparison between the experimentally obtained mini-
mum creep strain rate and the predicted one is shown in Fig. 7. 
The maximum deviation is found to be 1.632×10-2 h-1 at 
982 °C under 48.26 MPa. The root mean square error (R) in 
the prediction of minimum creep strain rate was 4.421×10-3 h-1. 
The coefficient of determination (R2) between the experimen-
tal values of the minimum creep rate and predicted minimum 

      
                                  (a)                                                     (b) 
 

      
                                   (c)                                                    (d) 
 
Fig. 5. Creep strain rate versus elapsed time for 28-48WCo alloy: (a) At 817 °C; (b) at 871 °C; (c) at 927 °C; (d) at 982 °C. 

 
 

 
 
Fig. 6. Minimum strain rate as a function of the applied stress at differ-
ent test temperature for 28-48WCo alloy steel. 
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creep rate was found to be 0.92. In addition, 95 % confidence 
band was added in the graph for showing the accuracy of data 
points. It can be argued that these points are located within the 
prediction region of 95 % accuracy. 

All data points in Fig. 7 were very close to the 45° equiva-
lency line, indicating the good predictability of Eq. (3) in 
terms of the minimum creep strain rate. Eq. (3) was derived 
using the data measured at a temperature range of 817-982 °C 
and under a stress range of 27.58-82.74 MPa. To show the 
effectiveness of the constitutive equation model, another test 
was conducted under a condition outside of this range, i.e., at 
982 °C and under 20.68 MPa. The measured minimum strain 
rate was 2.307×10-5 h-1 and the predicted value was 2.153×10-5 h-1. 
The error was less than −6.7 %. 

From the results shown in Fig. 7, it can be argued that the 
creep strain rate modeled by Sherby and Dorn and the Barrett 
equation can provide an accurate prediction of the creep de-
formation behavior for 28-48WCo steel. 

 
3.5 Creep life prediction 

The measured creep rupture life results were characterized 
by the Larson-Miller parameter, expressed as in Eq. (4). 

( 273) ( log ) / 1000L M rLMP T C t-= + ´ +                (4) 
 

where LMP is the Larson-Miller parameter, rt is the creep 
rupture life (h), and T is the temperature in Celsius (°C). Be-
cause the numeric values of the LMP are dependent on the 
constant value of CL-M used in Eq. (4), an optimum value of 
CL-M needed to be determined. The value of CL-M was deter-
mined as 16.6 so that the best fit of the data was achieved. The 
results are shown in Fig. 8. In this figure, all the measured data 
are shown in a semi-log plot using the LMP with CL-M value of 
16.6. A linear relationship between the stress (σ) and the LMP 
was obtained with scatter of R2 = 0.995 as follows: 

 
log 335.96 11.62* .LMPs = -                   (5) 
 
The creep rupture life curve of the 28-48WCo alloy shown 

in Fig. 8 was very close to that of Fe-Cr-Ni stainless steel 
(HP40Nb grade alloy) reported by Voicu et al. [24] and by 
Roy et al. [25]. As they used different values of CL-M, 15.0 and 
22.9, respectively, the creep life curves could not be directly 
compared with the current data. However, by changing the CL-

M value of the current data to 15.0 and 22.9, comparisons were 
made. The data almost overlapped with each other, showing 
little difference, which verifies that the creep lives were al-
most comparable. 

The creep life curve prediction corresponding to the opti-
mum value of CL-M of 16.6 can be determined from Eqs. (4) 
and (5). The plots in Fig. 9 depict the trend of the remaining 
creep lives under constant stress and temperature conditions, 
showing an increased design creep life as stress and tempera-
ture decrease. All the experimentally measured creep life data 
are also shown in the figure. Fig. 9 can be used to estimate the 
creep life of the 28-48WCo alloy in the temperature range of 
817-982 °C. The dotted lines are curves outside of the creep 
testing condition of this study. 

 
4. Conclusions 

The creep deformation behavior and creep rupture life of 

 
 
Fig. 7. Comparison between the measured minimum creep strain rate 
data and predicted values using the Sherby-Dorn creep constitutive 
model. 

 

 
 
Fig. 8. Creep rupture life curve for the 28-48WCo alloy characterized 
by the Larson-Miller parameter with CL-M of 16.6. 

 

 
 
Fig. 9. Creep life prediction curves for various stress and temperature 
conditions for the 28-48WCo alloy. 
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the 28-48WCo alloy were studied by conducting a series of 
experimental creep tests under temperature conditions of 817, 
871, 927 and 982 °C and under stress conditions of 27.58 to 
82.74 MPa. The following conclusions were obtained. 

(1) The Norton’s power law creep exponent n value was 
decreased from 15.76 to 6.96 as the testing temperature in-
creased from 817 °C to 982 °C. The creep constitutive equa-
tion was modeled using the Sherby-Dorn equation, consider-
ing the dependency of creep deformation on the temperature 
and applied stress. This model provided good predictability of 
the minimum creep strain rate in the range of the experimental 
test condition, with a coefficient of determination of 0.92. 

(2) The creep rupture life was successfully characterized us-
ing the Larson-Miller parameter. Creep life design curves 
were proposed to estimate the creep life of the 28-48WCo 
alloy in the temperature range of 817-982 °C. 
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Nomenclature------------------------------------------------------------------------ 

E   : Young’s modulus 
A0     : Material constant    
n    : Creep exponent 
e&     : Strain rate 
s     : Applied stress 
Q      : Activation energy for creep 
R   : Universal gas constant 
R   : Root mean square error 
R2 : Coefficient of determination 
T      : Temperature 
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