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Abstract The calculation of inelastic creep damage is

important for the structural integrity evaluation of the

elevated temperature structure in a thorium molten salt

reactor (TMSR). However, a creep damage theory model

and numerical simulation method have not been proposed

for the key materials (UNS N10003 alloy) in the TMSR. In

this study, creep damage characterization of UNS N10003

alloy is investigated using the Norton creep law and

Kachanov–Rabotnov (K–R) creep damage model. First, the

creep experimental data of the UNS N10003 alloy at

650 �C were adopted to fit the material constants of the two

models. Then, the creep damage behavior of the UNS

N10003 alloy was analyzed and discussed under uniaxial

and multi-axial stress states. The results indicated that the

K–R creep damage model is more suitable for the UNS

N10003 alloy than the Norton model. Finally, the numer-

ical simulation method was developed by a user-defined

UMAT subroutine and subsequently verified through a

finite element analysis (FEA). The FEA results were in

agreement with the theoretical solutions. This study pro-

vides an effective method for the inelastic creep damage

analysis of the elevated temperature structure in the TMSR.

Keywords Thorium molten salt reactor � UNS N10003

alloy � Creep damage � Inelastic analysis � Elevated

temperature structure

1 Introduction

One of the six fourth-generation reactor candidates, the

thorium molten salt reactor (TMSR), is safe and econom-

ical and contains low levels of nuclear waste and an ade-

quate anti-proliferation performance [1–3]. Nickel-based

UNS N10003 alloy has been applied in the TMSR with a

strong corrosion resistance and high creep durability in the

high-temperature molten salt environment. Because the

metallic components are designed to operate during long-

term service at 650 �C, an important property of the

structures is the time-dependent creep behavior. Therefore,

a precise calculation of the creep damage is important for

the structural integrity assessment at an elevated tempera-

ture in the TMSR.

An elastic analysis method in the ASME-III-NH code

[4] is widely used in high-temperature nuclear reactors to

calculate and evaluate the creep damage [5–8]. However, if

the creep effects are presumed significant or if the elastic

analysis rules have not been satisfied, an inelastic analysis

is required to provide a quantitative assessment of the creep

deformation and creep damage. Yousefpour et al. [9]

assessed the creep fracture life for the level-2 probabilistic

safety assessment (PSA) of a 2-loop pressurized water

reactor (PWR) with the Larson–Miller model. Yu et al.

[10] carried out an inelastic creep analysis of a sodium-

cooled fast reactor (SFR) based on the Norton creep law

[11]. Mao et al. [12] studied and analyzed the high-tem-

perature creep behavior of package shell candidate
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materials (Hastelloy C276 alloy) of a supercritical water

reactor (SCWR) using the Kachanov–Rabotnov (K–R)

creep damage model [13–15]. Du et al. [16] simulated the

creep damage of 2.25Cr–1Mo steel pressure vessels with

defects based on the K–R model. Niu et al. [17, 18] cal-

culated the creep damage of the high-temperature main

steam pipeline (10CrMo910 steel) based on the K–R

model. However, there have been minimal studies

employing the inelastic creep damage constitutive model

and numerical simulation method for the UNS N10003

alloy in the TMSR.

The remainder of the paper is organized as follows: In

Sect. 2, the creep damage characterization of the UNS

N10003 alloy is investigated based on continuum damage

mechanics [19]. The Norton creep model and K–R creep

damage model are obtained and analyzed. In Sect. 3, the

numerical simulation method is developed and verified

through a finite element analysis (FEA). The conclusion is

provided in Sect. 4.

2 Theoretical models

2.1 Multi-axial creep damage model

The creep damage model based on the Norton creep law

can be expressed as follows [11]:

_e� ¼ C1r
C2

eq ; ð1Þ

x ¼ 1 � _e�= _eð Þ1=C2 ; ð2Þ

where _e� denotes the minimum creep strain rate; _e denotes

the creep strain rate in tertiary creep stages; req denotes

equivalent stress; x denotes creep damage; C1 and C2 are

material constants. The damage value from Eq. (2) is

determined by the tested creep strain rate, which is gen-

erally used as the experimental values to assess the creep

damage of elevated temperature structures.

The general form of the K–R creep damage model

[20, 21] under the multi-axis stress state is as follows:

_ecij ¼
3

2

Brn�1
eq Sij

1 � xð Þn ; ð3Þ

_x ¼ Arpr
1 � xð Þq ; ð4Þ

where _ecij denotes multi-axial creep strain rate; _x denotes

creep damage rate; Sij denotes deviation stress tensor; req

denotes equivalent stress; rr ¼ armax þ ð1 � aÞreq

� �

denotes reference stress; rmax denotes maximum stress; A,

B, n, p, q are material constants, which can be fitted by

uniaxial creep test. a is a material constant related to the

multi-axis stress state, which ranges from zero to unity.

2.2 Material constant fitting

The chemical composition and mechanical properties at

room temperature of the UNS N10003 alloy are listed in

Tables 1 and 2, respectively [22].

According to the standard test methods in ASTM E139-

11, uniaxial creep tests were conducted at the Shanghai

Institute of Applied Physics. Smooth round bar specimens

with a diameter of 8 mm were measured using the Zwick/

Roell KAPPA50 LA creep testing machine and the HBM

high-temperature extensometer at 650 �C. The applied

constant stresses (r) were 250 MPa, 275 MPa, 320 MPa,

and 380 MPa. The experimental creep strain (ec) versus

time (t) with different stress levels at 650 �C was plotted,

as shown in Fig. 1.

The primary creep, secondary creep, and tertiary creep

stages are unclear for the UNS N10003 alloy under the

higher stress level. The primary and secondary creep

strains are low, and the tertiary creep governs the total

creep deformation. For the higher stress range

(r = 380 MPa), the tertiary creep is present for a short time

and thus reveals an approximate linearity as a function of

time t. For the lower stress range (r = 250 * 320 MPa),

the tertiary creep stages show an obvious acceleration

process.

The values of the creep fracture time (tr), creep fracture

strain (er), and minimum creep strain rate ( _e�) at different

stresses are obtained from the creep test of the UNS

N10003 alloy at 650 �C, which are listed in Table 3.

According to the creep test data of the UNS N10003

alloy at 650 �C, the Norton creep model and K–R creep

damage model are adopted for fitting the material con-

stants. The units of time and stress in this study are h and

MPa, respectively.

2.2.1 Norton model

The equation of lnð _e�Þ ¼ lnðC1Þ þ C2 lnðreqÞ can be

obtained by taking the natural logarithm of both sides of

Eq. (1). The equivalent stress req in the Norton model is

equal to the applied stress r. The linear fitting curve is

shown in Fig. 2, and the coefficient of determination R-

squared between the fitted values and experimental data is

greater than 0.99. The two obtained material constants are

C1 = 1.98 9 10-18 and C2 = 5.79, respectively.

2.2.2 K–R model

In order to fit the material constants of the K–R model,

the expressions of the creep strain and creep damage are

derived in this section. Integrating Eq. (4) with the initial

condition of x t¼trj ¼ 1, the equation of the creep fracture
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time (tr) and creep damage (x) under the multi-axial stress

state can be obtained.

tr ¼ 1= Arpr qþ 1ð Þ
� �

ð5Þ

x ¼ 1 � 1 � t=trð Þ1=ðqþ1Þ ð6Þ

Substituting Eqs. (5) and (6) into Eq. (3), the equation

of the multi-axial creep strain (ec
ij) can be derived by

integrating the variable t.

ec
ij¼

f ðrijÞtr
K

1 � 1 � xð Þðqþ1�nÞ
n o

ð7Þ

Then, the creep fracture strain er ¼ ec
ij t¼trj can be

deduced:

er ¼ f ðrijÞtr=K; ð8Þ

where K ¼ ðqþ 1 � nÞ= qþ 1ð Þ; f ðrijÞ ¼ 1:5Brn�1
eq Sij.

Under the uniaxial stress state, Eqs. (5) and (8) are

simplified with rmax ¼ req ¼ rr ¼ r, f ðrijÞ ¼ Brn, and

ec
ij¼ec. Using the natural logarithm for Eqs. (5) and (8)

after transformation, two linear equations lnð1=trÞ ¼
ln Aðqþ 1Þ½ � þ p lnðrÞ and lnðer=trÞ ¼ ln B=K½ � þ n lnðrÞ
are obtained and then fitted by the uniaxial creep test data.

Hence, p = 6.97, n =5.69, ln A qþ 1ð Þð Þ ¼ � 44:815, and

ln B=Kð Þ ¼ � 40:083 are obtained. Furthermore, the equa-

tion of ec=er ¼ 1 � ð1 � t=trÞK is deduced by dividing

Eqs. (7) and (8). Nonlinear curve fitting is performed and

shown in Fig. 3. The coefficient of determination R-

squared is greater than 0.98. Thus, K = 0.57 and q = 12.23

are obtained. Substituting q and K into ln A qþ 1ð Þð Þ and

ln B=Kð Þ, the constants A and B are also obtained.

Table 1 Chemical composition

of the UNS N10003 alloy (wt%)
Cr Fe, max C Si, max Co, max Mn, max W, max V, max

6.0–8.0 5.0 0.04–0.08 1.00 0.20 1.00 0.50 0.50

Mo P, max S, max Al ? Ti, max Cu, max B, max Ni

15.0–18.0 0.015 0.020 0.50 0.35 0.010 Remainder

Table 2 Mechanical properties

at room temperature of the UNS

N10003 alloy

Yield strength (0.2% offset) (MPa) Tensile strength (MPa) Elongation (%)

280 690 35

0 100 200 300 400 500 600
0

2

4

6

8

10

12

ε c
(%

)

t (h)

σ  = 380 MPa
σ  = 320 MPa
σ  = 275 MPa
σ  = 250 MPa

Fig. 1 (Color online) Experimental creep strain–time curves with

different stresses for the UNS N10003 alloy at 650 �C

Table 3 Creep experimental data of the UNS N10003 alloy at

650 �C

r (MPa) tr (h) er _e�

250 545.1 0.0965 0.00016

275 289.5 0.0894 0.00026

320 107.9 0.0706 0.00061

380 29.10 0.0576 0.00180

Fig. 2 Fitting curve of the Norton model
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The fitted material constants p, q, n, A, and B of the K–R

creep damage model are listed in Table 4. In this study, the

material constant a, which is unknown, is assumed to be

0.15 according to a nickel-base alloy (Waspaloy) in a

previous study [23].

2.3 Analysis and discussion

According to Eqs. (1)–(4), the creep damage behavior is

closely related to the stress state. Therefore, the above

theoretical models are analyzed and discussed in detail

based on the uniaxial and multi-axial stress states.

2.3.1 Uniaxial stress state

1. Creep strain analysis

The Norton and K–R models can describe the creep

behavior of the UNS N10003 alloy under the uniaxial

stress state. By integrating Eq. (1), the uniaxial Norton

creep strain equation is obtained.

ec ¼ 1:98 � 10�18 � r5:79 � t ð9Þ

By substituting the material constants (in Table 4) into

Eqs. (5)–(7), the uniaxial K–R creep strain equation can

also be derived as follows:

ec ¼ 113:74=r1:28 � 1 � 1 � 3:44 � 10�20 � r6:97 � t
� �0:57

� �

ð10Þ

The prediction curves of the creep strain obtained by

these two equations (Eqs. (9) and (10)) are compared with

the creep test data, as shown in Fig. 4a, b, respectively. The

prediction curves from the Norton model are a linear

function of time, and the curves from the K–R model are a

power function of time under the constant stress state.

In order to analyze and evaluate the accuracy of the two

theoretical models quantitatively, the residual sum of

squares (RSS) and the coefficient of determination (R-

square) of the creep strain between the theoretical predic-

tion values and test data for the Norton and K–R models

were calculated, as listed in Table 5. The RSS values of the

K–R model were closer to zero, and the R-square values

were closer to 1 than those of the Norton model, except for

the higher stress level (r = 380 MPa). These results indi-

cated that the K–R model is more consistent with the test

data and hence more suitable for describing the creep

behavior of the UNS N10003 alloy than that of the Norton

model.

Furthermore, the theoretical predicted values of the

creep fracture time (tr) and creep fracture strain (er) of the

K–R model are calculated and listed in Table 6. The

maximum errors between the theoretical values and the test

data are 7.27% for tr and 4.20% for er, which are within the

allowable range. Consequently, the K–R model is more

suitable than the Norton model for describing the creep

characterization of the UNS N100003 alloy.

2. Creep damage analysis

The K–R theoretical creep damage equation can be

obtained by substituting the material constants in Table 4

into Eq. (6) under the uniaxial stress state.

x ¼ 1 � 1 � t=trð Þ0:0756 ð11Þ

As mentioned, the Norton creep damage value in Eq. (2)

can be considered as the tested damage value [12]. Thus,

the K–R creep damage curve (theory results) with t/tr is

compared with the Norton creep damage values (test val-

ues), as shown in Fig. 5. The theoretical results are slightly

higher than the test values at the same t/tr. In engineering

applications, the conservative theoretical results will be

obtained by the K–R model. Therefore, the true damage of

the structure will not reach the predicted values during the

operation period. Thus, the K–R theory model is reliable

for the structural safety design. According to Eqs. (5) and

(6), the creep damage x correlates with the stress r, time t,

and the material constant q under the uniaxial stress state.

For the same t/tr, the x value is related to the material

constant q, which is obtained by fitting the tested creep

strain. In addition, Fig. 5 shows that creep damage occurs

when t[ 0.9tr. When t\ 0.9tr, x\ 0.2, which is less than

the critical creep damage value of xcr = 1.0. When

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0
ε c/ε

r

t/tr

σ  = 380 MPa
σ  = 320 MPa
σ  = 275 MPa
σ  = 250 MPa
 Non-linear fitting curve

Fig. 3 Nonlinear fitting curve for the K–R model

Table 4 Material constants of the K–R creep damage model

A B p q n a

2.6 9 10-21 2.23 9 10-18 6.97 12.23 5.69 0.15
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t[ 0.9tr, the x value increases significantly. Thus, the

operating time of the elevated temperature structure

designed with the UNS N10003 alloy should not exceed

90% of the creep life tr.

2.3.2 Multi-axial stress state

1. Creep strain analysis

The equivalent creep strain eeq is adopted to assess the

creep behavior under the multi-axial stress state. Three

components of the principal creep strain are assumed as

e11, e22, and e33. The equation for eeq is as follows:

eeq ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

9
e11 � e22ð Þ2þ e11 � e33ð Þ2þ e22 � e33ð Þ2

h ir

ð12Þ

In this study, a common multi-axial stress state in

nuclear power engineering is analyzed and discussed. The

three principal stress components are r1 = 0, r2= 2r, and

r3= r. The curves of eeq versus t are plotted under the

stress level of r = 100 MPa, as shown in Fig. 6. The a
values in the K–R model are 0, 0.5, and 1.0, respectively.

From Fig. 6, the Norton creep curves overlap with the

K–R creep curves. The time of the intersection point is to.

When t = to, the predicted values (eeq) of the two theoret-

ical models are equal. When t\ to, the eeq values of the

Norton model are larger than those of the K–R model.

When t[ to, the eeq values of the Norton model are smaller

than those of the K–R model. Based on these calculations,

the results of the accumulated equivalent creep strain by

the K–R model would be more conservative than those of

the Norton model during long-term service. In addition, the

value of a directly determines the variation of the K–R

creep curves. When a varies from 0 to 1, the tr and er values

predicted by the K–R model are decreased by 65%.

2. Creep damage analysis

The theoretical prediction values of the creep damage can

be obtained using the K–R creep damage model under the

0 100 200 300 400 500 600
0
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12

14
ε c (%

)

t (h)

Test data(σ  = 380 MPa)
Test data(σ  = 320 MPa)
Test data(σ  = 275 MPa)
Test data(σ  = 250 MPa)
 Prediction curve by Norton model

(a)
0 100 200 300 400 500 600

0
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8
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12

14
Test data(σ  = 380 MPa)
Test data(σ  = 320 MPa)
Test data(σ  = 275 MPa)
Test data(σ  = 250 MPa)
 Prediction curve by K-R model

(b)

ε c (%
)

t (h)

Fig. 4 Comparison of the uniaxial creep strain between the theoretical results and test data: the a Norton model and b K–R model

Table 5 Comparison of the RSS and R-squared for the two theo-

retical models

r (MPa) Norton model K–R model

RSS R-square RSS R-square

250 0.1560 0.868 0.0275 0.976

275 0.0632 0.885 0.0100 0.982

320 0.0216 0.842 0.0036 0.974

380 0.0017 0.972 0.0089 0.852

Table 6 Comparison between

the K–R theoretical predicted

values and test data

r (MPa) tr (h) er

Theoretical values Test data Error (%) Theoretical values Test data Error (%)

250 562.12 545.1 3.03 0.0969 0.0965 0.41

275 289.28 289.5 0.08 0.0858 0.0894 4.20

320 100.59 107.9 7.27 0.0707 0.0706 0.14

380 30.365 29.10 4.17 0.0567 0.0576 1.59
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multi-axial stress state. According to Eqs. (5) and (6), the

K–R creep damage x bears on the reference stress rr,

which is related to the a value. The curves of x versus time

are plotted with a = 0, 0.5, and 1.0 and are shown in Fig. 7.

When a = 0, rr = req = 1.732r, and the x value depends

on req. When a = 0.5, rr = 0.5(r1 ? req) = 1.867r, and

the x value depends on req and r1. When a = 1.0, rr

= r1 = 2r, and the x value depends on r1. Thus, the x
value depends on req, r1, and a under the multi-axial stress

state. Furthermore, the accumulated creep damage gradu-

ally increases with the increase of a at the same time. When

t = 3000 h, the x value is equal to 0.0331 (a = 0), 0.0691

(a = 0.5), and 0.334 (a = 1.0). The x value with a = 1.0 is

approximately ten times than that with a = 0. The a value

affects the accumulated creep damage and time of the

creep rupture.

The above analysis shows that the multi-axial creep

damage is more complicated than the uniaxial creep

damage. The material constant a influences the theoretical

prediction values of the creep strain and creep damage.

Thus, the a value of the UNS N10003 alloy should be

measured by multi-axial creep tests.

3 Numerical calculations

3.1 Calculation method and the FEA model

In this study, only the elastic strain and creep strain are

considered, while the influence of the initial plasticity on

the inelastic strain [24, 25] is neglected. The ABAQUS

code is a suite of powerful engineering simulation pro-

grams based on the finite element method, which can

simulate the behavior of most typical engineering materials

[26, 27]. The Norton model can be adopted for the creep

analysis, which is embedded in the ABAQUS code.

However, a user-defined material constitutive equation is

required for the K–R creep damage model. In this study, a

UMAT subroutine is compiled using FORTRAN language

to develop the K–R creep damage model in ABAQUS

software. The flow diagram of the UMAT subroutine is

shown in Fig. 8.

The UMAT subroutine defines the Jacobin matrix of the

material and updates the stress, strain, and state variables at

the integration point. Two analysis steps are set. (1) In the

elastic analysis, the relationship between the stress and

strain is defined according to Hooke’s law. (2) In the creep

analysis, the creep damage equations (Eqs. (3) and (4)) are

discretized with the central difference method to obtain the

creep strain increment and damage increment. According

to the initial strain method of the finite element increment

theory, the nonlinear iteration is performed to update the

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0
ω

t/tr

K-R creep damage (theory results)
Norton creep damage (test values)

Fig. 5 (Color online) Comparison between the K–R creep damage

and Norton creep damage under the uniaxial stress state

0 2000 4000 6000 8000 10000
0.00

0.05

0.10

0.15

0.20

t (h)

ε eq

K-R model(α = 0)
K-R model(α = 0.5)
K-R model(α = 1.0)
 Norton model

Fig. 6 Curves of the equivalent creep strain under the multi-axial

stress state

0 2000 4000 6000 8000 10000
0.0

0.2

0.4

0.6

0.8

1.0
 α = 0
 α = 0.5
α = 1.0

ω

t (h)

Fig. 7 Curves of the K–R creep damage x versus a under the multi-

axial stress state
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stress using the elastic stiffness matrix. The creep damage

is updated as a state variable.

In order to verify the accuracy of the subroutine, two

FEA models are established using ABAQUS software, as

shown in Fig. 9. (1) A rectangular block (10 mm 9 10

mm 9 50 mm) is subjected to a uniform tensile stress. The

model is meshed by 8-node hexahedron elements (C3D8).

The number of nodes and elements is 3396 and 625,

respectively. The tensile stress (250 MPa) is applied to one

end, while the other end of the block is restrained (UZ =

0). This model can simulate the uniaxial stress state. (2) A

thick-walled cylinder is subjected to internal pressure. The

internal diameter, outer diameter, and length of the thick-

walled cylinder are 1 m, 2 m, and 5 m, respectively. The

model is also meshed by 8-node hexahedron elements

(C3D8). The number of nodes and elements is 37,400 and

8400, respectively. The axial and circumferential dis-

placements of both ends of the cylinder are constrained,

and the radial displacement is free (UZ = UY = 0, UX =

Free). An internal pressure (100 MPa) is applied to the

inner wall of the cylinder. This model is used to simulate

the multi-axial stress state.

In the simulation of the Norton model, the elastic

material constants at 650 �C are set, for example, Young’s

modulus E = 178 GPa and Poisson’s ratio t = 0.31. In

addition, the material constants C1 and C2 are inputted in

the power law creep model. The creep analysis step is

defined as Visco. In the simulation of the K–R model, the

user materials are set, including E and t, as well as the

material constants of the K–R creep damage model (see

Table 4). In addition, the user-defined output variables and

the number of state variables (Depvar) are also inputted

when editing the material behaviors.

3.2 Calculation results and discussion

3.2.1 Uniaxial stress state

The Norton and K–R models are adopted to analyze the

creep behavior of a rectangular block model under the

uniaxial stress state. A comparison between the creep

strains of the FEA results and the theoretical solution is

shown in Fig. 10. The FEA results of the Norton and K–R

Fig. 8 Flow diagram of the UMAT subroutine

Fig. 9 Two FEA models for verifying the subroutine: a a rectangular

block applied to the uniform tensile stress and b a thick-walled

cylinder subjected to an internal pressure

0 110 220 330 440 550
0.00

0.02

0.04

0.06

0.08

0.10

ε c
r

t (h)

 FEA results (K-R model)
 Theroy results (K-R model)
 FEA results (Norton model)
 Theroy results (Norton model)

Fig. 10 (Color online) Comparison of the creep strain between the

FEA results and theoretical solution under the uniaxial stress state
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models are consistent with their theoretical prediction

values.

The FEA results of the creep strain at t = 540 h are

listed in Table 7. The results indicate that the maximum

errors of the creep strain between the FEA results and

theoretical solution are approximately 1.69% for the Nor-

ton model and 0.84% for the K–R model. Therefore, the K–

R model is more accurate than the Norton model.

In order to determine the convergence of the numerical

calculation by the UMAT subroutine, the creep strain

increments DeðnÞc at iteration step n and the creep strain

increments Deðnþ1Þ
c at iteration step n ? 1 are calculated.

The ratio of Deðnþ1Þ
c � DeðnÞc

			
			= Deðnþ1Þ

c

			
			 is obtained as the

relative norm error [22]. During the iterations, the relative

norm error gradually decreases and is stable. When the

number of iteration reaches 2702, the minimum relative

norm error is equal to 1.73 9 10-4 and lower than the

admissible error (2 9 10-4 is defined). Therefore, the

subroutine is adequate, and the calculation results are

convergent.

3.2.2 Multi-axial stress state

The thick-walled cylinder subjected to an internal

pressure leads to the multi-axial stress (radial stress rr,

circumferential stress rh, and axial stress sigma rz). The

theoretical solutions of the stress components are available

under the elastic state as well as the steady creep state for

the thick-walled cylinder [21]. The FEA results by the

Norton and K–R models are obtained and compared with

the theoretical solution. The circumferential stress distri-

bution curves of the thick-walled cylinder along wall

thickness direction r are shown in Fig. 11. Figure 11a

shows the elastic stress at t = 0. Figure 11b shows the

creep stress at t = 1000 h. From the diagram, the redistri-

bution of the circumferential stress is caused by creep

relaxation. The FEA results of the creep stress are consis-

tent with the theoretical solutions.

The FEA results of the creep stresses at the inner wall

(t = 1000 h) are listed in Table 8 and compared with the

Table 7 Comparisons of the creep strain between the FEA results

and theoretical solution

Creep model Theoretical solution FEA results Error (%)

Norton model 0.0826 0.084 1.69

K–R model 0.0837 0.083 0.84
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Fig. 11 (Color online) Circumferential stress distribution curves of the thick-walled cylinder along the r direction: a t = 0 and b t = 1000 h

Table 8 Comparisons of the

creep stresses between the FEA

results and theoretical solutions

r (MPa) Theoretical solutions FEA results

Norton model Error (%) K–R model Error (%)

rr - 100.0 - 100.6 0.60 - 91.04 8.96

rh 62.00 64.12 3.42 69.78 12.6

rz - 18.99 - 16.13 15.1 - 14.36 24.4

req 140.3 142.7 1.69 139.9 0.69

123

65 Page 8 of 9 X.-Y. Wang et al.



theoretical solutions. The errors of the equivalent stress

between the FEA results and the theoretical solutions are

approximately 1.69% for the Norton model and 0.69% for

the K–R model, which are within the permissible deviation

range. Therefore, the multi-axial creep behavior can also be

accurately simulated by the calculation method presented

in this study. In addition, the FEA results of the K–R model

are more accurate than those of the Norton model.

4 Conclusion

In this study, the material constants of the UNS N10003

alloy were obtained by fitting the creep test data. Then, the

creep damage characterization was investigated using the

Norton creep law and K–R creep damage model. The

results indicated that the K–R model is more consistent

with the test data, and hence more suitable for describing

the creep behavior of the UNS N10003 alloy. In addition,

the material constant a influenced the K–R creep damage;

this aspect requires further investigation. Moreover, the

numerical simulation method was developed by compiling

the UMAT subroutine and subsequent verification through

FEA. The FEA results were in agreement with the theo-

retical solutions. The theoretical models and numerical

simulation method in this study are applicable to the creep

damage calculation of the elevated temperature structures

in the TMSR.
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