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Abstract-A constitutive equation of creep. swelling and damage under neutron irradiation appli­
cable to general conditions of stress. including stress change in direction as well as in magnitude. is
developed. The creep related to irradiation is divided into irradiation-induced creep and irradiation­
alfected thermal creep. The irradiation-induced crL'Cp is formulated by taking account of the stress­
induced preferential absorption (SIPA) mechanism and climb-controlled glide (CCG) mechanism
amI by postulating an isotropic tensor function of stress of order lero and order one which is also a
function of neutron nux and neutron lluenee. The irradi'ltion-atli:cted thermal creep. on the other
hand. is nllldeled by extending the creep-h.mlening surface model of variable stress creep to include
the effects of neutron irradiation and damage. The validity and utility of the proposcd constitutive
equation arc discussed by applying it to the creep of type 316 stainless stL'C1 at 650C subjL'Cted to
some stress histories including reversed loading and non-proportional 100Iding under different
irradiation conditions.

I. INTRODUCTION

Irradiation with high energy neutrons usually induces significant effects on the mechanical
behavior of structural materials by creating interstitial atoms, vacancies, dislocation loops
and other microstructural changes in the materials. Thus creep and creep damage under
neutron irradiation are among the most crucial phenomena in nuclear structure components
operating at elevated temperature under intensive flux of high energy fission or fusion
particles. The authors (Murakami el al., 1991; Murakami and Mizuno, 1991) recently
developed a constitutive equation of creep, swelling and damage of polycrystalline metals
in order to facilitate rational and accurate analyses of these components by incorporating
it into computer algorithms.

By taking account of the physical mechanisms of creep under neutron irradiation and
ordinary thermal creep, the constitutive equation was formulated by dividing the creep into
irradiation-induced creep and irradiation-affected thermal creep. The irradiation-affected
thermal creep. in particular, was formulated by extending the creep damage theory of
Kachanov-Rabotnov to include the effects of neutron irradiation. However, because of
the classical time-hardening and strain-hardening theory postulated in the equation, the
applicability of the constitutive equation of irradiation-affected thermal creep was limited
to a rather insignificant change of stress state.

rn the first wall of fusion reactors, for example, the direction and the magnitude of
stress are subject to salient change with burn cycles of plasma (Harries and Zolti. 1986).
This change in the stress induces significant transient increase of creep rates, and has a
large influence on the initiation and the growth of creep cracks in the materials. Thus, the
constitutive equations of creep under irradiation are required to describe this transient
increase of creep rate brought about by the salient change of stress.

The present paper is concerned with the elaboration of a constitutive equation of
creep. swelling and damage to conform to a significant change in magnitude and direction
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of stresses. The creep-hardening surface model of non-steady creep proposed by the authors
(Murakami and Ohno. 1982) is extended to include the effects of irradiation and material
damage to give a constitutive equation of irradiation-affected thermal creep.

~ ELABORATION OF CONSTITUTIVE EQUATIO!'i OF CREEP. SWELLING A!'iD DAMAGE

UNDER IRRADIATION

In order to facilitate the discussion of this paper. we will first make a brief review of
the previous works on a constitutive equation of creep under irradiation and that of
unirradiated creep under variable states of stress. Then. we will discuss the elaboration of
the constitutive equation of irradiation-affected thermal creep by extending the creep­
hardening surface model of non-steady creep to include the effects of irradiation and
material damage.

2.1. Constitutil'e equation of creep under irradiation and that of unirradiated creep under
l'ariah/e states of stress

2.1.1. Irradiation-induced creep. In the previous papers (M urakami ct al.. 1991;
Murakami and Mizuno. 1991) a constitutive equation of creep. swelling and damage
under irradiation was formulated by dividing the total creep strain under irradiation. c~;.

into irradiation-affected thermal creep. f;~rc. and irradiation-induced creep. c~:C : the former
is thermal creep affected by irradiation while the latter occurs only under irradiation even
under the condition of vanishing stress.

[n contrast to the irradiation-affected thermal creep. the stress-dependence of the
irradiation-induced creep is small and the anisotropy of material properties caused by the
irradiation may be insignificant (Ehrlich. 199 I). Then. by taking account of the stress­
induced preferential absorption (SIPA) mechanism and the climb-controlled glide (CCG)
mechanism (Ehrlich. 199 I ; Gittus. 1978) for irradiation-induced creep. the present authors
(kscribed the irradiation-induced creep rate 1;))(" by an isotropic tensor function of stress a"
of order zero and order one as follows (M urakami et al.. 1991 ; Murakami and Mizuno.
1991) :

( I )

where C5,j denotes the Kronecker delta. while '7. ~ and ( arc material functions of neutron
flux lP and neutron l1uence <I> = JlP dt.

Since the irradiation-induced creep /::)(' represents dimensional change of material
under irradiation. the volumetric part of f.~)(' can be identified with the swelling S. Its
deviatoric part. on the other hand. can be interpreted as the irradiation creep. By dividing
eqn (I) into isotropic and deviatoric parts and rearranging the coelftcients of egn (I). we
finally have the constitutive equation of irradiation-induced creep as follows (Murakami
and Mizuno. 1991):

[

R(X"'~I ]

S = C< I + Q{J )", [- -=------kk 'I' I +eR(X-'~1 • {
a.

<x) = x.

x < 0.

x ~ 0'

(2a)

(2b)

where P. C. Q. X and R are material constants. and {JD,; represents the deviatoric parts of
(JIJ' The symbol < ) denotes Macauley brackets.

2.1.2. Creep hardening surface model under !inirradiated and undamaged condition.
Thermal creep of polycrystalline metals under unirradiated conditions. on the other hand.
shows salient dependence on stress or strain history. In the case of the classical strain­
hardening theory. in particular. the thermal creep rate I;~c is expressed as a function of
stress and the history of creep strain f.,~c as follows (Kraus. 1980; Boyle and Spence. 1983:
Ohno. 1990):
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(3a, b)

where ('"EQ and (lDr; denote equivalent stress and deviatoric stress. respectively. The symbol
q in eqn (3a), furthermore, is a creep-hardening variable (i.e. an internal state variable)
representing the state of creep-hardening of the material.

The conventional theory represented by eqns (3a,b), however, cannot describe the
transient increase of creep rate which is observed after stress reversals or change in stress
direction (Murakami and Ohno, 1982), because the creep-hardening variable q cannot
adequately describe the recovery of material hardening after the stress change.

In order to overcome this difficulty, Murakami and Ohno introduced a hyper-sphere
(creep-hardening surface) in a creep strain space as follows (Murakami and Ohno, 1982):

(4a)

where 'X" and p denote center and radius of the hyper-sphere, respectively. The evolution
equations of these variables are given as follows:

. _{(I-;,o)f.kinkln,i' g=O and (cg/o&"0c )e"0c >O
a'i - 0, 9 < 0 or (Cg/Of:"0c )f:"0c ~ 0 '

. {J(2/3».u{T,C"n'l' .cJ = 0 and (Cg/Vf:"0C)f:"0C > 0
p=

0, 9 < 0 or (cg/v&T,c)eT,c ~ 0 '

(4b)

(4c)

(4d)

where .tu is a material constant specifying thc rate of developing of p. Thus, the creep­
hardening variable q representing the state of creep hardening under a given deformation
history was specified by the usc of 121/ and p in eqn (4) as follows:

(5)

[n the case of uniaxial reversed loading, the above creep-hardening surface model. i.e.
eqn (3a) combined with eqn (5). with ;. = 1/2 lead to the ORNL (Oak Ridge National
Laboratory) modified strain-hardening model (Kraus, (980), which is one of the most
popular creep constitutive equations employed in the current analyses of engineering struc­
tures. However, the complexity in algorithm and the discontinuity (or non-uniqueness) in
the numerical results observed in the ORNL model for more general non-proportional
loading path have been excluded in the creep-hardening surface model of eqns (3a), (4) and
(5) (Murakami and Ohno, 1982).

2.2. Extension ofcreep-hardening surface model to irradiation-affected thermal creep
The glide ofdislocations is usually restrained by the piling up ofdislocations to various

obstacles. Some restrained dislocations start to glide again by overcoming the obstacles due
to climb of dislocations. The balance between glide and restraint of dislocations will
determine the creep rate. Besides the transgranular glide of dislocations, the sliding ofgrain
boundaries produces cavities on the grain boundaries and the damage of material proceeds.

The effects of neutron irradiation on thermal creep are expressed both by neutron flux
¢ and by neutron fluence <t> =: f¢ dt. Creep deformation is enhanced and creep damage is
suppressed with neutron flux ¢ which is related to the production rate of interstitial atoms.
On the other hand, creep deformation is suppressed and creep damage is enhanced with
neutron fluence <t> which may represent the internal structure formed by previous neutron
irradiation.
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If we employ the Bailey-Nortont creep equation of constant uniaxial stress

(6a)

and postulate the strain-hardening hypothesis. we have the following equation of multiaxial
cret:p (Murakami and Ohno. 1982):

(6b)

where A. nand 111 denote material constants.
In view of tht: concept of continuum damage mechanics. the damage state of material

undt:r creep can be t:xpressed by a damagt: variable D. If we employ the creep damage
theory of Kachanov-Rabotnov. eqn (6b) can be further extended to incorporate the etrccts
of creep damage as follows:

. = B( a
rll

)'
D I-D' (7a. b)

where alii denotes the largest principal stress. and Band k arc material constants. According
to the creep-hardening surface model discussed in Section 2.1. the hardening parameter in
eqn (7a) can be deduced from eqns (4a) (5).

Though the rates of creep and creep damage arc accelerated or decelerated hy
irradiation. the essential mechanisms of irradiation-atlccted thermal creep may hc
unchanged from those of the creep and damage under unirradiated condition. Then. a
simple way to incorporate the c1rects of irradiation on thermal crcep and creep damage
may be provided by replacing the coellicients of the constitutive and the evolution eq uations
(4). (5) and (7) under unirradiated condition with the corresponding material funl.:tions of
r/) and (I). Thus. the I.:onstitutive equation of irradiation-atlccted thermal creep and the
related evolution equation of creep damage I.:an be provided from eqns (4), (5) and (7) as
follows:

I:" (".,/ (Xa)

(X b)

{
[I-;.«(p.(DWrrCflk/fI,/, ,lj == 0

0, ,lj < 0

and «(',ljI()I:~r")I:)i(" > 0

or (i'}g!2L~/ll)I;~}(' ~ 0 '
(XI.:)

{

I ""3) .( I, <h) ·ITl'VI (_/ I. r/, .... 1:,/ fI,/,
Ii = O.

9==0

g<O

and (2g/L'I:~ic)I;:}(' > 0

or (r'g!2[;~}(,>I;Lrl ~ 0 '
(Xli)

• ( 0'111 )kl'P '~I
D = B«(P.(D) I-D (Se. f)

where A(cP.ll». 1II(rp. (D). n(cP. <D). B(cP.ll» and k(cP.ll» are material functions specifying the
effects of irradiation on the creep and creep damage. As regards these material functions.

t Here. the Bailey-Norton equation is employed b<:cause of the simplicity of the equation and the sll1ali
number of material constants. However. for more accurate analyses. the Blackburn equation (Kraus. 19XO) can
also be employed (Murakami el al.. 1986) to provide a distinct stage of steady·state creep.
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we can employ the material functions discussed in the previous paper (Murakami et al.,
1991; Murakami and Mizuno, 1991) as follows:

A (I/>. <11) = Ao[l +a ,(I-e- u2tP )][1 +aJ(l-e-u.~)].

m(l/>, <11) = mo, n(l/>, <11) = no,

8(1/>. <11) = 8 0 [1 +b ,(l-e-b2tP)][1 +bJ(I-e-b.~)], k(I/>,<1I) = ko,

(9a)

(9b, c)

(9d, e)

where An, mo. no, 8 0 and k o are material constants of unirradiated material, and can be
determined by fitting eqns (7) to the creep curves of unirradiated condition. The material
constants a \. a1, aJ, a4, b I, b1, bJ and b4, on the other hand, specify the effects of irradiation.
The material function )'(1/>, <11), furthermore, is the parameter governing the rate of devel­
opment of creep-hardening surface, and ranges from 0 to 1/2 usually. Thus, by assuming
that the effect of irradiation on ;. is insignificant, ;.(1/>, <11) is now assumed to be a material
constant as follows:

(9f)

To recapitulate the above equations (2), (8) and (9), the constitutive equations of
creep, swelling and damage under irradiation under multiaxial and variable states of stress
are expressed as follows:

(lOa)

. _ {(I-;.o)/:nCtlklniJ' 9 = 0 and (vg!vc:}c)/:::c > 0

('J.'i - 0, 9 < 0 or (vg/vcJr)i):C ~ 0 '

( lOb)

(JOc)

{
r;::;;::;: 1 ·ITC. _ V (.../3)'.n/:,} tI,}, 9 = 0

p - 0; 9 < 0
and (vg/DI:)r-)I:)r > 0

or (iJg/iJe)}c)i)IC ~O '

• ( 0'(1) )k ll

D = 8(1/>,<11) I-D .

(lOd)

(lOe, f)

(lOg)

By taking I/> = <I> =0, eqn (10) is reduced to the constitutive equation of thermal creep
under unirradiated conditions, while the case I/> = 0, <11 = constant accounts for the post­
irradiation creep. By taking I/> = constant and <11 =JI/> dt, furthermore, eqn (l0) describes
the creep under constant neutron flux. Thus, eqn (10) furnishes a unified constitutive
equation of creep under the arbitrary condition of irradiation.

3. ANALYSIS OF CREEP UNDER IRRADIATION

Cyclic burn of plasma in fusion reactors induces significant changes of stress in the
first wall both in magnitude and in direction. Therefore, the constitutive equations for the
analysis of nuclear reactor components are required to express these creep behaviors in a
general state ofstress and irradiation. The validity and the utility of the constitutive equation
(10) elaborated in this paper are demonstrated below under unirradiated, post-irradiation
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and irradiation conditions subjected to some non-steady stress conditions, e.g. uniaxial
stress reversals and stress change in direction.

3.1. Jlaterial constants
The material constants of eqn (10) are determined for 20~o cold-worked type 316

stainless steel at 650 C. which is currently employed as a structural material for cladding
tubes in fast breeder reactors as well as for the core structures of fusion reactors (Ehrlich.
1981: Harries and Zolti, 1986). The constitutive equation (10) is reduced to a constant
uniaxial state of stress as follows:

( Ila)

• ( (J )k o

D=B(1J,cD)I_D'
. [eR1X

'PI JS = C(I + Qrr)lp 1- ._-- 0 .•.•

I +eRlx ··'PI
(lIb. C)

Thus, all material constants in eqn (10) except ;'0 can be determined by fitting eqn (II) to
the experimental results of creep under irradiation subjected to constant uniaxial stress.
The procedure to determine these material constants has been discussed in previous papers
(Murakami ct al., 1991; Murakami and Mizuno, 19(1).

The material constants ;." in eqn (10), furthermore, are determined so that eqn (I ll)
can describe the transient increase of crccp rate after uniaxial stress reversal.

The material constants used in the following analyses are summarized in Table I.

3.2. Af/alysis o(creeflll/ldcr irradiatio/l .l'lIhjectcd to ("ariahle states o/stress
Figure I shows the comparison of the predictions by eqn (10) with the e.xperimental

results of creep by Gilbert and Chin (19X I) under unirradiated. post-irradiation and
irrauiation conditions subjeded to uniaxial constant stress rr I I = 7ll M Pa. Irradiation
cnnditions are entereu in the figure. It will be observed in Fig. I that eqn (10) can describe
both brittle behavior of post-irradiation creep and ductile behavior of creep under
irradiation taking into account the effects of irradiation on creep curves. e.g. variations of
rupture time anu rupture strain and delay of tertiary creep.

Tahk I. ~blerial constants for ~O'y" cold-worked type 316 stainkss sted at 650C employed for constitutive
eljuation (10).

Description

Lnirradiated ercep
(4) = 0 n em :. hr.

'IJ = 0 n em ')

Post-irradiati,'Il crccp
(cP=Onem'·hr.

'IJ = 5x 10"nem ')

Swelling

Creep under irradiation
('/> = 1 x 10'" n em-'·hr.

'f> = J'/> dl n em· ')

Symbol

All

Q
R

X
a ,
£l~

hi
h,
P

Valuc

I.~ 5 x 10 "h r "',. M1''1 . " ,

0.55
3.50
2,50 x 10' '" (MPa',,· hr) I

3.00
050

-O.OlJ
~.60xlO "(nem:)
1.30
2,60 x 10 "(n em ') I

,tOO" 10 .,' (n em ') I

4.75 x 10 'MPa I

1.25 x 10·" (n em .')-1

5.00 x 10" n em·'

0.05
~.60xI0-1'·(nem "hr ') I

-0.95
4.50 x 10-" (n elll -'. hr ') I
7.00xIO~"(MPa'nem·') I

Source of data

Gilhcrt and Chin (I'iXI)
Gilhert <,I a/. (I'iX7)
Gilbcrt and Chin ( I'iX I)

Gilhert t'l a/. ( I'iX7)
Gilbcrt and Chin (I'iX I)
Gilbert and Chin ( I'iX I)

Bloom and Weir (1'i7~)

Ehrlich (I'iX I)
Gilbert and Chin ( IlJX I )
Ehrlich (I'iX I)

Gilhert and Chin ( I'iX I)
Porter t'l al. ( I'iX})
Porlcr el al. ( IlJx3)
Portcr t'l ai, ( IlIX})
Portcr el al. ( I'iX})

Gilhcrt t'l ai, (llJX7)

Gilbcrt and Chin (I'iX I )

Ehrlich (19X I)
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2.0,..-------....,.-----------,

Type 316 S.9.

20% C.W.

T", 650°C

all'" 70 MPa

o

Eq. (10)

Experimental
t:.. Unirradiated
o Post-irradiation
o Under-irradiation

: Under-
: irradiation
:.p",hl019

: n/(cm2 • hr)

Unirradiated h

Post­
irradiation

'I> '" 5xl022

n/cm2

0
2 4 60

Time t. hr x103

I I I I

0 2 4 6

Fluence <1>, n/cm2 x1022

0.5

#. 1.5

Fig. l. Creep strain f.~'. under uniaxial constant stress 0'1. = 70 MPa.

Figure 2 shows the creep curves under stepwise increasing uniaxial stress (111 as shown
in the figure. The increment of stress and the intervals of stress increases are 20 MPa and
1000 hours. respectively. As observed in Fig. 2, the transient increase of creep rate after
stress change is rather insignificant because of the monotonic increase in stress. The creep
under irradiation, on the other hand, is ahout twice as large us the creep under the other
two conditions, and this is accounted for by the significant swelling under irradiation.

In Fig. 2, though the dependence of final rupture times on the irradiation conditions
is smaller than that observed in Fig. I, this is due to the difference in magnitude of stress
between Figs I and 2.

Figure 3 shows the creep curves under three ditlcrent conditions of irradiation subjected
to uniaxial stress reversals between (J II = 70 MPa and - 70 MPa with the intervals of 1000
hours as shown in the figure. It will be observed that eqn (10) describes well the transient
increase of creep rate after stress reversals under each irradiation condition. Conventional

I

Post-IrradIation ~
<I> '" 5><1022 nlcm2

I

I
j.

Under-IrradiatIon

'" '" 1><10
19

n/(cm2 • hr)

2.0,.--------_-:- .,.,

a tl MPa Unlrra~lated

t __ 40~
~hr

o 1000 2000 3000

1.6

c:
~ 0.8

'"a­
u
u 0.4o

tt.
:. 1.2

u­
w

O.Ot---=~':':'::"'_"""'---'---"'----l

-0.4~_-,-_--:~..,---,-__~_-,-_--:!.

024 6

TIme t, hr ><103
, « , ,

024 6

Auence <1>, nlcm2 ><1022

Fig. 2. Creep strain l:~'. under uniaxial step-up stress conditions.
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Type 316 5.5.

20% C.W.

T =650°C

Under­

irradiation

<jl = 1><1019

nJ(cm2 . hr)

,
Unirradiated :

~

u" MP.

$
0----- --

o
-70 I hr

1000 2000 3000

Post­
irradiation I

<1> =5><1022 I
nJcm2 ,

~

-0.4
0 2 4 6 8

Time t, hr ><103

, , ! ! ,
0 2 4 6 8

Fluence <1>, n/cm2 ><1022

2.0

1.6

¥!

- 1.2
u

O,l

c:
0.8fti...

iii
CL
II>
II> 0.4U

Fig. 3. Creep strain r\', under unia\ial stress reversals between "" = 70 \ll'a and - 70 MPa with
an interv~1! llf 1000 hllllrs.

strain-hardening theory expressed in eqn (3). in general. cannot describe this increase in
creep rate. and accordingly underestimates the relaxation of stress. It means that convenient
strain-hardening theory predicts lillie redistribution of stress in the materials.

The effects of irradiation on creep under variable states of stress show similar tendencies
as those under the uniaxial constant stress condition of Fig. I. Rupture time under stress
reversal conditions in Fig. 3, however. becomes ahout twice as long as the rupture time
under the constant stress conditions of Fig. I. It is hecause the maximum principal stress.
which governs the progress ofcreep damage [see evolution equation of creep damage (I Of)1
is zero when stress is negative IT II = -70 MPa. Noting the behavior of creep under
irradiation, the absolute value of creep rate under positive stress 0"11 = 70 MPa is found to
be larger than that under negative stress IT II = - 70 M Pa beyond a neutron t1uence of about
(I> = 5 x 10 11 n cm 1. and this ean be accounted for by the swelling at a constant rate after
the incubation period. Thus, creep strain under irradiation is found to incr..:ase with stress
cycles in contrast to the creep under other irradiation conditions.

Finally. Figs 4(a.b) show the axial and sh..:ar cr..:..:p strain pr..:dict..:d by ..:qn (10) unda
different irradiation conditions brought about by th..: multiaxial and non-proportional
loading. The direction of stress change between 0 and 150' alt..:rnatively in IT I I - /3~ I,

stress plane under constant equivalent stress of 70 MPa at intervals of 1000 hours are
shown in the figure. Unfortunately. there arc no experimental data corresponding to Fig. 4
under post-irradiation and irradiation conditions to confirm the validity of the constitutive
equation (10). However. the constitutive equation (10) und..:r unirradiated conditions is
confirmed to adequately describe the transient increase of creep rate after salient stress
change by comparing the experimental data with eqn (10) lInd..:r lInirradiated conditions
(Murakami and Ohno, 1982; Murakami cf al., 1986). The effects of irradiation on creep
show similar tendencies under uniaxial stress conditions.

-t. COr-;CLUSIO~

The constitutive equations of creep, swelling and damage under different irradiation
conditions for multiaxial and variable states of stress were formulated by extending the
creep-hardening surface model to include the effects of irradiation and damage. The creep
behavior under various irradiation conditions and under variable magnitude. sign and
direction of stress were predicted by the resulting equation.
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Fig. 4. Creep strain under change of stress direction between 0 and 150 at the interval of 1000
hours. (a) Axial creep strain £~" (b) Shear creep strain "!£~·~/J3.

The results and conclusions of the present paper may be summarized as follows:

(I) The effects of neutron irradiation and creep damage were adequately incorporated
into the creep-hardening surface model. The constitutive equations elaborated in the present
paper can describe the transient increase of creep rate after salient stress change under
unirradiated. post-irradiation and irradiation conditions.

(2) For the stepwise increase in stress. the effect of irradiation on rupture times is
different from that under constant stress. For every irradiation condition. the rupture times
under reversed stress become twice as long as the corresponding rupture times under
constant tension. This is accounted for by the suppression ofdevelopment of damage under
compressive stress during stress reversals.

(3) Incorporation of the constitutive equations proposed here into the computer algo­
rithms enables accurate analyses of creep. creep damage and fracture process of nuclear
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reactor components under general multiaxial and variable states of stress under arbitrary
irradiation conditions.
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