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SUMMARY

The service life of structures operating under the conditions of variable temperature and
loading ns or by a material deterioration referred to as
creep ru of damage, Leckie and Hayhurst (“Creep rup-
ture of s ineering Department, Report 73-21) suggested

the constitutive equations which reasonably represent the macroscopic behaviour of creeping
material:

b= o) 90l = - 5A@), M)

where ¥; is the creep strain rate tensor, g; denotes the stress tensor, ¢ is the damage function,
®and A are the homogeneous functions of degree one is g, K, n, 4 and v are material con-
stants.

The aim of the present paper is to show on the basis of the equations (1) and the analysis
of creep mechanisms the possibilities of a description of the creep behaviour of material under
variable temperature and loading conditions. Also the influence of cyclic proportional loading
and temperature gradient upon the rupture life and strains of a thick cylinder is investigated
in detail. To account for the influence of temperature changes on the creep process the con-
stants K, n, 4 and v are assumed to be functions of temperature. The introduced functions are
determined from the results of technically available experiments in the uniaxial stress state,
i.e. K and n from the creep curve for the steady state conditions, 4 and v from the rupture curve.

The obtained theoretical creep curves from egs. (1) coincide with the experimental results
for investigated steel in the temperature range from 500°C to 575°C. The constitutive equa-
tions (1) together with the functions determined previously are applied to solve the problem
of thick cylinder subjected to cyclic proportional pressure and temperature gradient. Numerical
results for the thick steel cylinder are presented both in diagrammatical and tabular form. The
obtained new results clearly show the significant influence of temperature gradient, cyclic tem-
perature gradient, and cyclic pressure upon the stress redistribution, the magnitue of deforma-
tion, the propagation of the front damage and the rupture life. It was found that small tem-
perature fluctuations at elevated temperature ¢ .
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1. Imtreductiom

The goxvice life ef structures eperating under the conditiens ef varia-
ble temperaturs and loading is limited by elther excessively larxge defleo-
tions or a material detericration referxed te as oreep rupture. Techniemlly
importamt problem of the predictiomn of creep deflections and the rupture
1ife of etructures subjected to variable thermal and mechanical loading re-
mains amongst the most intractable problems of struotural mechanios.

The phenomenon of creep in metals is found to be very complicated, Im
the following sectiom the basic facts about the mechanismis of creep ruptu-
re and the influemce of changes im temperature and loadimg upom the parame-
ters of creep process will be briefly reviewed, It is kmown that two dis-
tipct modes of rupture cam ooour, depending or stress and temperature cor-
ditioms., At bigh stress amd low temperature fracture occurs accompanied by
large elongations and proncunced necking. This is a ductile type of fractu-
9. At low stress and high temperature a brittle type of fracture is encoum-
tered. These two distinct types of rupture are the result of different be-
haviour of gralm boundaries at elevated temperatures, ( Penny and Marriott
QJ). It Om ig the absolute melting temperature, it was fourmd that at hig-
her temperatures of about 0,5 Om and abpve, slip proocess ig accompanied by
temperature induced diffusion. Grains boundaries which formed barriers
againet continned slip become, in the presgence of diffusion, a source of
weakness. Ag a result of this process slip occurs on the grain boundaries.
The studies having been maede by metal physioists, ( cding et al ﬁﬂ, Kenne~
dy [3], Mitra and MoLean [4], Taira et al [5], Mullendore and Grant [6],
MoIean [7], Cottrell [B], Davies and Dutton [9], Williams [10], Bowring et
al flﬂ , Hull and Rimmer [12] s, Tilly and Harrison [13], and others) provide
the following informations First, that sliding on the grain boundaries pro-
vides a small but important percentage to the total deformation., Secondly,
the amount of sliding is controlled by slip within the grains. It means that
any dangexr of excess deformation by sliding is remote. Thirdly, that voids
open 8p as a result of slip at the grain boundary interface so that damage
is related to slip generated by shear stress, Fourthly, the growth of the
voids can algo be a result of the diffusion of vacancies along the grain
boundaries. The voids tend to concentrate on grain boundaries normal to the
applied tensile stress. The growth of the voids 1s dictated by the value of
maximum tensile stress. Fifthly, that the precipitated particles diffuse
frem the grain boundaries leaving behind a denuded and softer grain boundary
reglon, This phenomenon has bsen especially observed in the regiena of the
highest deformation. The above mentioned processes deterlorating the struc-
ture of material lead to brittle rupture.

The increases 1n temperature during the tsst, under oonstant strees, ac-
celerate the oreep, while the decreases in temperature delay this proocess
due to the thermal xeoovery. Cyclic temperature fluctuations, in addition
to temperature devel, may 1¢ad not only to @R increase in the ocreesp rate,
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but also lower the rupture strength. The influence of cyolic temperature
variation on creep depends on a number of conditions: material, temperature
gradient, the rates of heating and eooling, the length of the oycle, the
level of temperature and stress. The coefficilent of linsar expansion 1is
a funotion of the crystallographic orientation of the crystal. As a conse-
quence additional stresses arise in adjecent grailns when the temperature
varies which tend to move dislocations away from positions achleved during
the lower temperature conditions. Morsover, a temparature variation unavol-
dadly ocauses temperature gradients which promote the development of diffu-
slon processes including the diffusion of vacancles. The varying conditions
of temperature aoccelerate intergranular oxidation or corrosion and the
egeing processes,

Oyoling loading may accelerate creep. Similarly as in the case of oyclioe
temperadure oreep process depends on material, tempsrature level and the
parameters of oyole, Immediately subsequent to unloaiing arelastic recovery
ocoura. During reloading this emount of recovery 1s rapidly eliminated in
a period of enhenced ocreep rate. The anelastioc effocts are attributed to
intergranular stresses arising from elastioc anisotropy. Thus, at each ochan-
g¢ in load there are additional foroces to move dislocations away from the
attained positions during constant load. The result 1s the acceleratiom of
oreep after reloading,( Toft and Broon [i{], Tilly [iﬁ]). During cyclie
loading such processes as overageing, relaxation, recrystallization, oxida-
tion or ocorrosion and loss of ductility are intengified ( Guarnieri [16]).
It hes been observed that load cycling accelerates the process with preoi-
pitate particles that diffuse from the grain boundaries,léaving behind a
denuded and softex grain boundaries. This is ospecially so in these regions
whexe thtergranular straine are a maximum. In eonsequence all these pro-
cepsos deteriorate the structure of material.

Review now oreep under repeated stress reversals. Only a few creep data
have been produced in whioh the atress is reversed periodically during the
teat. The experiments refgrred to torsion and bending. In the case of tor-
sion of tubular specimens the effect of stress reversal has been shown %o
accelerate the oreep process. Also the recrystellization process was obser-
ved in the highest atrain reglons, (Nemeetnikov [17), Morrow and Halford [18).
In the ocase of bending the experiments were made on aluminium and copper
alloys beams. The test results have shown that for copper the material de-
terieration ocours only in tension and for aluminium the material damage
oceurs equally under tension and compression, (Hayhurst [19]).

This brief review of physioal aspects of oreep has been concerned with
strain accumulation under uniaxial states of stress. The investigation of
creep under varlable loading and temperature conditions in the tri-axial
states of stress is a techniocally difficult problem and the avallable re-
sults have go far been unsuffioient.

The existing conetitutive equations are based on the phenomenologiocal
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approach.Nevertheless an understanding of the mlorosecopic material beha-
viour ia very helpful in snsuring that simplifications and methods are used
in the correct context. The majority of the existing theories accounting
for the variable loadings concern the primary and the ascodary stage of
creep and may be used in the special oases, (0ding ot al Eﬂ s Rabotnov [}Q].
Ponter @l]). Long~-term oreep leading to rupture and accouting for the ter-
tlary portion of the creep curves may be conelidered from the standpoint of
accumulation of damage. This is Kachanov's theory [22] exten#ed somewhat by
Odgvist [?é]and Rabotnov [2@], which reflects the material softening intro-
duced by the damage oocuring in the material. Basing on the Kachenov con-
copt of damage Ieokie and Hayhurst @{]suggestod constitutive equations
whioh represent in reasonable fashion the macroscopic behaviour of orxeeping
material,

The aim of the present paper 1s to show on the basis of these equations
and the analysis of oreep mechaniams: the possibilities of a description of
the creep rupturs behaviour of material under varieble temperature and loa-
ding conditions. Also the influence of cyclioc proportional loading and tem~
pereature gradient upon the rupture life and strains of & thiek cylinder is
investigated in detail,

2; The constitutive egquations
the sum of the elastic é;and creep v,
Yoo The elastio strains eq are
n el-j= Cijklgkl +o(9J.l. » where
denotes the linear coefficient of
ker delta. The creep strain rate v
by the equations (Leckie and Hay~
hurst (24])

. K 4n

"q=w¢(6¢'j)3¢/36ij , (2.1)
; A

LP=_?A°(6;']) (2.2)

where ¢ and A are the homogeneous and convex funotions of degree oné in GU .
The function ¢ is equal to unity when the applied stress is uniaxial, K, n,
A and Y are material constants determined from uniaxial tension test, The
equationas (231) and (2.2) axe a generalisation of the Eachanov Oquationl[??]
suitably modified to fit the results of tri-axial stress experiments. By in-
troducing an internal state varlable | Kachanov was able to modlry the Nor-
ton Creep Law so that the tertiary portion of the ocreep curve could de re-
presented, On the basis of the studies reportsd by metal physicists Leckie
and Hayhuret [?{] suggested that the | parameter can be used %o measure the
physical processes of deterioration. When the material i1s undemsged y =1
and the equation (2.1) reduces to that suggested by Calladine and Druckex 25,
The surfaces of constant energy dissipation rate are given by ¢( SU ) »
constant. As damage oocurs y deoreases so that the strain rates increase,
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but the form of (2,1) implies that the ratio of strain rate components ree-
maing constant, which iz apparently in accord with experimental observa-
tions [24].

Integrating the equation (2.2) and using the rupture conditien ¢ =0 gi-
ves the expression for rupture time t, as t = 1/[(1+0)AA (6 )] . Pox
injiaxial stress states this relationuhip givos the stress-time to rupture
curve shown in Fig. 1 Isochronous surfaces are given by A(G ) = constant.
The funotion A(G ) can take various forms. Tri-axial rupture experiments
show the 1sochronous rupture surface of some important waterials, such as
stalnlees steel and aluminium, satisfy a Huber<Mises shear criteriom. Other
metals such as oopper satisfy a meximum stress criterionm, Fig, 2., The rup-
ture criterion for most metals lies between these %wo extremss (Bayhurss
f26}).

In geme important materiasles such as stainless steel and certain alumi-
nium alloye appears that the isochronous surface A(G } has the some shape
as the constant energy dissipation rate surface ¢(5j + The constitutive
equations of such materials are then gilven by

=$ﬁ¢ (6;)09/06; (2.3)
V=45 g (2.4)

For convenience, materials whoee behaviour 1s described by the above equa-
tione are refexrred to as <¢/¢ materials, while other materials whose be~
haviour is described by equations (2,1), (2.2) are referred to as ¢/A mate-
rials, [24].

The integration of equation (2.2) for variamble uniaxial gtresses gives
the rupture condition Eit/%!- 1l where tz is the rupture time associated
with the constant uniaxial stress 6} . The expsting dxperimental results
support the view that above equation is satisfacteory for stepped cyclie loa-
ding of the form ghown in Fig. 7, (ses [1]). Por more complex forms of
stress history it has been shown that the eguation Eit/% = 1 can be suba-
tiantially in error (Storakers [27]), and consequently only proportional
cyclic loading is considered.

To account for the influence of temperature changee on the creep process
the constants n, K,) , A and Cijkt are assured to be functions of temperatu-
re 0 ., Two functions K and A are introduced because the temperature depen-
dences of creep and failure may be different, these procegses being charao-
teriged by different energles of activation. The creep etrain rate and the
damage rate at any instant are determined by the actual stress state, tempe~
rature and depend on the structural state of the material which is characte-
rised by Y .

Ip this work the effects fatigue of the material are ignored. This oan be
Justified since the maximum operating stress levels are low fractions of the
yileld stress at the test temperature and the frequency of temperature and

losd oycles is small. In these oonditions the creep process is predominante.
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The determination of the funotion n, K,), A and the comparision with
the experimental results are presented in the next section.

3. Dotexmination of the funotion n, K, 3 and 4

The introduced functions will be determined from the results of technie
cally available experiments in the uniaxial strees state, These experiments
were, carried out on ateel epecimens at loads from 28 to 2 TA12 and tempera-
tares fxom 450°C to 575°C (Glen and Hasra @Q]). Detalls of these steels
are givenm in l}d]. Some results of these tests are presented in Fig. 1, 3
and 4.

In the uniaxial stress state Eqe. (2.1, 2,2) have the from

v=;<($)" ;v =-Ag) (3.1)
Integration of Eqs, (3.1) foxr (6 = const. and 6§ = const. yields
t f-nj1+d)
V= 5"_1__[ _(4- L J .
K T -1 tr) ) (3.2)
ARG
¥ = (’ t,) ! (3.3)
te= 1/ [))as] - (3.4)

For t= % we have 'V=(K/A)5n-_a/(f+9"n) where I+0>n>/ Y . If this restrio~
tion cannot be satisfied for some material it is possible to introduce morxe
parameters into Eqs. (3.1) (see [20]). The expression (3.4) gives a linear
relationship between log6 and log tr observed experimentally over a consi-
derable stress range, Fig. 1. The values of ) and A can therefore be ob-
taired from the rupture curve. Similarly, in the esteady state creep coddi-
tions (Y = 1), from a lineaxr relation between logv and log6 the valuee
6f n and K ocan be calculated, Fig.5. The determined functions n, K3 ¥ and A
in the temperature range 500°C ~ 575°C and for lower stress level have the
following form:

=~ 1333107 9% 310739 + 8,033 | (3.5)

K = exp |-37,9561032 +47,003878-10°( 1— -~ L 6 4 2 (3.6)
P[ - 73_‘30 (500 L) +1,5180052-10 (m- D‘)J '

V= 12,267107°9% - 143,200-107°9 + 43,6135 (3.7)

A = exp|-344431388 +57,478940-10°(5h5 -~ &) - 80.261275710% 565 - ‘3)2] . (3.8)
The caloulated values of n, K, ¥, A, the rupture gtrains and the rupture
times for the investigated epecimens are presented in Tebles I, II. The ob-
tained theoretical creep curves from the Eg.(3.2) are shown im Figs. 3, 4
by solid lines. The broken lines represent the steady state creep. The
Eg.(3.2) takes no account of primary creep. Fairly good agreement with ex-
periment can be noted in the inveetigated reange of stress and temperaturs.

4., Thick cylinder
We shall cousider the axisymmetrio problem of an infinitly long thiek
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cylinder subjected to internal constant or psoportional eyclio pressure and
constant or oyclic temperature gradient Fige.6, 7. In this situation we ha-
ve the following relatiomships:

6,  6,-6, (4.1)
a-—r"&'—?r—# =0 )

_u .0 .
Vr =57 v?__r . (4.2)

Prom the equation Vv, + v, = 0, (V, = 0, the plane strain conditions) we
get a radially outward velocity

i=Clt)/r. (4.3)

Aseuming ¢=6,-6, and using the equations (2.3), (2.4), (4.1) and (4.3) we
obtain the basic set of equations:

1.9 _ _cw'l”
¥ or = K7 270+ ! (4.4)

3(r6.)

6'(‘,= T ) (4.5)
6, = %(sﬁs‘?) ) (4.6)
In
P C(t)
"P"_A.(Kr‘z . (4:7)
We will congider the steady heat flow described by the equation
8(r) =6(a) + %ﬁ;’) ln(rfa), (4.8)

where O (a), O (b) are the temperatures of the internal and external sur-
faces of the tube respectively., The values of n, K,V , and A at any radius
r are given by (3.5), (3.6), (3.7) and (3.8). This set of equations can be
only integrated numerically with the help of the computer., Two constants
are determined by two boundary conditions.

The strains and radial displacement are given by

¢ t
- _ ® _ [ i)
=Y v‘f_L—r—,_—dt , u_]o ) gt (4.9)

I% may be seen from the Eg.(4.7) for constant temperature (A0 = 0) that
i} will become zero first at the inner boundary, r= a, Ist us introduce a
new floating boundary at r= 8, 80 that ¢ = 0 for r{e. In the general cape
where the temperature gradient existe | may become gzero first for arbitrary
value of @& {r<{b. It depends for a given geometry of tube en the value of
prepsure, temperature gradient and its dlrection. In such cases the inte-
gration will be terminated at the instant when ¢ = O, while for the situa-
tion when y becomes zZero first at r= a,the integration will be carried out
in full,

For convenlence we introduce the following quantities:

£=r/a, f=sla , h=bla , ct)= Ct)/a*. (4.10)
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The basic equations (4.4 = 4.9) then become

26, fn {
‘JVa_;‘r=(C?) PRI (4-12)
_ 9(£6,)
G(P— WL ) (4.12)
6i=%(%+€ﬁ; (4.13)
P c Jln)
v ="AKez (4.14)
B(s)=0(1)+ Q(Lﬁn)—;—w Ink when ¢ 30 everywhere, (4.15)
_ 6h) - o -
B(£)=001) + _Th/ﬁ(;z Lﬂ(_E/_C) when ¢ =0 forg<e , (4.16)
t t
Yy==Vy, Vo= [Sdt |, u=af £dt (4.17)
? ? L_g 4_;

The boundary conditions are then

—P forOétéf‘Ty
= 6 (h) =
i) {—ApfwfﬁéféT, r(h) =0 when § 70 everywhere,(4.18)
—p for 0 & L& T,
r _{—7\pforyTé’csTJ b”r(h):o when ¢ 70 Zfor£ <. (4.19)

5 The numerical results and discussion

The aim of this paper was to shown the possibilities of a description
of the creep behaviour of material under proporiional cyclic loading and
temperature. The introduced functions are determined from the results of
technically available experiments in the unlaxlal stress state, i,e. n and
K from the creep curve for the steady state condltions, A and Y from the
rupture curve. The obtained theoreticsl creep curves from the Eq.(3.2)
colncide with the experimental results for investigated steel in the tewpe-
rature range from 500°C to 575°C, Figs.3, 4. The problem of the thick steel
e¢ylinder was solved numerioally by means of CDC ccmputer for the following
values: p= 310 kG/om?, ) = 0,4, j = 2/3, T= 24 hours, he 1,5 and for the
temperature range 500°C ~ 575°c. The step of time was taken equal to 2 ho-
urs and the thickness of wall was devided into 100 parte. Numeriocal results
are shown in Table III and in Fige. 8 - 13. The selgnificant influence of
nonigsothermal conditions upon the s%ﬁssgtg%ggré?g%%?gugggnsgggdy state
creep is shown in Fig.8. In Fig.9 are shownvthe propagation of the front
demage for the case of constant presgsure and constant tempsrature while in
Figs.ll, 12, 13 the stress redistribution 1s presented for constant pressu~
re and oonstant temperature gradient or eyolic temperature gradient, It can
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be geen that the stress redistribution is growing aes compared with the atea-
dy state distribution, (t= O) when time 1s approaching the time to final
rupture. Also in Pig.10, where the clroumferential strain and the radial
displacement are shown, the acceleration of creep process can he observed,
It 18 a rosult of material softening in the tertiaery portion of the craeep
curve,

Depending on the temperature gradient, the value of pressure and the di-
mensions of cylinder the first rupture can appear at r >a. In gome cases
the values r= 1,05 a + 1,085 a,were obtained for the first xupture, Table
111,

Numerical results show the signifiocant influence of temperature gradient
and 4ts fluctuatione upon the rupture life, Table III, In the case of ocon-
stant pressure the following results are obtained, for example: for cons-
tant temperature 0(a)= 6(b)= 575%C the time to firet rupture is about 5 ti-
mes less than for 6(a)= 575°C, 6(b)= 500°C, Por constant gradient 48s75°%,
(6(a)= 575°%, 6(b)= 500°C) the time to first rupture 1s 1,6 times shorter
in comparison with the result for a0 = 50°, ( O(a)= 550%¢, 6@(b)= 500°C)
and about 1,4 times shorter than for the case of cyclie temperature grae
dfent 49= 75°C, ( O(a)= 575°%, O(b)= 500°C). In the case of constant tem~
perature gredient 40= 75°C, ( O(a)= 575°C, O(b)= 500°C) the time to firsd
rupture for the proportional oyclic pressure 1s about 1,4 times longer aa
compared with the time for constamt pressures.

The obtained results for the thiok cylinder clearly show the significant
influence of temperature gradient and its ceyoclioc fluctuations at elevated
temperature and proportional cyclic pressure upon the stress rediatribution,
the magnitude of deformation, the propagation of the front damage and the
rupture life,

The introduced dis¢ription of the creep rupture behaviour of material
together with the results for the thick cylinder indlcate the possibilities
of golutions to the praotical problems encounterxed in structural mechanics
of reactor technology.
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The calculated values of rupture time for the specimens
and the corresponding strains
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Time t [hr)

4 Creep curves to rupture for a BS 1501-271 steel at 575°c
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