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ISOCHRONOUS CREEP RUPTURE CURVES

E.ROGALSK A (POZNAN)

Isochronous creep rupture curves for damaged materials in the plane state of stress are
investigated. The creep rupture criterion proposed by LITEWKA [6,8] in terms of damage
evolution equation and yield criterion were used. The isochronous curves of Nimonic 80A
show that even for the same material limit curves are varying and their shape depends on the
load level.

1. INTRODUCTION

Metals and their alloys subjected to constant stress at elevated tem-
peratures undergo time-dependent deformation and a rupture takes place
in a finite time. The loci of constant rupture time for metals in multi
axial states of stress constitutes the isochronous rupture curve. The
problem of isochronous creep rupture curves was investigated by HAY-
HURST [1], TRAMPCZYNSKI et al. [2], CHRZANOWSKI and MADEJ [3,4,5].
HAYHURST suggested that the behaviour of metals and their alloys falls
between two extremes. On the one hand the rupture behaviour of copper
subjected to biaxial stresses approximately satisfies a maximum princi-
pal tensile stress criterion. On the other hand the rupture behaviour of
an aluminium alloy is approximated by an octahedral shear stress cri-
terion. In Fig.1 [2] the plane stress isochronous rupture loci for copper
and aluminium alloys are shown. These curves are open and their shape
varies with the material. CHRZANOWSKI and MADEJ [5] proposed the
isochronous rupture curves shape depending on stress level. Figure 2 (4]
illustrates the transformation of isochronous creep rupture curves in the
state of plane stress.
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Fig. 1. Plane stress isochronous rupture loci for copper and aluminium alloys [2]
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Fig. 2. Isochronous creep rupture curves in plane stress [4]
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The aim of the paper is to present a method of constructing the
isochronous curves by means of the creep rupture criterion proposed by
LITEWKA [6,8] who described the damage using the symmetric second
rank tensor. It was assumed in [6] that the creep rupture occurs at the
critical value of the damage effect tensor D when the yield stress of the
damaged material is equal to the stress applied to the material. In the
following analysis, similar to that used in [6,8], the rupture criterion
consists of two equations:

the yield criterion,

the damage evolution equation,
which describe the reduction of strength during the creep process and
damage growth. The material is modelled as perfectly elastic-plastic and
hence ultimate strength is equal to the uniaxial yield stress o, . The
yield criterion for a critical configuration of the damage effect tensor D
is assumed as a collapse criterion for the deteriorated structure of the
material [6].

9. CREEP PROCESS OF NIMONIC 80A

The theoretical description of the creep process in the plane state
of stress of Nimonic 80A at 1023°K is presented below. Further consid-
erations are based on the collapse criterion formulated in papers [9,10]
and on the damage evolution equation proposed by LITEWKA [6,8]. The
collapse criterion is expressed as an isotropic scalar function of the stress
tensor ¢ and the damage effect tensor D as follows:

(2.1) C, tr2o + Co tr S? + C3tr D%0? — 0f = 0,

where o describes the state of stress in the creep process, o, is the yield
stress of virgin material at the test temperature and S is the stress
deviator. The constants Cj, Cs, C3 can be calculated from the following
set of equations [6]:

(90/010)?,
2
(2.2) Ci+3C+DFCy = (00/om),

2
4C1+5Ca + (Df + D§)Cs = (o0/T0)’,

2
Ci+ 302 + Di"Cs
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where 019, 099 and T, are yield stresses for damaged material under uni-
axial and biaxial loads respectively. Based on the linear dependence be-
tween the stress ¢ and damage ) tensors, the yield stresses 19,099, T,
can be derived from the relations [6,7]:

g1 = To = 0’0(1 s Qir),
(2.3)
09 = 00(1 e Qg’)

The values Qf" and Q5" are the principal values of the damage tensor
Q which describes the evolution of damage. The principal values of
the damage effect tensor D at the damage tensor {2 are related by the
formula 4

(2.4) Dfes o

It was assumed that only the tensile stress can cause the damage and
that is why the modified stress tensor 6* was introduced in [6]. This
tensor is expressed in terms of positive principal values of the stress
tensor o, in the form

o; = Hlagyo;, 2=1,2,3,

(2.5)
= 1 when o; > 0,
(0:) = 0 when o; < 0,

where H(o;) is a Heaviside function. This means that in the case of
negative principal values of the stress tensor o, the appropriate principal
components of the modified stress tensor 6* are equal to zero.

The damage evolution equation proposed by LITEWKA [6] has the
following form of the tensor function:

(2.6) Q = 8’Bs*,

where  and o* are the rate-damage tensor and the modified stress
tensor, respectively. The scalar multipliet ®, is the strain energy stored
under the given state of stress o, and B is a temperature-dependent
material constant. Further considerations are based on the following
form of the damage evolution equation [6]:

2

27 Q= %-(1 - 2v)tr’o + (1 +v)trS? + (15—})) tre’D| ko*,
1
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where v, E is the Poisson’s ratio and Young’s modulus for the virgin ma-
terial. Equation (2.7) contains only one unknown constant k = B JAE?.
The damage evolution equation expressed in terms of the principal val-
ues of the damage-rate Q and stress o tensors can be written in the

form
” 1 nm? ,
- 2 5
Ql A [M+Ql (1—91+ 1—n91)] kal,
(2.8) . .
Qy = ni,
where

M = 1+m?-2my,

m = 0gy/o1and n = Qy/N,
. {m o 0 < m<i,
0 for m < 0.

Neglecting“t.l;: term with Qf in Eqs.(2.8) one can obtain the following
form of the damage evolution equation:

: 2
R, ' [M2+2MQ"1’(  YEOLI L )]ka?,

1- Ql 1- an
(2.9) 2
9 = nﬂl.

The constant k can be calculated from the result of any creep rupture
test. Using the experimental results for the uniaxial tension creep rup-
ture test obtained in [11] the value of constant k = 3,8 - 10~*MPa~*h~!
was calculated from Eq.(2.9) specified for the uniaxial tension

1-Q
_ (Bg Y1 1
(2.10) k = (o}t,) /————29% = ldﬂl.

The critical value of the damage tensor Qf can be calculated from
Egs. (2.1) - (2.3) for a given state of stress. The value g, should be
determined experimentally, or can be calculated together with k from
the results of two creep tests. These two constants k and o, together
with Eqs. (2.1) and (2.9) are used to determine the theoretical curve
of the rupture time ¢, against effective stress o, determined according
to the Huber-Mises yield criterion. For example, the integrated damage
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Fig. 3. Variation of the applied stress with the time to rupture

evolution equation for the uniaxial tension, where o} = 0; and 03 = 0,
has the form

(2.11) — 0,25 In |(025")% - 0,505 + 0,5|+

0,5669 arctg (1,5118Q5 — 1) + 0,03159 = kajt,
For the pure torsion, where 0y = 7,09 = —7 and o} = 7,03 = 0, the
damage evolution equation now has the following form:

(2.12) —0,09611n |(Q)? — 0,33Q5 + 0,33|+
' 0,0719 arctg (1,0680Q" — 0,5338) + 0,06882 = k7°t,.

The theoretical curve of the rupture time against the effective stress
e, together with the experimental results of DYSON and MCLEAN [11]
is shown in Fig.3.

3. ISOCHRONOUS CREEP RUPTURE CURVES

The locus of points in the 0,07 coordinates having the same rupture
times was constructed by employing the creep rupture criterion in the
form of Egs. (2.1) and (2.9). For the states of positive stresses o;,09
where (m = n), the following set of equations was derived:

1 m3 >
a 5\—1 2 2
(3.1) t.=(ko?) /[M +2MQ (1 e + 1 _le)] dQy,
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where

2 1 m3 S
01 =0y [Cl(m + 1)2 -+ 502(1 —-m+4 m2) 4 C3Q‘i‘ (1 o 5 e mQ’i’)] .

2 i
G+ 3G F T Iag ool - apP
2 le 1
C + §C2 - chC3 A= map)?
2 Q‘i‘ mQft 1
i e it (1 —afF * 1-9?) G =a—mr

The integrated damage evolution equation for the equal biaxial tension
(m = 1) has the following form:

(3.2) t, = (ko})~! [-0,089291n |(Q§")* — 0,35Qf + 0,35+
40,2607 arctg (1,7696Q5 — 0,3097) + 0,17185] .

For the states of stress where one of the stresses is negative m < 0
and o7 > 0, the following set of equations was used:

(3.3) = (ka})™ [ [M2 o 7 = S,

=l

where

cr -0,5
oy [Cl(m+1)2+ 02(1—m+m2)+03 S ] ;

ch
2 QF -1 4 1
Y39 1 —astiT @ app
2
Ci+ §C2 =1,
2 ags owlisi s o
1+ 30+ 1Tgs = Toape

For the states of negative stresses (01,09 < 0) we examine the fol-
lowing cases:

a) for —2,363<m <0
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(34) t,=(ko})™'[-0,256M ' In|(QF)% - 0,5MQF 4 0,5M |+

4-M 4% - M
2MYME =) O JME = )
the integral constant C is equal to:

+ +C

4-M M
M ME - M) JME- M)

(3.5) C=0,25M"1'1n|0,5M| -

b) m = —-2,363
t, = (ko)™ [0,031251n |(Q57)? — 405" + 4] + 0,0625(Q5 — 2)~! + C],
the integral constant C is equal to:

C = 0,07457
c) m< —2,363 _
(3.6) tr = (ko})' [-0,25M ' 1n |(QF)? — 0,5MQS + 0,5M |+
4-M 40F — M — (M? - 8M)%%

AM(MZ—8M)%5  40F — M + (M2 — 8M)05
the integral constant C is equal to:
4-M M + (M? - 8M)%

4M(M?2 - 8M)% "~ M — (M2 - 8M)%5

Figure 4 shows the isochronous curves of Nimonic 80A calculated
from Egs. (3.1) - (3.6). It is seen that the shape of the curve depends
on the load level. For a high load level (o, — 0,), the time-to-rupture is
relatively short (¢ — 0) and the damage approaches zero. For low load
level, the effective stress is much smaller than o, , the time-to-rupture
is increasing to infinity and the damage approaches unity. The plot of
variation of the damage at failure against the time-to-rupture is shown
in Fig.5. It can be observed that for a lower level of stresses the rupture
behaviour has a brittle character because the damage approaches unity.
On the contrary for high stresses the rupture behaviour has a ductile
character, as it is for metals at normal temperatures. The isochronous
curves are closed everywhere. For the states of negative stresses failure
appears when the value of the effective stress o, is equal to o, of the
virgin material.

C=025M"'In|0,5M| -
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Fig. 4. Isochronous creep rupture curves in plane stress for Nimonic 80A

[303]



304 E.ROGALSKA

Q NIMONIC 80A

m=40

05

1} W + + —+ ol P |
L

0 1T1T7 POAA PR s SR it P

Fig. 5. Variation of the damage tensor component ; at a failure with the time-to-rupture

4. CONCLUSION

Application of the rupture criterion to the construction of the limit
rupture curves was presented. For the case of Nimonic 80A it was shown
that even for the same material limit curves vary with time-to-rupture.
The behaviour of the material during the creep process changes from
purely ductile for high loads and purely brittle for low loads levels. The
isochronous creep rupture curves show that the mode of fracture of
the damaged material depends on the load level. A full experimental
verification of limit curves is not possible because of lack of experimental
data on the creep process in plane state of stress.
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STRESZCZENIE

IZOCHRONICZNE KRZYWE ZNISZCZENIA

W pracy przedstawiono sposéb wyznaczenia izochronicznych krzywych zniszczenia przy
pelzaniu z uwzglednieniem procesu uszkodzenia materialu. Wykorzystano w tym celu kryte-
rium zniszczenia przy pelzaniu, zaproponowane przez Litewke [6,8], wyrazone w formie uktadu
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dwéch réwnan: warunek plastycznoéci i réwnania ewolucji uszkodzenia. Obliczenia przeprowa-
dzono dla Nimoniku 80A. Uzyskane wyniki pokazuja, ze ksztalt krzywych granicznych zmienia
si¢ zaleznie od poziomu obciazZenia.

PesowMe

HN30XPOHHBIE KPUBBIE PA3PYIIIEHUA

B paboTe mpepcTaBieH cnoco6 onpefeNeHEs H30XPOHHHX KPHBHIX PaspymeHHS IpH
NMOJI3Yy4YeCTH C Y4YeTOM Npollecca MOBPeXIeHHS MaTepHasa. C 3ToM IeN0 HCHONL3OBAH
KpHTepHil paspylIeHHs IpPH MON3y4ecTH, npemoxenri IMTEBKON [6,8], Buipaxer®i B
¢dopme CHCTeMHI IBYX YpaBHEHHMH: YCIOBHS IJIACTHYHOCTH H YDaBHEHHS 3BOJIOIEH IO-
Bpexxnenud. PacyeTn nposemens! mius Hamormka 80A. IlonyyeHHBIe pe3yNbTATH NOKa3hi-
BAIOT, 4TO GOpMa NIpe/ieTEHBIX KPHBLIX H3MEHSETCS B 3aBECHMOCTH OT YPOBHS Harpy>KeHHs.
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