i, McLean, B. F. Dyson and D. M. R. Taplin

witure 1977, Volume 1, ICF4, Waterloo, Canada, June 18 - 24, 1977

THE PREDICTION OF CREEP FRACTURE IN ENGINEERING ALLOYS
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ABSTRACT
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i, INTRODUCTION

without physical wetallurgy, alloys are like "black boxes" whose interior
i unknown and whose properties can be gauged only from external tests.
tngineering design has perforce treated the problem of flow and fracture
during service phenomenologically, mainly because the physical metallur-~
¢ist has not oriented his studies of the inner workings of alloys in a
predictive way. It has been argued that one must first understand the
workings of simple alloys in simple tuations before one can understand
complex industrial alloys in realist service conditions. This argument
may prove to be false: t least, a situation of "overshoot' has developed.
it now seems clear that if one wishes to provide useful predictive schemes

so that components and materials can be designed accurately for strin-
pent and complicated service conditions at high temperatures - then the
behaviour of these engineering materials must be studied under represen-
tative thermal and mechanical conditions. This means that the role of
stress-strain needs to be considered as well as that of variable stress
and temperature.

Coffin [1] has reviewed the broad field of variable stress at high tem~
peratures; Greenwood [2] has considered the influence of variable temper-
ature and stress on uniaxial creep fracture in pure metals whilst the

paper by Dieter and Kuhn [3] examines hot fracture in bulk forming processes.
Accordingly, the orientation of the present paper is towards the behaviour
of industrially significant alloys subject to creep under uniaxial and
multiaxial stress at constant temperature and will concentrate on those
cases where fracture is a consequence of some internal material degradation
or damage process - in particular, grain boundary cavitation. Failure
caused by the influence of environment on material degradation will not
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be discussed since the essential assumption in this paper is that creep
fracture is contvolled by processes in the bulk of the alloy rather than
at the surface. When failure is controlled by slow growth from a large

pre-existing surface flaw, then clearly environmental effects are possible

Some studies have been made of such creep crack growth [4] but the
focus of the present paper is upon situations where 1ife is controlled by
the formation of cracks less than approximately 5 mm in length.

The paper reviews the work done by engineers in predicting lifetime
undexr homogeneous biaxial and non-homogeneocus triaxial tensile stressing,
describes the Kachanov damage accumulation theory and indicates the ad-
vantages of a metal science approach and how improvements to this theory
can, and have been made from a knowledge of the physical cause of the
internal damage process. The limitations of current understanding are
discussed and some future research needs are outlined.

This Conference is concerned with the problem of fracture rather than
Flow - and brittleness rather than ductility. Fracture arises from a
Jocalization of flow so that it is, of course, necessary to study both
these Jects of behaviour in order to gain a useful understanding. It
is also important in studies of brittleness, cracks and fracture to main-
tain a ciear overview of the specific problem in question. This is be-

cause the isolation of specific topics tends to be detrimental to progres:
- one loses sight of the applicability of new knowledge from one area of

fracture to another. In fact, a prime example of this isolation is high
temperature fracture. [CF has certainly neglected the problew of high
temperature prittleness - perceiving it as somewhat outside the bailiwick
of the Congress. Advances made at ordipary temperatures were apparently
hardly relevant to high temperature service which, for many years, has
been pe'ceived as a special problem of no relevance to fracture mechanic-
ians. ICF3 encouraged strong connections between problems of brittleness
in the whole gamut of materials - rocks, polymers, glass, ceramics, con-
crete. metals, and composites. This policy continues in modified form at
this conference but nonetheless the main thrust of the connections to be
made at ICF4 is between the different cle ications and types of frac-
ture and between theory and engineering practice. Thereby, clear links
can be established and parallels drawn between the various branches to
produce generalized predictive criteria. It has been surely to the detri
ment of high temperature fracture that the 1inks between all the various
types of fracture have been neglected. One reason for this isolation of
the problem srises from the belief, pursued fervently by many physical
metallurgists, that creep fracture was largely controlled by vacancy-
condensation. This approach does have its place, especially in irradia-
tion conditions, but it now seems that it can only be applied to soft,
model materials. it is only recently that the mainstream of fracture
research has turned its attention to high temperatures and, albeit
sparingly, attempted to extrapolate from low temperature work [5]. The
Ashby Fracture Maps [6] and ICF4 overall should provide further impetus
for the necessary broad approach to brittleness problems, the useful links
existing between them and how fracture research can contribute to social
aims.

One clear link exists between high temperature brittleness, which is
largely intergranular, and the low temperature intergranular embrittle-
ment examined by McMahen [7]. In his paper, MecMahon chooses to classify
Fracture as siéress~controlled and strain-controlled. Knott [5] provides
a seemingly synonymous classification, eracking processes and rupture
processes. Knott's classification may well be more generally useful
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fecanse no reason for the different types of behaviour is imputed before
wese have been identified. Accordingly, in high temperature processes,
need not depart from Knott's division. On the one hand, the brittle
crgranular failure of a high strength superalloy at 973K gives the
appearance of being a cracking process from the fracture surface
wre 1), the tensile strain to fracture (less than 1%) and the sudden
sutastrophic release of stored elastic energy exhibited through the sound
. the rapid, final fracture. In this instance, the cracking process
soms to be stress-controlled and evidence has been put forward that the
sohaviour here is of the Griffith-Irwin type [8.9]. On the other hand,
che sound of Failure of a cavitating superplastic copper alloy at about
7% K is muted, the fracture is slow, the appearance is intergranular
Yibrous (Figure 2) and the tensile strain to fracture is about 500%.
iverything here points to a rupture pProcess, controlled by strain as well
45 material properties such as the strain-rate set itivity and intercavity
> and spacing. Goods and Nix [10] following the approach exemplified
4 Greenwood's paper [2] provide further evidence of a rupture process
which is controlled by the normal stress across the boundaries. Also in
the present conference, Jones and pilkington [4] suggest that creep fail-
Gre in a steel is a eracking process which is displacement or strain con-
rrolled. Accordingly in creep fracture we see that a classification based
. cracking and rupture processes 1s appropriate but that in each case
the process may be either stress or strain controlled.

i3

A review written over ten yvears ago started from the different base of
-onsidering the overall problem of creep {11]. Even then, the conclusion
wis reached that the problem of fracture at high tewperatures lLoomed
iarger than the problem of flow. It-has taken over ten years to realize
ihis and bring the problem of high temperature creep fracture to centre-
srage in a major international fracture conference. Low temperature
brittleness remains paramount in importance from the engineering viewpoint
Lut it now seems that a fuller perspective has been achieved - both insofar
43 Fracture Mechanicians are perceiving creep fracture as an appropriate
oroblem to work upon [12] and creep fracture researchers [9] are applying
fracture mechanics, rather than just classical diffusional theory, to
creep.

5. CREEP AND FRACTURE UNDER MULTIAXTAL STRESS

fhe principal objective underlying multiaxial creep testing of materials

it high temperatures has been to develop economical but safe design methods
suitable for engineering structures in which the st stem 1is invari-
4bly complex and therefore diffevent from the uniaxial stress system
normally used in the laboratory. It is therefore not surprising that the
anjority of work has been done by engineers of whom one man, A. E. Johnson,
can be singled out for his pioneering research in this field. Johnson

smd his colleagues made a unigque contribution towards understanding the
wechanics of creep and fracture, particularly under spatially homogeneous
and time independent biaxial loading. In section 2 a) this and other
engineering work will be reviewed along with the much smaller contribution
made by physical metallurg s. The latter have heen interested princi-
pally in understanding the mechanisms of fracture but are becoming in-
creasingly involved now in interfacing the mechanisms with the mechanics

so that a better understanding can be achieved of the creep and fracture
hehaviour of engineering components and structures where temperature and
stresses are spatially inhomogeneous and/or time dependent. Section 2(b)
cxamines the recent progress which has been achieved in understanding the
creep and fracture behaviour in one particular laboratory component in
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which the stress is multiaxial, spatially inhomogeneous and time depend
ent: the uniaxially stressed circumferentially notched bar.

a) Biaxial stressing

Three testing methods have been used to assess both the creep and fractu
behaviour of materials under approximately spatially uniform plane stros
conditions viz: (i) combined tension and torsion of thin tubes, (ii)
pressurised thin tubes with axial load and (iii) cruciform specimens. i
work of Johnson and his colleagues [13,14] initially set out to discover
the component or components of the stress tensor which would describe
adequately primary and secondary creep deformation. They used the firs:
of the above test methods and carried out systematic experiments at vari-
ous constant temperatures, with a number of ratios of tensile to torsicus
stress, on two plain carbon steels, a low molybdenum alloy steel, an alu
inium alloy (RR 59), Nimonic 75, a magnesium/aluminium alloy and commer-
cially pure copper. Considerable effort was taken to ensure that the
materials were isotropic, that there were at least 6 grains across the
tube wall and that anisotropy was not introduced into the material by
strain-hardening due to machining the thin walls of the tubes. For each
material, at all temperatures it was found that the von Mises stress
function oy was the correct function concerned with the stress dependenc
of creep rate, where Oy is given by:

Gy = P {kdx—dn)g + (02-04)% (Ugwol)x]lm 4

Here U1, O and 03 (= zero in these tests) are principal stresses and D
is a numerical constant such that when D = 1/§_then Oy is termed the
octahedral shear stress T,.. and when D = 1//Z then oy 1s known as the
effective stress 0. O is the most convenient definition since in a uni-
axial test O is cqual to the applied stress. Their data showed that the
effective primary and secondary creep strain rate £ could be represented
by :

= A F(t) (43

where V373 [(e1-€2)2 + (E2-83)2 + (&3 2 iz

strains. f(t) was always a negative fractional power function of time in
primary creep and of course equal to unity in secondary creep. 1In the
middle and lower levels of stress n had a value between 1 and 2 for all
materials and temperatures except for one of the carbon steels and the
copper; in these two cases the n values were 2.2 and 4 respectively.

All the materials obeyed the Lévy-von Mises rule that strain rate is in
proportion to the magnitude of the deviatoric stress o given by:

) and €1 ©, €3 are princi

i
1j
Ol & Wey * POy

ij ii ij
where p 1s the pressure and (S-L,i is the Kronecker delta. Therefore, in
its most general form, equation 2 becomes

£.. = A‘(S}”"lo!.

T i £

Johnson preferred to use the second invariant of the deviatoric stress
tensor Jy to describe flow where Jy is related to d by a numerical con-
stant and its index py in Johnson's work is equal to (n-1) in equation 3.
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%ith one of the carbon steels a form of anisotropy occurred which could
se represented by a simple variant of equation 3.
etc.

y o AvesyRel oeae o
€5 A' (o) [Aij(uii ujj)

Mg Opgoy3) ) FCE)
and Afy are anisotropy coefficients which are constant for a given

s system and o has an anisotropic value. Although exceptions to the
flow rule are reported occasionally (see for example Finnie and

sho E1 Ata [15]) equation 3 generally is accepted as describing deforma-
tion rate in primary and secondary creep.

the position with regard to creep fracture under steady multiaxial stress-
iy is a more complicated one than that just outlined for creep deformi-
!

ion. Johnson's own work on the mechanics of creep fracture laid the
wundations for current thinking on this subject in engineering circles.

i and his colleagues showed, in a series of carefully designed experi-
sonts that the stress function describing fracture in the materials they
investigated was either the Mises stress ¢ or the maximum principal stress
@#,. In arriving at this characterisation of materials they dismissed very
slegantly an earlier theory of Siegfried [16] that intergranular failure
was controlled by the hydrostatic stress. Furthermore they demonstrated
that, for those materials characterised by o, a good representation of
tehaviour was given also by the criterion of fracture suggested by
tochendorfer [17]. For those materials characterised by ¢; the Kochendorfer
criterion obviously did not apply.

sy analysing the shapes of their creep curves under multiaxial stress,
Johnson and coworkers established that for ¢ materials the tertiary creep
strain rate Eg: could be described solely in terms of the Mises stress
and, neglecting anisotropy, was given by:

- n-1 N .
o= k()" ol . Bt (4)
;= k@ 1 £100) :

Comparing equation 4 with equation 3 it is seen that, for o materials,
the only difference between the mechanics of creep strain in the primary,
secondary and tertiary ages is the form of the function of time. The
individual contributions to the measured strain rate may thus be expres
in terms of the octahedral plane creep strain rate as:

AGYY (B F(E) + C + D Fr(L)) ()

where Bf(t) represents primary creep, C secondary and Df'(t) tertiary.

in contrast, for those materials whose fracture lifetime was characterised
by o1 the tertiary creep strain rate was found to depend exponentially on
a function of oy only and could be represented by:

=t

. . K'€(o1)t
= k'f(o 1 \
Lij k'f(o;) Oij exp

where k' and K' are constant Ffor these materials therefore the express-

ion equivalent to equation 5

. NP ICIS R
€ /\(a)n B f(t) + C + e pr]\'{:(ul) t (6}
()
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Figure 3 illustrates schematically the shapes of creep curves predicted,
for different values of

g1

=
by equation 6. A point to note is that no tertiary creep should occur
in compression since

Ty

o
is zero. Taira and Ohtani {18] obtained creep curves such as these by

pressurising thin tubes and superimposing various axial loads, thereby
changing

GWE

and Johnson [13] and Finnie [15] have noted the absence of tertiary creap
in compression.

{n addition to considering the mechanics of creep and fracture under mult:-

avxial stress Johnson also made qualitative observations, with an optical
microscope, of teracking' on polished longitudinal sections of specimens
tested to various fractions of rupture life. An exact definition of
repacking' was not given but presumably what was meant was single and
multiple grain facet cracks as defined in section 4. TFrom these observa-

tions, he classified materials into two categories; (a) those whose ruptirs

1ife was a function only of o; and which exhibited spatially homogeneous
grain boundary cracking which gradually accumulated during tertiary crecp
and (b) those whose rupture life was a function only of ¢ and which ex-~
hibited little or no cracking except in a small region adjacent to the
fracture. In addition, the following points were also noted: (a) there
was not a correlation between the degrze of intergranular fracture and
the stress component governing fracture lifetime. For example, fracture
1ifetime in RR 59 was governed by o and yet all fractures were intercry-
stalline but in a 0.2% C steel, which was also controlied by o all frac-
tures were transgranular. Fracture lifetime in the Mo steel on the other
hand was governed by op but all varieties of fracture were observed where-
as in copper, which is also a 0; material, all the fractures were inter-
crystalline. (b) There was no correlation between tensile ductility and
rhe stress component controlling fracture; a surprising result which was
reinforced in later work by Henderson and Sneddon [19].

The loci of constant time to rupture (isochronous rupture surfaces) under
plane stress condition for Johnson's two criteria have the form shown in
Figure 4. The two criteria are almost indistinguishable in the tension-
tension quadrant but their predictions diverge to a maximum in pure sheawr.

Hayhurst {207 has plotted the results of several biaxial rupture tests
for 3 different engineering materials and concludes that a single iso-
chronous surface describing their behaviour can be constructed by a com-
bination of the hydrostatic stress and the Mises stress. The results
themselves lie between the two isochronous surfaces in Figure 4.

Summarising the engineering work on the creep and fracture response of
materials to steady plane stress loading, it has been established that
primary and secondary creep deformation can be defined solely in terms
of a shear stress (U) whereas tertiary creep deformation and fracture

may require 01, G or some combination of stress components. For
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suvenience, Leckie and Hayhurst [21] defined the terms &/, to vefer to
se materials that obey equation 5, and ¢/A to refer to those obeying

ntil recently, physical metallurgists have paid scant attention to creep

{ fracture under multiaxial stress preferring, not surprisingly, to

wly the microstructural variables affecting fracture behaviour and using
uniaxial test as a means of quality assessment. Two studies [22,23]
consider stress state effects do exist however and, since they are

ih concerned with copper, they can be compared with the much larger

wnt of data found in the engineering literature, where this metal is
mght of as a model ¢/A material. Table 1 summarises the important
srameters. All the formulae for t,. are expressed in exponential terms in
srence to Johnson's original work even though some of the other data were
hlished in terms of a power law. Surprisingly, in view of the dissimilar
pes of copper, grain size and the temperatures and modes of testing there
& w similarity in the form of the expressions for tg in the works of
ishnson et al, Kelly and Needham and Greenwood. All obey a o criterion

+i fracture and Leckie and Hayhurst would classify them as d/A materials.
swever, Needham and Greenwood [23] report, but do not quantify, a very
vked dependence of minimum creep rate on O which is totally at variance
with plasticity theory in general and the concept of ¢/A materials in
articular. From Figures 1 and 2 in Needham and Greenwood's paper it is
ible to work out an approximate expression for the minimum creep rate
piven by:

2y

= AT 0,77 (7)

santher feature in Tuble 1 which is disturbing when related to the simple
tassification of materials outlined earlier in this scction, is that in

two of the investigations tg is explained better in terms of a function

sentaining both oy and O although the discrepancy may be due simply to

she very much shorter times to fracture in these two particular investiga-

tions.

ih) Triaxial tensile stressing

‘ince the aim of engineering work on creep and fracture is towards the
setter prediction of performance of structures, it is not surprising that
there has been a considerable amount of component testing reported in the
sngineering literature. It is not the intention of this paper to review
such work because, by its very nature, it is not generally suitable for
gquantitative treatment. However, advances in stress analysis over the
st few years, duc to the use of fast digital computers, have enabled
srudies to be made of the stress redistribution which takes place under
conditions of triaxial states of stress, thereby allowing the possibility
of quantitative fracture studies. Of the possible laboratory components
from which to choose for a detailed analysis of the influence of triaxial
stress on fracture the uniaxially loaded circumferentially notched bar
fis been selected since it has been recently subjected to stress analysis
ind is the most widely used laboratory technique for collecting data under
i triaxial stress state.

Upiaxially loaded circumferentially notched bar test data are presently
used as one of the qualitative guides in selecting the best available
saterial for a specific structure but, as yet, they are not used to effect
4 more economical design of that structure. The reason why such data are

nsed only in a qualitative way can be denonstrated by reference to Figure 5
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which is a replot (to suit the present purpose) of some very comprehensive
snd systematically acquired results reported by Davis and Manjoine [26].
The ordinate is the vatio of the 1,000 h notch rupture strength to the 1
h plain bar rupture strength. Materials are said to exhibit ‘notch weak
if this ratio is less than unity and 'notch strengthening' if it exceeds
unity. The abscissa is the ratio of notch radius ‘r' to throat radius 'a’
Since 'a' is a constant, large values of a/r are a direct measure of not:
acuity (sharpness). Four materials of widely different performance, as
assessed by their uniaxial creep strengths and ductilities, were used and
each material was tested over a wide range of notch acuities. All four
waterials exhibit notch strengthening when the notch is blunt but as its
sharpness increases then three of the alloys eventually become notch
weakened. There is a general correlation between behaviour and uniaxial
ductility but this is not maintained in detail (for example compare alloy:
A and C).

Fracture behaviour such as that iliustrated in Figure 5 is quite general
but has not been quantified. In an attempt to provide a better under-
standing of notch behaviour Taira and Ohtani [27] have used a finite
element procedure to calculate the transient and stationary state creep
stress distributions in a circumferential 60° vee-notched bar. Only one
notch geometry was discussed and the creep strain behaviour was assumed
to follow, at all times, the Norton steady state creep law based on the
von Mises flow criterion; primary and tertiary creep behaviour being ne-
glected. Figure 6 shows, in schematic form, the spatial variation of the
axial stress O, and the effective stress o as a function of the dimensic
1ess parameter X/a for times up to and including that for stationary stat
Figure 6(c) shows quite clearly that the maximum value of the axial stres
moves to a point some distance ahead of the notch root during creep and,
in addition, ¢ becomes smaller than the nominal stress when stress redis-
tribution is complete.

Hayhurst, Leckie and Henderson [28] have studied, by similar means, stre

redistribution in circumferentially notched bars and their results confiys
these of Taira and Ohtani but in addition, because they studied a variety
of geometries their work is much more comprehensive. One particular notct
geometry which they studied in detail gives the stationary state stress
distribution illustrated in Figure 7. Here 0, rises monotonically to a
maximum at the centre of the specimen while G remains constant across the
whole throat section and smaller in magnitude than the nominal stress. |
is convenient to refer to this notch geometry as the 'Bridgman notch' sin
it was first analysed by Bridgman [29] for the case of time independent
perfect plasticity. It is a general observation that stationary state
stress redistributions in creep approximate closely to perfectly plastic
solutions when the creep stress index 'n' is greater than about 5 and
Hayhurst et al's work confirms this. Bridgman's [29] analytic expression
for ¢ across the throat of a notch as a function of a/r is given by:

= 2r a -1
= 1 + =~ in 1 4 ==
nom a ar

If fracture lifetime is a function only of ¢ then the ratio of notched

to un-notched rupture strength Onom/gu is given by:
o
nom ;
——————————— 1+ +
o in 1
u

(3
(1
j38)
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is plotted as a function of a/v in Figure 5.
tween the Bridgman notch strengthening prediction and the initial be-
saviour of three of the four alloys. There is an upper bound to notch
strengthening due to the onsct of gross section creep caused by the notch
constraint and is given by

There is good agreement

9]
nom

== (b/a)?

u

where b is the radius of the plain section of the bar. This upper bound

(s shown as the line PQ in Figure 5 and is somewhat greater than the ob-
erved maximum strengthening. Another possible limit to strengthening

is due to the ratio b/a being insufficient to sustain constraint beyond
some critical value of a/y. From gure 5, b/a = 1.33, and the maximum
value of a/r for which full co aint can be maintained, can be calculated
to be 1.5 (for method sce Hayhurst [28]). "This is shown as the line RS in
figure 5 and is below the observed maximem notch strengthening.

Although a qualitative explanation cun be given for notch strengthening
in terms of stationavy state values of 7 this cannot account for any ten-
dency towards notch weakening as the notch acuity i One quali-
tative interpretation of this behaviour can be offerced when account 15
taken of the calculations of Hayhuvst et al [28] which show that the accum-
ulated strain before a stationary state is rveached is larger the sharper
the notch. Thus beyond some critical notch acuity the accumulated strain
amiy exceed locally that requirved for fracture before a stationary state
is reached. The more ductile the material the sharper the notch must be
tefore such transient effects intervene, in agreement with the gencral
trend of the results in Figure 5. As already noted, uniaxial ductility
values do not give detailed agreement and any quantitative theory that
cventually emerges will almost certainly require a knowledge of the

‘fect of triaxial tensile str ility in orvder to establish a
ilure criterion. Quantitative axial ten-
sile stress may be achieved by using a Bridgman notch where, as Figure 7
shows, a reasonably uniform triaxial st state can be maintained over
i large part of the notch throat. [In carrying out such experiments in

be taken to ensure that the value of the creep exponent

s

5. ENGINEERING THEORY OF DAMAGE

The accelerating stage of constant temperature creep called tertiary
which eventually ends in fracture has led to the concept of damage
asccumulation. A method of quantifying this progressive development of
damage was introduced by Kachanov [30] and a readable account in English
his been published recently by Penny [31]. The original procedure was
designed for uniaxial stressing by defining a parameter w which can be
rogarded as reducing the effective cross ectional arca by the fractional
amount w, although some workers, for example Leckie and Hayhurst {21}
prefer a less restricted definition. In a uniaxial situation the actual
stress at a given moment is 0o/ {(i-w) where 09 is the initial value. For
woderate changes in stress, Norton's law is an acceptable approximation
to the secondary sep rate. Thus we con describe the secondary and
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tertiary stage of creep by the following equation:
1

A and n are the constants and equation {8) reduces to the standard Norton
equation for secondary creep rate when w = 0. As the parallel equation
for the damage rate &%, Kachanov assumed:

(9}

where B and p are constants.

In the original formulation of this theory the power indices of Ug and of
(1~w) in equations 8 and 9 were not regarded as neces rily equal, per-
haps out of a natural inclination to introduce extra adjustable parameters
that would aliow a good fit with experimental data. Here for simplicity
they are taken as equal. This seems a logical consequence of our defini-
tion of (1-w) as the stress-bearing fraction of the cross-section but the
assumption is clearly questionable.

As the first test of this theory one might ask how well it can represent
£/¢ relations in creep. following Rabotnov [32] and suitably manipulating
equations 8§ and 9, it is found that

(10)

where €. and tg are respectively the elongation and time at fracture.
Fquation 10 represents sccelerating creep, as is evident from the bas
the theory that it should.

is of

To compare equation 10 with experimental data, therefore, the primary
creep must be subtracted first, unless it 1is negligible, as often is the
case with engineering alloys. Penny [31] has shown that equation 10 can
well represent the €/t data of Al alloys; his example is reproduced as
Figure 8, which shows very good agreement, at least up to 0.95 tg, in this
case where primary creep is negligible and where alson = p = 5. However,
cquation 10 does not always fit the data so well. The solid line in
Figure 9 is the experimental €/t curve for temsile creep of the alloy
Nimonic 80A -~ it can be seen here that primary creep again makes a neg-
ligibly small contribution to the total creep strain and the dashed lines
are obtained from equation 10 with alternative exponents. Evidently

good agreement with experiment is not possible. However, if the last 10%
of 1life is neglected, i.e. if w = 1L at t = 1600 h and €¢ = 6.3%, the fit
is much improved over the first 90% of life as the dotted line shows.

in this way equations 8 and 9 will probably often represent most of the
€/t relation as long as primary creep is insignificant.

A second test of the theory concerns its ability to predict the effect

of variable conditions. Proceeding by analogy with creep strain, the
damage could be, in principle, either damage-caused-by-strain oxr damage-
caused-by-time if the analogy is drawn with Ustrain-hardening' and "time-
hardening' theories of creep. From equations 8 and 9 and taking n = p,

w can be expressed as:

5 &

w= B ol (1+n) (1 - (11)
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n
"= B o {1 -8 " (1+n‘)t] b (12)

fgquation 11 is the mstrain-damage! expression and equation 12 is the 'time-
Jdamage! expression. Just as rain-hardening and time-hardening theories
predict a different response of & to change of stress, cquations 11 and

12 predict a different response of w. Thus, suppose the initial applied
ioad remains fixed until the strain €' is reached at time t', and the
applied load is then increased. Just before the increase, equations 11

and 12 give the same value of w. However, w is less sensitive to stress

in equation 11 than in equation 12, and consequently if the damage 1s
strain dependent the increase in w is less than if it were time dependent.
the two concepts thus yield different sumimation rules.

tmagine a test in which an applied stress 01 1s held for time ti, producing
styain £ and damage wy, and then the applied stress is changed to U2 until
fracture occurs at time tz and strain ez. The time-damage concept yvields
ty/tig + to/tag = 1, which is Robinson's law, and the strain-damage concept
vields e1/eyy + £2/€ © denoting fracture in each case.

2¢ = 1, the suffix f
fngineering science cannot measure W directly, and consequently to decide
hetween the strain- and time-concepts, or to decide whether either is
correct, would have to draw an inference from a measured guantity such as
the strain/time relation. As we shall see, metal science is able to help
by identifying and also measuring w directly.

A third test is the ability to predict the effect of malti-axial stress,
with which this article is mainly concerned. Since the cavities and cracks
of which w is some measure often lie preponderantly on grain boundaries
nearly normal to the maximum principal stress Oi, it is reasonable to write,
a4s Rabotnov [32] does, the three principal stresses as agy/(1-w), U2, O3,
the two smaller ones being unaltered by the damage. Equation 8 now becomes:

&1 = AT @™

1! etc (13)
where o is again the effective stress, which in the present case is given
by:

B 1 Ty i 01 . 172
g o= ‘;__‘: { T 02)% + (02-09)% + (T3 - 1= )* (14}

A' is the new appropriate constant and o' is the maximum deviatoric stress.
Equation 13 reduces to equation 8 for uniaxial tension. As for equation 9,
however, « pricori it could vemain either unaltered or take the form:

w =B (&7 (15)

the first choice (which Kachanov himself uses) implying that damage is
caused to grow by the maximum principal stress and the second that damage
is caused to grow by strain, when B’ is the new appropriate constant.
Either of these choices seems much more suitable here than pure time-
dependent damage because the variable t4me is not in itself the determining
parameter.

A useful prediction is that of the fracture lifetime tg. With the first
choice it is obtained by integrating equation 9 to find:

P )T W e (16
4 R R ) (12
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Line A in figure 10 is the isochronous rupture surface in plane stress
obtained from equation 16; it lies at constant o, with this choice since
this first choice make

s g depend only on maximum principal stress. Witk
the second choice ty S arly obtained by integrating equation 15,
which was done numevically after writing & = o; [1/(L-w)7 - £/(1l-w) + %
wbere the stresses are U;/(l«w), Go o= £ 0y, o3 = 0 (1.0. plane stress).
Line C in gure 10 is the isochronous surface so obtained with n = p = 4

As was mentioned in section 2 many data points lie between lines A and C
which implies that the correct expression for w lies between equation 9

and egquation L5. As long as the metal is regarded as a black box, howeve:

the only way of obtaining a more exact expression is by trial and error.

Leckie and Hayhur: {21} seem to be the only researchers who have used the
Kachanov damage concept to derive expressions giving the time to first
cracking of structures operating at constant temperature. Their deriva-
tions of these lower bound expressions of failure times incorporate the
classification of materials into ¢/¢ and /A types defined in section 2(a:
well as taking account of both stre redistribution and multiaxial
ress states. The failure times are cxpressed in terms of an equivalent
representative rupture stress which allows failure times to be cobtained
from uniaxial stress rupture data. Experimental evidence in support of
their theory was obtained by testing copper and an aluminium alloy in four
component forms.

4. INSIGHT FROM M

AL SCIENCE

By examining the processes which go on inside the alloy black box, metal
science can learn to identify the damage and how to handle it for pre-
dictive purposes by determining which are the correct stress components

in the constitutive equations describing damage accumulation [33].
As a result of this extra insight, extrapolation should be more veliable
and thereby reduce the amount of expensive large scale testing. This
section indicates some ways in which progress i

being made.

(a) Damage mechanisms

Metal science can distinguish between those internal damage processes
that 'soften' the material and thus cause the creep rate to increase and
thereby indirectly induce failure and those that are directly responsible
for the actual fracture of the matevial. The former inciude dislocation
recovery, vecrystallisation, matrix solute depletion (by precipitation in
1neftcc?1vc form) and coarsening of second phase particles. Damage due

to particle coarsening has been shown to be an important cause of de-
creased Flow resistance [34] and is the only one to recelve quantitative
cvaluation [35]. Figure 11 illustrates this by showing how the creep rate
of one type of el used for power station superheaters increases as the
precipitate parti 5 coarsen and thus become more widely spaced |
Such studies have vecently become more feasible since measurements
pgrticle spacing can now be made accurately with the high voltage electron
wmicroscope.

The internal damage ultimately responsible for intevgranular creep fracture
starts as individual grain boundary cavities. These cavities multiply

and grow to form cracks on individual grain surfaces [single in fa;ct
(sgf) cracks] which, in turn, link together to form a final fatal crack.
The nomenclature which has been used in this studied area (for
a recent review see Perry [36]) is far from standardised and the use of
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ihe word 'crack' must not be taken too literally since, to cover the ob-
servations which have been reported in the literature, the ‘'crack' shape
may be that of an oblate or prolate spheroid. Nevertheless, the sequence
scribed above appears to be quite general if the material does in fact
fail intergranularly. Although in the past the major eangineering objective
of experimental physical metallurgical work in this area has been to im-
prove the creep fracture resistance of complex alloys by altering their
microstructure, this research has been valuable nevertheless in establish-
ing the necessary framework for service life prediction methods. For ex-
=mp1e, a dlsprupnttxonatb increase in fracture ductility is achieved by
fecting small changes in the trace element composition of Cr-Mo-V steels
[37]. oxmllarly, fracture ductility is markedly improved by reducing the
rrain size [8]. In each of these examples, the common feature responsible
for 1mpr0ved performance is related to the degree or distribution of inter-
sranular damage. In the first example, purity influences directly the
cavity nucleation rate and hence the rate of formation of sgf cracks; in
the second, small grain size influences the ability of sgf cracks to link
to form a critical multiple grain facet (mgf) crack. From a predictive
v1ewpotnt the initial problem is to decide which of the two stages, forma-
tion of sgf cracks by individual cavity nucleation and growth or formation
a critical mgf crack is rate controlling. An assessment of the current
situation with regard to predictive theories will be dec in a later
tion.

{b) Stress components

As far as plas

ic creep strain is concerned, the best approximation to
the correct stress which is available from metal science is the Taylor-
iishop~Hill 8] stress Tp. [However, with randomly oriented polycrystals
in the fcc system this does not differ much from the octahedral shear
stress Toet of engineering science in that, for all stress systems, the
ratio Ty/Toer lies within + 5% Moreover, at elevated temperature
additional processes of deformation are possible - diffusion creep, grain

boundary sliding, slip on additional planes - which should reduce even
further the relative variation between T and Toetr. For practical pur-
poses, therefore, as far as creep deformation is concerned Tpep 1S a
pcrf"gtly acceptable replacement for Tp, at least wi h most metals, and

is much easier to calculate. In regard to the significant stress component

for plastic creep strain metal science and engineering science thus come
to the same conclusion.

For creep fracture on the other hand the conclusions from metal science
go further than those from engineering science. One nust consider the
stages of creep fracture veferred to in the previous

(i) Cavities are nucleated as a consequence of plastic strain and all
micromechanisms require a concentrated normal traction in a local region
by means of shear stress relaxation against a suitable obstacle. The
plastic strain may be due to transgranular «1ip or grain boundary sliding:
Figure 12 shows examples of nucleation processes which have varying de-
grees of experimental support [8.9,39,40]. One stress component deter-
mining the rate of nucleation is therefore T (or To.e). Such mechanisms
as those envisaged 12 will inevitably produce a spectrum of
initial cavity si for growth to occur by vacancy condensation from
r continued
stability since the mintmam ze of cavity able to grow is given by

r = 2 Y/0, where ¥ is surface energy and On is the local traction acting
on a vacancy sink. Neglecting any interior stress redistribution, the

adjacent sinks, thermodynamics imposes a constraint on th
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minimum ¥ occurs when o is the largest applied direct stress i.e. the
maximum principal stress op in a triaxial stress state, for example. When
the vacancy sinks 1lie on grain boundaries then even though there may be a
random distribution of cavities produced by shear, on boundaries perpen-
dicular to the direction of o cavities will be more stable. This is
often observed in practice. The significant applied stress components

for nucleation when continued growth is by vacancy condensation are there-
fore o and g;. However when continued growth is by a viscous (i.e. power
iaw creep) mechanism (see (ii) below), the stability criterion is 2 Y/om,
where Op is the hydrostatic stress, and the significant stress components
then become O and Oy. In either_situation, cavitation will not occur under
purely hydrostatic stress since O is then zero and no shear can occur.
When nucleation occurs by cracking of hard particles this stability crit-
erion may not apply.

(ii) The kinetics of continued growth of individual cavities on single
grain boundary facets has aroused considerable controversy over the years.
The issue has been polarised into two camps, one favouring a volume growth
rate linearly proportional to o1, (e.g. Speight and Harris [41]), whilst
the other favours a growth rate proportional to strain rate and therefore
non-linearly related to 0 (e.g. Davies and Wilshire [42]). Little direct
evidence exists to support unambiguously either view. Both types of grow-
t+h rate law can be obtained using the Balluffi-Seigle stress directed
vacancy concept; the 0 law results when the mean normal traction across

a boundary transverse to Oi is equal in magnitude to o; [41] while two
mechanisms have been proposed to account for a deformation rate dependence.
The first [43} of these assumes that the vacancy sinks are dislocations
arriving at a grain boundary from the grain interior during creep and that
their rate of arrival controls the kinetics. The second [44] uses the
fact that cavitated boundaries are usually distributed inhomogeneously

and that the consequent inhomogeneous stress cuan result again in their
growth rate being controlled by the deformation rate of surrounding non
cavitated grains. It is interesting to conclude therefore that although
the mechanics of growth may be either 01 or O controlled, the mechanism

in each case can be related to stress directed diffusion of vacancies. Both
types of growth kinetics are thus compatible with the ideas on cavity nuclea-

tion discussed in the previous section.

There is a further deformation controlled cavity growth mechanism that

is not based on the Balluffi-Seigle concept and which has been applied in
detail rTecently to creep cavities by Hancock [45] and applied by Fle k

et al [9] to cavitation in fine grained materials. This is the viscous
hole growth mechanism usually associated with room temperature ductile
fracture: in the creep situation plastic growth is controlled by power-
jaw creep. The local stress components which are significant for this
mechanism are O and the ratio

Nucleation of cavities by a random shear mechanism as discussed above
would produce an .observable random distribution of cavities if the local
stress tensor were spatially uniform since the stability criterion is

2 Y¥/Uy. This contrasts with the non-random distribution forecast by
application of the Balluffi-Seigle stability criterion. To illustrate
the probable range of applicability of viscous cavity growth under uni-
axial creep conditions Dyson and Taplin [33] derived Figure 13 by plott-
ing the locus of points of equal growth rate given by:
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R =¢R (17)
and
. D, oy Q6
R o= e r (18)
2KTR*1n <;‘7'§ =

where equation 17 is given by Hancock [45] for the growth rvate R at radius
R under uniaxial strain rate £. Equation 18 is Speight and Harris's [41]
formulation of diffusive growth for cavities of spacing ra'. Figure 13
was derived by inserting typical values for the various parameters for

fece materials and assuming a = 10 ym. Viscous hole growth is unimportant
at engineering strain rates of 1071% $7! but under fast laboratory tests,
particularly at low homologous temperatures it becomes the dominant mech-
anism at relatively low values of 2R/a. This process of growth is also
highly stress state dependent and may become dominant at crack tips due to
jocally high strain-rates and stress states. It should be noted that when
ta' is changed the curves are translated so that larger 'a' values favour
viscous growth. In view of the general nature of the parameters used,
Figure 13 should be regarded only as a means of guiding experiments - for
example when determining what region of a fracture map is applicable.

This is especially important with regard to engineering alloys, where the
presence of precipitate free zones can produce strain localisation and so
favour viscous growth.

(iii) A third stage of fracture damage accumulation is observed metallo-
graphically when cavities on a particular single grain facet eventually
link up to form a distinguishable entity called a 'crack'. As ment ioned
carlier, this description is to be interpreted liberally since these sgf
cracks which are appe
number steadily incre as creep strain processes and that their growth
is drastically impeded by triple point junctions [8] so much so that the
mean value of their thickness to width ratio steadily increases throughout
1ife [8]. Observations have shown that cavitation also occurs throughout
the whole lifetime and is therefore concurrent with the appearance of sgf
cracks [8]. The plausible conclusion can thus be drawn that cavitation

is not uniform on a microscale (as implicitly assumed for example by
Greenwood [46] and Raj and Ashby {47]) and that different boundaries,

even at the same orientation to the stress axis, cavitate at different
rates and consequently give rise to the progressive appearance of sgf
cracks. Growth of sgf cracks into mgf cracks may therefore be a matter

of chance and Lindborg [48] has produced a statistical model along these
lines. However it is an empirical one in the sense that ‘stress components
are not incinded in the model and sgf cracks are created 'instantaneously’'.
As a consequence the method lacks the gemnerality required for service life
prediction purposes but may well prove to be a basis for a more physical
theory. One problem of a statistical model is the predicted influence of
specimen whereby an increase in size would give vreduced life - whilst,
as discussed below, the reverse effect is found.

{iv) The stress components governing the final fracture event have re-
ceived scant attention by both experimentalists and theoreticians alike.
Metallographic investigations have shown that sometimes fracture is due
to the propagation of a single crack in a direction perpendicular to the
maximum principal stress. Whether this is a direct consequence of an
increase in o1, through a reduced section size, or indirectly through a
stress concentration at the crack tip is debatable and deserves further

from metallographic observations are such that their
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investigation. In other situations failure is apparently by internal
necking and the magnitude of o clearly should play an important role, but

this again has received no more than qualitative experimental support.

Before the stress components can be deduced and the constitutive relations
describing final fracture formulated, a more detailed physical appreciation
of the fracture event evidently is required than is available at present.

To illustrate the difficulties involved in quantifying final creep fracture
Figure 14 shows how the volume fraction of cavitation at fracture varies
with fracture elongation. Although all fractures are intergranular, two
extreme types can be identified as was mentioned in the introduction. At
low ductilities there is every appearance of a 'cracking' type, while at
high ductilities the sgf ‘crack are clongated in the direction of the
stress axis and fracture is thought to occur by homogeneous internal
rupture. A necessary consequence of this classification is that lifetime
should be specimen size dependent for a 'cracking’ material but size in-
dependent for an internal 'rupturing’ material. Figure 14 is also signi-
ficant in demonstrating that a predictive scheme which relies on a uni-
versally constant critical volume fraction of cavities for fracture is
clearly invalid.

Webster [49] has made the interesting deduction from creep crack growth
studies that, in steels and RR 58, the crack has to be upproximat&iy 1 mm
in length before any appreciable propagation rate will be achieved under
the action of the applied tensile stress through its effect on the stress
intensity at the crack tip. Webster concludes that failure in specimens
iess than approximately 1 mm in thickness must be by another process and

he suggests internal collapse due to sgf creep cracks reducing the load
bearing capacity. However another possibility is that, in small sections,
a crack of sufficient dimensions to cause collapse is formed by statistical
linkage of sgit cracks. A corollary is that as the specimen size increases
beyond 1 mm statistical linkage may provide insufficient stress amplifica-
tion to cause collapse and life will become controlled by slow crack pro-
pagation and a size effect on lifetime will become apparent. There have
been no systematic investigations to establish this, but Taira and Ohtani
{18] reported a large increase in lifetime in 13-8§ stainless steel as the
specimen size was increased. This stainless steel was described as having
many ‘er ' and they ascribed the effect to crack growth but offer little
proof. hree other materials which showed no evidence of cracking did not
show a size effect on life either. N

5. PREDICTIVE SCHEME

a) Design lifetime

Experimental physical metallurgical studies into creep fracture have been
conducted mainly under uniaxial tension and have been aimed largely at
trying to understand and sometimes quantify creep fracture damage. Cavi-
tation is the type of creep damage most studied and laboratory specimen
tife predictive theories, based on these studies, have been uﬁtcmptvd
periodically ever since the seminal paper of Hull and Rimmer [23]. This
theory assumed that all cavities were present at the start of the test and
that each grew at a rate controlled by the speed of diffusion and linearly
proportional to o:. Furthermore, fracture was taken to occur when the
cavities occupied the entire area of a grain boundary facet. Subsequent
theories have modified two of these assumptions: Greenwood proposed that
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cavitation was continuous and related to creep strain [47] and that
fracture occurred when the area fraction of cavities was less than unity.
sore recently, Raj and Ashby [47] introduced time dependent cavity nuclea-
tion by applying classical nucleation theory.

(he progress in this area is best demonstrated by the predictive scheme
of Greenwood [46]. Ie uses experimental results obtained by himself and
Woodford [50,51] which show that the number of cavit per unit avea of
grain boundary Cg is given by:

e, = i of g (19)

where j is an experimental constant, ¢ is the applied uniaxial tensile
stress and € is the elongation. OGrowth of each cavity is assumed to be
given by:

vo =Hot (20)

where v _ is the volume of an individual cavity, t is time and H is a con-
stant oF proportionalitv. The fracture condition is taken to be that a
certain (undefined) proportion of total grain boundary arca is occupied
by cavities, so that Cg VC?‘/3 = £ is the fracture condition, where £ (4/3
7H2)2B g the proportion of grain boundary area occupied if all cavities
are spher Substitution from equations 19 and 20 gives the fracture
life tg as:

(21)

This theory had the aim of showing that cxisting knowledge can be assembled
into a plausible, quantitative description of the fracture process of a
laboratory tes yecimen rather than of producing an accurate means for
predictine service behaviour. Nevertheless, since it reasonably incor-
porates many Factors it cun be expected to describe the effect of moderate
perturbations within the range of these factors, e.g. within the limits

of uniaxial loading. It has been tested against some experimental results
obtained with square wave witawial Loading [52] and predicts the behaviour
about as well as Kachanov's theory or Robinson's law.

As it stands st the moment, Greenwood's theory cannot account for behaviour
under multiaxial loading since the stress component in equation 19 is not
defined. Modifications to the theory are therefore necessary before it

can possibly account for the observed dependence of fracture lifetime on
cither ¢, 01 or some combination of these two stress components as dis-
cussed in section 2. A recent study of creep of Nimonic 80A in tension

and torsion at 750°C [53] showed that both Up and O were required to de-
sceribe fracture in this material over a wide stress range. regards
cavitation damage, the main effect of stress system was to influence the
number of cavities produced per unit of strain at given G. In explanation
of this it appears reasonable, as mentioned earlier, to suppose that during
cach element of strain, cavities of a range of sizes are nucleated, of
which only those with radius v = 2 Y¥/01 are stable in the sense that ther-
modynamics enables them to grow instead of to shrink. The larger o, the
greater is the proportion of these cavities that are permanent. Experi-
ment showed that at constant o, Cy o 01 where Cy is the number of cav-
ities per unit volume and thus expresses the observation that approximately
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% times as many cavities are found in tension as in torsion after creeping
to the same strain at the same O.

An important feature of the creep data was that steady sta@e_creey occupied
only about 10% of 1ifetime although tﬁe maggltude of the m}nl@um creep
rate was dependent only upon g, as §eto?mat10n~theory n?edlctst Tertiary
creep on the other hand set in earlier in tension than in t0r51qn anq was
therefore a function of O and ¢; and gonsequently led to a shorter llfe
in tension than in torsion. To explain this creep and fracture b?haYlogr,
it was hypothesised that cavit% accelerated the creep rgt? and thgs, in
offect, softened the metal. Since there were too few cavities, even at
fyacture, to cause a sienificant reduct:on_of cross sectional area (that
is, no effect on w) the softening was gscrlbed to an accelerating effect
on recovery and thereby imp]ying a cavity growth law v, o € rather than

v o o1. Two constitutive relations were deduced:

.

2 (22)

«

v

i

Q (&) 23

where & is the effective tertiary creep rate, Vv is t@e tthl CaVity‘V01u§f’
p is a tunction of G and Q a function of o %nd U1- ‘Lomh1n1ng equat{gns 22
and 23 gives the tertiary creep law & = R t° which is c}?se to expellmgnt
and R contains the correct fucntions of ¢ and 3. MQrc {mportantly:for
the present, equations 22 and 23 can be used to predict fracture life tg

as

(24)

Here A is a function of 0 and q %s the exponent in‘a No?tOQ‘Lay—ty?e 9f
equation for cavity volume fraction. The dotted.llnes in Figure {b %re
caleulated from equation 24 for tension and torsion and the.pQLnﬁb.ame
from tension and torsion experiments. The agreement 1S‘Satistactory; .
Further, in the middle range of stress., g = 4 and equation 24 then gives
the line labelled B in Figure 10.

7t is worth emphasising trhat, according to the experimental observations
iust mentioned; cavitation and also sgf crack damage weakens the metal by
Tsoftening' rather than by reducing the effective cross-sectional area, as
Kachanov's theory supposes.

Since, in Nimonic 80A, the degree qf cavitatign incregses af the %t??s?_'
state changes from torsion to tens?onhthen a further increase in uaV}tatlon
rate is predicted omn going to a tr}ax%a} tensile stress state. As Qfsn
cussed in sectiom 2, 2 spatially smgn;fwcanF undwwell Qeflned triaxial
tensile stress state can be achieved in a cxrcumtcrentlglly notg?ed ?ar

by judicious matching of notcﬁ geometry and creep behaviour. Dy?nn‘a?d
Qodgers [54] have employed this technique and Plgur? 16 show? Fh§t~tﬁ?red
are indeed more cracked boundarlgs (the number of discrete CJV{tl?b 80“1
equally well have b?en plotteg) in the centre of the specimen where 01/
{given as o,/0 in Figure 16) is largest.

uat life

Some components in existing plant suffer tempe?ature and stress exggrS{?ns
within limits that may be known quite accurately although the precise times
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4t these temperatures and stresses may not.

fn order to maximise the useful life it is necessary to make periodic esti-
mates of residual 1ife. When fracture or useful life is controlled by an
internal damage process then it becomes possible as a result of identifying
Jdamage to estimate the residual lifetime from metallographic observations.
This possibility has been used so far only in connection with cavitation
damage. A number of industrial organizations make practical qualitative
assessments by ohserving the degree of cavitation or sgf crack damage but
quantitative estimates now seem quite possible in those cases where cavi-
vation damage exists for a large fraction of the life [55]. For example,
given information such as that in Figure 17, residual life can be esti-
mated by counting the number of cavities on a metallographic section. Con-
siderable innovatory work is still needed in view of the difficulties
encountered with another material [37] but, as compared with the method of
estimating residual life from the deterioration in breaking strength, which
is sometimes used, the metallographic method requires a smaller sample to
e detached from the component and probes directly the significant damage.
it therefore promises to be inherently more reliable but, the process of
selection of the metallographic specimen can cause major practical problems
because the critically damaged region may be hard to locate.

significant work on the extension of residual life via heat treatment of
small components, temporarily taken from service, has been carried out
and Wilshire and Dennison report further work at this conference [56].

6. FUTURE WORK AND CONCLUSIONS
There are several types of investigation which would extend the help
already available from metal science for improving the prediction of creep

life and a few of these are singled out below.

i. A conclusion from section 4 is that the ratio

or equivalently O/t
creep under ¢
axial testing

e Characterises the type of stress system as far as
criice Stresses is concerned.  Some conclusions about multi-
ollow as a consequence. In Figure 18 the curves show
Toet/01 as a function of oa2/0; with the third stress o3 = V(0 + O3).

the upper curve is for gz = 0; along this curve Taet/01 changes consider-
ably in the vrange -1 < 02/0:< 0, i.e. between torsion and uniaxial tension,
but changes little in the range 0 < 03/0;< 1, i.e. between uniaxial and
biaxial tension, which covers the stress systems obtained with pressurised
thin tubes or cruciform biaxial specimens. It seems doubtful if the small
changes in Taet/0: achievable are worth the extra complexity in the test-
ing. With triaxial tension the conclusion is different, as is also evi-
dent in Pigure 18 especially from the bottom line for which o3 = 1/2 (oy +
¥5); along this line, over the range 0 < 01/02< 1, Tger/01 falls to zero.
Since stress s ems in this range probably include the most dangerous
systems encountered in service, quantitative studies of cavitation in tri-
axial tension are particularly needed

2

2. The growth of cavities needs fuller examination. As mentioned, it has
generally been assumed that theiy growth rate is diffusion controiled, which
results in a volume growth rate v. @ 01, but recent experimental work with
two different engineering materials [53,57] indicates v o (9) .
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Predictions concerning design lifetime, either under variable or multiaxint
stress and especially the important prediction from short-time tests to
service-life~times, involve this growth law, which is therefore important.
What is needed are expevimentally checked Cavity Growth Maps covering the

regimes for the different types of diffusional and viscous (power law crecp:

growth.

3. The initiation and growth of eracks which can be treated by the vari-
ous theoretical techniques available to the fracture mechanician needs
further study. As di ssed, in some materials o crack forms, perhaps

by chance linkage of neighbouring small cracks, of sufficient length that
it can grow under the direct action of the maximum principal stress. This
marks the initiation properly-called of a crack, and divides the creep life
into an earlier part during which the main damage was cavitation and single
and multiple g n facet cracking, and a later part in which the signifi-
cant damage consists of one dominant crack. The mechanics and mechanisms
of initiation of such cracks needs further study: their propagation be-
haviour having received considerable attention recently [3,4]. 1In large
components, which form a small but expensive part of all those subject to
creep, it is conceivable that most of the lifetime mav be occupied by the
growth stage of such a crack but, at present, no scientific judgement can
he exercized in this respect at the design stage of the component.

4. Metal science studies [55] have already demonstrated the potential

chat exists for quantitative estimates of residual lifetime by measuring
cavitation damage. There is a need for more extensive studies to identify
and quantify the relevant damage parameter in other important engineering
alloys sc that the scope and limitations of this method can be assessed.

As un example, in Inconel X-750 it has been shown {8] that single and multi
ple grain facet cracks exist for about 90% of life in fine grained material
and their measurement therefore may form the basis of a residual life tech-
pique In coarse grained material, sgf cracks only occupy a small fraction
of 1ife and cavitation may well provide a better assessment. Figure 19
illustrates the point in schematic form.

5. The main gain would come, undoubtedly, from an integrated metal
science and mechanics (includineg fracture mechanics) approach, to the
problems raised by predictive requirements, ¢.g. the behaviour of alloys
under triaxial tensile stre , under variable conditions, with simultan-
cous environmental attack etc. Tt is hoped that this present paper has
established that this integration is both feasible and appropriate.
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Table 1
Type Grain | Temperature
of Size range Fracture time relation Reference
Copper 1 Le (h)
Commercially 20 tf = 1.6 X 10° exp(-0.101) Johnson et al
pure 10" > te > 200h (241
Electrolytic 40 TF = 3.8 % 10" exp(-0.0210 ~0.060,) | Finnie and
tough Avo E1 Ata
pitch 130 2 tg * 30h [15]
BS 2874 150 t.o= 8.7 x 107 exp(~0.090,) Kelly [22]
0.1% 0, £ % 108 % v w06
tough pitch L 2. Bp 2 VOB
. 5 < 400°C ( = :
99.8% not 400-500 tf = A exp(-~0.20 - 0.070,) Hull and Rimmer
pure given ; w, X {25}
10 2ty 2 5h
OFHC 230 te = 1.8 = 10% exp(-0.18ag,) Needham and

5% 20% > to > 40h

Greenwood [23]
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Scanning electron micrograph showing typical appearance of the
fracture surface in a 'hbrittle' alloy. Inconel X-750 creep
tested at 973 K, grain size 113 pm; secondary creep rate

0.76 m/w/s . X 2000

Figure |

348

Figure 2

Optical micrograph showing the fracture process in a 'ductile’
Alpha/Beta brass tested at 873 K. Courtesy of Acta

alloy.
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Figure 3 Schematic representation of the shapes of creep curves for
constant shear stress ¢ but with different values of the stress
state parameter Y1  predicted by equation 6.
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Two plane stress isochronous rupture surfaces for materials
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the effective stress law.
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Figure 5 A plot of the ratio of notched to unnotched rupture strength

against notch sharpness for four different alloys.
Davis and Manjoine [26].
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Figure 8
agrees with experiment.

An example where equation 10 derived from Kachanov's theory
The experimental data (points) are

1“‘ &}

for an Aluminium alloy and the solid line is from equation 10

with n = p = 5 (after Penny [31]).
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26 T T T
Y 7
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0
o] 1000 1500 2000
Time, h
9 An example where equation 10 does not agree with experiment.

The solid line is the experimental curve for Nimonic 80A in
tensile creep at 750°C and 0; = 154 MPa and the dashed lines
are calculated from equation 10 with n = pP; x = 1/ (1+n)
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Figure 10 Shapes of isochronous fracture surfaces in plane stress. A

and C from Kachanov with the two different assumption§ abqut
damage rate. D. when tg depends only on o. B, for Nimonic
30A from metallographic studies.
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Figure 13 Non-Newtonian viscous and diffusive cavity growth regimes as

a function of temperature and the ratio of cavity diameter to
to cavity spacing for different creep rates.
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£, Elongation at fracture’

Volume fraction of cavities at fracture of four materials

exhibiting widely differing elongations at fracture.
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Figure 15 Dotted lines - tg calculated from equation 24, whi;h is based 0 >, 10 15
on metallographic observations. Points on solid llnes-— a
experimental data. Tension and torsion tests on Nimonic 80A
at 750°C.
Figure 16 (a) shows the spatial variation of the stationary state axial

and effective stresses across the throat of a notch character-
ised by b/, = 1.9 and R/a = 0.5 (Data from Hayhurst and Leckie
[28a]. (b) shows effect of increasing triaxial tension
(represented by large values of 94/5) on the rate of creation
of cavitation damage. The specimen was interrupted at 3/4
lifetime. (Data from Dyson and Rodgers ([54]).
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Figure 17 Number of cavities ¢ plotted against fractional life t/tg. Pigure 18  Toee/01 vs 02/0; for ditfferent values of 03 = V(o1 + 02).

bashed line represents mean of tension data [53]. Such data
promise a gquantitative estimate of residual litfe possessed
bv a component still in service.
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Cavity nucleation and growth

Normalised strain

|

formation of multiple grain facet cracks

| —y e

r e

t¢ = time to fracture of
fine grained material

Rupture of coarsest
grained materral

Rupture of finest
grained material

Figure 19

t/tf -0

Schematic diagram illustrating the fact that single and
multiple grain facet cracks in Inconel X-750 occupy an
increasing fraction of the lifetime as grain size is
reduced. Based on work of Venkiteswaran and Taplin [8].
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