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Evaluation of Creep Crack Growth Criteria
for IN-100 at Elevated Temperature
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Seven crack growth rate criteria from numerical computations of simulated creep crack growth experiments
are evaluated. A finite element computer program is utilized to calculate the various parameters. Both near-
field, or local, as well as far-field criteria are examined. The results indicate that environment plays a major role
in crack growth in a nickel-base superalloy, IN-100, at 732 °C and that time effects must be considered in
modeling crack growth using local criteria. Stress intensity and net-section stress are found to be adequate as
correlating parameters but are unable to model observed transient phenomena.

I. Introduction

THE U.S. Air Force currently places strict fracture
mechanics based requirements on airframe construction

and maintenance. These requirements involve prediction of
the remaining useful life of a structural component through
specified fracture, mechanics techniques and the detection of
flaws by periodic nondestructive inspection. Consequently, if
an airframe part is examined and found to have no flaws that
can grow to critical size prior to the next periodic inspection,
it can be returned to service.

In contrast to the airframe, low-cycle-fatigue limited jet
engine parts are retired from service when their design life has
been reached even though no flaws have yet been found in
most of them. This situation occurs because the retirement of
engine disks is based on 3 "crack initiation" criterion. Under
this criterion, all components of a given population are
considered to have no remaining service life as soon as a
measurable crack, typically of the order of 1 mm or less, has
formed in the member of the population which has statistical
minimum strength properties.1 No attempt is made to utilize
the additional life associated with the remaining members of
the population which have statistically longer lives and are
therefore expected to be uncracked, or have cracks smaller
than the detectable size.

From a safety standpoint, this approach has been generally
very successful. However, for real materials and real design
situations, lifetimes based on time to crack initiation of the
minimum member tend to be extremely conservative. With
increasing replacement costs for components as well as the
uncertainty of the availability of critical strategic materials in
these parts, it is not surprising to find that alternative life
management schemes are being considered. Retirement for
cause based on a criterion which considers the fatigue crack
propagation life based on a fracture mechanics approach is
now being investigated for USAF engines. Under this
philosophy, components are kept in service until a
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predetermined crack size is detected which will grow to
catastrophic size in one or more inspection intervals. This
approach to life management is critically dependent on not
only reliable inspection techniques but on the ability to ac-
curately predict the growth Of a flaw under typical engine
/operating conditions.

Various parameters controlling the fatigue crack growth in
engine components are strain, stress, stress intensity, tem-
perature, load application frequency, and environment. The
relative effects of each parameter are reviewed by Speidel,2
who shows that at each elevated temperature there is a critical
frequency below which the crack growth rate is creep
dependent (i.e., dependent on exposure time to load), and this
creep dependency increases with decreasing frequency. Also,
the presence of an aggressive environment is another factor
which results in a frequency dependence of the crack growth
rate which is very similar to that brought about by creep.

Typical engine- missions include, among other features,
dwell times (hold times at constant stress) of the order of
minutes at high stress levels. Crack growth is then influenced
by parameters such as stress and strain levels, stress intensity,
temperature, and environment because load cycling is not
occurring during these dwell periods. In addition, high stress
concentrations in the vicinity of the crack tip combined with
the high temperature environment lead to nonlinear and time-
dependent stress-strain behavior for the material. Thus,
yielding is encountered in the vicinity of the crack tip within a
plastic zone as well as time-dependent flow or creep. Finally,
environmental factors such as temperature and atmosphere
might affect the ductility of the material, thereby lowering the
ability of the material to strain prior to fracture.

Two types of approaches can be utilized to predict crack
growth behavior under creep conditions. In one case, far-field
fracture mechanics parameters such as the stress intensity, C*
integral, or net-section stress can be used to correlate crack
growth rate. In the second case, localized failure criteria such
as stress or strain at the crack tip can be utilized to predict
small increments of crack extension based on detailed stress
analysis in the vicinity of the crack tip. In the present in-
vestigation, both types oif crack growth criteria are evaluated
based on a detailed finite element analysis of a center cracked
geometry test specimen incorporating precise displacement
measurements in creep crack growth experiments. The results
provide a reliable numerical technique for determining crack
growth rate for a particular material under creep conditions.
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II. Approach
The analysis utilizes a two-dimensional (plane stress/plane

strain) nonlinear, timeHjepqnftent, finite element program, •
referred to as VISCO,3 to" investigate creep crack growth
under constant load. The finite dement analysis incorporates
constant-strain triangular elements, while the nonlinear time-
dependent material constitutive model takes the form of the
Bodner-Partom viscoplastic flow law.4'7 This flow law is
integrated through time by an Euler extrapolation scheme8

and incorporated into the overall finite element program by
means of the residual force method.9 Material constants for
the Bodner material model were determined by Stouffer10 to
best match the behavior of tjie test material, at the tem-
perature at which all tests were conducted.11 The test material
is gatorized IN-100,® a nickel-base superalloy used for turbine
disks in jet engines. The test temperature of 732°C (1350°F)
was chosen as the upper bound of temperatures at which this
material can be used without significant loss of modulus or
yield strength and where time-dependent material behavior is
observed.

Time step sizes of the Euler scheme are maximized subject
to specified amounts of change in stress and strain over a
given time step. This time step maximization scheme provides
the ability to transition from time steps which are a small
fraction of a second for the load up phase to large time steps
of the order of minutes for the constant load creep phase. This
variable time step capability is a necessity to make a
numerical study of creep crack growth computationally
feasible.

Crack growth and possible crack closure during unloading
is accounted for by simple mpdifications to the structural
stiffness matrix. These simple modifications are made
possible by choosing an interactive Gauss-Siedel linear
equation solver12 which requires no explicit inversion of the
stiffness matrix. Hence, between time steps, pertinent terms
of the stiffness matrix easily can be changed to account for
crack growth and the general procedure continued without
costly matrix inversion time required.

The finite element program which has the capability of
accounting for material creep and plasticity as well as for
crack growth is used to study creep crack growth in a center
cracked plate specimen. The specimens which are modeled
have several different initial crack lengths with a node spacing
of 20 \L near the crack tip and are subjected to various loads
that are chosen to coincide with the geometries and loads used
in a parallel experimental program/A complete description of
the program and finite element models used in the analysis
can be found in Ref. 3. . . . . .

The analytical model is used to determine the actual rate of
creep crack growth in test specimens from experimental
displacement and compliance measurements. Both far- and
near-field parameters are investigated to determine which
ones are most applicable for predicting creep crack growth in
a typical jet engine turbine disk alloy, IN-100, at 732°C. A
hybrid experimental-numerical (HEN) procedure13 is em-
ployed in which crack growth rates were determined from
finite element model displacement results which are compared
with experimental data for the same geometry and loading
conditions. The specimen geometry is a center cracked panel

25.4 mm wide and 7.6 mm thick. Details of the experimental
procedure are reported in Refs. 3 and 13. The crack is allowed
to grow sufficien|lyrby, releasing nodes so that predicted crack
opening displacement rates from the finite element model
match experimental data for the same geometry and loading
conditions. From these results, which provide good
correlation of displacements between model and experiment,
seven creep crack growth criteria are evaluated from the
calculated parameters in the finite element scheme.

One of the tests of a parameter's ability to correlate or
predict crack growth rates is its demonstrated applicability
over a range of crack lengths, stress intensity levels, and
specimen geometries. In this investigation, only a center
cracked plate geometry is utilized, but both short and long
crack lengths are used as well as a wide range of stress in-
tensities from .1.7-9 to 40.4 MPaVm which cover a range of
crack growth rates of nearly two orders of magnitude. A
summary of test conditions showing the range of K and initial
crack lengths and an index of the computer runs is presented
in Table 1. The columns labeled HEN and DAM ACC
(damage accumulation) refer to the computer run numbers
used for the determination of crack growth rates from the
HEN procedure and evaluation of a critical damage ac-
cumulation criterion, respectively. The parameters used for
the strain or crack opening displacement criteria in the
computer runs are also presented and are discussed later.

III. Crack Growth Criteria
. Both near- and far-field parameters are investigated in ati
attempt to identify which parameter can be used to predict or
correlate crack growth rates. Near-field or local crack tip
parameters such as strain or crack opening displacement
(COD) have shown promise elsewhere for correlating finite
element results with experimental crack growth data.14'15 To
use a near-field parameter, a numerical scheme is required to
compute values of that parameter for application purposes.
When a critical value is achieved, it can then be used as a
criterion for local failure which allows nodes or elements in a
finite-element scheme to be broken or released. Far-field
parameters, on the other hand, are quantities which determine
the rate at which the crack grows and provide a one-to-one
correlation with growth rate. If the computation of the far-
field parameter is strongly influenced by the growth rate it-
self, then correlation can be difficult to establish.

A. Critical Strain Criterion
The first local crack tip criterion examined is strain normal

to the crack. Examination of the strains in the elements ad-
jacent to the crack tip prior to each node release for crack
growth in the HEN VISCO runs reveals that no single value
for the critical strain would appear to satisfy all test con-
ditions. However, a few VISCO runs were made using a fixed
critical strain criterion to further evaluate its applicability.

The critical strain criterion is implemented in VISCO by
comparing the average of the plastic strain components
normal to the crack and within elements adjacent to the crack
tip with a critical strain value, ecrit, as time progresses. When
the average crack tip plastic strain exceeds the critical value,
ecrit, the crack tip node is released and unloaded in 5 s. The 5-s

Table 1 Table of test conditions and computer runs

Test Np. 2a0/w K, MPaVm HEN
Computer runs

CODcrit,mm DAM ACC

8a
9
5

12b
12a
6

0.2734
0.2734
0.2734
0.6234
0.4734
0.4734 .

17.9
40.4
27.5
32.4
19.2
30.7

SI
S2
S3
S4
S6

El 0.030
E20.075 Cl 1.27X10-3

E3 0.090 C21.15xlO~ 3

D3
D4
Dl
D6
D5
D2
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Test 9

A VISCO Run E3

o VISCO Run E2

5 10 15
TIME (min)

e = .075 VISCO Run E2

6 =.090 VISCO Run E3

5 10 15 •
TIME (min)

Fig. 1 Results of application of critical strain crack growth criterion,
/if =40.4 MPaVm; a) displacements due to crack growth, b) crack
growth.

release time is chosen to avoid transient effects of an in-
stantaneous release method and was found previously to have
no effect on the results for the crack growth rates encountered
in these tests.13 The results of the calculations using the
critical strain criterion are summarized in Table 1. An ecrit
value of 0.030 is found to work well from the HEN VISCO
runs of test 8a, where K is 17.9 MPaVm. However, for test 9,
where Kis 40.4 MPavm, the-value of ecrit needs to be 0.090 to
work well as shown in Fig. la (run E3). The corresponding
ecrit dependent crack growth vs time is given in Fig. Ib. A
slightly smaller ecrit value of 0.075 allows too much
displacement compared to test data as seen in Fig. 1 for rim
E2. The displacement results for an ecrit value of 0.090 appear
to fit the data quite well over the first 5 min of the test.
Likewise the resulting crack growth in Fig. Ib agrees quite
well with the HEN VISCO data of run S2. However, the ecrit
value needed to match the data for test 9 is far greater than the
value needed to match data in test 8a, where K is much
smaller. Thus, no single value of critical strain appears to
work as a failure criterion for the range of test conditions
covered here.

To further illustrate this point, crack tip strain values taken
at the time a crack tip node was to be released in the HEN
VISCO runs are plotted as shown in Fig. 2, The abscissa,
time, is the time from the beginning of each simulated crack
growth test. This plot is constructed in an attempt to find a
general trend of the critical strain values or to determine a
mathematical relationship with time to envelope the HEN
results. In general the strains are high for short times, or as
the first few nodes are released, and then diminish with time
to a common value of approximately 0.03. The values at the
upper part of the envelope in Fig. 2 represent those obtained
in tests involving the upper range of growth rates and lvalues
covered in this investigation. The lower part of the envelope
represents the slower growth rates or lower AT values. In order
to develop a critical strain functional expression, one can see

O VISCO Run S6
D VISCO Run S1
O VISCO Run S3
A VISCO Run S4
O VISCO Run S2

•o
50 6020 30 i|0

TIME (min)
Fig. 2 Results of application of time-dependent critical strain crack
growth criterion.

from the plot a need for a parameter, which decays with total
test time, which would fit the upper bound strain values in
Fig. 2 related to rapid crack growth. In addition, for the lower
range of crack growth rates, the expression must have the
capability of allowing the region around the crack tip node to
deteriorate with exposure to the crack tip environment (i.e.,
not only the environment external to the specimen but also the
singular strain state internal to the specimen). This additional
crack tip deterioration is considered to be displayed by the
lower bound of strain values in Fig. 2 which corresponds to
the lowest crack growth rates. To construct a general ex-
pression which decays with test time, a negative exponential
function is employed. Furthermore, because critical strain
values appear to diminish additionally with long crack tip
exposure time, but not as rapidly as an exponential function
would dictate, a cosine function is used.

An empirical expression for the critical strain that fits the
HEN VISCO results fairly well is given by

if T< T

= e0 if T>T0 (1)

where e0 = 0.03, ,4-3.0, fc=1.34xlO-.3 . s'1, T0 = 600 s.
Times / and T refer to total test time and crack tip exposure
time, respectively. The value of e0 represents the critical strain
for large time. The coefficient A is determined at t equal to
zero. Once A and e0 are chosen, b is determined by best fitting
the upper bound where crack tip exposure time is small and
set equal to zero (i.e., 7=0). The parameter T0 determines
how rapidly the critical strain diminishes to e0 with crack tip
exposure time T.

Motivation for the development of Eq. (1) comes from
consideration of environmental effects such as oxidation at
these high temperatures from exposure to laboratory air. The
oxidation is associated with changing material properties at
the crack tip such as the critical strain value. Crack growth in
alloys similar to IN- 100 has been found to be quite sensitive to
the environment and the resulting oxidation that can occur
when an elevated temperature crack growth test is done in
air.16 Therefore Eq. (1) is an attempt to represent the rate at
which the critical strain for crack growth is diminished with
time due to environmental effects. No computer runs are
made, however, utilizing this criterion. It could be employed
in VISCO in the following steps.
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1) Record both total test simulation time t and crack tip
exposure time T.

2) Evaluate the critical strain level during each time step
fromEq. (1).

3) Compare with the crack tip element's plastic strain
accumulating in the VISCO analysis.

4) Release the crack tip node when the VISCO plastic strain
at the crack tip exceeds ecrit from Eq. (1),

5) Crack tip exposure time Tis set to zero and the foregoing
steps 1-4 are repeated for the next crack tip node.

B. Critical Crack Opening Displacement Criterion
The crack opening displacement (COD) is defined here as

the COD at the first node behind the crack tip in the finite
element model. Examination of CODs from HEN VISCO
runs just prior to releasing a crack tip node reveals that no
single COD value can be used for all test conditions as a
critical COD. A value of 7.11 x 10~4 mm is found from HEN
VISCO results for test 8a with K= 17.9 MPaVm to work best.
A few VISCO runs, summarized in Table 1, are performed
with a critical COD criterion for test 9 which has a larger
value of ^=40.4 MPavm. For this case, the best value of a
critical COD is approximately 1.27 x!0~3 mm/which is
nearly double the value observed in test 8a for the much lower
lvalue. The results of the calculations for test 9 are presented
in Fig. 3 which shows that the results are very sensitive to
small changes in critical COD. Therefore further evaluation
of this criterion is deemed unnecessary as compared with the
less sensitive critical strain criterion.

C. Critical Damage Accumulation Criterion
In several theoretical works, including those of Goodall and

Chubb,17 creep rupture of uncracked components under a
varying stress history is governed by the life fraction rule.
Consequently, for a uniaxial stress history, a(t), rupture
occurs at a time tr given by

r'r .dt
}o tr(o)

= 1 (2)

where tr(a) is the rupture time corresponding to a constant
stress level, a. When experimental stress values are plotted
against their rupture times on logarithmic scales, the
relationship is often linear in the region of practical interest.
Thus, if M and C are material constants, it is assumed that

oMtr(o)=C

Substituting Eq. (3) in Eq. (2) yields

rJo
oMdt=C

(3)

(4)

The description of creep rupture given by Eqs. (2-4), discussed
by Goodall and Chubb, is only one of several possible for-
mulations. However, neither experimental nor theoretical
work has provided an alternative to Eq. (2) that gives a
significantly better description of material response.

Although Eq. (3) applies most directly to creep rupture of
uncracked uniaxial specimens, similar behavior might be
expected in creep crack propagation. A schematic of the
postulated behavior involved with creep crack propagation is
given in Fig. 4, which shows a creep damage front preceding
the crack. Within this front, the material is accumulating
creep damage in the form of microcracks. This type of creep
damage is also associated with creep rupture of uncracked
components.

Equation (4) is applied as a crack growth criterion within a
process zone, 6, as shown in Fig. 4, where large stresses
producing creep are expected to occur. The rupture time is

TEST 9
36.8 ksiv/ln.
- .136

.5206-04

0 5 10
TIME (min)

Fig. 3 Displacements resulting from application of critical COD
criterion, K= 40.4 MPaVm.

Creep Cavitiesand/or Microcracks

Process Zone

Damage Front

Physically Identifiable Crack
Fig. 4 Schematic representation of processes in creep crack
propagation.

then redefined from Eq. (2) to be the elapsed time the crack
requires to grow from one node, in the HEN VISCO results,
to the next node. In other words, it is the time period during
which the process zone 6 is exposed to the crack tip stress field
prior to rupture. In the VISCO finite element analysis, the
dimension of the process zone is taken as the size of one
element preceding the crack tip. The average component of
stress normal to the crack from three elements adjacent to the
crack tip is used as the stress, a, in Eq. (4) as shown in Fig. 4.

Because the greatest stress exists at the crack tip and en-
vironmental degradation is considered to be most prevalent
there, most damage accumulation is assumed to occur in the
process zone after the arrival of the crack tip at the process
zone's border. Therefore, time in Eq. (4) is measured from
crack tip arrival time at the current tip node, tA; thus

aMdt = ( (5)

The constants M and C are determined based on results from
the HEN VISCO runs. To accomplish this, Eq. (5) is ap-
proximated by

(6)

The rupture times or crack growth times tr are taken from
HEN VISCO results. The stress, aav, also based on HEN
results, is an average over time tr of the crack tip stress
defined previously. The intent here is to develop values for M
and C which apply to the'entire set of tests. It becomes ob-
vious that there are more combinations of tr and aav than
necessary to uniquely define M and C. Consequently, to
include the data from each HEN VISCO run, a least-squares
fit of the time-stress data on a log-log plot is used to obtain
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the best values of

M=15

C=2.31xl0112(MPa)15s

Equation (5), together with the foregoing constants, are
then incorporated into VISCO as a critical damage ac-
cumulation criterion for crack growth. Six VISCO computer
runs using this crack growth criterion were conducted as
summarized in Table 1.

Figures 5-7 present the reuslts of applying VISCO with the
critical damage accumulation criterion to the indicated test
number corresponding to an intermediate, minimum, and
maximum K value from all the tests analyzed. The resulting
VISCO displacements are compared to test data in Figs. 5a-
7a, whereas the resulting crack growth from VISCO is given
in Figs. 5b-7b. For the highest stress intensity value in test 9 in
Fig. 7, the difference between test data and VISCO results is
greatest. Part of this difference might be due to the fact that
at this high load (^=40.4 MPaVm) the damage zone as in-
dicated in Fig. 4 is much larger than the process zone used
herein (i.e., one element size or a characteristic dimension of
1.98xlO~2 mm). Hence significant damage accumulation
can occur in the material before arrival of the crack tip or time
tA for a given element in the crack path. This damage oc-
curring in an element prior to tA for that respective element is
neglected in the present damage accumulation criterion. For
the intermediate K levels as shown in Fig. 5, agreement with
the test data is quite good considering that creep rates for the
same test conditions can easily vary by a factor of 2 or 3. For
this reason log-log plots are normally used to plot creep

CO

Io
I
I-
IU

UJ
O
<
Q.
CO
O
0. Test 5

A--VISCO Run D1
KFE = 25.0 ksi >fih.
a0/W= .1367

10
a)

20 30 -40
TIME (min)

50 60

15

•oo
-10

O
cco

0
0

b)
Fig. 5
criterion

VISCO Run D1

10 20 50- 30 40
TIME (min)

Results of application of critical damage accumulation
, K=21.5 MPaVm; a) displacements, b) crack growth.

60

data.18 For the lowest A' value, the.agreement is fair as shown
in Fig. 6. In this case, the displacement rate is predicted ac-
curately after an initial overshoot in the early time period.

The M and C values used are' determined from the ap-
proximate Eq. (6) expression. Crack growth results from this
criterion might also be improved by iterating or making small
changes to M and C and making further VISCO runs in an
effort to better fit test data. An alternative method of
evaluating a damage accumulation criterion would be to
accumulate damage for all time and not just within the
process zone. The results might be improved at the expense of
increased computational time.

IV. Far-Field Crack Growth Rate Criteria
In addition to local criteria discussed above, several far-

field crack growth rate criteria" are considered based on
numerical values of the steady-state crack growth rates ob-
tained in the HEN VISCO runs. The steady-state crack
growth rates are determined by best fitting a straight line to
the crack growth curves. In most cases, the initial crack
growth rate is higher than that achieved after several minutes
as is the displacement rate (see Figs. 6 and 7). The initial
transient portion of these crack growth curves is ignored when
computing the steady-state values. In the following sections,
several possible correlating parameters are discussed.

A. Stress Intensity Factor Criterion
Crack growth rate, #, has previously been found to

correlate with the elastic stress intensity factor in the form

a=A(K)n (7)

This relationship is a straight line on log-log paper, as shown
in Fig. 8. The experimental data represented by the line in Fig.
8 were obtained by Donat etal.19 for IN-100 at 732°C, which
is the same alloy and temperature used in the present in-
vestigation. Note that Donat's experimental data cover a
range in K values from 33 to approximately 90 MPaVm. In

(0

o

I6

UIo
— Test 8a
-A- VISCO Run D3

KFE = 16.3 ksi VJn.
a0/W « .1367

10
a)

20 30
TIME (min)

50 60

CO
4)•oo

I

0 1 ———— '
DC | ——— '
O 0 1 i
* 0 10
<oc
0
b)

VISCO Run D3

20. 30 40 50 60
TIME (min)

Fig. 6 Results of application of critical damage accumulation
criterion, K= 17.9 MPa^m; a) displacements, b) crack growth.
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10"

a)
10 15 20

TIME (min)
30

20 >

Ooc 10

O

ocp
b)
Fig.

VISCO Run D4

0 5 10 20 2515
TIME (min)

7 Results, of application of critical damage accumulation

30

criterion, K- 40.4 MPaVm; a) displacements, b) crack growth.

order to compare with the lower range of K levels in the
current investigation, the line representing the best fit to
Donat's data is extrapolated as shown by the dashed line in
Fig. 8. Agreement with the present HEN VISCO results, in
which K is taken from Table 1 and a from the computations
using VISCO, is good, especially considering the fact that the
test data line is extrapolated.

This criterion has the distinct advantage relative to criteria
presented earlier that once the constants A and n are deter-
mined, the criterion can be used independent of finite element
analyses. This advantage is due to the fact that K can be
calculated for most test geometries by relatively simple
equations which- are widely available. Thus the so-called
steady-state creep crack growth rate is readily obtained from
Eq. (7) for a given loading and test geometry, but neither an
incubation time for crack initiation nor the initial rapid crack
growth observed in the HEN VISCO results is explainable
using this criterion.

B. Net-Section Stress Criterion
Crack growth rates have also been shown to be related to

net-section stress in the form

(8)

Figure 9 shows how Eq. (8) also is a straight line (the dashed
line) on log-log paper. The present results seem to correlate
with Eq. (8) as well as they do to Eq. (7) on log-log paper.
This result is not surprising because for the center cracked
plate it can be shown that K is, approximately, directly
proportional to.an for crack lengths of a/ W from 0.2 to 0.7
which spans the crack lengths in the current study. The net-
section stress criterion, like the K criterion, also neglects
transient crack growth characteristics.

10k-T

HEN VISCO RESULTS

a • A ( K )

EXPERIMENTAL
DATA AVERAGE

10 20 60 BO 100

STRESS INTENSITY FACTOR K
Fig. 8 Crack growth rate vs stress intensity factor.

100 200 (MPa) 500

-1

<coc

I .01
Ooc
O

oc
O

,001

a =B(Grn)s

A HEN VISCO Results

10 20 ' 50
NET SECTION STRESS (ksi)

Fig. 9 Crack growth rate vs net-section stress.

100

C. C*-Integral Criterion
The C* integral postulated by Landes and Begley20 is

considered by some to be a better descriptor of slow creep
crack growth rate behavior than.the linear elastic fracture
mechanics stress intensity factor, K, or net section stress. C*
can be determined experimentally fron constant-strain rate
tests20 or constant-lqad tests21 by following a step-by-step
data reduction scheme. Approximate estimation schemes for
C* have also been developed and compared with the exact
value.22 The C* integral is obtained directly from the /in-
tegral by replacing strain terms by strain rate terms, i.e.,

(9)

whqre

(1.0)
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is the strain energy density rate and dots note differentiation
with respect to time. The rationale behind the C* integral is
that, unlike nonlinear elastic material behavior as assumed in
the /integral, the behavior of a creeping solid is of the form

€ = 7(or )0 (11)

where 7 and & are material constants for a given temperature
and environment.

The path independence of the C* integral can be proven
only if the material behavior is described as one of a creeping
solid as given by Eq. (11). This implies that a condition of
steady-state creep is achieved throughout the body or that
stresses are constant. Thus, stress rates are zero as are elastic
strain rates. The strain rates in Eqs. (9) and (10) can thus be
replaced by the plastic or inelastic portions, assuming that
elastic and plastic components are additive. Finally, because
constant stresses imply constant strain rates from Eq. (11), the
expression for W*, Eq. (10), can be integrated directly to
obtain

W*=°V$ (12)

This expression for W* is used for all numerical computations
of C*. This approach is taken after several preliminary
computations using the exact solution, Eqs. (9) and (10), and
clearly demonstrates that the numerical value of C* depends
on the path along which it is evaluated.

In the computations using the approximation, Eq. (12), it is
observed that during load application the C* values are ex-
tremely high due to the elastic strain rate contribution. After
maximum load is achieved, C* values reduce to much lower
steady-state values until crack growth begins in the HEN
VISCO runs. Again, as crack growth begins, the C* values
increase significantly due to the elastic strain rate contribution
as stress is redistributing around the moving crack tip. Any
attempt to remove elastic contributions to both strain and
displacements will result in an ill-posed problem because the
displacement rate components needed in Eq. (9) cannot be
resolved into an elastic and a plastic portion.

A possibility for evaluating C* is to ignore the elastic
component of strain rate and to calculate it only after the
stresses are fairly constant and prior to crack initiation. C*
will then be a constant until the crack begins to grow.
Therefore it is impossible to relate C* to any incubation time
for crack growth. Moreover, during crack growth the con-
tribution from elastic strain rates is again substantial and
cannot be ignored. Hence, for experimental data in this in-
vestigation, it appears that the C* integral is ineffective as a
fracture criterion in a finite element model for creep crack
growth over the range of rates covered by this investigation. It
should be noted, however, that the crack growth rates en-
countered here are considerably higher than those usually
encountered in creep crack growth experiments. In fact, the
sustained load crack growth in the material of this in-
vestigation is more typical of stress corrosion cracking
behavior than creep crack growth. Thus creep crack growth
parameters like C* should not be expected to correlate the
experimental data.

D. Load Point Displacement Rate Criterion
An expression relating crack growth rates to load point

displacement rate can be written in tfre form

(13)

Unfortunately this criterion suffers from problems in com-
putations similar to those encountered in the use of the C*
integral. The load point displacement rate, after reaching
maximum load, is the sum of the displacement rate due to
crack growth as well as the displacement rate due to plastic
deformation. Hence, the load point displacement rate can

have several values for the same crack growth rate depending
on the rate of plastic deformation. One can get an ap-
preciation of how much plastic deformation contributes to the
overall displacements by looking at the no-crack-growth
displacements vs time. Figure 3 presents the results for test 9
from a computer run (A3) where the crack is not allowed to
grow. The plastic deformation is seen to be a measurable
fraction of the total deformation, which also includes that due
to crack growth. For the cases involving smaller AT values, the
no-crack-growth plastic deformation is an even larger fraction
of the total displacement.13 The load displacement rate,
therefore, does not provide a unique solution to the crack
growth rate unless variations in the plastic deformation rate
can be neglected.

V. Conclusions
Several parameters obtained from finite element

calculations are evaluated for their potential as creep crack
growth rate controlling parameters. All calculations are
performed using a two-dimensional, plane stress, elastic-
plastic computer code developed specifically for this in-
vestigation. The results are based on data obtained on center
cracked panels of a nickel-base superalloy IN-100, a typical
jet engine turbine disk material, tested at 732°C. The
numerical approach is felt to be valid for a broad class of
materials of this type, which exhibit time-dependent inelastic
material behavior. The numerical results support the
following conclusions, which are valid only for the material at
the specific test temperature.

1) No single fixed value of strain for a critical strain crack
growth criterion is found to match all test conditions in this
investigation. Environmental effects apparently tend to lower
the critical strain magnitude with time, under load. An em-
pirical relationship is developed, based on the HEN results,
which gives the critical strain a diminishing value with time
and further degrades its value with exposure time at the crack
tip. This relationship appears to provide an acceptable ap-
proach to defining local failure quantitatively. Due to higher
constraint at the crack tip for plane strain, less stress
redistribution would occur than in the plane stress case in-
vestigated. Therefore it seems possible that the critical strain
for all test conditions might vary less in a plane strain
simulation than in plane stress.

2) No single fixed value for crack opening displacement
(COD) is found to match all test conditions using a critical
COD crack growth criterion. This critical COD also degrades
with time similar to the crack tip strain; however, its percent
variation is less. The calculated displacements are found to be
very sensitive to small changes in critical COD, although the
critical COD values vary greatly over the range of test con-
ditions.

3) A critical damage accumulation criterion for crack
growth is developed based on a modification of the life
fraction rule for creep rupture to account for environmental
effects at the crack tip. Application of this criterion provides
good agreement with the low to medium load test conditions.
For the highest load test cases, this criterion predicts crack
growth rates somewhat lower than the HEN results. It ap-
pears that accumulation of damage over all time and not just
crack tip exposure time might improve the results. .

4) Data obtained in this investigation through numerical
calculations provide crack growth vs time and thus crack
growth rate a. The a data compare well with published data
for the same material and temperature when plotted against
stress intensity factor. The present data are obtained for a and
K values lower than the referenced data. Net-section stress
also provides good correlation with the predicted crack
growth rates.

5) The C* integral and load line displacement rate are in-
vestigated as possible parameters controlling crack growth
rate a. The C* integral is found.to be an unreliable parameter
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for predicting creep crack growth due to its formulation
which is based on a creeping solid behavior that neglects
elastic strain rates. The load line displacement rate which can
be shown to be proportional to C* also does not provide a
unique solution for the crack growth rate unless variations in
plastic deformation rate can be ignored. These two
parameters appear to have no applicability to crack-growth
rate prediction using numerical modeling of materials within
the range of growth rates and for the material used in this
investigation. On the other hand, these parameters seem to
correlate a data fairly well once the solution is known, as seen
in the literature.
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