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Predictions of the Initial Non-Steady-State Crack 
Growth Behavior in the Creep/Fatigue of the 

Nickel-Base Superalloy AP1 
K.M. Nikbin 

Using the fracture mechanics parameters K and C* to analyze cyclic crack growth test results carried out 
on the nickel-base superalloy AP1, the effects of test frequency on the initial incubation time followed by 
transient cracking rates and the steady-state secondary crack growth rates were considered. The crack- 
ing behavior at 700 ~ for this material exhibits a frequency dependence over a range of 0.001 to 10 Hz. 
It has been shown that, at high temperatures under steady-state cracking conditions, fatigue processes 
are most dominant at high frequencies, and conversely, time-dependent creep dominates at low frequen- 
cies. The creep cracking rate is described by a model linked to the exhaustion of available ductility in a 
creep process zone at the crack tip, and the fatigue rate is linked to the Paris Law equation. For the sec- 
ondary regime of crack growth, the effects of frequency are described in a cumulative damage model de- 
veloped for creep/fatigue interaction. For the crack incubation and the transient process under initial 
loading, the model is extended to predict the cracking behavior in the creep regime at low cyclic frequen- 
cies. For the higher frequencies, fatigue dominates and creep transient effects are not observed experi- 
mentally. 
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1. Introduction 

MANY nickel-base superalloy components in gas turbines, 
power plants, and nuclear reactors undergo cyclic loading dur- 
ing their operating life at high temperatures, and their permitted 
design tolerances against creep deformation need to be re- 
stricted due to operational and safety considerations. The me- 
chanical and geometric constraints used in the design of these 
components, regardless of their creep ductility, invariably pro- 
duce creep-brittle crack growth and failures in which creep 
damage is localized. Therefore, under plane-strain conditions, 
it is possible to induce a crack in a material with a high uniaxial 
creep ductility and fatigue toughness if the crack tip damage is 
contained locally by means of a geometric constraint or some 
form of material degradation and/or testing variable. The 
creep/fatigue and environmental processes will thus contribute 
to crack tip-controlled failures in these alloys. The dominant 
mode of fracture will therefore depend on such factors as mate- 
rial composition, heat treatment, cyclic to mean ratio, fre- 
quency and temperature, and operating environment.[1-3] 

The applicability of linear and nonlinear fracture mechanics 
crack growth models based on K and C* depending on the state 
of stress of the particular test condition at the crack tip has be- 
come accepted [2-6] for the secondary steady-state stage of 
cracking. The initial incubation and transient stages of cracking 
still require further analysis. Models developed for this initial 
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behavior are applied to tests carried out on a nickel-base super- 
alloy (AP1)[2~ (see Table 1 ) under cyclic loading over a range 
of frequencies between 0.001 to 10 Hz. In this article, the tran- 
sition from an elastic to a creep steady state of stress is modeled 
to describe the initial cyclic crack growth behavior. The charac- 
terization of cracking rates in the early stage of incubation and 
damage accumulation on first loading is described in terms of 
initial incubation time followed by the gradual increase in 
crack growth to coincide with the steady-state cracking rate. 
Using the experimental data from AP1, damage due to creep 
and fatigue are described in terms of a cumulative damage 
model and then linked to a model to describe the transition phe- 
nomenon to bound the crack growth behavior in the initial and 
the secondary stage of cracking. 

2. Experimental Procedure 

Details of the materials and experimental procedure have 
�9 , [2] outline will be in- been presented previously, and only an 

cluded here. The nickel-base superalloy that was examined is 
designated AP1. It was received in the form of a hot isostati- 
cally pressed billet that was heat treated to produce a micro- 
structure containing approximately 40 vol% of g '  phase 
dispersed in a y-nickel solid solution matrix with an average 
grain size of 60 gm. The material was tested at 700 ~ R ratio 
of 0.7, frequency range of 0, and 0.001 to 10 Hz in the form of 
standard and initially prefatigued compact tension specimens 
50 mm wide and 25 and 12 mm thick containing no side 
grooves. 

2.1 Modeling Cyclic Crack Growth Behavior 

The creep/fatigue crack growth analysis for this material 
must contain two modes of behavior. These are time-inde- 
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pendent fatigue and t ime-dependent  creep cracking modes. 
The fact that in the t ime-dependent  regime the cracking rate is 
not necessarily steady state [3,71 adds an additional variable that 
must be taken into account. A model that considers all of  the as- 
pects of cracking behavior is thus needed for use in life predic- 
tion methods and the section below describes such a model and 
its application to the AP1 nickel-base superalloy. 
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2.2  Fat igue  Analys i s  

When a cracked test piece is cyclically loaded at room tem- 
perature in the absence of any environmental  conditions, the 
cracking rate is cycle dependent  and fatigue processes domi- 
nate. A fatigue threshold exists below which no crack growth 
can be obtained but the secondary steady-state crack growth 
per cycle is time dependent and is given in terms o fda /dN such 
that 

da  m -~c~AX [ll 

where da/dNis the crack growth per cycle; K is the stress-inten- 
sity factor; and m is a material constant  that has a typical value 
of 2 to 4 for most engineering materials. At higher temperatures 
where cyclic loading is used, Eq 1 generally describes the sec- 
ondary cracking behavior of the material. Previous work on 
high-temperature cyclic crack growth [2,3] has shown that a 
change in frequency affects the creep/fatigue interaction and 
transition points. 

When the load is cycled or when temperature transients pro- 
duce cyclic loading on the structure, both t ime-independent  fa- 
tigue and t ime-dependent cracking behavior can be observed. 
Generally, when creep and t ime-dependent  mechanisms are in- 
volved, fracture is intergranular, and when cycle-dependent  fa- 
tigue processes dominate, failure is transgranular. [2] In the 
range of creep-dominant cracking behavior, at low cyclic rates, 
it is more appropriate [3-7] to use nonlinear  fracture mechanics 
concepts and express the steady-state t ime-dependent  cracking 
rate h as a function of the creep fracture mechanics parameter 
C* by assuming that the creep strain rate fi is governed by the 
Norton's  creep rate: [5,6] 

= Co n [2] 

which yields for a cracked body [5] 

h = DoC*q) [3] 

Fig. 1 Example of transient effects in the correlation of crack 
growth versus AK for AP1; CT specimens tested at 700 ~ at 
various frequencies and R = 0.7. 

o r  

Table 1 Composition,  heat treatment, and creep properties of alloy AP1 
Heat treatment: 4 h 1100 ~ AC, 24 h 650 ~ AC, 8 h 760 ~ AC 

da/dN = (Do C*q)) / f  [41 

Composition, wt % 
Cr Mo Ti AI Zr 

14.8 5.04 3.5 3.98 0.04 

Creep properties at 700 ~ 
Material n Oo D q> 

AP1 ............... 8 1100 5 0.88 

C B Ni 

0.02 0.0002 bal 

Ef 
0.15 

Note: G o (MPa) at ~o = l/h; n, the creep index, and ej; the uniaxial ductility (as a fraction), have been evaluated from rupture data; D = DJe*fis the constant 
in Eq 3 when- C* is in MJ/m2.h and q0 = n/n + 1). AC, air cooled; geometry, compact tension. 
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Fig. 2 Example of transient effects in the correlation of crack 
growth versus C* for AP1 ; CT specimens tested at 700 ~ 

where q0 = (n /n  + 1), a number slightly less than unity, and C are 
material constants; n is the creep index in Norton's creep law;f  
is the frequency; N is the number of cycles; C* is the nonlinear 
creep parameter evaluated at maximum load; and D o is the pro- 
portionality factor determined primarily by the material creep 
ductility and the constraint local to the crack tip. An increase in 
crack growth is obtained by an increase in the degree of con- 
straint and with a decrease in ductility. Therefore, material 
cracking behavior will be controlled by both the material creep 
properties, specimen geometry, and test variables such as tem- 
perature and frequency. Equation 3 has been shown to describe 
time-dependent cracking behavior over a range of crack tip 
constraints, [7] and a general model to describe creep crack 
growth from plane stress to plane strain is given as: 

i, = 3c,~p/Q/ 151 

2 where ,~ is in mm/h; C* in MJ/m -h; and the creep strain, e/-,, is 
a fraction; ~/,* is taken as the material uniaxial creep ductility 

I ~ 
Fig. 3(a) Model of a creep process zone ahead of a crack tip. 

t ~  
i 
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Fig. 3(b) Ligament damage development in a creep process 
zone. 

ef in plane stress and as e/50 for the case of plane-strain. [8] 
Generally, in the low-cyclic frequency range before creep re- 
distribution occurs, K describes the crack tip linear stresses, but 
with the advance of damage with time, C* will be applicable. 
However, in the initial stages of loading and damage accumula- 
tion, K and the steady-state model of C* fails to adequately de- 
scribe the process of crack initiation and growth. Figures 1 and 
2 show representative examples of the "tail" that exists in crack 
growth versus K and C* data tk~r the nickel-base superalloy 
API tested at various frequencies at 700 ~ The initial transi- 
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tion tail constitutes a substantial part of test times, and the mod- 
eling of this feature would improve cyclic crack growth rate 
predictions using the C* parameter. 

To predict crack growth at high temperatures, a process 
zone (Fig. 3a) can be postulated at the crack tip [91 where crack- 
ing proceeds when an element of material experiences damage 
and rupture stressed according to the local magnified state of 
stress. This nonlinear stress singularity determines the rate at 
which the element of material accumulates damage, and failure 
occurs when the creep ductility, ef*, appropriate to the state of 
stress (or to the extent of constraint) at the crack tip is ex- 
hausted. For the case of plane stress (~f* = el~ where ~j.is the 
uniaxial creep ductility) the Nikbin, Smith, and Webster 
model [9] of steady-state creep crack growth yields ':ts in the 
form: 

�9 ~- ~n/ (n  + 1 ) I ) 
a s :  {(n + ( A r c ) l / ( n +  [6] 

where I n is a nondimensional function of n; % is the creep proc- 
ess zone size over which each element experiences the appro- 
priate stress history; and A is a material constant. This 
expression assumes the development of steady-state damage 
distribution in the region of the process zone. It assumes that 
zero damage exists at r = r c and that progressively more dam- 
age is accumulated as the crack tip is approached. Therefl)re, 
the model assumes that some additional strain is required to 
break a ligament d r  at the crack tip because it will be almost 
broken before the crack reaches it. 

2.3 T r a n s i e n t  A n a l y s i s  

As previously stated, the experimental evidence from API, 
both in terms of K and C*, as shown in Fig. 1 and 2, suggests 
that the initial loading produces a tail in the crack growth, 
which can be attributed to time-dependent creep transition be- 
havior. This phenomenon has also been described mathemati- 
cally in Ref 10 and 11. This transition effect would be mainly 
attributed to the transition time, which is described as the time 
required to go from an elastic state of stress at the crack tip to a 
steady-state creep stress. 17,12] By eliminating the data points 
up to the point of the transition time, the actual periods of the 
tail that have been measured experimentally are still apparent 
in the test data, suggesting that on first loading the steady-state 
conditions at the crack tip will not exist. At first loading, a sta- 
ble distribution of damage will need to build up ahead of the 
crack before steady-state crack growth begins. The small liga- 
ment d r  (Fig. 3b) will not have suffered any creep strain, and 
failure will not occur until a time dt  has elapsed, given by: 

~j~ = ~dt [71 

where ~ is the creep displacement rate. This leads to an initial 
creep crack growth rate, h o, yielding 

a o = dr~dr [ 8 ] 

yielding 

: - (l /e;)  r .n/(,7 + 1 ) + 1 ) �9 kc,/,,,j % ) ' + ,  [9] 

Equation 9 is very similar to that derived from the steady-state 
damage conditions (Eq 6). It results in the relation 

a o = (1/n + 1) (dr / rc ) l / ( "  + l)2t s [101 

the ligament dr  can be chosen to be a suitable fraction of r c- 
However, because dr/r  c is raised to a small power in Eq I 0: 

a o = (1/n + I)a s [11] 

For most engineering materials, therefore, the initial crack 
growth rate is expected to be approximately an order of magni- 
tude less than that predicted from the steady-state analysis. The 
cracking rate will progressively reach the steady-state cracking 
rate as damage is accumulated. Numerical integration is re- 
quired to evaluate Eq I 0. A computer program has been devel- 
oped, using incremental crack extension, to evaluate the 
transition period resulting from the development and the accu- 
mulation of damage in accordance with Eq 6 and 10. 

2.4 P r e d i c t i o n  o f  l n c u b a t i o n  P e r i o d s  

Various models incorporating crack opening displacement 
information from tests have been developed.[ 13-15 ]These types 
of data have not always been recorded, and moreover, they are 
more appropriate for use in creep ductile materials. Therefore, 
given that in most high-temperature tests there is an incubation 
period that is attributable to the time required for the crack to in- 
itiate to a physically measurable (only limited by the crack 
measuring techniques used) size, the present models of creep 
crack growth can then be developed to calculate an incubation 
period using crack length as a basis for crack initiation. The 
model gives equations for cracking rate that are not sensitive to 
the process zone size, because r c is raised to a small fractional 
power in the model. However, from microstructural observa- 
tions, [2] r c usually can be taken to be about the material grain 
size. This size also corresponds reasonably with the limit of de- 
tection of most crack monitoring systems (50 to 100 ~tm). Con- 
sequently, in this analysis, it will be assumed that crack 
initiation takes place when the crack has extended a distance r c 
so that the incubation period t i becomes 

~rc d l "  

l I = ~ -  �9 J a [121 
o 

where h will increase from its initial transient value i~ o to i~ s 
with crack extension. A lower bound estimate of t i can be ob- 
tained by substituting a = /q  using Eq 1.4. and 5 to yield: 

t i = r c /~ l  s 
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Fig. 4 Sample prediction of the primary and secondary crack- 
ing rates using Eq 10. 

Some indication of an upper bound can be determined by tak- 
ing 2t to equal a o from Eq 9 so that 

[141 

Equations 13 and 14 can, therefore, be used to provide esti- 
mates of incubation periods for crack growth from a knowledge 
only of uniaxial creep and stress-rupture data. An estimate of 
the incubation period can also be obtained by using the ap- 
proximate steady-state creep crack growth law (Eq 5). If this is 
used for steady-state conditions, a lower bound to the incuba- 
tion period in hours becomes 

t i = reef* / 3C* 0"85 [ 151 

with ej* as a fraction and C* in MJ/m2.h. The approximate 
crack growth law assumes n = 5.7, to yield q0 = 0.85. Conse- 
quently, from Eq 11, if the incubation period is calculated from 
the initial transient cracking rate a o determined from Eq 6: 

I i = 07 + 1 )r~ E/* / 3 C* 0'85 ll6l 

Equations 13 to 16 can then be applied to experimental data 
taken from creep crack growth tests. An example of the appli- 
cation of this model to API tested at 700 ~ is used in the next 
section to relate experimental initiation times for the compact 
specimens tested at frequencies of less than 0.1 Hz to the pre- 
dictions approximated in Eq 15 and 16. 
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Fig. 5 Frequency dependence of da ~ t in  at AK = 20 MPa',/mm for 
API at 700 ~ 

3. Results 

Figure I shows the cyclic crack growth data for the entire 
frequency range of 0.001 to 10 Hz plotted versus AK, and Fig. 
2 shows the low-cycle crack growth data for the frequency 
range of 0.1 to 0.001 Hz plotted versus C*. Figure 1 shows that 
the effect of transient cracking increases with a reduction in the 
frequency, suggesting that this is a time-dependent phenomena. 
Figure 2 shows that the effect is independent of the C* value 
and only occurs on initial loading. The upper and lower bound 
predictions for the plane-strain and plane-stress cracking rates 
evaluated from Eq 5 are also shown in Fig. 2. The best average 
line drawn through the data provides an effective creep ductil- 
ity at the crack tip ej* = 0.018 for the present AP 1 data. 

A comparison of the experimental cracking rate and the pre- 
dicted rate is shown in Fig. 4. The predicted results show that 
the trends at the initial stages of the cracking rates, where a tail 
exists in the experimental data, are predicted satisfactorily by 
the model. The values of D o and q) used in Eq 3 determine the 
accuracy with which the steady-state crack growth rates are 
predicted. There are no visible differences. All show varying 
degrees of an initial tail, and the model describes the transition 
to steady state within a factor of two or less. 

4. Discussion and Conclusions 

It has been observed that this transition period to steady- 
state C* is not sufficient to explain the tail that exists in the low- 
cycle creep crack growth data. Expressions developed to 
predict initial ligament damage accumulation at the crack tip 
have been applied to a nickel-base superalloy. 
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Fig. 6 Experimental and predicted incubation times versus C* 
for AP1 at 700 ~ 

The predicted results show that the initial cracking rate h o 
could be up to approximately one tenth of the steady-state crack 
growth rate h s. This value is consistent with the experimental 
data for the four alloys considered. The period over which the 
transition takes place in the predictions has also been found to 
be up to 40% of the total life, and it compares well with the first 
stage crack initiation and growth times found experimentally. 
Because the ideal secondary steady state does not exist in the 
laboratory data and primary and tertiary effects are prevalent to 
varying degrees, the present predictions, using the ligament 
damage development model, show the correct trends but would 
be dependent on the accuracy of the C* estimation procedure 
used. 

To predict cyclic low-frequency crack growth at high tem- 
peratures, the small ligaments ahead of the crack in the process 
zone are assumed to behave time independently and will not 
have suffered any creep strain initially, and failure will not oc- 
cur until time has elapsed to accumulate sufficient creep strains 
for an increment of crack to advance. This leads to an initial 
crack growth rate h o given approximately as 

a o = (1/n +l)a  s [171 

where a s is the steady-state cracking rate. For most engineering 
materials under cyclic loading, therefore, the initial crack 
growth rate is expected to be approximately an order of magni- 
tude less than that predicted from the steady-state analysis. The 
cracking rate will progressively reach the steady-state cracking 
rate as damage is accumulated. 

For cyclic loading, a damage accumulation model [21 gives 

d a / d N  = (da /dN) t  + (daMN!/ .  [181 

where t a n d f r e f e r  to the time- and cycle-dependent mode of 
cracking. Assuming time-dependent cracking only occurs at 
maximum load in the cyclic tests 

d a / d N  = a/3600f+ C ' A K  m [19] 

where d a / d N  is in mm/cycle; h in mm/h; and C' is a material 
constant. This model suggests that creep and fatigue are accu- 
mulative. The frequency range of the creep fatigue interaction 
can thus be determined, and because fatigue is time inde- 
pendent only the creep time-dependent processes will vary the 
interaction range. Figure 5 shows the frequency cumulative 
damage model as given in Eq 19. The secondary cracking rate 
values are plotted at a constant value ofAK = 20MPa~-m versus 
frequency. The dashed line uses Eq 17 to predict the lower 
bound for the creep/fatigue interaction for AP I. Because the fa- 
tigue process is independent of time, all transient effects would 
be due to creep and the nonlinear state of stress at the crack tip. 
The effect of the transient on the creep/fatigue range is that fa- 
tigue will be dominant at a frequency below 0.01 Hz, suggest- 
ing that the loading and unloading cycles could prolong the 
transient behavior and the accumulation of sufficient creep 
damage for the secondary state of cyclic crack growth. 

The predictions for the incubation periods are shown in Fig. 
6 The value o f r  c used is the grain size (Table 1), and Eq 15 and 
16 were used to predict the upper and lower bounds of the pre- 
diction lines. Because API material is a fairly creep-brittle ma- 
terial that shows no creep deformation of the geometry, it has a 
small ratio of incubation time in relation to the total life. Hence, 
for the lower, experimental C* values, a shallower slope is evi- 
dent in the figure, suggesting relatively smaller incubation pe- 
riods compared to the lower bound predicted lines taken from 
Eq 15. For the higher C* values, the incubation times are 
greater relative to the lower bound predictions. Slowing of the 
crack growth initiation may be attributed to the crack tip plas- 
ticity that occurs when a large load is applied. From Fig. 6, it is 
clear that, for a safe prediction of the initiation times for the pre- 
sent test conditions, the lower bound line is given by 

t i ~ r c g f * / 3 C  *0'85 [201 

where a/* is�9 the taken as�9 the uniaxial creep ductility, el~. 8 from 
the best fit line of data in Fig. 2. Also from Eq 12, it is clear that 
the rate of damage buildup will determine the incubation time, 
and this is dependent on the chosen value of r c. The faster the 
buildup of damage, the closer the steady-state prediction lines 
to data points, as in Fig. 6, and when it develops slowly, the 
agreement is nearer the transient prediction line. The present 
laboratory tests are relatively short, and results from longer 
term tests that are more in line with component life times 
should be used to provide further support for this model. 

In considering the test data for AP1, it has been shown that 
the model of  the creep process zone at the crack tip can be used 
to describe the incubation, transient, and steady-state crack 
growth behavior of this material. Approximate terms of the 
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model ,  requir ing basic avai lable  uniaxial  and crack growth 
data, have  been put forward for use as life predic t ion  criteria of  
o ther  engineer ing  materials .  
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