
155 
ANALES DE MECANICA DE LA FRACTURA VOL. 16 (1999) 

ANALYSIS OF CREEP-FATIGUE MODELS IN NICKEL BASE SUPERALLOYS 

By 

C. Moura Branco, ICEMS/IST 
Avda, Ro visco Pais, 1096 Lisbon Codex, Portugal 

and 
F.B.Santos, Departamento de Engenharia Electromedinica, Universidade da Beira Interior 

Rua Marques d' A vi la e Bol ama, 6200 Covilha, Portugal 

Abstract. The paper presents the final results of a detailed study carried out in the nickel base superalloy IN718, used 
in turbine discs where fatigue and creep crack growth rate data (FCGR and CCGR) was obtained at 600 and 700°C in 
CT and CC (comer crack) specimens, tested at different values of stress ratio and dwell time at maximum load 
(frequency). 

In the second part of the paper, a presentation is made of available creep-fatigue models, and also the results obtained 
with a computer program developed by the authors, which is able to make a detailed comparison between the 
experimental data obtained for the FCGR in creep-fatigue situations and the equivalent results predicted by the 
different models. 

The results predicted by the models are discussed in terms or variations dueto specimen type (CT or CC), stress ratio, 
temperature, frequency and, also, stress state. 

l. BACKGROUND 

Life extension methodologies, such as RFC, require the 
knowledge of the FCGR behavíour of the material in 
terms of its varíation with severa! parameters, such as 
mícrostructure (grain síze, íntermetallícs, heat 
treatment, etc), temperature, residual stresses, 
frequency, envíronment, stress ratio, stress state and 
load wave. 

The appropriate FCGR relatíonshíp should be used 
since the crack speed, da!dN or da/dt, can change 
consíderably with the parameters referred above, as ít 
wíll be descríbed next. Later in the paper, the 
ínteractíon effects between fatigue and creep will be 
presented. 

For níckel base superalloys, crack propagatíon under 
conditions of high temperature fatigue can be cycle 
dependent, time dependent or míxed. The occurrence of 
these crack propagation modes ís related to micro 
mechanísms of damage actíng at the crack front, whích 
can be cyclíc plastic deformatíon, oxídatíon and creep. 
Intergranular propagation may be due to creep 
mechanísms, like cavítation and grain boundary slíding 
[1-3]. In the mixed regíme, both cyclíc plastíc 
deformation and time dependent mechanisms contríbute 
to crack growth. 

The trapezoidal wave shape wíth a dwell time, t0 , at 
maximum load is representatíve of the loadíng pattem 
usually applíed in turbíne díscs of aírcraft engínes. In 
this case, the effects on FCGR of the dwell time at high 
temperature are closely related wíth the effects caused 
by the frequency, as refen·ed above. Thís problem has 

been widely studíed in the líterature [ 4-7]. General! y, 
the addition of a dwell time at maxímum load in a 
fatigue cycle tends to íncrease the FCGR, da!dN, in the 
níckel base superalloys [8, 9]. 

2. CREEP-FATIGUE MODELS 

The crack speed, da!dN or da/dt can be gíven by 
different models who attempt to consider the creep 
fatigue loading pattem usually obtained in engine 
components. These models assume that the creep
fatígue crack growth rate ís a superpositíon of the da/dN 
values in pure fatigue with the da!dN values in pure 
cree p. 

2.1 Basic Linear Model 

This model [2] is gíven by the linear sum of the cyclic 
component with the time dependent term (based on the 
creep crack growth rate law (CCGR)). The equatíon ís: 

da (da 1 (da 1 
dN = dN )cyclic + dN )time 

(1) 

The cyclíc component ís gíven by the París law of the 
material. The time dependent component ís obtaíned 
from the creep crack growth equation for the total time 
of the fatigue cycle. 

Note that, in the time dependent component, it is 
ímplícítly assumed that K ís equal to Kmax duríng the 
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entire cycle, which is not the case as corrected in the 
next model. 

2.2 Gayda/Miner Model [10] 

This model also gives a linear summation of the two 
components of the previous model but, in this case, the 
time dependent term is obtained by the integration, 
along the en tire cycle, of the CCGR term. 

Thus, this component will be given by 

(~) =f ~dt=f AK(t)ndt 
dN time dt 

(2) 

Since the stress intensity factor function is similar to the 
load function, and assuming that, during the cycle, there 
is no crack growth, comes 

where R=P min/P max=crminlcrmax is the stress ratio, C, A, m 
and n are experimental constants for the fatigue and 
creep terms and ft is the frequency of the loading part of 
the cycle. 

2.3 Nicholas and Ashbaugh Model 

~=C~Km+A ~ x 1- +t +Rnt 
( 

K 
)
n [ Rn+1 J 

dN 1-R f(n+1)(1-R) 0 m 
(3) 

This model [11] uses the same assumption as the 
previous model. The alteration is in the calculation for 
the integral for the loading cycle. 

The final result is given by 

where ~ is an empirical paramefer given by 

~= 

1, for L'lK s~Ko 

ex{1- L'lK )· for M> ~Ko 
L'lKo 

(5) 

In this equation, 1'1Ko is the threshold value of the stress 
intensity factor. 

2.4 W eerassoriya model 

The Weerassoriya model [12] is not based on the linear 
superposition of the cyclic and time dependent regimes. 
The creep-fatigue crack growth rate is given by 

(6) 

where Max represents the maximum value of Feo Fm and 
Ft. 

Fe describes the material behaviour in the cyclic 
dependent regime where transgranular fractures occur 
and the FCGR is not frequency dependent. 

Fm is the FCGR function for the mixed regime, where a 
mix of intergranular and transgranular fractures occur. 

Ft is the function of the material behaviour in the time 
dependent domain, with intergranular fractures. 

2.5 Saxena Model 

This model [13] takes into account, also, the cyclic 
component of pure fatigue and the time dependent 
componen t. However, it defines a cut-off frequency for 
subtracting a portion to the time dependent term. This 
cut-off frequency tends to predict the time needed, 
during the fatigue cycle, for the intergranular cracking 

mechanisms to develop. This frequency was defined as 
the transition frequency between the mixed and time 
dependent components, fmt· 

The cyclic component is given by the París law 
(da!dN)=CL1Km. The remaining component (da/dN)m, 
mixed, depends on the value of fmt and the value of time 
(given by 1/fmt). Thus, the equation for this term is: 

1 

(~) =J~dt f¡;;;j ~dt 
dN m dt Jo dt 

(8) 

where (da/dN)m is the FCGR predicted for the mixed 
re gime. 

3 EXPERIMENTAL DETAILS 

The material used in the creep and high temperature 
fatigue tests was Inconel 718, with the composition 
presented in Table l. 
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Fig. 1 - C specimen geometry used for fatigue and 
creep tests. 

Chemical Composition (weight percentages) 

Ni Cr Fe Nb M o 
52.7 18.928 16.814 5.208 3.162 
Co Cu Si Mn Ta 

0.301 0.106 0.148 0.099 0.014 

Al Ti e 
0.614 0.844 0.518 

The alloy used was submitted to a conventional heat 
treatment ( 1 ). The mechanical properties of Inconel 
718 used are given in (14) 

One of the specimens used for the creep-fatigue and 
creep tests was the comer crack (CC) specimens, with 
the geometry presented in Fig. l. The cross section was 
10x10mm square. A triangular comer notch, 
approximately 0.3mm length on each face, was 
machined in the middle section of the specimens 
(section A-A). 

The tests were performed in a universal servo hydraulic 
materials testing machine, with 100 kN maximum load 
capacity. The direct current potential drop (DCPD) 
technique was used to monitor the propagation of the 
crack in the specimen. 

L1K was calculated from the PD values. For each value 
of PD, the crack Jength was first calculated using a 
calibration curve. The calibration curve was defined for 
each testing crack zone, considering the initial and final 
values of crack length (measured on the crack surface 
after the test), and from the PD reading. 

The constants of París law were obtained by a linear 
regression fit of a log ( JJ.K)-log( da/dN) plot. 

The values of R were 0.05, 0.5 and 0.8. A few 
specimens were also tested with negative values of R 
(R= -0.25 and -0.75). These results are not included in 
this paper, but are available in separate publications [14, 
15]. 

CT specimens of the 26xl3mm type were also used 
(14). Prior to the creep crack growth tests, fatigue pre-

cracking was carried out in two phases: first at RT and, 
afterwards, at the testing temperature. 

Crack growth was also monitored with a pulsed DC 
potential drop system, directly linked to the software 
system of the testing machine. The calibration curves 
were obtained by optical measurements and checked 
against crack length values, measured on the fracture 
surfaces of the specimens after the creep tests, and 
obtained by fatigue marking. It was found that the 
difference in crack length values between the 
calibration curve and the fatigue marking at the fracture 
surface never exceeded 3%. 

In the CT and CC specimens, the stress intensity factor 
was computed with the appropriate equations [16]. 

4 PRESENTATION AND ANALYSIS OF THE 
RESULTS 

4.1 Effect of frequency and dwell time, t0 

In Fig. 2, the effect of frequency can be analysed [16, 
17], since all other fatigue parameters are kept constant. 
For higher frequencies, the dominant damage 
mechanism at the crack tip is cyclic plastic deformation, 
and the propagation is transgranular. The fatigue crack 
growth rate is cycle dependent, and is independent of 
frequency. 

Fig. 3 is a SEM view of a time dependent propagation 
fracture surface. For intermediate frequencies, oxidation 
and cyclic plastic deformation are simultaneously 
responsible for crack propagation , and the crack 
propagation rates have intermediate values. 

For R=0.05, the transition frequencies obtained were: 
from cycle dependent to mixed regime fcm=O.l Hz, and 
from mixed re gime to time dependent fmt=O.O 1 Hz. For 
R=0.5, the transition frequencies are: from cycle 
dependent to mixed regime, fcm=1 Hz, and from mixed 
regime to time dependent, fmt=0.03 Hz. For R=0.8, the 
transitions are not clearly defined, and additional tests 
are in progress [17]. 

Fig. 2 shows the influence of stress ratio (R) in the three 
crack propagation regimes. The increase of da/dN with 
R is more pronounced for time dependent crack 
propagation, due to the existence of oxide particles on 
the crack surface and due to the higher roughness 
associated with an intergranular crack path. Also, the 
oxidation mechanism may be affected by the increase of 
mean stress. The increase of R increases the average 
stress leve!, and so the diffusion assisted time dependent 
propagation is enhanced. 
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Fig. 2- Effect of stress ratio, AK=25 MPam112
• IN718. 

Fig. 3 - SEM photo for T =600ºC, f=1/63Hz, R=0.5, AK=34.5 
MPam112• Time dependent, intergranular crack growth, IN718. 

4.2 Creep data 

The da!dt versus K plots are shown in Fig. 4 . It is seen 
that for 600°C, the data is grouped in four sets of 
results: the higher CCGR were for the CT specimens, 
the intermediate CCGR for the CC specimens with 
negligible incubation period and the lower CCGR for 
the two ce specimens with a long incubation period. 
The best fit París law correlations are also plotted in the 
same Figure. 

The increase in temperature from 600°C to 700°C in the 
CT specimens produced an increase in CCGR of nearly 
one order of magnitude, although with a very close 
slope in the da!dt data (Fig. 4), suggesting a similar 
stress system operating at both temperatures. 
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Fig. 4 - da/dt vs. Kmax and best fit correlation line for 
600 and 700°C. 

4.3 Application of the creep-fatigue superposition 
models 

A computer program called "DWELL" was developed 
to calculate da!dN in creep-fatigue, applying the 
equations presented before in 2. This program runs in a 
PC and takes as inputs al! the parameters and variables 
required by the models, which should be introduced by 
the user. The outputs of the program are the FCGR 
results predicted by the severa! models, compared with 
the appropriate experimental data introduced by the 
u ser. 

The crack speeds are obtained, for each model, by their 
respective equations, given by the equations presented 
in 2 in the form of París type equation with constants 
Cm and qm. 
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Fig. 5 - Prediction models for CT specimen; R=0.05, to=300s 
and T =600ºC. 

In Figs. 5 and 6 the best fit experimental lines da/dN vs. L'lK 
are compared against the predicted lines given by the models 
considered in section 2. 

The Saxena model usually gave the lowest values of 
FCGR amongst the other models and, for short dwell 
times at maximum load, the differences are greater 
since, in this case, the time dependent component is not 
totally taken into account. 

The remaining models (Gayda-Miner, Weerassoriya, 
Nicholas) gave very close results, in sorne cases with 
negligible differences, specially for high dwell times 
since, in this case, the most important term is equal for 
al! these models. 

For the CT specimens (Fig. 5) it should be referred that, 
with the exception of the Weerassoriya model, the 
cyclic component is very small, ranging between 15% 
of the total for higher dwell times (t0 =120s or 300s) and 
5% for small values of t0 

In the CC specimens (Fig. 6), and for small values of 
the dwell time, the cyclic component accounts for about 
95% of the total FCGR. 

If, for the cyclic component of the models, the FCGR 
term is taken at room temperature, lower FCGR are 
obtained in the cases where the cyclic or mixed 
components are important, as it happens with the 
Weerassoriya model. 
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Fig. 6 - Prediction models for CC specimen; R=0.05, 
lo=600s and T =600ºC. 

The results have shown that da/dN, in conditions of 
creep-fatigue, can be safely taken as the sum of a cyclic 
dependent term with a time dependent term obtained in 
creep tests. 

5 CONCLUSIONS 

For creep crack growth, and using the stress intensity 
factor, K, to characterise growth rate, slower rates are 
observed for the initially quarter circle cracks in the ce 
specimen than in the CT case, together with a greater 
degree of crack tunnelling. Also, an increase in 
temperature for 600 to 700°C shows an expected 
increase in growth rate. 

With the exception of the Saxena model, the other 
creep-fatigue models analysed in this paper have given 
very close predictions amongst themselves and also 
with the experimental data for low values of the stress 
ratio, and for a wide range of dwell times at maximum 
load (between 1 and 600s). For high values of stress 
ratio (R=>0.5), the predictions of FCGR given by the 
superposition models lie significantly above the 
experimental data, with differences ranging from a 
factor of 2 until one order of magnitude. However, with 
this result safe predictions can be made of the life in 
crack propagation under creep-fatigue conditions. 
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