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Introduction 
Most of the studies on the low cycle 

fatigue life prediction have been reported 
under isothermal conditions where the 
deformation of the material is strain 
dependent. In the development of gas 
turbines, components such as blades and 
vanes are exposed to temperature variations in 
addition to strain cycling. As a result, the 
deformation process becomes temperature and 
strain dependent. Therefore, the life of the 
component becomes sensitive to temperature- 
strain cycling which produces a process 
known as "thermomechanical fatigue, or 
TMF. The TMF fatigue failure phenomenon 
has been modeled using conventional fatigue 
life prediction methods, which are not 
sufficiently accurate to quantitatively establish 
an allowable design procedure. To add to the 
complexity of TMF life prediction, blade and 
vane substrates are normally coated with 
aluminide, overlay or thermal barrier type 
coatings (TBC) where the durability of the 
component is dominated by the 
coatingjsubstrate constitutive response and by 
the fatigue behavior of the coating. A number 
of issues arise from TMF depending on the 
type of temperature/strain phase cycle: 

1- time-dependent inelastic behavior can 
significantly affect the stress response. For 
example, creep relaxation during a tensile or 
compressive loading at elevated temperatures 
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leads to a progressive increase in the mean 
stress level under cyclic loading. 

2- the mismatch in elastic and thermal 
expansion properties between the coating and 
the substrate can lead to significant 
deviations in the coating stress levels due to 
changes in the elastic modulii. 

3- the "dry" corrosion resistance coatings 
applied to the substrate may act as primary 
crack initiation sites. 

Crack initiation in the coating is a 
function of the coating composition, its 
mechanical properties, creep relaxation 
behavior, thermal strain range and the 
strain/temperature phase relationship. Of 
particular importance are the coating ductility 
and the coefficient of thermal expansion 
mismatch between the coating and substrate, 
which can cause thermally induced strains 
causing cracking at the surface and creep 
relaxation. 

As a result of the complex constitutive 
behavior of the coatinghbstrate system, TMF 
life prediction methodology has yet to be 
developed to explicitly describe the fatigue 
response of the coatingjsubstrate systems. 

0 bj ectives 
The main focus of the research 

program is directed towards life prediction 
modeling of coated advanced gas turbine 
materials. Emphasis is placed on life 
characterization which is based on low cycle 

\, 
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fatigue (LCF) under isothermal conditions and 
also on thermo-mechanical fatigue (TMF). 
The microstructure of failed coated and 
uncoated specimens is being analyzed to 
assess the deformation response, the fracture 
mechanism, and the environmental effect. IN 
738 LC has been selected as a basic material 
which will be followed in the future by 
directionally solidified @S) and single crystal 
( S C )  materials.. 

Project Description 
The project is divided into two parts: 

experimental and analytical. The TMF 
experimental part is not as simple as the 
isothermal fatigue testing and becomes very 
sensitive to temperature/strain programming. 
Software programs for TMF and heating were 
developed to cover the following loading 
schemes: 
-Strain-temperature out-of-phase cycling 
where the strain is in compression at the 
maximum temperature. 
-Strain- temperature ou t-of-p hase cycling 
where the strain is held in compression for a 
period of 90 seconds at the maximum 
temperature. This type of cycling simulates the 
creep and relaxation effects and introduces the 
mean stress. 

The experimental facility consists of 
servo-hydraulic MTS system designed for 
axial-torsion strain cycling at high 
temperatures. Only the axial load component 
was used. The specimen was heated by 
induction with three adjustable coils to 
maintain uniform temperature distribution over 
the gage length with five thermocouples 
equally spaced and wrapped around the gage 
length measuring the temperature distribution. 
Strain was measured by an axial high 
temperature air cooled MTS extensometer with 
wedge probes placed over one inch gage 
length. The strain and temperature input were 
computer controlled. The TMF test system is 
shown in Fig. 1. Thermocouples and coils 
placement on the specimen are shown in Fig. 
2. 

Analytical And Experimental 
Approach 

a- Analytical Solution: 
Life Prediction Model Development: 

In developing a life prediction model, 
the specimens are subjected to mechanical and 
thermal loads in addition to the environmental 
effect which has to be incorporated in the 
analysis. Most of the current life models under 
constant temperature (isothermal) conditions 
utilize a simple approach using total or plastic 
strain range-cycle relation such as the Coffin- 
Manson relation. The plastic strain range is 
selected at the mid-life cycle range which 
describes the average deformation process in 
fatigue cycling. However, this type of 
approach is not adequate to describe the life 
under the variable temperature and strain since 
the damage process is dependent on strain, 
mean stress, thermal effect, creep and 
ductility. The life prediction model has to 
incorporate all these variables and since cyclic 
strain is the primary mechanical driving 
mechanism, the mid-life strain-cycle as 
represented by the hysteresis loop is 
incorporated in a proposed damage model 
based on the concept of "non-linear continuum 
damage mechanics". The continuum damage 
model is a strain base and to accurately predict 
the mid-life strain-cycle hysteresis loop, a 
viscoplastic model proposed by A. Freed (1) 
is used. The viscoplastic model can also 
accounts for the material response to kinematic 
or isotropic hardening. These two processes 
effects the yield phenomenon . During 
kinematic hardening the center of the yield 
surface moves gradually while the radius of 
the yield surface remains constant in a stress 
space, as a result a mean stress develops. For 
the isotropic hardening case, the center of the 
yield surface remains fixed in the stress space 
while the radius of the yield surface 
progressively increases resulting in a decrease 
in the hysteresis loop width. The two types of 
hardening mechanisms are shown in Figs. 3 
and 4. 
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Viscoplastic Model 

The life prediction model under 
development has two components: a 
viscoplastic component and a non-linear 
continuum damage component. The 
vsicoplastic component has been completed 
and is presented in a simplified form. The 
model accounts for the nonlinear kinematic 
hardening process observed in IN 738 LC 
material under a T M F  compressive and hold- 
time strain cycling. The two type of cycle 
produces a significant mean stress. 

The basic components of the model is 
strain, strain rate, stress, temperature, and 
creep rate. For an isothermal uniaxial LCF 
strain cycle, the total strain is: 

E = Ee +Ein  
and the rate: 

the inelastic strain rate is also a function of 
deviatoric stress S,  internal stress variables K 
and temperature T 

€ = &e + &in 

kin =f (S ,K,  T) 

Three internal stress variables, which are 
represented by K, characterize the inelastic 
deformation of the material : the time 
dependent back stress B which takes into 
account the kinematic hardening; the time 
dependent drag stress D, a scalar quantity, 
which measures the isotropic hardening; and 
the time dependent limiting stress L, which is 
also a scalar quantity, accounts for the radius 
of the yield surface. The model is a rate 
process and uses the concept of an effective 
stress Z, sometimes referred to as 
"overstress", which is responsible for the 
yield process. 

The deviatoric stress S for uniaxial stress is 
defined as: 

- 2  

For steady state conditions under varying 
temperatures when the hysteresis loop is 
saturated, the internal stresses are written for 
the uniaxial case as a rate in the form of : 

and 

Ij=-- D dH, i ,  
H, d T  

where Hb is the kinematic modulus and HL, 
Hd are the isotropic hardening modulii. At the 
steady state condition, the back stress 
saturates, i.e. Bx= 0. In addition, if the 
temperature T is constant, i.e., T= 0, the 
scalar variables L and D become constants. 

The inelastic strain rate is expressed as: 

L kin = e z(<) - c* 
where the thermal diffusivity, 8 , is defined as: 

8 = { exp [z]} for T 2 Tm / 2 

and 

and for the uniaxial case, becomes 
E* = I  E x  I 

and the effective stress for the uniaxial case is 
defined as: 
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The Zener Holloman parameter 2 is defined 
as: 

= A c if 51 1 

where A and n are material constants and 5 is 
defined at the steady state condition and at 
mid-life as: 

- I=xl 
D 

Z = Sx - Bx and D becomes a constant for 
the isothermal case but varies for TMF 
conditions. 

Under steady state or during a stabilized cycle, 
the inelastic strain rate can be assumed to 
approach the steady state creep rate iSs. 
Having steady state creep rate data at several 
temperatures and stress levels, the Zener- 

Holloman stress function Z(c) =- 

plotted vs. the deviatoric stress S as shown in 
Fig. 5. From Fig. 5, C is the point where the 
curve deviates from a linear relation, n is the 
slope of the linear section and A is the 
intercept or for a better accuracy, a least 
square curve fit can be used. 

% is 
e 

The kinematic hardening modulus Hb and the 
isotropic hardening modulii HL, Hd are  
determined by an optimization process using 
stabilized LCF hysteresis loop generated at 
three constant temperatures (mid-life loops). 
Once these parameters are determined, the 
TMF inelastic strain-cycles are predicted from 
isothermal inelastic-strain cycles for any cyclic 
strain range with or without hold-time (creep) 
as shown in Figs. 6-8. 

b- Experimental Approach: 
Material And Test Results 

- Material, Specimen and Coatings: 

The nickel base superalloy IN 738 LC 
material, solution-treated condition (1 120OC 
for 2 hrs, air cooled), was received in the as- 

cast bars having one inch (25.4mm) in 
diameter by six and quarter inches (16 cm) in 
length. Tubular test specimens machined by a 
low stress grind process were aged in a 
dynamic vacuum of - 2.7~10-4 pa. for 24 hrs 
at 843OC (1550OF) followed by an air cool. 
The microstructure of the cast material 
consists of dentritic structure with a high 
volume fraction of fine-scale gamma-prime 
particles as well as large second phase 
particles, mostly primary gamma prime and/or 
carbides, in the interdendritic regions. No 
evidence of large-scale (>lmm) porosity was 
seen. The chemical composition of the 
material is presented in Table 1. Fatigue 
specimens were overlay coated (NiCoCrAly) 
over either three quarter or full length of the 
gage length where the gage length was one 
inch. The overlay coating thickness was 5.8 
mil (147 pm) and was deposited on the 
specimen using a low pressure plasma 
spraying process. The NiAl-based aluminide 
coating was deposited using a pack 
cementation process and had a thickness of 
1.3 mil (33 pm) with a 0.4 mil (10 pm) deep 
diffusion zone. 

- Tests Results: 

1- Isothermal Fatime Tests (Uncoated 
Specimens) 

A total of six isothermal fatigue tests 
were conducted at 15000F under different 
strain range amplitudes: three of these were 
LCF with two under a compressive hold-time 
and one under a tensile-hold time of 90 
seconds. The difference between the tension 
and compression 90 seconds hold-time tests is 
the apparent response of the mean stress. In 
the tension test, the mean stress became 
compressive, while in the compression test, it 
became tensile. A comparison of lives 
between the two types of tests at 0.5% strain 
range showed that the compressive hold test 
reduced the life by a factor of 5 as a result of 
the tensile mean stress which develops. 

At 16000F, one 90-second hold-time 
compressive test was completed at a strain 
range of 0.5%. The fatigue life (Ni )  was 303 
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cycles as compared to a similar hold-time test 
at 15000F where the fatigue life was 517 
cycles. The lOOOF temperature increase 
reduced the life by 41%. Ni is defined as the 
cycle at which the peak tensile stress begins to 
decrease rapidly during strain cycling. 

2- Isothermal Fatigue Tests (Overlay Coated 
Swcimens) 

At 1600OF, one 90-second hold-time 
compressivetest was conducted at a strain 
range of 0.5%. The fatigue life ( Ni = 613) for 
the coated specimen was longer when 
compared to a similar uncoated hold-time test 
at the same strain range and temperature (Ni 
=135). 

3- Thermomechanical Fatime Tests (TMF) 
mncoated Specimens) 

At 16000-9000F, a total of five TMF 
tests were completed. The first two TMF tests 
were conducted at strain ranges of 0.5% and 
0.8% and the next three TMF tests with 
compressive hold-time of 90 seconds at the 
same strain ranges. A comparison of life, at 
strain range of O S % ,  between the TMF (zero 
hold-time) tests at 16000-9000F and TMF with 
90 seconds hold time in compression, showed 
a significant reduction in life. For example, at a 
strain range of O S % ,  the Ni life of 790 cycles 
was reduced by the hold time test to 563 cycles 
while at 0.8% strain range the life was reduced 
from 282 cycles to 112 cycles. 

4- Thermomechanical Fatigue Tests (TMF) 
(Overlay Coated Specimens) 

The one in. gauge lengths of the IN 
738LC specimens were either partially coated 
to 3/4 in. or to full length of the specimen. 
The overlay coating thickness was 5.8 mil 
(147 pm). Two - 3/4 in gauge length coated 
specimens were tested at 16000-9000F 
without creep effect (zero hold time) at strain 
ranges of 0.5% and 0.8% and one test was at 
0.8% strain range with compressive hold-time 
of 90 seconds at the maximum temperature. 
Specimen failure occurred by cracking either 
outside the coated section or at the transition 

region between coated and uncoated sections 
of the specimen. As a result, fatigue lives are 
not reported here. 

The fully coated specimens were tested 
at a strain range of 0.5% without and with 90 
seconds compression hold-time. For the TMF 
tests (zero hold-time), the overlay coating 
improved the life of the uncoated substrate 
from 790 cycles to 2058 cycles. However, 
introducing hold-time, the overlay life was 
reduced substantially from 2058 cycle to 643 
cycles. 

5- Thermomechanical Fatieue Tests C"MF) 
[Alumhide Coa ted SDeC imens) 

Four TMF fatigue tests were 
conducted on aluminide coated specimens. 
Three tests with zero hold-time at strain ranges 
of 0.3%, 0.5% and 0.8% and one test with 
90-seconds compressive hold-time at 0.5% 
strain range. The aluminide coating reduced 
the fatigue life as compared to uncoated 
specimens by a factor of 2.2 for the 0.5% 
strain range tests and by 3.6 for the hold-time 
test. TMF test data for the two types of 
coatings are shown in Fig. 9 and Table 2 is a 
summary of all fatigue tests completed to date. 

Microstructure Failure 
Observations of Tested 
Specimens: 

i- Uncoated SDecimens: Crack Initiation 
Behavior 

Crack initiation and propagation was 
transgranular under all test conditions. Optical 
and scanning electron microscopy revealed 
that crack initiation occurred at both the outer 
and inner walls as shown in Fig. 10. The 
fracture surfaces near the crack initiation sites 
were flat, semi-circular and oxidized. 

The isothermal fatigue test specimens 
all exhibited fatigue crack initiation 
predominantly from the outer surface. In 
contrast, the TMF specimens often contained 
both an outer initiation along with numerous 
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small cracks initiating on the interior of the 
specimen. 
.. 
11- Overlav Coated Spec imen: Crack Initiation 

Behavior 

Three overlay coated specimens have 
been tested in fatigue under both isothermal 
and TMF conditions (see Table 2). The 
isothermal test at the strain range of OS%, that 
included a hold time of 90-seconds in 
compression, had multiple crack initiations on 
the uncoated interior surface of the specimen. 
However, the TMF cycling initiated many 
small surface cracks in the coating as shown 
in Fig. 11. A few cracks propagated through 
the coating and penetrated the substrate (Fig. 
12) but most were confined to the coating 
(Fig. 13). Also debonding of the overlay 
coating was observed in the TMF type tests 
which was absent in isothermal tests. 

iii- Aluminide Coa ted SD -aimen: Crac k 
Initiation Behavior 

Four fatigue specimens were 
aluminide coated over three quarter of one 
inch gauge length. Three specimens were 
tested with no hold-time and one where the 
compressive strain was held for 90 seconds at 
maximum temperature. TMF test results 
showed that the cracks initiated in the coating, 
propagated through the inter-diffusion zone 
and penetrated the substrate as shown in Figs. 
14 and 15. The aluminide coating showed 
both intergranular and transgranular fracture 
features. Fig. 16 shows the aluminide coating 
structure. 

Future Work 
TMF tests of coated specimens will 

continue to compliment the analytical 
approach. The effect of coating on life will be 
characterized by microstructural analysis 
which will describe the deformation and 
fracture mechanisms. Other types of material's 
structures such as DS and SC materials and 
other types of coatings will be investigated in 
the future where life is affected by the material 
durability and resistance to creep damage. 

Industrial Partners Participation 
The PI of the research program is in 

direct consultation with our industrial partners: 
Westinghouse Electric, Power Generation 
Division in Orlando, FI., Allied Signal 
Aerospace Co. of Phoenix, A 2  and Solar 
Turbine of San Diego, California.. 
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TABLE 1: CHEMICAL COMPOSITION OF ALLOY IN 738 - LC 

Heat Treatmeant Element Percent age 

Solutionize at 2050 "F(1120 "C) 

1550 O F  (843 "C) for 24 hr. 

Cr 
co 
T i  
A I  
W 
Mo 
Ta 
Nb 
Ni 

for 2 hr followed by aging at 
15.7 - 16.3 
8.0 - 9.0 
3.2 - 3.7 
3.2 - 3.7 
2.4 - 2.8 
1.5 - 2.0 
1.5 - 2.0 
0.6 - 1.1 
Balance 
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Table 2. Penn State IN-738LC Fatique Test Summarv 

Temp Cycles Peak Valley Mean 
Mid- Stress Stress Stress 

# Coating Emech ISO/TMF F (C) Seconds Ni N90 N70 N50 Cycle (MPa) (MPa) (MPa) 

Hold Time _______I___.____________________________------- Specimen Range 

20 
11 
17 
16 
22 
21 
25 
27 
28 

31. 
36 
29 
32 
35 
33 
38 
34 

13 
. 12 

14 
15 

41 
50 

Overlay 
Overlay 
Overlay 
Overlay 

Overlay 
Overlay 

Alumlnlde 
Alumlnlde 
AIumlnide 
Alumlnlde 
Alumlnlde 

0.3% 
0.5% 
2.0% 
0.5% 
0.3% 
0.5% 
0.5% 
0.7% 

0.5% 

0.5% 
0.5% 
0.5% 
0.8% 
0.3% 
0.5% 
0.5% 
0.8% 

0.5% 
0.5% 
0.8% 
0.8% 

IS0 
IS0 
IS0 
I S 0  
IS0 
IS0  

OP TMF 
OP TMF 
IP TMF 

IS0 
IS0  

OP TMF 
OP TMF 
OP TMF 
OP TMF 
OP TMF 
OP TMF 

IS0 
OP TMF 
OP TMF 
OP TMF 

1500 (81 6) 
1500 (81 6) 
1500 (816) 
1500 (81 6) 
1500 (816) 
1500 (81 6) 

900-1500 (482-816) 
900-1 500 (482-816) 
900- 1500 (482-81 6) 

1600 (871) 
1600 (871 ) 

900-1600 (482-871) 
900-1600 (482-871) 
900-1600 (482-871) 
900-1600 (482-871) 
900-1600 (482-871) 
900-1600 (482871) 

1600 (871) 
900-1600 (482-871) 
900-1600 (482-871) 
900-1600 (482-871) 

86759 (runout) 
2494 3189 3476 3807 

Spec Separation. N=5 
4611 4959 5128 
8312 8542 8648 8731 
517 622 649 670 

5177 5427 5444 5458 
847 1253 1361 1497 

10012 (runout) 

135 
303 
790 
282 

6387 
563 
785 
112 
61 3 
1171 
172 
55 

250 285 324 
481 508 526 
1139 1147 1154 

Spec Separation, N=329 
6924 7371 

Spec Separation. N=642 
1113 1165 1226 

Spec Separation, N = l l 7  
786 817 835 
1543 (fractured) 

Spec Separation, N-173 
Spec Separation. N=66 

43561 
1500 

3 
2467 
4239 
225 

2661 
582 

5052 

247 
420 
757 
220 
362 
487 
507 
656 
199 

146 397 
250 448 
562 ' 623 
1i5 716 

456 
258 608 
405 565 
39 720 
420 430 
789 636 
92 797 
22 794 

-184 
-343 
-820 
-483 
-eo 
-224 
-209 
-371 
-530 

-200 
-204 
-1 89 
-400 

9 
-194 
-1 70 
-398 
-210 
-201 
-412 
-392 

31.5 
38.5 
-32 
-132 
141 
132 
149 
143 
-166 

98.5 
122 
21 7 
158 
233 
207 
198 
161 
110 
218 
193 
20 I 

0.5% OP TMF 900-1600 (482-871) 0 2058 2371 2373 2376 1102 581 -160 211 

0.5% OPTMF 900-1600(482-871) SOS(C) 643 1010 1078 1126 350 578 -160 209 

0.3% OPTMF 900-1600(482-871) 0 6540 7876 8161 8598 3958 432 -26 203 

0.4% OPTMF 900-1600(482-871) 0 1356 1754 1826 1880 753 451 -149 151 

0.5% OPTMF 9OO-lsoO(482-871) 0 360 547 609 678 245 523 -271 126 

0.8% OPTMF ~lsoO(482-871)  0 190 SpecSeparation,N=239 113 555 -393 81 

0.5% OPTMF 900-1600(482-871) WS(C)  218 456 472 483 100 529 -235 147 

Nl=Cycle for which a devlation from maximum linear tensile stress was first detected 
NLO=Niimber of cycles to 90% or maximum linear tensile stress; 10% load drop 
N70=Number of cydes to 70% of maximum linear tensile stress; 30% load drop 
NSO=Nurnbw of cydes to 50% of maximum linear tensile stress; 50% load drop 
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Figure 1. Computer controlled test system for thermomechanical fatigue test 
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Figure 2. Cross-section of specimen, induction coils and thermocouples 
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Figure 3. Isotropic hardening behavior in polycrystalline materials 

13 



+ yield surface 
after straining 

\ I yield surface 
before straining 

Om= Mean Stress 
L = Radius of Yield Surface 

Figure 4. Kinematic hardening behavior in polycrystalline materials 
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Figure 5. Zener-Hollomon plot of stress dependence of steady state creep rate 
illustrating determination of material parameter C 
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MID-LIFE HYSTERESIS LOOP OF IN 738 LC 
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Figure 6. Predicted mid-life isothermal LCF hysteresis loops without hold time 

MID-LIFE HYSTERESIS LOOP OF IN 738 LC 
AE, = 1.0%, t,, = 5 hr (Compresslon) 

T = 1600 OF, N, = 96 Cycle 
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Figure 7. Predicted mid-life isothermal LCF hysteresis loops with hold time 
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MID-LIFE HYSTERESIS LOOP OF IN 738 LC &.,, = 1.0% AT :: 600-1200 OF, 5, = 0. N, = 255 
(In-Phase TMF Without Hold) 

MID-LIFE HYSTERESIS LOOP OF IN 738 LC 
(Out-Of-Phase TMF With Compression Hold) 

AE,.,,, = l.O%, AT = 1200-1600 OF, 6 = 5 hr, N, = 80 Cycle 
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Figure 8. Predicted mid-life thermomechanical fatigue hysteresis loops 
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Figure 9. Penn State O.P. TMF Results 
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(b> 
Figure 10. SEM fractographs of uncoated specimens showing: (a) interior wall 

fatigue crack initiations, A&mech=O.5%, O.P. TMF, AT=900- 
500"F, Ni4177 and (b) exterior wall fatigue crack initiation, 
~ktot=O.SG/o, isothermal, T=1500'F, Niz2494. 
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Figure 11. SEM micrograph showing surface fatigue cracks in overlay coating. 
A&mech=0.5%, O.P. TMF, AT=900-160O0F, Ni=l171. 

Figure 12. SEM fractograph showing fatal inner wall fatigue crack initiation 
and outer wall crack penetration through overlay coating and into 
substrate. demech=0.5%, O.P. TMF, th=90 sec (comp). AT=900- 
600"F, Ni443 .  
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Figure 13. Crack initiation and blunting in overlay coating. A&mech=OS%, 

O.P. TMF, AT=900-160O0F, Ni=1171. (330X) 

Figure 14. Light micrograph showing crack penetration through aluminide 
coating, inter-diffusion zone and substrate. AEmech=o.s%, 0.P. 
TMF, AT=900-160o'F, Ni=360. Crack length=7.6 mil (193 pm). 
(170 X) 
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