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Thermomechanical Fatigue Life Prediction in Gas Turbine
Superalloys: A Fracture Mechanics Approach

David M. Nissley*
United Technologies Corporation, East Hartford, Connecticut 06108

A model is presented that was developed to predict thermomechanical fatigue crack initiation and estimate mode
Icrack growth of gas turbine hot section gas path superalloys. The model is based on a strain energy density fracture
mechanics approach modified to account for thermal exposure and single crystal anisotropy. Thermomechanical
fatigoe crack initiation and small crack growth is modeled by employing an initial material defect size. Model
capability was quantified by applying the model to two hot section gas path superalloys: uncoated MAR-MS509 and
MCrAlY overlay coated PWA 1480. Thermomechanical fatigne model stresses were obtained from nonlinear finite
element analysis of thermomechanical fatigue specimen strain-temperature history. Nonlinear stress-strain behav-
ior was predicted using unified viscoplastic constitutive models. Model thermomechanical fatigue life predictions
were in good agreement with observed uniaxial thermomechanical fatigue specimen lives. Thermomechanical fa-
tigue cracking effects captured by the model included coating thickness, single crystal anisotropy, cycle waveshape,

dwell, and thermal exposure.

Nomenclatuare

a = crack depth

ag = initial material defect size

dr = time increment

da/dN = crack growth rate

dg'® = inelastic strain increment

Emax = elastic modulus in the oy, direction and at the opax
temperature

Eqy = elastic modulus in the (111} crystal direction and at the
Omax teIOperature

f = crystallographic strain energy correction factor

Ja = factor that resolves o,y into the maximum normal
octahedral slip plane stress

Jote = effective J-integral, an empirical strain energy density
fracture mechanics parameter

Jin = threshold J-integral

{ = crack length ‘

N, = cycles to initiate a crack through the coating

Ny = cycles to failure

N, = cycles for a coating crack to penetrate 0.254mm deep
into the substrate

Ny, = cycles to grow a 0.254 mm deep substrate crack to
failure '

T = absolute temperature

Tnax = cycle maximum absolute temperature

£ = coating thickness

W, = elastic strain energy density

Wit = effective total strain energy density

W, = plastic strain energy density

B = crack-boundary-correction factor

AT ="J-integral based on Ao

AlJ, = elastic portion of AJ

AJ, = plastic portion of AJ

Ao = stress range

8 = oxide thickness

o = stress

Omax = maximum stress

Orain = minimum stress of cycle in which oy, occurs
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Introduction

DVANCED gas turbine operating temperatures subject hot sec-

tion gas path components to extreme heat loads. Component
thermal gradients introduced by the heat loads promote thermome-
chanical fatigue (TMF) cracking.

Implementation of an accurate TMF life prediction model will
improve hot section component design and life cycle costs. The TMF
model should be capable of predicting both crack initiation and crack
growth. TMF crack initiation is important for rotating hardware such
as turbine blades. TMF cracking in static hardware such as turbine
vanes and blade tip seals includes both crack initiation and crack
growth regimes.

Investigators generally separate fatigne crack initiation from
crack growth. Crack initiation is dominated by microscopic effects
such as surface finish, microdefects, slip characteristics, and grain
size. Crack growth describes long crack behavior in which crack
geometry is important. Fatigue crack initiation life modeling tradi-
tionally takes the form of a Coffin—-Manson relationship, N = CP™
where P is the correlating parameter and C and m are material
constants. Crack growth can be described by linear or nonlinear
fracture mechanics methods. Typically, a power law formulation is
used, da/dN = AP?, where P is the crack growth parameter and
A and b are material constants. By integrating the power law crack
growth expression, Swanson et al.! showed that the Coffin-Manson
exponent m was identical to the power law crack growth exponent
b. Likewise, Mowbray? showed that a J-integral approach for crack
growth reduces to a Coffin~-Manson relation for fully reversed cyclic
loading cases. These conclusions in combination with the successful
application of crack growth type parameters to TMF crack modeling
obtained by Nissley et al.® and Heine et al.* indicate that a suitable
crack growth parameter can be found to predict both TMF crack
initiation and mode I crack growth.

Theory

A literature search of crack growth models capable of mod-
eling crack initiation was completed. Existence of such models
was indicated by Weerasooriya et al.’ in their review of nonlin-
ear fracture mechanics fatigue models. In that review, a J inte-
gral approach based on the work of Rice, Dowling and Begley,’
Dowling,?® and El Haddad et al.'¥ correlated both short and long
crack growth behavior of A533B steel. The growth rate of short
cracks was captured by an effective crack length (I + Iy) where [
was considered to be a measure of reduced flow resistance in sur-
face grains due to lack of constraint.!” The proposed elastic stress
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intensity factor was K; = BAo+/m (I +1y). The J-integral was then
described by

AJ =AJ, + AT, ¢))
AJ, = AKX/E =25 + )W, @)
AT, =2x( + 1) f(m)W, 3)

where the function f(r) was given by Shih and Hutchinson'! as a
function of the strain hardening exponent #.

Verification of strain-energy-based cracking models for high-
temperature isothermal fatigue and TMF was provided by several in-
vestigators (e.g., Refs. 12-15). Subsequently, an effective J-integral
was developed for TMF crack life prediction of turbine gas path su-
peralloys. The effective J-integral is an empirical strain energy den-
sity crack growth parameter and is not a rigorous fracture mechanics
parameter. '

The effective J-integral TMF cracking model was developed
from Egs. (1-3) and incorporated into a power law form. No dis-
tinction is made between crack initiation and crack growth. All
TMF cracking is modeled as crack growth. The contribution to
TMEF cracking caused by plastic energy was modeled by using the
tensile inelastic hysteretic energy.*!® Modifications to the effective
J-integral were considered based on TMF cracking observations
and practical limitations.

1) Crack initiation and arrest attributed to grain boundary
interactions!’~1° was considered not relevant for the intended TMF
life regime (1,000-20,000 cycles).

2) A threshold energy term was incorporated based on TMF life
data of PWA 1480% and MAR-M509°,

3) Crack opening/closure effects?' = were disregarded due to
lack of TMF data, even though crack closure may be linked to the
threshold stress intensity.?2>

4) The effect of thermal exposure (e.g., oxidation) was incorpo-
rated based on observations and conclusions on TMF behavior of
many superalloys,>*26-32

5) A strain energy correction term for nickel-based single crystal
anisotropy, f, was developed based on PWA 1480 TMF data.? This
correction was necessary to correlate crystalline orientation effects.

The developed effective J-integral fracture mechanics TMF
model is summarized as follows:

da (i
aN = Aoy )]
2 tor\?
Jege = 7 (a + ap) (ﬁ fWeff) —Jn 5)
W = 2W, +aW, ©

W, = (Omax — mgmin)z/ZEmax

m=1 if oun>0

7
m=0 if op, <0 . @
cycle .
W, = ] ode™ where o > 0 ®
f = fuiy(Emax/ Eqin)? ®
cycle
1/v =/ exp[Qo(1/To — 1/T)]de (10)

where A, b, ¢, ay, a, Ji, Qo, and T are material constants. The con-
stant  in combination with the crack-boundary-correction factor
B replaces f(n) in Eq. (3). The threshold J-integral, Jy,, may be
constant or temperature dependent. A good empirical temperature-
dependent formula for Jy, is

Jih = JoexplQo(1/ Trnax ~ 1/T1)] for Trax = T 11

where T; is the temperature below which Ji, = Jp. All model
constants are independent of temperature. The effects of cyclical
temperature excursions is captured by Egs. (10) and (11) and the
natural variation in o,y caused by temperature level..

Note that Egs. (4) and (5) depart from a traditional power law
crack growth formulation in that the exponent b is not applied to
the J-integral, J.g. Instead, the exponent b is applied to the term
(B2WEh. This departure was necessary to correlate the observed
TMF cracking behavior of high-strength superalloys such as PWA
1480. In elastic cases where the exponent » = 1, Egs. (4) and
(5) reduce to a traditional Paris law crack growth formula with an
exponent of 2. :

The TMF life model formulation is limited to transgranular crack-
ing. Another material constant, term, or model is required to cap-
ture intergranular TMF cracking behavior. Such is the case for TMF
crack growth of B1900+Hf.33 B1900+Hf integranular crack growth
is significantly more rapid than transgranular crack growth at iden-
tical effective J-integral levels.

The TMFlife model can capture multiaxial effects by using a max-
imum principle stress based effective J-integral approach. Essen-
tially, stresses and inelastic strains are replaced by normal stresses
and inelastic strains along the maximum principle stress direction.

Constant Determination

TMF model material constants are determined from a combina-
tion of uniaxial TMF and oxidation tests. The material constants are
determined by applying a nonlinear least squares regression analy-
sis. However, estimates of most constants can be determined as fol-
lows: For constants b and &, manually adjust « to correlate TMF life
of nondwell,low T, tests using W where oo = 1is a good starting
point. For polycrystalline materials ay ~ % grain size and for single
crystal materials @y ~ microdefect size. For Qy fit the Arrhenius
equation to oxidation data®* where § = {exp[Qo(1/T — 1/ Tox)1t}"
and where T, and n are constants and ¢ is time. For polycrystalline
materials Ty & 0.8-0.9 Tienr, and for single crystal materials Ty ~
0.9-1.0 T,y Where i is the incipient melting absolute temper-
ature. T is the temperature at which time-dependent deformation
(creep) becomes significant in monotonic tensile tests (about 750 to
850°C). For uncoated material ¢ &~ 0.5 and for coated materials ¢ ~
0.1-0.5 depending on the coating oxidation resistance.

Application ‘

TMF model prediction capability was determined using uncoated
MAR-M509 and overlay coated PWA. 1480. MAR-MS509 is a con-
ventionally. cast cobalt superalloy generally used in static turbine
airfoil and blade tip seal applications. Its microstructure consists
of dispersed MC carbides in a solid solution matrix. PWA 1480
is a nickel-based single crystal superalloy comprised of a high-
volume fraction (approximately 65%) of gamma prime pricipitate in
a gamma matrix. Its properties offer greater creep-fatigue resistance
at elevated temperatures and reduced susceptibility to corrosion and
oxidation than conventional cast superalloys. PWA 1480 was the
first single crystal extensively used for rotating turbine airfoils.

Elastic and plastic strain energy densities were obtained from
nonlinear finite element analyses using Walker’s unified viscoplas-
tic model.*35 Crack-boundary-correction factors were determined
from Newman and Raju’® for part-through cracks and from Murthy
et al.’’ for circumferential-through cracks. Newman and Raju’s K
solution correlation duplicated Delale and Erdogan’s® cylindrical
shell solution within the specified solution accuracy (about 10%).
The circumferential crack-boundary-correction factor included an
empirical correction for the shape of the crack front that was de-
veloped from observations of tubular specimens. The following for-
mulas were used to correct for the crack front shape (see Fig. 1 for
parameter definitions):

6o = sin™" (cpeoj/ T0) (12)
6; = (1.0732 — 3.98886, + 12.3926;
— 15.4196; + 8.9980; — 2.04636; )6 (13)

Cm = (i +10)(6; +60)/4 14)

where ¢, is an estimate of the circumferential half-crack length at the
mean radius of the tube wall. The stress intensity for circumferential
cracks was based on ¢,,.
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Uncoated MAR-M509

Starter Notch
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r; = 5.64 mm
Initiation Crack Growth
Crack Growth Geometry (mm)

Specimen Test Ty To 2¢;pit
316~ 871C Out—of-Phase 5.64 691 1.27 slot
316- 899C In-Phase 406 6.60 0.56 hole
427-927C Out-of-Phase 564 691 1.02 slot
427-1038C Out-of-Phase 5.64 691 1.02 slot

Overlay Coated PWA 1480
ro = 691 mm + t,

r; = 5.64 mm

Coating

Fig.1 TMF specimen and typical crack geometries.
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Fig.2 TMF strain-temperature cycle schematics.

Test procedures and metallurgical observations are presented in
Refs. 3, 4, and 20. TMF specimen and typical crack geometries are
presented in Fig. 1 and Ref. 20. TMF tests were run at least until
crack initiation and most were run to failure.

Most TMF tests were conducted using an out-of-phase mechan-
ical strain-temperature (¢ — T') relationship, but a few tests were
run with more complex ¢ — T cycles to challenge model predic-
tion capability. TMF & — T cycles are presented in Fig. 2. All cy-
cles were run at 1 cycle/min (cpm) unless noted otherwise in the
figures.

The TMF model was applied by assuming that a single dominant
crack controls the TMF life. Typically, many cracks were observed
along the surface(s) of the specimens as shown in Fig. 1. Multiple
cracks were especially prevalent in the overlay coated PWA 1480
TMF specimens. However, calculation along multiple crack fronts
was considered too complex for initial model development.

Uncoated MAR-MS509

MAR-M3509 has been studied by many investigators.?®3~4 TMF
cracking of MAR-M509 was observed along preferentially oxi-
dized carbides and was generally transgranular in nature. TMF
life data were segregated into two data sets: Ref. 20 data and Pratt
and Whltney (P&W) data. TMF specimen cyclic history was pre-
dicted using a unified viscoplastic model®* correlated to MAR-M509
monotonic tensile and Ref. 20 TMF specimen data. The MAR-M509
viscoplastic model was executed until a stabilized hysteresis loop -
was predicted. TMF model material constants were determined us-
ing predicted stabilized hysteresis loop behavior. The constant Qg
was determined from cyclic oxidation burner rig data, and the con-
stant ¢ was set to 0.5 based on matrix oxidation rate data*!. The
remainder of the model constants were determined by nonhnear
least-squares-regression analysis of the Ref. 20 TMF data. Model
constants A and Ty were then adjusted to correlate the P&W TMF
data set. Model correlation capability is presented in Fig. 3 and
model constants are presented in Table 1. Within a particular data set,
the model correlates the observed TMF life within a factor of £:2X.
However, the Ref. 20 and P&W data life correlations are different
by about 2X.

The cause of the calculated life difference between the two data
sets is not known, but it may be related to microstructure. The spec-
imen grain size of both data sets was about equal. However, the Ref.
20 specimens were heat treated 6 h at 1230°C prior to testing. The
heat treatment produced MC carbides which have been linked to
increased crack growth rate.* The P&W specimens were not simi-
larly heat treated. The higher value of Tj obtained for the P&W data
is consistent with the microstructural argument.

Model predictive capability was assessed by applying the corre-

. lated model to a variety of uncoated TMF crack growth tests such as

those described by Rau et al.*® The Rau et al.*® Mar-M509 material
was similar to the P&W material used in the TMF model constant
determination process. Figure 4 presents the model predictions. In
general, the model was able to predict crack growth life up to pro-
jected half-crack sizes, cproj, Of about 1.27 mm within a factor of
2X. Beyond a 1.27-mm half-crack size, the model over-predicts
the crack growth life. Nonetheless, a significant portion of the TMF
crack growth life was well predicted.

In all but one crack growth test, the TMF hysteresis loop behavior
was predicted to stabilize within a few cycles by nonlinear stress

A 600—1050C uad-Cycle (Ref. 20), 0.105 cpm, 0.05 mm Crack

. 427—1038C
® 427-1038C

uad-C: cle + 120s Dwell at Tmax
W 427-1038C

< 600-1050C §uad—Cycle Ref 20), 0.105 cpm, 0.3 mm Crack
§ut—of hase

10000

2 tests

<>
-

T OBSERVED LIFE - Cycles 1
Fig. 3 TMTF model correlation of uncoated MAR-M509 TMF life.
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Table 1 Summary of TMF life model constants

A, Jih, Jo,

m/cycle ag, N/m N/m Ty, Qo, To
(in/cycle) b ¢ m (in.) o (Ibffin.) (Ibf/in.) KCR) K(CR) K(CR)
MAR-M509 (Ref. 20) 17388 x 1075 1.0 05  1.8964x10~* 10 8979 x 102 — — 35247 1273
(3.0453 % 107%) (7.3600 x 10~3) (5.127 x 1071y (63,600) (2,260)
MAR-M509 (P&W) 15172 %1075 1.0 05 18964 x10™* 1.0 8.979 x 102 35247 1,300
(2.6571 x 1079) (7.3600 x 1073) (5.127 x 1071 — —  (63,600) (2,340)
Overlay coated 0.0027%4 1.0 0.15 2540 x 1075 100 — 5.867 x 1073 1144 29,722 1,575
PWA 1480 0.11) (0.001) (0.231) (2,060) (53,500) (2,835)
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*Thermal exposure damage reduced due to low
inelastic strains (Ref. 43).
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Fig.4 TMF model predictions of uncoated MAR-M509 TMF crack growth.

analysis. However, as shown in Fig. 4a, sometimes many cycles were
needed to stabilize the hysteresis behavior. In this case, additional
cycle predictions were needed to ratchet the hysteresis loop into
tension until compressive creep plasticity was completely reversed
by tensile plasticity. Thus, TMF models based on nonlinear stress
analyses of turbine components must be carefully implemented to
avoid life prediction inaccuracies caused by nonstabilized hysteresis
loop predictions.

Overlay Coated PWA 1480

Based on previous rig>* and gas turbine engine experience,?” it
was concluded that coatings have a role equally important with that
of the substrate superalloy in determining turbine component TMF

cracking life. Coatings, applied to the component surfaces to provide
oxidation protection, served as the primary TMF crack initiation site
at turbine operating conditions. Coating TMF cracks act as initial
flaws for substrate TMF crack growth.

PWA 1480 s a single crystal material. Its elastic modulus is highly
dependent on crystallographic orientation.>* To capture TMF crack-
ing in PWA 1480 by a strain energy density parameter requires in-
corporation of a crystallographic factor. The crystallographic factor
is needed to alter the elastic modulus used in calculating the elastic
strain energy density. To be effective, the factor must suppress the
crystallographic orientation effect on elastic modulus. The crystal-
lographic factor developed by Nissley et al.’ [Eq. (9)] suppresses
the elastic modulus dependency on crystallographic orientation by
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partitioning the strain energy density. The strain energy density por-
tion considered damaging is associated with the maximum normal
stressed octahedral slip plane. This is based on the notion that mode
I TMF cracking of PWA 1480 occurs on a microscopic level along
the maximum normal stressed octahedral slip plane. Metallurgical
evaluation of PWA 1480* indicates that octahedral slip plane crack-
ing occurs in some TMF cases, but whether such activity dominates
TMF crack growth in all cases is not known. However, metallurgi-
cal evaluation of high-strain TMF tests of single crystal superalloy
CMSX-6* indicates that octahedral slip plane cracking does dom-
inate the low life regime (< 1000 cycles).

Unlike MAR-M509, PWA 1480 TMF cycling is virtually elas-
tic within the relevant life regime.? However, monotonic creep
(stress relaxation) occurs during the high-temperature portion of
the cycle which ratchets the hysteresis loop stress into tension or
compression depending on the £ — T cycle. Such ratcheting behav-
ior dramatically alters the elastic strain energy density during the
TMF life of the material. Thus, strain energy densities were obtained
by empirically scaling nonlinear finite element analysis predictions
of initial hysteresis loop behavior to stable conditions. The hys-
teresis loop scaling method is too lengthy to fully describe herein,
but it essentially is based on the observed relationship between the
maximum temperature stabilized stress of (001) out-of-phase TMF
specimen tests and {001) 0.2% yield stress obtained at the TMF test
maximum temperature. Stable conditions were assumed to occur at
one-half of the specimen failure life. TMF model application to tur-
bine hardware is accomplished by scaling the maximum principle
stress direction hysteresis loop. In all cases the plastic strain energy
density was zero or very small in comparison to the elastic strain
energy density. The nonlinear analyses were conducted using a re-
vised form of the Ref. 3 micromechanistic single crystal formulation
correlated to isothermal tensile test data. The viscoplastic model re-
vision eliminated the equilibrium stress state variable to improve
hysteresis loop stress relaxation behavior predictions and facilitate
hysteresis loop scaling. Since cycling of PWA 1480 is virtually elas-
tic in the relevant life regime, elimination of the equilibrium stress
was considered a good engineering approximation.

TMF model constants were determined by nonlinear least-squares
regression. The maximum stress ‘used in the regression analysis
was either the predicted initial cycle tensile stress or the pre-
dicted (scaled) stabilized cycle tensile stress, whichever was greater.
Coated PWA 1480 life was defined as the number of TMF cycles
to either PWA 1480 crack initiation (N,) or PWA 1480 failure
(Nye + N,) by using the following relationship:

Nf_Nc=Nw+N\'p (15)

Acetate film crack replica data and TMF specimen loads were used
to determine N,..> Because a coating was present, the initial defect
size in Eq. (5) was set to the sum of coating thickness ¢, and a, (i.e.,
a + ag was replaced by a + ag + ¢.). Thicker coatings increase the
initial PWA 1480 effective crack size which raises the initial stress
intensity and lowers TMF life. PWA 1480 TMF specimen coating
thicknesses ranged from 0.025 to 0.381 mm with a nominal thick-
ness of 0.127 mm. Coating modulus was about 30% higher than
PWA 1480 at the maximum tensile stress temperature. The effect
of coating modulus on PWA 1480 initial stress intensity was not in-
cluded in the model. Best correlation results were obtained when the
material constant A was divided by the 0.2% offset yield strength of
{001) oriented tensile specimens. The (001} orientation 0.2% yield
strength value was determined at the specimen maximum tempera-
ture and was determined for each TMF specimen individually. The
correlation data set used to determine TMF model constants con-
sisted of failure and crack initiation (0.254-mm-deep PWA 1480
crack) TMF life data from (001) and (213} crystallographically
oriented test specimens. The (213) specimen data was needed to
help determine the effects of thermal exposure (dwell time) because
sufficient (001) dwell time specimen data was not available. The
correlation data fit is presented in Fig. 5 and the model constants
are presented in Table 1. Failure life was correlated within +2X,
and the crack initiation life was correlated within 4-2.5 X . The calcu-
lated crack initiation lives averaged slightly higher than the observed
crack initiation lives. Poorer correlation of the crack initiation data
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Fig. 5 TMF model correlation of overlay coated PWA 1480 TMF life.
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Fig.6 TMF model prediction of overlay coated PWA 1480 TMF crack
initiation life. ’

may be caused by a combination of effects such as 1) the assumption
that no TMF damage occurred in the PWA 1480 until coating cracks
reached the coating—PWA 1480 interface (in some cases, particu-
larly the high modulus single crystal orientations, several thousand
cycles were run before the coating was cracked, 2) the influence of
the coating on PWA 1480 small crack stress intensity, 3) the dif-
ficulty in precisely determining crack depth in coated specimens
from acetate film replication of surface cracks, and 4) the influence
of multiple fatigue cracks. These effects limit the PWA 1480 TMF
model presented to overlay coated situations. Different model con-
stants are required to predict aluminide coated or uncoated PWA
1480 TMF life.

Overlay coated PWA 1480 TMF life model predictive capability
was assessed using crack initiation and failure life data from spec-
imens with various overlay coatings, crystallographic orientations,
e — T cycles and loading types. The predictions are presented in
Figs. 6 and 7. The crack initiation life data are slightly overpre-
dicted, but the predictions are still within £2.5X, consistent with
the correlation data set. The failure life data are predicted within
about £2X. Overall, the TMF model provided a good estimate of
TMF crack initiation and mode I crack growth in overlay coated
PWA 1480. “
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Fig.7 TMF model prediction of overlay coated PWA 1480 TMF failure
life.

Conclusions

TMF crack. initiation and mode I crack growth of uncoated
MAR-M509 and overlay coated PWA 1480 can be adequately pre-
dicted by using a thermal exposure modified effective J-integral
fracture mechanics model. The model can capture many TMF
cracking effects such as coating thickness, single crystal anisotropy,
cycle wave-shape, dwell, and thermal exposure. Good estimates of
TMF model constants can be obtained from limited uniaxial TMF
tests.

Unified viscoplastic constitutive models provide a good descrip-
tion of initial TMF stress-strain hysteresis loop behavior. For low
yield strength superalloys, the stress-strain hysteresis quickly stabi-
lizes and initial viscoplastic model predictions are adequate. How-
ever, high-strength superalloy TMF hysteresis loop behavior evolves
over hundreds or thousands of cycles. In such cases, initial vis-
coplastic model TMF cycle predictions must be scaled to stabilized
conditions to obtain the appropriate stresses for TMF modeling.
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