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A CONSTITUTIVE MODEL FOR AN OVERLAY COATING
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Coatings are frequently applied to gas turbine blades and vanes to provide
protection against oxidation and corrosion. One class of coatings, known as
overlay, usually has a nickel base with various protective elements added.
Since no strengthening elements are included, it has a very low strength and
becomes highly inelastic in real turbine airfoil applications. By contrast,
turbine blades and vanes are cast from highly strengthened superalloys, which
experience very little plasticity even though the thermomechanical loadings
are severe. Strains generated in the superalloy airfoils during engine
operation are imposed on the much thinner and weaker coating, subjecting it to
severe cyclic damage, which leads to cracking of the coating. These cracks, in
turn, are fatigue initiation sights for the airfoil. Hence, the inelastic
behavior of the overlay coating plays an integral role in controlling the
thermomechanical fatigue life of an advanced turbine blade or vane. This paper
reports the results of an experimental and analytical study to develop a
constitutive model for an overlay coating. Specimens were machined from a hot
isostatically pressed (HIP) billet of PWA 286 (NiCoCrAlY + Hf + Si). The tests
consisted of isothermal stress relaxation cycles with monotonically increasing
maximum strain and were conducted at various temperatures. The results were
used to calculate the constants for various constitutive models, including the
classical, the Walker isotropic, a simplified Walker, and the Stowell models.
A computerized regression analysis was used to calculate model constants from
the data. The best fit (lowest standard deviation) was obtained for the Walker
model, with the simplified Walker and classical models close behind. The
Stowell model gave the poorest correlation.
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Nomenclature

= stress (psi)

= total strain (in/in)

= elastic strain (in/in)

= ep * ec = inelastic strain (in/in)
= inelastic strain rate (sec-1)

= plastic strain (in/in)

= creep strain (in/in)

= effective inelastic strain (in/in)
= effective inelastic strain rate (sec-1)
= eléstiq modulus (psi)

= time (sec)

= absolute temperature (°R)

= universal gas constant (1545 ___IE:lEfT_ )
1b_-mole- R
m
= apparent activation energy ( ft-1bf )
1bm-m01e

= instantaneous back stress (kinematic hardening parameter) (psi)
= component of instantaneous back stress (psi)

= instantaneous drag stress (isotropic hardening parameter) (psi)

Temperature dependent material constants (in consistent units):

A1,A2,A3,R4,n,N7,N7,n9,Nn105N717,M0,K71,K2,5,00
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Introduction

One of the major goals of the NASA Hot Section Technology (HOST) program,
which has sponsored this work, is the investigation and development of
improved durability models for gas turbine hot section alloys. This broad
activity addresses the durability issue considering both crack initiation and
crack propagation of traditional isotropic (polycrystalline) and anisotropic
(single crystal and directionally solidified) materials.

In application, many hot section components are coated to prevent
oxidation and corrosion damage (e.g., combustors and turbine vanes and
blades). Traditionally, coated thermomechanical fatigue 1ife prediction
methods applied to those components simply correlated coated specimen lives
without regard to coating/substrate interactions. Although the significant
effect of coatings on component thermomechanical fatigue 1ife has been
established (References 1-9), little experimental or analytical work has been
conducted to evaluate the coating constitutive behavior necessary to provide
input to a coating cracking 1ife prediction model.

In this paper, the application of four constitutive models: (1) Classical,
(2) Walker isotropic, (3? simplified form of Walker isotropic, and (4) the
Stowell equation to NiCoCrAlY overlay coating behavior is presented.
Initially, the models are applied to a baseline data set which represents
typical low and high temperature tests conducted to obtain model constants.
Next, each model is used to predict a thermomechanical cycle verification data
set. To facilitate model-to-model comparisons, an identical baseline data set
and automated material constant regression technique was used for each model.
Standard deviation between the observed and calculated coating stress was used
as the quantitative comparison criteria for the baseline data. Finally, a
simple two-bar mechanism analysis of a coating/substrate composite structure,
exposed to an out-of-phase thermomechanical cycle, is presented to demonstrate
the vast dissimilarity between coating and substrate behavior.
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Material and Test Specimen Descriptions

NiCoCrAlY + Si + Hf (PWA 286) is a typical vacuum plasma sprayed overlay
type coating used to provide oxidation protection of gas turbine airfoil
superalloys. Overlay coatings are easily distinguishable from diffusion type
coatings in that virtually no interfacial diffusion zone occurs as a result of
the application process. Due to that fact and also the small grained structure
of overlay coatings in general, PWA 286 is considered isotropic in the plane
of the airfoil surface. As such, bulk specimens were considered useful in
determining overlay coating constitutive behavior.

The PWA 286 tested in this research effort was obtained in powder form,
hot isostatically pressed (HIP) into an ingot, and then heat treated per
normal engine hardware specifications. Constitutive specimens for both
isothermal and thermomechanical experiments were then machined from the ingot .
into the geometry presented in Figure 1. In general, the airfoil applied
coating contains some porosity near the coating/substrate interface region
which was not observed in the specimen due to the HIP fabrication process.

Test Facility

The test facility used for the isothermal baseline tests included a
servo-controlled, closed loop screw driven testing machine with set point
controllers, an electrical resistance clamshell furnace, and a thermocouple
for temperature monitoring. Axial deflection measurement was accomplished with
a capacitance type extensometer. The extensometer specimen contact arms were
placed into small dimples located at the gage section extremities.

The test facility used for the thermomechanical verification test included
a servo-controlled, closed loop hydraulic testing machine with MTS
controllers, a 7.5 kW - 10 kHz TOCCO induction heater, and an Ircon infrared
radiation pyrometer for temperature measurement. Axial deflection measurement
was accomplished with an MTS extensometer. The extensometer quartz rods, which
define a one-inch gage section, are spring loaded against the specimen and did
not show any signs of slippage during testing.

Baseline Data

The baseline data consists of isothermal stress relaxation experiments of
the sort shown schematically in Figure 2. Although the baseline tests were
conducted at several elevated temperatures spanning the operating range of
1000-2000°F, the present discussion is limited to the 1000°F and 1800°F data
which is representative of Tow and high temperature behavior. The data from
these two experiments are presented in Figure 3. Similar information at other
temperatures is available in Reference 1.
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Candidate Constitutive Models

For the sake of simplicity, only the one-dimensional forms of the models
that were used to correlate the uniaxial data are discussed. Expanding the
models into three-dimensional forms required by nonlinear finite element
computer codes was considered unnecessary until such time that the most
promising candidate model is chosen for continued development.

o Classical

The classical approach (e.g., Reference 10) was one of the first attempts
at developing a nonlinear model which recognized the observed dissimilarity
between monotonic tensile and creep inelastic material response. Time
independent inelasticity (plasticity) and time dependent inelasticity (creep)
are considered as uncoupled components of the total inelastic strain.

€in = ep + €c (1)
Thus, the total strain function, neglecting thermal strain, is written:

v = +t e toe (2)

or

€y = o/E *+ f(o) * glo,t) (3)
Both plastic and creep strain functions f(o), g(o,t) are chosen to provide
adequate duplication of the material behavior. From tests of PWA 286, it was
determined that both functions could be described by simple power law
relationships:

A A,-1
df = rz (i—) 2 do (4)
1 1
A

o MWalker

The Walker model (Reference 11) is among a new generation of constitutive
models based on a unified viscoplastic approach which considers all nonlinear
behavior as time dependent inelasticity. No distinction is made between
plastic and creep inelastic action as in the Classical mode]..Walker, from his
earlier work on Hastelloy X, chose to express inelastic behavior by a power
law relationship which can be written as:

n
. -0 :
&in < (EK_') (6)
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where n is a constant and ), back stress, and K, drag stress, are strain
history dependent internal state variables which describe kinematic and
isotropic cyclic hardening, respectively.

The back stress term is a quantity which physically corresponds to the
asymptotic stress state under relaxation conditions. Qualitatively, the
evolutionary expression for back stress is a sum of opposing hardening and
thermal and dynamic recovery components which can be characterized as:

f): f (éin’ Ein, T, t) i g (éin,(), T’ t) (7)

Drag stress is a quantity which represents a resistance to inelastic flow, and
is considered a function of the effective strain, eip eff.

K = Kl - KZ eXP ('"7 Ein eff) (8)
where: K1 = fully hardened/softened drag stress
K1 - K2 = initial drag stress.
Thus, the drag stress function is a monotonically increasing relationship

describing isotropic hardening (K2>0) or softening (K2<0). The Walker
model form used for this investigation is given below:

Gow gt Ry (9a)
~\N
o = (52) (9b)
K = Kl - K2 eXp (‘"7 Ein eff) (9C)
Q = nl Ein +()2 (9d)
. . : 1 M1 odr

(o= 55p - (Gz‘m_aT‘ i (9e)

. . (my-1) g
Gy = Ng €ip eff ¥ M0 22 (9f)
Sin eff = |inl (99)

References 11 and 12 provide a detailed discussion of Walker's and other
unified approaches. ‘
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o Simplified Walker

This model is identical to the Walker model except that all back stress
terms were eliminated.

= (o/K)" (10)

the expression for €in is equivalent to the Classical model power law creep
equation; however, in this case, the drag stress term, K, is not a constant,
but an evolutionary variable. From a simplicity standpoint, this model is very
attractive.

€in

o Stowell

_ The Stowell model (References 13 through 15) is another form of a unified
viscoplastic approach initially developed to simulate heating rate effects on
yielding of metals. It considers inelastic action based on an apparent
activation energy level and uses a hyperbolic sine stress function.

éin = 2s T exp (:ﬁ#-) sinh (%—) (11)

(¢

Verification Data

Qualitative evaluation of the predictive capabilities of the candidate
constitutive models was accomplished by application to verification data
consisting of an out-of-phase thermomechanical waveform. Thermomechanical
cycles include complex material behavior such as stress relaxation and
plasticity which is useful for exercising the models. The out-of-phase cyclic
condition is of particular interest in that such conditions are typical of gas
turbine airfoil external surfaces where many thermomechanical fatigue cracks
originate in the coating.

Correlation of Baseline Data

Baseline data correlation by each candidate constitutive model is
presented in Figures 4 and 5, and a summary of the corresponding standard
deviations is given in Table I. The material constants for each model obtained
from the baseline tests are presented in Table II,
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As expected, the Classical model regression indicated that plasticity
dominates the inelastic response at low temperature while creep dominates at
high temperature. The Walker and Simplified Walker models correlate the data
similarly. It seems that the added complexity of incorporating back stress is
unnecessary for modeling this isothermal data set. The Stowell model
correlated the baseline information the poorest.

Based on standard deviation and the given baseline data set, the candidate

constitutive models can be listed in order of correlation capability as
follows: (1) Walker, (2) Simplified Walker, (3) Classical, and (4) Stowell.

Prediction of Thermomechanical Verification Data

Experimental and predicted thermomechanical fatigue (TMF) waveforms are
presented in Figure 6.

The high temperature response of the TMF cycle was fairly well predicted
by all the models, but none were able to predict the extent of the low
temperature tensile inelasticity. In fact, only the Walker and Classical
models managed to predict any low temperature yielding. The Simplified Walker
and Stowell models predicted thermoelastic tensile responses.

The ability of the Walker model to predict the observed tensile yielding
trend can be explained as follows: during the compression/heating portion of
the cycle (points A to B), the material relaxes, creating a compressive back
stress. Then, during the tensile/cooling portion of the cycle (points B to C),
the back stress moves deeper into compression due to temperature rate effects.
Thus, the "effective" stress (o-Q), at which yielding initiates, occurs at a
lower applied tensile stress.

The ability of the Classical model to predict some low temperature
yielding reflects the fact that this model did not reproduce the observed Tow
temperature yielding trend. Had the Classical model correlated the 1000°F
behavior better, it is felt that the low temperature tensile portion of the
TMF prediction would have been more like the Simplified Walker and Stowell
models...thermoelastic.

Simulation of Coated Superalloy Constitutive Behavior

A simple one dimensional two-bar mechanism simulation of coating and
substrate constitutive behavior was performed to help visualize the coating
response to TMF cycling as would occur on an airfoil. A schematic of the
two-bar mechanism and the predicted results are presented in Figure 7.

A thermo-elastic creep model was used for the PWA 1480 <00l> and the
Walker model was used for the PWA 286. Note that the mechanical strain range
of the PWA 286 is 0.25 percent higher than the PWA 1480 substrate. This is due
to the thermal growth and strength characteristics of both materials. Upon
Toad reversal, high stress and plasticity are generated in the coating as the
structure is cooled.
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Summary and Conclusions

Four candidate coating constitutive models were evaluated based on the
ability to correlate a baseline data set consisting of isothermal stress
relaxation experiments. The four models presented can be ranked as
follows: (1) Walker, (2) Simplified Walker, (3) Classical, and (4) Stowell
based on the standard deviation of the correlation.

An out-of-phase thermomechanical cycle was used to evaluate the four
candidate models. Although none of the models accurately predicted the TMF
cycle, a back stress formulation such as is incorporated in the Walker
model is considered necessary to duplicate the observed material behavior.

A one-dimensional two bar mechanism was utilized to calculate PWA 286
coating behavior on a PWA 1480 <001> substrate during out-of-phase
thermomechanical cycling. The coating was predicted to have significantly
larger mechanical strain range and reverse inelasticity than the PWA 1480
substrate.
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Watker

Simplified
Walker

Classical

Stowell

Summary of Constitutive Model Regression Fit
Standard Deviation (1 std dev., in psi)

1000°F

2000

2041
2255
6541

Table I

1400°F 1600°F
1815 633
1n7 876
1878 736
2091 1044

429

1800°F 2000°F
153 101
220 119
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377 140



E
Walker

n
n
ny
ng
n1o
nii
my
K1
K2

Simplified
Walker

Stowell

s
AH

00

TABLE II

Summary of Constitutive Model Regressed Temperature
Dependent Material Constants

1000°F 1400°F 1600°F 1800°F 2000°F
. 185E8 .1E8 .8E7 .3E7 .1E7
26 .85 3.318 2,240 2.036 1.649
1617.0 704.6 806.0 1316.0 1573.0
2369.0 1202.0 2653.0 1900.0 184.3
253.3 58.5 131.7 38.87 113.7
.2389E-4 . 1469E-3 .5504E-3 .2184E-3 . 1340E-3
.4955E7 .4006Eb .5625E6 .7500E5 .3312E5
1.2 1.2 1.2 1.2 1.2
. 1736E6 .5845E6 .5410E6 .2053E6 . 1435E6
.3315E5 .2048E6 .3624E6 -.1094E4 -.4711E5
29.57 3.554 3.424 3.295 3.295
787.7 770.4 405.3 100.6 156.0
. 1865E6 .5164E6 . 1545E6 .5044E5 . 1408E5
.4351E5 .2302E6 .4906E5 .2370E5 .5820E4
.3054E6 .5153E6 .3325E6 .8385E5 .4753E5
7.579 2.711 2.026 2.261 2.183
.7778E6 .4885E6 . 1928E6 .4861E5 .8368E4
7.325 3.627 3.207 3.214 3.909

.T1156E-11 .7814E-10 .1529E-9 . 1262E-8 .7478E-9
.2198E7 .4471E6  .3640E6 . 1668E7 121E7
. 1376E5 4971. 1682. 681.6 191.3
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Figure 1 PWA 286 Stress Relaxation Specimen Design
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Figure 2 Typical Isothermal Stress Relaxation Experiment
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1000°F and 1800°F PHA 286 Baseline Stress Relaxation Data

432



P1B(Q UOLIEXR|3Y SSa41S 927 YMd 40 314 uoLssaubay suniedadus] Mo

uyju} ‘uilens

9L0’0

cLoo

uyjui ‘uiens

800°0 $¥00°0

f 9unbl4

900198
8-60SvEr

0

Py

9100 CL00 8000 000 0
rrrrrrr7rrv 71 i1 1T 11
(4.000L) O.8€S
llomols
rrrrrrrrr1r7ivr1r1v1v il

(4.0001) D.8€ES
iodjjepm peydwis

rv171iir i

(4.0001) J.8ES
193|EM

(9°0-) L'ELY-
(v'0-)
(¢0-)
00
(¢0)
(v0)
(9°0)
(8°0)
(0°L)
(A Y]
(b'L)
(9°'L) Z°E0LL
o0l x

(1sd)

edIN
‘ssang

1
uoissesfoy
8leg( eee

e’
(4.000L) J.8ES
|esisse})

(9°0-) L'ELY-
(v"0-)
0)
0
(0
A
(9°0)
(8°0)
(0'L)
@
v'L)

(1sd)

edN
‘SS9IIS

(9°L) T°E0LlL
o0l x

433



ele( UOLIeXER|9Y SSS4IS 982 WMd 40 1L4 uoLssaubay aunjesadws] ybtiy ¢ aanbL4

s oosber uyjul ‘uilens uljul ‘ulens
900 80’0 ¢€0°0 9100 0 $90°0 800 CE0°0 9100 0 .
o R T O L L L B , T T T T T T T T T T T T 1]008) 56
—(00t)
° , 0
: (oov)
." ! (008)
SR B . ooz (5%
. (oogy) ,_dW
. 'ssans

(0002)
(oov2)

(]
e O o .OOO\

(0082)

" *® [ 4 amogws 9,286 * .u_osws o.ugml M“OGWM“ 8z
TEL TS 1e)jjepA

T T T T T T T T 71 ]008)8S
(00t-)
0
(oot)
(008)

(1sd)
(0002) ssefs
(00¥2)
(0082)
(00Z€)
(009€) 8'vC

— () ° o
—

2!
uojssesfoy ——

8)8(Q e

o

* (40008L) D286 | e’ " “(1,0081) 20286 _
19djjeM peiiduis Jeaisse|d

434



1S9] *SA UOL3IOLPaJd 919A) IS - 1S9L |BILURYISA|-OWAIYL 987 \Md

uljul ‘jesjueyosw

uopopeld — —

S00°0 S00°0-
I | | |
7 P .l.
7 i
y;
7 |
s llomols -
I { |
=z ]
\\\ _
d9)j|ep\ w.ﬂun
peyiduis

eleg

ujjuj ‘|esjueyosw
S00°0 500°0-

{ | | _

09-
ov-
0c-
0c
09

ool

oclL

3

jesisse})

FEEEEREE

g 24nbL 4

900198
0l-60SvEr

IS
‘ssong

1S}
‘ssong

435



i 27
B

1s9]

41 °seyqd-3o0-1nQ ‘% 0+ ‘(4,0061-008) 2,8€01-L¢h ®© 30 asuodsay
5119491 5A}H 930415GNS/bULIRO) POIILPAAd PUR WSLUBYIY ,JBF-OM|,

08- 71

¥0 20 |

LGS~

p

A 9O

(%) uiess _mo_:m:om\_\\‘\\..\

<100 >08vL VMd— /7

\, \\
1S3 OpL
(4)L 4* vo-
2% 1,
006t N\ 0
(%) 2

oo

ssal)s
pajejno|

\Amu VMd)

Buieoos AejlanQ

[ 94nbL4

wisiueyoaw leq om|
J77774744447777747777774

edINl 9'V96

L
ejensqng—

5
‘A

D— Buneo)

3)d

436



