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Due to the nature of the HVOF and other thermal spray processes, residual stress build up in thick
deposits is a significant and limiting problem since it impedes the coating behavior in service. The
residual stress-state that evolves in a deposit is largely dependent on the thermal conditions to which the
substrate/coating system has been subjected, and is a combination of quenching stresses, peening stresses
that develop in some cases in HVOF, both of which arise during deposition, and cooling stresses,
postdeposition. It follows that precise control of these phenomena is essential, if a thick deposit or one
with low levels of residual stress are to be thermally sprayed. This paper applies looks at analytical and
finite element techniques used to predict quenching and cooling stresses within tungsten carbide-cobalt
thermally sprayed deposits. The analysis investigates and predicts the quenching and cooling stresses
using improved analytical and finite element analysis techniques by validating the models with experi-
mental results such as X-ray diffraction and the hole drilling method. The result of this paper is a thermo-
mechanical equation for quenching stress which includes the effects of misfit strain, the Poisson�s effect,
variation of coating and substrate thicknesses, thermal expansion, and process temperature effects.

Keywords cooling stresses, HVOF thermal spraying,
quenching stresses, residual stress

1. Introduction

The HVOF thermal spray system is most often used for
deposition wear resistant coatings, WC-Co type coatings
are typical of such an application. Challenges do exist in
using HVOF thermal spraying for the purpose of depos-
iting thicknesses greater than 1 mm without causing cracks
to form or delamination of the deposit. It is important to
be able to predict the level of residual stress within a
thermal spray deposit in order to control and reduce its
build-up by adjusting the operating spray parameters. It
has been shown in previous research (Ref 1, 2) that
increasing the thickness of the deposit increases the
residual stress promoting fracture or failure of such coat-
ings. Thermal spraying techniques not only produce thin
deposits, but have also been shown to achieve thicknesses

of several millimeters with the use of forced cooling
(Ref 1-5). Due to the recent advances in thermal spra
ying technology, considerable research emphasis has been
placed on the development of models capable of predict-
ing what happens at various stages during the process. In
order to gain a deeper knowledge of the residual stress,
one needs to rely on simple models or equations to pro-
vide us with the necessary residual stress predictions
required to reduce residual stresses.

Nomenclature

rRS residual stress (MPa)

rq quenching stress (MPa)

rc cooling stress (MPa)

rcoating coating stress (MPa)

rSubstrate substrate stress (MPa)

ac coefficient of thermal expansion of the

coating (/K)

as coefficient of thermal expansion of the

substrate (/K)

Tm lamella melting temperature (K)

Ts substrate temperature (K)

TR room temperature (K)

Ec coating Young�s modulus (GPa)

Es substrate Young�s modulus (GPa)

mc coatings Poisson�s ratio

ms substrate Poisson�s ratio

tc coating thickness (m)

ts substrate thickness (m)

j coatings curvature (m)

d shift of neutral axis (m)

De misfit strain
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Residual stress build up within the coating structure
has been modeled by several authors (Ref 6-14). All of
these models treat the residual stresses as differential
thermal contraction only that is due to the mismatch
between the deposit and the substrate. However, residual
stresses arise from two main sources, initially due to
�intrinsic� or quenching stresses developed during depo-
sition and then due to cooling stresses (due to the mis-
match of the materials). As quenching stresses were
ignored, therefore differences between the experimental
and finite element analysis (FEA) results were expected.
The difference between the deposit properties (such as
Young�s apparent modulus and Poisson�s ratio) used in
the simulation, often differ from the actual properties of
the material, thus adding to the differences found be-
tween results (Ref 8). Stokes (Ref 4) produced both a
generated moment and thermal models, which were
combined and compare this with both analytical and
experiment results. Finite element analysis modeling is a
useful tool, used to predict an outcome of a particular
engineering situation, however it can be time consuming
to implement, hence the ideal situation is to have ana-
lytical equations to predict the residual stresses and
individual quenching and cooling stresses which can
predict the stresses quickly and directly. However, it can
be difficult to find equations to predict quenching stresses
for both thick and thin deposits, as certain derivations
are dependant on the ratio of the coating to substrate
thickness. Hence one equation which could be used to
determine the residual stress of a thin deposit often is
unsuitable for that of thick deposits. This paper describes
the equations used in the literature to predict residual
stress and both quenching and cooling stresses. These
analytical equations are applied to experimental data and
compared to the FEA models (Ref 4) and experimental
residual stress results (Ref 2).

2. Residual Stress Determination

In the current study, WC-Co was deposited using the
Sulzer Metco DJ HVOF process onto 30 strips (generally
20 mm wide 9 80 mm long) of AISI 316L stainless steel,
according to Table 1 (Ref 1, 2), where coating thickness
(0.2-3 mm) and substrate thickness (0.075-2 mm thick)
were varied. The Young�s modulus values used in the

residual stress equations, for the coating and the sub-
strate were 185 GPa (found as part of the present study
using a cantilever test, Ref 15) and 200 GPa (Ref 16),
respectively.

2.1 Analytical Methods for Predicting Residual
Stresses

Residual stress may be calculated analytically using the
curvature (by measuring the resulting deflection of the
sample) and the physical properties of the sample. Various
equations exist and they can be classified according to the
prediction of quenching and cooling and the final residual
stress of a deposit. The research paper looks at the most
popular equations used.

2.1.1 Quenching Stresses. The quenching stress
(deposition stress) caused on impact and quenching of
individual lamella, has been shown to be (Ref 17, 18):

rq � acðTm � TsÞEc ðEq 1Þ

where ac, Tm, Ts, Ec, are the deposit coefficient of thermal
expansion, lamella melting and substrate temperatures,
and deposit apparent Young�s modulus values, respec-
tively. Another equation often used is (Ref 19):

rq ¼
EcðTm � TsÞðacÞ½ �

1� mc½ � ðEq 2Þ

This equation is similar to Eq 1, except the effective
coating Young�s modulus E0c is used:

E0c ¼
Ec

ð1� mcÞ
ðEq 3Þ

where mc represents the coatings Poisson�s ratio.
2.1.2 Cooling Stresses. The cooling stress (postdepo-

sition stress) caused due to thermal mismatch between the
substrate and deposit post spraying can be estimated by
the following (Ref 20, 21):

rcooling ¼
EcðTs � TRÞðac � asÞ½ �

1þ 2 Ectc
Ests

� �h i ðEq 4Þ

where Es is the substrate stiffness, as, TR, ts, and tc are the
substrate coefficient of thermal expansion, room temper-
ature, and the thicknesses of the substrate/deposit,
respectively.

2.1.3 Residual Stress. The final overall stress at the
coating surface can be obtained by adding the quench-
ing stress result to the cooling stress result. Whether the
cooling stress in the coating is tensile or compressive
depends upon the relative values of these expansion
coefficients. If, as the temperature decreases, the coating
contracts to a greater extent than the substrate
(ac > as), a tensile stress is generated in the coating.
This may lead to adhesion loss and cracking of the
coating or formed material (Ref 22). If the coefficients
are equal, no cooling stress will develop. However, if
the coating contracts by a smaller amount than the
substrate (ac < as), the resulting cooling stress will be
compressive (Ref 18).

Table 1 Spraying parameters for WC-Co material
(Ref 1, 2)

Parameters

Diamalloy 2003 WC-Co

Gases: Oxygen Propylene Air

Pressure, bar, psi 10.4 (150) 6.9 (100) 5.2 (75)
Flow, SLPM 265.4 73.1 325
Spray rate, g/min (lb/h) 38 (5)
Spraying distance, mm (inches) 200 (8)

SLPM, standard liters per minute
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A number of equations have been derived to determine
both overall coating residual stress and stress distribution
through the sample. The Stoney equation (Ref 23) is a
natural start, where:

rRS ¼
Es � t2

s

� �
j

6tc½ �
ðEq 5Þ

This Stoney equation was modified to take into account
the effective substrate Young�s modulus E0s:

E0s ¼
Es

ð1� msÞ
ðEq 6Þ

to form the equation:

rRS ¼
Es � t2

s

� �
j

6ð1� msÞtc½ � ðEq 7Þ

where j and mc represents the coatings curvature and
Poisson�s ratio, respectively. A general expression was
obtained by Clyne (1996) (Ref 22) for the curvature arising
from the imposition of a uniform misfit strain, De, such as
would arise during a change in temperature (De = Da Æ DT).
Therefore the analytical curvature of a thermally sprayed
sample can be related by the following equation:

j ¼ 6EcEsðtc þ tsÞtctsDe
E2

c t4
c þ 4EcEst3

c ts þ 6EcEst2
c t2

s þ 4EcEstct3
s þ E2

s t4
s

ðEq 8Þ
Shaw (Ref 17) derived an equation to predict residual
stress as follows:

rRS ¼ ðas � acÞðTm � TsÞ
Ecð1� mcÞ
ð1� mcÞ2

ðEq 9Þ

While Senderoff and Brenner�s equation for residual stress
has a more complicated form (Ref 20, 24):

rRS ¼
Es

ð1� msÞ
:

ts þ Ecð1�msÞ
Esð1�mcÞ tc

� �3

6tstc
1
j

� �
2
64

3
75 ðEq 10Þ

Clyne et al. (Ref 22, 25-27) used an analytical method
which considers a pair of plates bonded together with a
misfit strain De in the x-direction. Distributed residual
stress results are derived for the top of the deposit, each
side of the deposit/substrate interface and the bottom
surface of the substrate, as follows:

rcoating

��
y¼tc
¼ �De

E0ctsE
0
s

tcE0c þ tsE0s

� 	
þ E0cjðtc � dÞ ðEq 11Þ

rcoating

��
y¼0
¼ �De

E0ctsE
0
s

tcE0c þ tsE0s

� 	
� E0cjd ðEq 12Þ

rsubstratejy¼0¼ �De
E0ctsE

0
s

tcE0c þ tsE0s

� 	
� E0sjd ðEq 13Þ

rsubstratejy¼�ts
¼ De

E0ctsE
0
s

tcE0c þ tsE0s

� 	
� E0sjðts þ dÞ ðEq 14Þ

where d is the shift of neutral axis and De is the misfit
strain given by:

De ¼ ðas � acÞðTm � TRÞ ðEq 15Þ

2.2 Comparative FEA Modeling

In this research, an ANSYS finite element program was
used to predict the residual stress in the coated sample. A
substrate material (stainless steel) is coated with WC-Co
to a certain thickness. During deposition, stresses
(quenching of lamella and cooling of coating) generate,
generating a moment at the ends of the sample, causing
the sample to deflect. The simulation of both the
quenching and cooling stresses in one system is quite
difficult hence the method of simulation used in the
present study relied on the deformation of the final sample
postspraying. To demonstrate the numerical formulation
for this system, two simple approximation methods were
analysed.

Hence two-dimensional modeling of the residual stress
was carried out in two ways; one to model the quenching
stresses as droplets and in turn layers were applied to
predict the stresses during deposition. This was based on
the modeling technique where various temperatures were
applied to a coated sample of known thickness and then
measure the stress through the tungsten carbide-cobalt
deposit when the resulting deflection measured in the
FEA, equaled that found experimentally in the Clyne�s
method. In this case, the applied temperature in the finite
element system generated a thermal load in the center of
the beam, and caused the beam to deflect (Fig. 1), similar
to that used by Steffens et al. (Ref 8).

Similarly this system was also simulated (second
method) by applying a known deflection (measured
experimentally) to the sample and compared to the latter.
The system was simulated by locking both ends of the
sample while subjecting the center of the sample to a
�thermal load� (to generate the deflection) by applying
various loads horizontally to the deposit in a tensile
manner and similar loads to the substrate in a compressive
manner, to generate a moment until a deflection the same
as that found experimentally was attained. The choice of
tensile or compressive applied to either the deposit/sub-
strate depended on the stress that existed in the experi-
mental sample. The basis of this technique may be found
in Ref 4. The load and in turn deflection creates an

W

Fixed Point 

P 

Coating 

Substrate 

L

tc ts 

Fig. 1 Coated sample subjected to a central displacement
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internal stress in the deposit causing permanent bending in
the sample. In each case, the coating was considered as a
homogeneous field; however, the dimensions used in the
models matched that of the samples produced experi-
mentally. For each model, a coupled field PLANE13 ele-
ment was used which has 2D thermal and structural field
capability. It is defined by four nodes with up to four
degrees of freedom per node and has large deflection and
stress stiffening capabilities and in some cases large strain
capabilities.

2.2.1 Comparative Method. To validate the results
found from the analytical method, the experimental
results of ten of these samples ranging from a deposit
surface compressive stress of 26 MPa to a tensile stress of
82 MPa were selected. Five of these coated samples were
polished (plane ground using a P60 SiC abradable grit,
working down to a 0.02 lm Nap Cloth) and the residual
stress was measured using the Siemens 500 X-ray dif-
fraction system, supported by the Bruker AXS Diffrac
software with a diffraction scanning range from -110� to
+165� for 2h. The residual stress was measured for the final
five-coated samples using the Vishay Measurements
Group RS-200 Milling Guide (hole-drilling technique)
(Ref 2, 4) were also measured. The strain gauge rosettes
used in the study were the Vishay CEA-06-062UM-120
precision strain gauges, which are constructed of self-
temperature-compensated foil on a flexible polymide
carrier and incorporate a centering target for use with a
precision milling guide as described in ASTM E1561. The
test is carried out by connecting the strain gauge to a
strain-gauge instrument (strain-recording instrument)
P-3500. The hole is drilled through the coating/deposit via
the central region of the strain gauge to relax the residual
stress in the material being measured. Residual stress
of the samples using these two techniques were then

compared to Clyne�s analytical method and in turn used to
validate the models.

3. Results and Discussion

A series of coating conditions were used with the
equations described. This mainly involved the scenario
from tc � ts to tc � ts. The objective of this research is to
identify the equations best used for thick deposits. Table 2
describes the mechanical properties used and Table 3
describes the results observed.

3.1 Comparison of Quenching Stress Results

Equation 1 estimates a quenching stress of 3.40 GPa
for all scenarios as this equation does not take into
account the effect of varying coating or substrate thick-
ness. Equation 2 although includes the effective coating

Table 2 Mechanical properties used in the study

Mechanical property Unit

ac, Coefficient of thermal
expansion of the coating

8.0 9 10-6/K

as, Coefficient of thermal
expansion of the substrate

16.0 9 10-6/K

Tm, Lamella melting temperature 3070 K
Ts, Substrate temperature 775 K
TR, Room temperature 293 K
Ec, Coating Young�s modulus 183.6 GPa
Es, Substrate Young�s modulus 200 GPa
mc, Coatings Poisson�s ratio (-) 0.26
ms, Substrate Poisson�s ratio (-) 0.3

Table 3 The effect of stress on various coating/substrate thickness analytically and using the finite element technique

Stress equation used

Sample thickness

tc = 0.2 mm
ts = 0.075 mm

Thickness ratio
tc/ts = 2.67

tc = 1 mm
ts = 0.075 mm

Thickness ratio
tc/ts = 13.33

tc = 0.2 mm
ts = 1 mm

Thickness ratio
tc/ts = 0.2

1. Quenching stress (Ref 17, 18) 3.40 GPa 3.40 GPa 3.40 GPa
2. Kuroda et al., Quenching stress (Ref 19) 4.73 GPa 4.73 GPa 4.73 GPa
3. Senderoff et al., Cooling stress (Ref 20, 21) -0.118 GPa -0.027 GPa -0.513 GPa
4. Pawlowski, Residual stress (1. + 3.) (Ref 18) 3.28 GPa 3.37 GPa 2.89 GPa
5. Pawlowski, Residual stress (2. + 3.) (Ref 18) 4.61 GPa 4.70 GPa 4.22 GPa
6. Stoney equation (Ref 23) 92.0 MPa 1.60 MPa 26.7 GPa
7. Modified Stoney equation (Ref 23) 0.13 GPa 2.28 MPa 3.81 GPa
8. Shaw, Residual stress equation (Ref 17) 8.40 GPa 8.40 GPa 8.40 GPa
9. Senderoff and Brenner, Residual

stress equation (Ref 20, 24)
5.16 GPa 5.00 GPa 6.26 GPa

10. Clyne et al., distributed
residual stress (Ref 22, 25-27)

Top of deposit -0.17 GPa 1.75 GPa -4.02 GPa
Interface -5.21 GPa -0.44 GPa -4.84 GPa
Average residual stress -2.69 GPa -0.66 GPa -4.43 GPa

11. Derived quenching stress, Eq 22 2.86 GPa 0.69 GPa 5.15 GPa
12. Model coating quenching stress 3.27 GPa 1.22 GPa 4.57 GPa
13. XRD method surface stress 0.84 GPa 0.76 GPa 0.88 GPa
14. Hole drilling method surface stress 0.79 GPa 0.68 GPa 0.82 GPa
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Young�s modulus E0c, it too assumes the quenching stresses
to be constant for all thicknesses at 4.73 GPa. Therefore,
these equations do not adequately determine these stress
situations and Kuroda et al. (Ref 19) states that this
equation is not suitable unless the substrate is much
greater than the coating thickness ðtc � tsÞ. However,
these equations do not take account the effect of varying
coating or substrate thickness.

3.1.1 Comparison of Cooling Stress Results. Equa-
tion 4 estimates the cooling stress for all scenarios as it
does take into account the effect of varying coating or
substrate thickness. It provides a compressive stress result
based on the thickness, Young�s modulus, coefficients of
thermal expansion and change in temperature during
cooling. However, this equation does not take into
account the effective substrate and coating Young�s
modulus E0s and E0c which is applicable to substrate/coating
systems having an equal biaxial stress state (Ref 26).

3.1.2 Comparison of Residual Stress Results. First,
combining the results of Eq 1 and 4 (and Eq 2 and 4,
respectively) provides an overall calculation for residual
stress (Ref 18). However as the quenching stresses provide
poor approximations for varying thicknesses, these results
are of little importance here.

The Stoney equation (Ref 23) (Eq 5) provides a vary-
ing residual stress result for each scenario taking into
account all parameters such as; thickness, Young�s mod-
ulus, coefficients of thermal expansion, and change in
temperature during cooling and combining together with
Eq 8 misfit strain effects. Equation 7, a modified version
of the Stoney equation, although includes the effective
substrate Young�s modulus E0s, it does not take into
account the effective coating Young�s modulus E0c. Second
this equation is accurate if tc tends toward zero and j must
also tend toward zero. Thus this is unsuitable for tc = ts and
tc � ts situations.

Shaw�s (Ref 17) equation (9) does not take into account
the effect of varying coating or substrate thickness, hence
is too general for thermal spray analysis. Senderoff and
Brenner�s equation (10, Senderoff�s formula) seems to
provide a satisfactory solution for residual stress; however,
Eq 8 does help this solution as it accounts for misfit strain
effects. This formula can be used in the case of large
deflections (indirectly proportional to j) and are based on
the elastic beam theory. However, this theory is only
applicable if the width-to-length ratio of the substrate is
small, hence the validity of Senderoff s formula is highly
dependent on the substrate/sample geometry used.

Previous research has already described the confidence
of using Clyne�s equations as a measure of distributed
residual stress across a deposit, when this technique was
compared to X-ray diffraction and hole drilling experi-
mental techniques (Ref 2, 4). While there were differences
in the three measurement methods, correlation between
the methods was reasonable, particularly for higher
deposit thicknesses. These equations work for both thick
and thin deposits, hence provide researchers with solu-
tions for sample residual stress determination.

However if one was to determine the quenching and
cooling stresses based on the above group of equations, it

would seem that Clyne�s equations (11 and 12) combined
residual stress equations could be used with a form of Eq 4
(cooling stress) to determine the quenching stress result:

Quenching stress ¼ Residual stress� Cooling stress

ðEq 16Þ
For Clyne�s equations to be used a mean coating result
would have to be used:
(
�De

E0ctsE
0
s

tcE0c þ tsE0s

� 	
þ E0cjðtc � dÞ

� De
E0ctsE

0
s

tcE0c þ tsE0s

� 	
� E0cjd

)

2 (Eq 17)

Thus Eq 17 reduces to:

�De
E0ctsE

0
s

tcE0c þ tsE0s

� 	
þ E0cj � tc

2
ðEq 18Þ

If Eq 4 was modified to take into account the effective
substrate and coating Young�s modulus E0s and E0c for an
isotropic in-plane stress state, there is effectively another
stress equal to the x directional stress state in the z
direction, thus inducing a Poisson strain in the x direction,
therefore Eq 3 and 6 should be included (Ref 26), hence:

rcooling ¼
E0cDTDa
� �

ð1� mcÞ 1þ 2 ð1�msÞEctc
ð1�mcÞEsts

� �h i ðEq 19Þ

which reduces to:

rcooling ¼
E0cðTs � TRÞðac � asÞ
� �

ð1� mcÞ þ 2 ð1�msÞEctc
Ests

� �h i ðEq 20Þ

This provides a quenching stress formula of the form:

rquenching ¼� De
E0ctsE

0
s

tcE0c þ tsE0s

� 	
þ E0cj � tc

2

�
E0cðTs � TRÞðac � asÞ
� �

ð1� mcÞ þ 2 ð1�msÞEctc
Ests

� �h i (Eq 21)

which includes misfit strain, effective stiffnesses (Poisson�s
effect), and thickness for both the coating and substrate,
coefficients of expansion and process temperatures.

However, this equation can result in either a com-
pressive or tensile stress value, therefore if one is to
achieve the tensile result for quenching stress, then the
equation needs to be modified to:

rquenching ¼�
(
�De

E0ctsE
0
s

tcE0c þ tsE0s

� 	
þ E0cj � tc

2

)

�
E0cðTs � TRÞðac � asÞ
� �

ð1� mcÞ þ 2 ð1�msÞEctc
Ests

� �h i (Eq 22)

where + is used where the residual stress mean is ten-
sile and - is used where the residual stress mean is
compressive.
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3.1.3 Finite Element Model. A model was designed to
mimic quenching stresses and these results were compared
to the quenching result found using Eq 22, Fig. 2. The
model predicted a quenching stress of 6.35 GPa compared
to 6.63 GPa obtained by the new analytical equation.
Similar layered models (Fig. 3) were produced and com-
pared with Eq 22, Table 3. Hence the profile of the results
does appear to support each other, where the model
slightly over estimates the quenching stress found.
Residual stress of samples used in this study was also

measured using two other techniques; XRD and the hole
drilling method. Table 3 shows the results for each
method. While there are differences in the four mea-
surement methods, correlation between the methods is
reasonable, as the XRD and hole drilling values are those
associated to that of the coating stress state rather than
intrinsic stresses. The XRD method indicates, in most
cases, marginally higher stress results than the hole drilling
method (this finding supports results observed by Tan,
Ref 28). In the case of deposits 1 mm or greater, the XRD

Fig. 2 Resultant x-directional stress results for single pass of WC-Co deposit on a 0.075-mm substrate

Fig. 3 Resultant x-directional stress results for 0.2 mm WC-Co deposit on a 0.075-mm substrate
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results also correlate well with those found using Clyne�s
method. Previous research carried out by the author
showed that Clyne�s analytical method produced stress
values approximately 30% of that found using the hole
drilling and XRD methods, respectively (Ref 4).

4. Summary and Conclusion

In this study, the analysis of residual stress generated in
high velocity oxy-fuel thermal spray tungsten carbide-
cobalt deposits was analysed, both analytically and with
the use of numerical modeling. Hence this technique was
used as a benchmark in validating the results of the FE
model and in turn the analytical results. The paper reviews
equations previously used by various authors to predict
quenching, cooling, and residual stress. The research
identifies the issues with some of these equations, such as
not accounting for various combinations of coating/sub-
strate thicknesses and for the Poisson�s effect, and selects
two sets of equations which provide reasonable predic-
tions of stress. An equation for the calculation of
quenching stresses is deduced for both thick and thin
deposits and its results are compared to models previously
benchmarked against experimental data.

Although this equation may not provide an exact
solution for quenching stresses, it does allow the
researcher to interchange various thicknesses of coating
and substrate types thus to predict the stresses produced
during deposition. This enables the researcher to monitor
and control the final thickness of the deposit in situations
where coating thickness is desired.
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national, 2000, p 263-271

4. J. Stokes and L. Looney, Finite Element Analysis of Residual
Stress Generated by the HVOF Process, Building on 100 Years of
Success, Proceedings of the 2006 International Thermal Spray
Conference, B.R. Marple, M.H. Hyland, Y.C. Lau, R.S. Lima, and
J. Voyer, Eds., May 15-18, 2006 (Seattle, WA, USA), ASM
International, 2006, ISBN: 978-0-87170-836-6

5. J. Stokes and L. Looney, HVOF System Definition to Maximise
the Thickness of Formed Components, International Conference
on Advances in Materials and Processing Technology, M.S.J.
Hashmi, Ed., 3-6 Aug 1999 (Dublin, Ireland), 1999, p 775-784

6. K.A. Khor and Y.W. Gu, Effects of Residual Stress on the Per-
formance of Plasma Sprayed Functionally Graded ZrO2/NiC-
oCrAlY Coatings, Mater Sci Eng, 2000, A277, p 64-76

7. X.C. Zhang, B.S. Xu, H.D. Wang, and Y.X. Xu, Modelling of the
Residual Stresses in Plasma-Spraying Functionally Graded ZrO2/
NiCoCrAlY Coatings using Finite Element Method, Mater.
Design, 2005, 27(4), p 308-315

8. H.D. Steffens and M. Gramlich, FEM-Analysis of Plasma
Sprayed Thermal Barrier Coatings, Thermal Spray: International
Advances in Coatings Technology, C.C. Berndt, Ed., May 25-June
5, 1992 (Orlando, FL), ASM International, 1992, p 531-536

9. J.K. Wright, J.R. Fincke, R.N. Wright, W.D. Swank, D.C.
Haggard, Experimental and Finite Element Investigation of
Residual Stress Resulting from the Thermal Spray Process,
Advances in Thermal Spray Science & Technology, C.C. Berndt
and S. Sampath, Ed., Sept 11-15, 1995 (Houston, TX), ASM
International, 1995, p 187-192

10. H. Gruhn, W. Fischer, C. Funke, W. Mallener, and D. Stover,
Residual Stress Calculation by Finite Element Methods, Thermal
Spray: Practical Solutions for Engineering Problems, C.C. Berndt,
Ed., Oct 7-11, 1996 (Cincinnati, OH), ASM International, 1996,
p 869-874

11. H. Gruhn, W. Malliner, and D. Stover, Modeling of Residual
Stresses in Plasma Sprayed Multilayer Systems, Advances in
Thermal Spray Science and Technology, C.C. Berndt and S.
Sampath, Ed., Sept 11-15, 1995 (Houston, TX), ASM Interna-
tional, 1995, p 231-236

12. C.H. Hsueh and A.G. Evans, Residuals Stresses in Metal/Cera-
mic Bonded Strips, J. Am. Ceram. Soc., 1985, 68, p 241-248

13. S. Suresh, A.E. Giannkopoulos, and M. Olsson, Elastoplastic
Analysis of Thermal Cycling: Layered Materials with Sharp
Interfaces, J. Mech. Phys. Solids, 1994, 42, p 979-1018

14. B.S. Yilbas and A.F.M. Arif, Residual Stress Analysis for HVOF
Diamalloy 1005 Coating on Ti-6Al-4V alloy, Surf. Coat. Tech.,
2007, 202(3), p 559-568

15. E.F. Rybicki, J.R. Shadley, Y. Xiong, and D.J. Greving, A Can-
tilever Beam Method for Evaluation of Young�s Modulus and
Poisson�s Ratio of Thermal Spray Coatings, J. Therm. Spray
Tech., 1995, 4(4), p 377-383

16. R.E. Whan, ASM Handbook Material Characterization, 9th Ed.,
Vol. 10, G.M. Crankovic, Ed., (Metals Park, OH), American
Society for Metals, 1992. ISBN: 978-0-87170-016-2

17. L.L. Shaw, Thermal Residual Stresses in Plates and Coatings
Composed of Multi-layered and Functionally Graded Materials,
Compos. B Eng., 1998, 29(3), p 199-210

18. L. Pawlowski, The Science and Engineering of Thermal Spray
Coatings, John Wiley and Sons, Inc., London UK, 1995

19. S. Kuroda and T.W. Clyne, The Quenching Stress in Thermally
Sprayed Coatings, Thin Solid Films, 1991, 200, p 273-284

20. S. Senderoff and A. Brenner, Calculation of Stress in Electro-
deposits from the Curvature of a Plated Strip, J. Res. Nat. Bur.
Stand., 1949, 42(2), p 105-123

21. A.A. Tipton, The Effect of HVOF Sprayed Coatings on the
Elevated Temperature High Cycle Fatigue Behaviour of a Mar-
tensitic Stainless Steel, Proceedings of the 8th National Thermal
Spray Conference, C.C. Berndt and S. Sampath, Eds., 1995
(Houston, Texas), 1995, p 463-468

22. A. Itoh and T.W. Clyne, Initiation and Propagation of Interfacial
Cracks During Spontaneous Debonding of Thermally sprayed
coatings, Proceedings of the 8th National Thermal Spray Con-
ference, C.C. Berndt and S. Sampath, Eds., 1995 (Texas, USA),
1995, p 425-432

23. G.G. Stoney, The Tension of Metallic Films Deposited by Elec-
trolysis, Proc. Roy. Soc., 1909, A82, p 172-175

24. R.O.E. Vijgen and J.H. Dautzenberg, Mechanical Measurement
of the Residual Stress in thin PVD Films, Thin Solid Films, 1995,
270, p 264-269

25. T.W. Clyne and S.C. Gill, Residual Stresses in Surface Coatings
and Their Effects on Interfacial Debonding: A Review of Recent
Work, J. Therm. Spray Tech., 1996, 5(4), p 401-418

26. Y.C. Tsui and T.W. Clyne, An Analytical Model for Predicting
Residual Stresses in Progressively Deposited Coatings, Part 1:
Planar Geometry, J. Thin Solid Films, 1997, 306, p 23-33

27. T.W. Clyne, Residual Stresses in Surface Coatings and Their
Effects on Interfacial Debonding, Key Eng. Mats., 1996, 116-117,
p 307-330

28. J.C. Tan, L. Looney and M.S.J. Hashmi, Residual Stress Analysis of
WC-Co Solid Components Formed by the HVOF Thermal Spraying
Process, Adv. Powder Metall. Partic. Mater., 1996, 3, p 9.41-9.52

914—Volume 17(5-6) Mid-December 2008 Journal of Thermal Spray Technology

P
e
e
r

R
e
v
ie

w
e
d


	Outline placeholder
	Abs1
	Sec1
	Sec2
	Sec3
	Sec4
	Sec5

	Sec7
	Sec8


	Sec9
	Sec10
	Sec11
	Sec12
	Sec13


	Sec14
	Bib1



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


