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Through-Thickness Residual Stress

Evaluations for Several Industrial Thermal

Spray Coatings Using a Modified
Layer-Removal Method

D.J. Greving, E.F. Rybicki, and J.R. Shadley

Residual stresses are inherent in thermal spray coatings because the application process involves large
temperature gradients in materials with different mechanical properties, In many cases, failure analysis
of thermal spray coeatings has indicated that residual stresses contribute to reduced service life. An estab-
lished method for experimentally evaluating residual stresses involves monitoring deformations in a part
as layers of material are removed. Although the method offers several advantages, applications are lim-
ited to a single isotropic material and de not include coated materials. This paper describes a modified
layer-removal method for evaluating through-thickness residual stress distributions in coated materials.
The modification is validated by comparisons with three-dimensional finite-element analysis results. The
modified layer-removal method was applied to determine through-thickness residual stress distributions
for six industrial thermal spray coatings: stainless steel, aluminum, Ni-5A), two tungsten carbides, and a
ceramic thermal barrier coating. The modified method requires only ordinary resistance strain-gage
measuring equipment and can be relatively insensitive to uncertainties in the mechanical properties of

———

the coating material,

1. Introduction

THERMAL spray coatings are widely used in industrial applica-
tions that require surface and thermal property improvements
such as corrosion and wear resistance (Ref 1) and thermal bar-
rier properties (Ref 2), Residual stresses are created by the ther-
mal spray coating application process, which involves large
temperature changes and materials that often have different me-
chanical and thermal properties. Tensile residual stresses have
been found to contribute to failures in many different material
joining processes, including welding and weld repairs (Ref 3).
In thermal spray coatings, residual stresses frequently have been
identified or suspected as a contributing factor to shortened
service life (Ref 2, 4-7). Failure modes in thermal spray coatings
that are attributable, at least in part, to residual stresses include
spalling, cracking, and debonding.

Experimental evaluation of residual stresses in thermal spray
coatings enables relation of the total state of stress in the coating
to observed failures, prediction of service life, development of
residual stress improvement strategies, and development of
quality assurance procedures for coating processes. Determina-
tion of residual stresses in materials can be done using both de-
structive and nondestructive methods. X-ray diffraction (Ref 8)
is a frequently used nondestructive method, usually provides in-
formation at points very near the surface and requires accurate
knowledge of the mechanical properties of the material being
evaluated. With destructive methods, deformations are moni-
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tored as strains relax when parts of a structure are machined
away. The hole-drilling method (Ref 9) is a semidestructive
maethod that has been used to estimate residual stresses in ther-
mal spray coatings. This method evaluates residual stresses at
points near the surface and also depends on accurate knowledge
of the mechanical properties of the material. Like the conven-
tional layer-removal method, the hole-drilling procedure was
developed for a single isotropic material and does not account
for different mechanical properties of a substrate and coating, or
for coating thickness.

The modified layer-removal method (Ref 10) is a destructive
technique that has been used to determine through-thickness re-
sidual stress distributions in thermal spray coatings. An exten-
sion of the conventional layer-removal method (Ref 11, 12), this
technique factors in coating thickness and the different me-
chanical properties of the substrate and the coating.

2. Modified Layer-Removal Method

2.1 Definitions

The layer-removal method is based on the concept that re-
moving a layer from the surface of a plate or beam with residual
stresses releases a force and moment acting on the remaining
piece. It is presumed that the remaining piece is large enough
and the layer removed small enough so that the change in strain
through the thickness of the remaining piece is linear. A strain
rosette (gage) on the remaining piece records the change in
strain on the surface opposite the face where the layer was re-
moved. The stresses in the layer removed and the change in
stresses of the remaining piece can be calculated from force and
moment equilibrium, the linear strain change assumption, the
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Fig. 1 Free-body diagram for layer-removal method applied 10 a
thermal spray coated specimen

strain rosette readings, and the stress-strain properties of the ma-
terial.

One key assumption of the conventional layer-removal
method (Ref 11) is that the Young’s modulus and Poisson’s ratio
are the same throughout the specimen. For thermal spray coat-
ings, however, the mechanical properties of the substrate and the
coating are not necessarily equal, and it is possible for the coat-
ing Young’s modulus to be only a small fraction of the substrate
modulus. In order to account for this difference in material prop-
erties, a modification to the layer-removal method was devel-
oped. Consider the layer-removal free-body diagram shown in
Fig. 1. The force acting on the layer in the X-direction is denoted
by F,. The force and moment acting on the remaining piece are
related to F,, by force and moment equilibrium conditions. The
thickness of the substrate is H, the thickness of the layer re-
moved is A, and the remaining coating thickness is 4. The length
of the piece in the X-direction is b,. Not shown in Fig. 1 is b,, the
length of the piece in the Y-direction. The Young’s modulus and
Poisson’s ratio of the substrate (base) for directions in the plane
of the coating are Ep, and vy, respectively. The corresponding
properties of the coating are £ and v,.. The remainder of the deti-
vation follows the mechanics of composite materials analysis
for bending and stretching a two-material nonsymmetric plate
(Ref 13).

Because some confusion may exist about the sign of the
stress in the layer removed and its relation to the sign of the
strain rosette data, it is helpful to consider the analysis for the
step of putting the layer back on the remaining piece. Then the
change in strain of interest is for “replacing” the layer and is
equal to the negative of the change in strain rosette data obtained
for removing the layer.

2.2 Relation between Layer Stresses and Strain Changes
in the Substrate

For convenience, the reference plane (Z = 0) has been lo-
cated at the center of this thickness of the remaining piece. The
change in strain distribution through this thickness, due to re-
placing the layer on the remaining piece, is a linear function of z:
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In Eq 1, &, and &y are the linear strain distributions through the
thickness of the remaining piece, £,, and €, are the middle plane
strains, and K, and K, are the middle plane curvatures for the X-
direction and the Y-direction, respectively. The stress-strain
equations for isotropic plane stress behavior for the substrate
and the coating have the form:

ol 1 v] e,
ol =2 ) &

where 6, and o, are the stresses in the X-direction and the Y-di-
rection respectively; v is either vy, the Poisson’s ratio for the
substrate, or v, the Poisson’s ratio for the coating; and E’ is
either E{, = Ey/(1 — v§) for the substrate or E, = E/(1 - v2) for
the coating.

2.3 Resultant Forces and Moments

It is convenient to work with resultant forces and resultant
moments (Ref 13), which are defined as the force per unit
length, F; andF7, and the moment per unit length, My and ;. In
terms of the forces and dimensions shown in Fig. 1,

F
v =X
Fx—bx
F
v =)
Fy‘b
y
M
’ X
Mx=b—x
» My 3
My:b_v (Eq3)

Resultant forces and resultant moments are denoted by primes
and are related to stresses by:

F! (H+h'\2 (Gx]
"= { Trdz
F
RSP ALS
M| (HH2 (ox]
= { b dz Eqd
i e |9y
Substituting Eq 1 and 2 into Eq 4 gives
F Ay Ap By B e
14
F _ Ap Ay By Byl e, (EqS)
M| By By, Dy Dyl K,
M, |Bn By Dy, Dy (K,
where
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2.4 Equations for Modified Layer-Removal Method

Changes in strains at the gaged surface, Ag,g and Ag,g, that
occur when the layer is replaced can be related to strains €, and
£y, at the midplane using Eq 1:

€= AsxG + KK(H +h')/2

By = A8, + K, (H + 1')/2 (Eq12)

where, because of the “replacement of the layer” concept
adopted for the analysis, Ag,; and A, are the changes in strains
due to replacing the layer on the remaining piece (the negative of
the strain change due to removing the layer). Substituting Eq 12
into Eq 5 gives

Fel [Au An By Bpl[lae,)
Fy| _| A2 Az Bn By {IAevGL
M [ By By, Dy Dy, 10|
M, B, By Dy Dy o )
JKX(Hﬁ»h’)/Z
K(H + H)2 Ea1)
K
X
K,

The resultant forces and resultant moments acting on the re-
maining piece are related to the stress in the removed layer,
shown in Fig. 1, by:

F; Sk
F G, h
Vi n (Eq14)
M; thL(H +h' + h)2
M, o, (H + 1 + hy2

where G5, and O, are stresses in the layer removed. Equations
13 and 14 give fourequations in terms of the four unknowns 6,4,
Oy, K, and K
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where

T=H+r2andT =(H+ W + )2 (Eq 16)
Solving Eq 15 gives the stresses in the layer removed (G, and
©,1) and the changes of curvature in the remaining piece (K, and
K,). From this information, the change in stress distribution in
the remaining piece can be evaluated using Eq 1, 2, and 12.

3. Validation of the Modified Layer-
Removal Method

Before the modified layer-removal method was used to
evaluate residual stresses in thermal spray coatings, it was vali-
dated for selected reference cases with established solutions.
The reference solutions were based on results from finite-ele-
ment models of thermal spray coatings on a substrate. The finite-
element model contained residual stresses in the coating and
substrate generated by applying a temperature change in the
coating. Five cases were considered. In each case, alayer was re-
moved from the coating. The residual stresses in the removed
layer were obtained from the finite-element solution and served
as the reference solution. Changes in strains on the substrate,
where a strain rosette (gage) would be located, were also ob-
tained from results of the finite-element model. These strain
changes were treated as strain gage readings, as though actual
laboratory strain measurements had been made, and were used
as input data to the modified layer-removal method. The stresses
in the removed layer were then calculated by the modified layer-
removal method. The calculated stresses were compared to the
reference solution from the finite-element analysis to evaluate
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the accuracy of the modified method. Two cases will be dis-
cussed here. Case 1 consists of a thermal spray coating on a steel
substrate, and case 2 involves a coating on an aluminum sub-
strate. Specimen dimensions for each case are shown in Fig. 2.
The substrate is 6.35 mm (0.250 in.) thick, and the coating is
0.762 mm (0.030 in.) thick. The lateral dimensions of the speci-
men are 50.80 by 50.80 mm (2.00 by 2.00 in.). In each case, a
0.127 mm (0.005 in.) thick layer of coating was removed and the
change in strains at the gage location, on the back surface of the
specimen shown in Fig. 2, was evaluated from the finite-element
results.

The mechanical properties of the coating and substrate and
the thickness dimensions needed for the modified layer-removal
method are listed in Table 1. Representative modulus and Pois-
son’s ratio values were selected for the steel and aluminum sub-
strates. It is recognized that the modulus and Poisson’s ratio of
coating materials are not always available. For purposes of vali-
dation of the modified layer-removal method, the mechanical
property values shown in Table 1 were selected.

A change of temperature in the coating was specified to gen-
erate a residual stress state in the finite-element model of the
coated substrate. This temperature change was selected to illus-
trate the predictive capability of the modified layer-removal
method rather than to accurately portray residual stresses in a
thermal spray coating. The residual stresses in the layer were ob-

Table1 Input values for modified layer-removal method

Property Casel Case 2
E, 207.0GPa 68.9 GPa
Vb 0.3 0.2

E, 14.0GPa 14.0GPa
v, 0.25 0.25

H 6.35mm 6.35mm
h 0.127 mm 0.127mm
K 0.635 mm 0.635mm
Mg 1924107 3.047x 107
A 1.924x 107 3.047x 107

tained from the finite-element model and compared to the values
calculated using the modified layer-removal method. The com-
parison is presented in Table 2.

Table 2 shows that the modified layer-removal method calcu-
lates the residual stresses in the layer to within 0.4% of the finite-
element solution. This provides confidence in the capability of
the modified method for thermal spray coatings. If the conven-
tional layer-removal method (Ref 11) were used for cases 1 and
2, the calculated residual stresses in the layer would be in error
in the range of 30 to 40% (Table 2).

Table 3 shows the sensitivity of the modified layer-removal
method to uncertainties in the mechanical properties of the coat-
ing. Residual stress values from the modified method are com-
pared to values obtained from the three-dimensional
finite-element model using case 1 inputs from Table 1. Then it
was assumed that the values of the coating modulus, E, and the
coating Poisson’s ratio, v, were estimated to be 20% higher than
the actual values, and residual stresses were calculated by the
modified method. Using the exact values of the mechanical
properties, the modified layer-removal method has a 0.1% dif-
ference when compared to the three-dimensional finite-element
results. For the same case, but where the coating modulus used
has an uncertainty of 20%, the layer stress computed by the
modified method had a difference of only 0.4% when compared
to the finite-element model results. This difference obtained for
an uncertain Poisson’s ratio was 0.1%. This shows that a rela-
tively large uncertainty in coating properties (20%) can have
only a small influence on the residual stresses determined by the
modified layer-removal method.

4. Parting-Out and Splitting Steps

Residual stress evaluations by the modified layer-removal
method can also be applied to geometries that are more compli-
cated than test coupons. The specimen may have been parted out
from a larger piece. In this technique, surface strain changes are
recorded while a coupon of the desired dimensions is cut from

Table2 Comparison of coating residual stresses from layer-removal methods and finite-element model

Modified layer- Conventional layer-
removal method Finite-eleent model removal method Finite-element model
Case o, ,MPa O,L, MPa Oy, MPa Oy, MPa Difference, % 0,1, MPa Oy, MPa o,.sMPa  0,,MPa Difference, %
1 109.8 109.8 109.9 109.9 0.1 152.2 1522 109.9 109.9 385
2 539 53.9 54.2 54.2 0.4 70.3 70.3 54.2 54.2 29.8
Table3 Sensitivity of modified layer-removal method to mechanical property uncertainty
Eb, E., Residual
Conditions MPa Vb MPa Ve stress, MPa Difference, %
3.D finite-element model reference 207.0 0.30 14.0 0.25 109.9
Modified v, layer-removal method
ExactE_and v, 207.0 0.30 14.0 0.25 109.8 0.1
20% uncertainty in E, 207.0 0.30 16.8 0.25 1104 0.4
20% uncertainty in v, 207.0 0.30 14.0 0.30 110.0 0.1
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the more complex part. Then the stress state that existed in the
coupon before separation is computed from the measured sur-
face strain changes and suitable assumptions about the behavior
of the coupon as it is cut from the parent part (Ref 14). In some
instances, the substrate of a thermal spray coated specimen may
be too thick to obtain sizable strain changes as layers are re-
moved from the coating. For such cases, a splitting step is used
to reduce the thickness of the substrate before applying the
layer-removal procedure. Changes in stress due to splitting (and
parting-out, if applicable) are added to the stresses obtained by
layer removal.
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Fig.3 Residual stress specimens ready for layer removal

—

5. Application to industrial Thermal
Spray Coatings

Figure 3 shows the dimensions of a typical residual stress
specimen. Figures 4 10 10 show through-thickness residual
stress distributions for the stress in the X-direction for seven dif-
ferent coatings. Layers from the coating side were removed by
wet polishing. Readings were taken from the biaxial strain ro-
sette mounted on the substrate surface. The modified layer-re-
moval method was applied to calculate the residual stresses.
Each figure shows the results for one to four duplicate speci-
mens of each coating type. The horizontal axis shows distance,
Z, through the thickness of the specimen as measured from the
surface of the coating. The vertical axis shows the residual
stress, O, in the X-direction {longitudinal) of the specimens.

Figure 4 shows the through-thickness residual stress distei-
bution for a Wall Colmoncy (Wall Colmonoy Corp., Madison
Heights, MI) aluminum coating applied with a Colmonoy
Model WG-500 (Wall Colmonoy Corp., Madison Heights, MI)
wirespray gun. The AISI 1018 steel substrate was stress relieved
in accordance with ASM recommendations (Ref 15). Specimens
were grit blasted and cleaned prior to coating. No preheat was
applied. The final coating thickness was approximately 0.762
mm (0.030 in.). A substrate modulus of 200.0 GPa (29.0 x 108
psi) and a substrate Poisson’s ratio of 0.3 were used for the resid-
ual stress analysis. A coating modulus of 68.9 GPa (10.0 x 10°
psi) and a coating Poisson’s ratio of 0.3 were used for calculat-
ing the residual stresses. Coating properties were assumed to be
those of wrought aluminum, as better estimates were not avail-
able.
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Fig. 4 Residual stress distribution for aluminum coating on an AIST 1018 steel substrate
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Fig. 6 Residual siress distribution for Ni-5Al coating on an AISI 1018 steel substrate

Figure 5 shows the through-thickness residual stress distri- Colmonoy Model WG-500 (Wall Colmonoy Corp., Madison
bution for a Walcoloy #35 (Wall Colmonoy Corp., Madison Heights, MI) wirespray gun. The AISI 1018 steel substrate was
Heights, MI) austenitic stainless steel coating applied with a stress relieved. Specimens were grit blasted and cleaned prior to
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Fig.7 Residual stress distribution for WC-Co coating applied by HVOF-A on a titanium substrate

coating. No preheat was applied. The final coating thickness
was approximately 0.762 mm (0.030 in.). A substrate modulus
of 200.0 GPa (29.0 x 10° psi) and a substrate Poisson’s ratio of
0.3 were used for the residual siress analysis. A coating modulus
of 58.6 GPa (8.5 x 10° psi ) and a coating Poisson’s ratio of 0.3
were used for calculating the residual stresses. The coating
modulus was found by conducting a cantilevered beam test on a
coated specimen.

Figure 6 shows the through-thickness residual stress distri-
bution for a Ni-SAl TAFA Bondarc 75B (Hobart Tafa Technolo-
gies, Inc., Concord, NH) coating applied with a Hobart Tafa
Model 9000 (Hobart Tafa Technologies, Inc., Concord, NH)
wirespray system. The AISI 1018 steel substrate was stress re-
lieved. Specimens were grit blasted and cleaned priorto coating.
No preheat was applied. The final coating thickness was ap-
proximately 0.762 mm (0.030 in.). A substrate modulus of 200.0
GPa (29.0 x 106 psi) and a substrate Poisson’s ratio of 0.3 were
used for the residual stress analysis. A coating modulus of 68.9
GPa (10.0 x 10° psi) and a coating Poisson’s ratio of 0.3 were
used for calculating the residual stresses. The coating modulus
was found by conducting a cantilevered beam test on a coated
specimen.

Figures 4 to 6 indicate a tensile stress through the thickness
of the coating. These results also show that a compressive stress
zone exists in the substrate near the interface.

Figure 7 shows the through-thickness residual stress distri-
bution for a tungsten carbide/cobalt (WC-Co) matrix coating.
The coating was applied by a proprietary HVOF system desig-
nated herein as HVOF-A. The Ti-6A1-4V substrate was not

Journal of Thermal Spray Technology

stress relieved. Specimens were grit blasted, and no preheat was
applied prior to coating. Final coating thickness was approxi-
mately 0.254 mm (0.010 in.). A substrate modulus of 103.0 GPa
(15.0 % 10° psi) and a Poisson’s ratio of 0.3 were used for the
analysis. Coating properties were assumed to be the same as
those of the titanium substrate, as more precise values were not
known. Because the coatings in this system were much thinner
than the substrate, this assumption introduced very little error in
the analysis.

Figure 8 shows the through-thickness residual stress distri-
bution for another WC/Co matrix coating, designated in this pa-
per as HVOF-B. The Ti-6Al1-4V substrate was not stress
relieved. No grit blasting or preheating was performed prior to
coating. The final coating thickness was approximately 0.254
mm (0.010 in.). A substrate modulus of 103.0 GPa (15.0 x 10°
psi) and a Poisson’s ratio of 0.3 were used for the analysis. Coat-
ing properties were assumed o be the same as those of the tita-
nium substrate, as precise values were not known.

Note that Fig. 7 shows a tensile siress through the thickness
of the coating, whereas Fig. 8 shows a compressive stress. Since
coatings applied by HVOF-A and HVOF-B are similar, it can be
concluded that the application process and spray parameters can
greatly influence the residual stress state. While only one resid-
ual stress specimen was used for each tungsten carbide coating,
the reproducibility found for specimens represented in Fig. 1 to
6 provide confidence in the residual stresses obtained for these
two tungsten carbide coatings.

Figure 9 shows the through-thickness residual stress distri-
bution for a zirconia/8% yttria-stabilized thermal barrier coating

Volume 3(4) December 1994—385
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with a bond coating of NiCoCrAlY. A plasma spray process was ing was applied prior to coating. The coating thickness was ap-
used for application of the coatings. The substrate was Hastelloy proximately 0.254 mm (0.010 in.} with a bond coat thickness of
Alloy X and was not stress relieved. No grit blasting or preheat- approximately 0.076 mm (0.003 in.). A substrate modulus of
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Fig. 10 Residual stress distribution for grit-blasted AISI 1018 specimens without coating

196.5 GPa(28.5 x 108 psi) and a Poisson’s ratio of 0.3 were used
for analysis. The coating properties are proprietary and are not
reported here.

Interest in residual stress effects that may result from grit
blasting the substrate has arisen due to the observed trend of
high compressive stresses in the substrate just below the inter-
face in many thermal spray coatings with tensile residual
stresses. To help address the question as to the extent that grit
blasting introduces compressive residual stress in the substrate
prior to coating, residual stress evaluations were also conducted
on grit-blasted, stress-relieved specimens of AISI 1018 steel
without coating. Figure 10 shows the compressive stress in the
substrate as a result of the grit-blasting process.

6. Conclusions

The through-thickness residual stress state of a thermal spray
coating is an important characteristic in terms of coating integ-
rity. Information about residual stresses in a coating is necessary
to develop residual stress control strategies, to perform de-
bonding analysis, and to predict service life. The modified layer-
removal method for thermal spray coatings was developed and
validated for evaluating residual stresses in coatings. The
method was experimentally applied to several typical industrial
thermal spray coatings. Results were found to be reproducible.

Results in Table 2 show that, for the cases considered, the
modified Jayer-removal method is better suited for calculating
residual stresses in thermal spray coatings than the conventional
layer-removal method. Currently, accurate mechanical proper-
ties of thermal spray coatings are difficult to obtain. However,
for the modified layer-removal method, strain-gage readings are
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obtained from the substrate, which usually has known mechani-
cal properties. Results in Table 3 show that, for the cases consid-
ered, a 20% uncertainty in the Young’s modulus or Poisson’s
ratio of the coating leads to only very small errors in residual
stresses computed using the modified layer-removal method.
For other methods, such as x-ray diffraction or conventional
hole drilling, a 20% uncertainty in Young’s modulus corre-
sponds to a 20% error in computed residual stress.

One goal of this paper was to demonstrate the application of
the modified layer-removal method to a variety of industrial
coatings. Residual stresses found in this work were in the range
of ~900 MPa (compressive) to 300 MPa (tensile). The highest
tensile stresses were found for the WC-Co HVOE-A coating.
The lowest tensile stresses were found for the zirconia thermal-
barrier coating. An interesting result was the compressive resid-
ual stresses found for the WC-Co HVOF-B coating.
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