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Indentation methods are presented by which the elastic and inelastic stress-strain characteristics of
metallic thermal spray (TS) coatings on substrates may be extracted. The methods are based on existing
techniques for brittle solids, and adapted for the finite geometry associated with coatings. Basic
assumptions and derivations are given, along with guidelines for experimental measurement. Using
these, indentation inelastic stress-strain curves are generated for NiCrAlY and Ni-Al bondcoats, as well
as WC-Co cermet coatings. Elastic moduli are extracted for CoNiCrAlY coatings. Results are briefly
discussed in the context of the effect of feedstock material, process and post-process heat treatment on
the intrinsic properties of splats as well as their in-coating cohesion. The methods presented are
attractive, particularly for the TS industry, due to the minimal specimen preparation and lack of intricate

equipment required for measurement.

Keywords bondcoat, cohesion, indentation testing, inelastic,
modulus

1. Introduction

Structure and properties of thermal spray (TS) coatings
are very sensitive to spray method, input parameters,
powder morphology, and environment. For a long time,
this complex relationship limited expansion of TS into
prime-reliant applications, that is to say, in which coating
failure leads to component failure. Progress in process
control in the past decade has increased the potential for
coating design, and insertion of TS into non-traditional
applications. Along with such improvements, the TS
community has begun using next-generation character-
ization techniques. For example, 3D imaging using
tomography and scattering techniques provides micro-
structural information beyond that obtained with con-
ventional cross-sectional image analysis (Ref 1-5). In situ
substrate curvature experiments and diffraction tech-
niques have illustrated the development of coating stresses
during deposition and post-process annealing (Ref 6).

Significant progress has been made in indentation testing
as well; such measurements have evolved beyond conven-
tional hardness testing, for example to extract coating
elastic modulus. In the literature, three primary methods for
modulus measurement have been reported. Instrumented
indentation is being adopted rapidly, using the Oliver-Pharr
method (Ref 7). Knoop indentation allows modulus
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extraction via measurement of elastic recovery of the
imprint minor diagonal (Ref 8). Scratch tests under spher-
ical contact on a gold-coated surface reveal a contact sur-
face that increases with increasing load, and modulus can be
fit via Hertzian relations (Ref 9). The first two methods
require unloading of the indenter, following inelastic
deformation of the probed material; such inelasticity, if non-
conservative, could affect modulus. (For example, micro
cracking would lower modulus and pore compaction would
increase it.) In addition, a single data point arises from each
test, and a linear elastic behavior is assumed. As coatings
have shown non-linear elastic behavior in a number of
studies (e.g., Ref 10) this assumption can lead to errors.
Finally, instrumented indenters may be too costly for a
typical metallographic laboratory. The third method allows
the ‘undamaged’ modulus to be measured, but requires
tangential motion of the tip, and the contact area is difficult
to measure at low loads (Ref 9). Accordingly, here we
describe an adapted method to extract elastic modulus of
coatings, using a hardness tester under normal loading,
addressing the above concerns. In addition, we show a
similar method to measure high-strain inelastic properties.

Contact methods, namely indentation, are ideally sui-
ted for the mechanical probing of TS coatings due to the
minimal specimen preparation involved and ability to
conduct multiple tests on a single sample. Instrumented
indentation has received major attention in the mechanics
literature, with a number of papers on the analysis of load-
depth (P-h) curves for the extraction of yield point and
hardening behavior of materials (Ref 11-16). Application
of such analyses and models to TS coatings is limited,
however, as for the most part they assume von Mises
behavior, and in some cases property extraction can be
laborious. In addition, industrial usage, particularly for
small job shops’ is hindered by the cost of instrumented
indenters. Another method, adapted from Brinell hard-
ness measurements, has been used to extract inelastic
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(and to a lesser extent, elastic) properties of ceramic
materials, and brittle matrix composites (e.g., Ref 17).
However, these tests have not been used to look at the
intrinsic properties of TS coatings (neglecting the sub-
strate). Here, we follow the necessary adaptations, and
show some experiments and results for four illustrative
materials, namely Ni-Al, NiCrAlY, and CoNiCrAlY
bondcoats (Ref 18), and WC-Co cerrmet coatings. Inelastic
behavior for the first two of these is critical for the operation
of thermal barrier coatings (TBCs); yielding of bondcoats is
directly related to propensity for rumpling and thus TBC
spallation (Ref 19). For the latter, high-strain inelastic
properties provide insight into the important problems of
wear, erosion, and foreign object damage (Ref 20-24).

2. Background of Methods

2.1 Inelastic Properties

We discuss inelastic properties first because they are
more easily obtained, and the method is used more here.
The goal of such tests is to extract an equivalent ‘stress-
strain’ curve akin to a uniaxial compression test (Ref 25).
Under indentation loading, deformation is non-uniform
and analysis thus becomes more complex relative to uni-
axial testing. Analytical solutions (for displacements,
strains, stresses) for a homogeneous material within its
elastic limit are available in the literature, but under
elastic-inelastic straining such closed-form descriptions do
not exist. To address this, Tabor showed that underneath a
spherical indenter of radius R the contact pressure is
influenced by the degree of imposed strain, and this has
been followed by others (Ref 16, 25). He also introduced
the concept of so-called representative strain, g that is
related to the average strain around the indenter. As
shown in Fig. 1, this is given by the relation

a
e =02—

K R
where a and R are contact and indenter radii, respectively.
Similarly, contact flow stress opow Was determined
empirically to be

pm
2.8

where the mean pressure pm = P/na*, P being indenta-
tion load.

(Eq 1)

Oflow = (Eq 2)

RlP

2a

Fig. 1 Schematic of spherical (Hertzian) indentation with a tip
of radius R, showing contact dimensions
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It is apparent from the above two relations that
spherical indentation with successively larger load P,
combined with observation of resulting contact radii, can
be employed to construct an illustrative ‘stress-strain’
curve for the indented material. Such data could be
extracted using three primary methods:

(1) analysis of continuous P-h curves provided by com-
merically available instrumented indenters,

(2) analysis of continuous P-4 curves provided by custom-
built instrumented indenters (i.e., fixtures on a
mechanical testing frame),

(3) analysis of an array of surface imprints created by a
hardness tester, whereby contact diameter 2a is mea-
sured optically.

Method 1 is used for bulk materials and thin films
(Ref 14). Method 2 has been used previously to extract
composite properties of coatings on substrates, for the
assessment of behavior under high-load contact (Ref 26,
27). Here we use Method 3—Metallographic hardness
testers often have a wide load range (10-500 N), allowing
high inelastic strains to be achieved in large sample
volumes. In addition, they are relatively inexpensive to
obtain (if not pre-existing in most metallographic labora-
tories), easily adaptable, and simple to operate and
maintain. A lower number of data points is generated than
in the case of continuous indentation. In addition, the
resulting impression represents residual deformation,
as opposed to deformation at maximum load. However,
this latter concern can be overcome by the application of
a thin gold coating sputtered on the surface of the
specimen (e.g., Ref 17), which reveals impression at
maximum load.

2.2 Elastic Properties

Elastic properties (e.g., elastic modulus) of TS coatings
are usually probed via the instrumented indentation
technique that continuously presses a rigid tip into the
specimen, and measures P versus /. The elastic modulus is
extracted from unloading portion of the P-h curve via the
well-known Oliver-Pharr method (Ref 7). Dead-weight
indentation methods may be used to extract elastic prop-
erties of materials; the crucial step is to capture the con-
tact dimensions at maximum load by depositing a thin
gold film on the surface of the specimen. The specimen is
then pressed with a sphere, and though the deformation is
nominally elastic, the film deforms or rubs off. If one
considers the indentation by an elastic sphere of radius R,
the defining equations are:

1
2 (6PE”\’ P 2
Pn=3\ "R ) ~ 7 " 37"

1 1- v% 1- 1)1-2

— = Eq 4
E-E T E (Eq 4)
Where Es, E;, vg, and v; are elastic modulus and Poisson’s
ratio of sample and indenter, respectively. The term p, is

(Eq 3)
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the maximum Hertzian pressure, and is given as a
Ref 28.

From Eq 3, it is apparent that a plot of contact
pressure p,, versus maximum load P, within the elastic
limit, can be fit to provide E*. Contact pressure may be
calculated by recording the contact diameter 2a, left in
the deformed gold film, and performing the necessary
arithmetic. Upon yielding, the material becomes more
compliant, and pressure versus load deviates from the
theoretical elastic curve in Eq 3. However, examination
of literature measurements show that this measurement
works much better under rubbing or scratching (e.g.,
Ref 9), as a tangential load is applied to the gold film;
normal load indentation has previously been less suc-
cessful, as clear images of the deformed region are dif-
ficult to achieve. In addition, no success has previously
been shown in using this for porous materials like TS
coatings. Here we will show a simple adaptation that
allows normal loading to be used.

3. Experimental

3.1 Coating Production and Microstructure

Four sets of coating materials were selected for this
study (Ref 29). The first set were CoNiCrAlY bondcoats
deposited by atmospheric plasma spray and high velocity
oxygen fuel (HVOF). The second set of specimens
included NiCrAlY bondcoats deposited by atmospheric
plasma spray. A sampling of these coatings was also
annealed at 850 °C for 1.5h in air. The two sets of

MCrAlY bondcoats were samples obtained from the
SUNY-based Consortium on Thermal Spray Technology.
For the third set of specimens, Ni-5% Al coatings were
deposited on steel substrates with four different TS tech-
niques: HVOF, Cold Spray, APS, and Wire Arc. Cross-
sectional SEM micrographs of the Ni-5% Al and NiCrAlY
coatings are shown in Fig. 2 and 3. For the Ni-5% Al
coatings, porosity was measured with mercury intrusion
porosimetry (MIP) of all to be less than 6% (Ref 29). A
third sample of a HVOF WC-Co cermet coating was also
evaluated. Coatings were polished to 1-um diamond sus-
pension in preparation for indentation. All the coatings
tested in this study were close to 400 pum thick, except the
Ni-5% Al coatings which were 1 mm thick. In our
experiments, polishing within machine parameters had
negligible effect on mechanical behavior. Data shown here
was limited by availablity of coating specimens.

3.2 Gold Film Deposition

Before indentation a thin (10-20 nm) gold film was
sputter deposited on the surface of specimens using a
BOC Edwards SEM sputter system to improve visibility of
resulting imprints. The distance between sample and the
incoming flux was less than 100 mm. Typically, this is done
by placing the specimen flat in the chamber. However, our
experiments showed that a film deposited in this way
showed very poor contrast when pressed. It has been
shown that during such physical vapor deposition (PVD)
processes, tilting of the specimen results in a shadowing
effect, that is to say, the resulting film is porous as film
island buildup blocks adjacent deposition (e.g., Ref 30).

Fig. 2 Cross-sectional SEM micrographs of Ni-5% Al coatings used in the experiments: (a) HVOF; (b) Cold Spray; (c) APS; and

(d) Wire Arc
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Fig. 3 Cross-sectional SEM micrographs of NiCrAlY (a) as-sprayed and (b) annealed at 850 °C for 1.5 h
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Fig. 4 Schematic of the gold-coating process allowing better visualization of indents. (a) Deposition at an angle leads to ‘shadowing’
between deposited features; this leads to (b) a porous thin film. (c) Indentation of this film readily crushes the pores and (d) leaves an

imprint that is visible under optical microscopy

We found that tilting the specimen between 2 and 5
degrees during gold PVD provides remarkably good
contrast between ‘pressed’ and ‘unpressed’ gold film.
Figure 4 shows a schematic of this. This also works quite
well for some porous materials like TS coatings. This is an
important experimental variation, as without it, indents
are not measureable.

3.3 Indentation Tests and Analysis

The gold-coated sample was indented using a Buehler
Micromet II microhardness tester with a range of eight
different loads from 10 mN to 10 N. The samples were
then pressed for 20 s with spherical indenters, made with
WC-Co spheres of 5/32” (4 mm) and 3/8” (9.5 mm) in
diameter (McMaster-Carr Grade C-1/C-2). Each indent
was analyzed with a Nikon Epiphot 200 metallurgical
microscope with Nomarski Diffraction Interference Con-
trast (DIC) illumination, enhancing the depth contrast.
The diameter of imprints was measured with University
of Texas Health Science Center at San Antonio
(UTHSCSA) Image Tool 3.0 imaging software. When
using Eq 4 to extract specimen modulus Ej, the following
values were used: E;=714 GPa, v;,=0.19, v,=0.3. For
method verification, several bulk (Stainless Steel 304) and
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Fig. 5 Optical image of stainless steel 304 imprint left in gold
coating after 1N load indentation

TS metallic (HVOF, APS CoNiCrAlY) samples were
tested, and moduli compared with known and literature
values, or process trends.
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All high-strain (inelastic) indentation experiments were
performed on a Mitutoyo AVK-2C hardness tester, with a
load range of P=10-500 N. Customized spherical tips
were assembled by pressing 1/16” diameter WC-Co
spheres (McMaster-Carr) into dimpled brass rods,
machined to fit in the tester tip chuck. Specimens were
indented five times at each load, and resulting contact
diameter 2a was measured under optical microscopy for
each. Figure 5 shows a representative imprint, under 200x
magnification. A typical set of experiments on a specimen
lasted approximately 15 min. The effect of indentation
hold time (5-30 s) was explored and found to be negligible
for these specimens. From the resulting P-a correlations,
stress-strain curves were constructed using Eq 1 and 2.

4. Results and Discussion

4.1 Extraction of Elastic Modulus

Figures 6 and 7 show pressure p,,, versus load P curves
for bulk stainless steel 304 and HVOF and APS CoNiCr-
AlY, respectively. In the case of bulk stainless steel, data

1600
1400 1
1200

= 1000

a

S 800

E 600
400
200 1,0 A5/32"

0

E =195 GPa

Load (N)

Fig. 6 Elastic modulus of stainless steel 304 as measured via
Hertzian indentation and the tilted gold coating technique. Two
different size indenters were used for better data fitting

HVOF; E = 93 GPa

Pm (MPa)

APS; E =63 GPa

0 2 4 6 8 10 12
Load (N)
Fig. 7 Elastic moduli of HVOF and APS CoNiCrAlY measured

with the tilted gold coating technique. Data only shows indents
with 3/8” indenter in both cases
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are shown for both the small (5/32”) and large (3/8")
indenters. For the coatings, data is only shown for the
large indenter. Data were fit to Eq 3 to give elastic mod-
ulus. This was not done using automatic fitting, but rather
plotting Eq 3 in a spreadsheet along with the data, and
manually selecting E*; priority was placed on fitting points
at lower strains. In all cases a constant elastic modulus was
assumed. One justification for this is the relatively low
strain to which the coatings were subjected under such
indentation. Examination of the upper curve (HVOF) and
use of Eq 1 shows a maximum strain of approximately
0.2%, which is in the linear elastic range (Ref 10). In the
case of APS, the curve deviates from elasticity at a load of
approximately 3 N, corresponding to a strain of 0.2%.
Note that in both Figures, any deviation between Eq 3 and
the data occurred at the higher loads; also, Eq 3 showed a
higher pressure than the data for all deviations. This
indicates that above a certain load (as stated above), the
material began to inelastically deform, and thus had a
higher compliance. Inelastic deformation of TS coatings
are contributed by mixed effects of splat interfacial sliding,
cracking, dislocations within splats. This argument is sen-
sible as it shows that (for bulk SS) for the same load
(above 2 N), yielding occurred for the smaller indenter
but not the larger indenter. Obviously, a higher strain and
stress would be imparted under the smaller indenter, for
the same load. In the case of the coatings, reasonable
values of £ were obtained in both cases, and it can be seen
that the APS coating yields at a lower stress (pressure)
than the HVOF. This agrees with literature reports of
hardness, etc. (Ref 18, 29).

4.2 NiCrAlY Specimens

Figure 8 shows constructed inelastic stress-strain curves
for the NiCrAlY bondcoats in the as-sprayed and
annealed condition. The coatings exhibited significant
differences in inelastic properties, not only in their abso-
lute values but also in the hardening behavior. Strength
increase after heat treatment is at least 300 MPa, and
perhaps more significant is the large difference in hard-
ening behavior after heat treatment.

5

Annealed
1200 S

1000 i

800 Lo

>

A S A As-sprayed

Indentation stress (MPa)

o 004 008 012 016
Indentation strain

Fig. 8 Indentation stress-strain curves for as-sprayed and
annealed NiCrAlY coatings

Journal of Thermal Spray Technology



WC-Co
5000 A
F 4000 %
=
7 3000 ; >
£ 20007 Ni-Al HVOF
£ 1500 -
fg CS
§ 1000+ " aPs
£ - e =TT
500 - e —_—
0 , . y .
0 0.05 0.1 0.15 0.2

Indentation strain

Fig. 9 Indentation stress-strain curves for Ni-5% Al and WC-
Co coatings

This result (increase in strength) is not unexpected for
TS, as annealing of plasma-sprayed coatings has been
shown nearly universally to increase elastic modulus and
Vickers microhardness. This is also illustrated in the
micrographs of Fig. 3, in which thin interfaces in the
as-sprayed specimen (3a) are no longer visible after
annealing (3b). However, it is the authors’ belief that this
is the first time the stress-strain relationship during pro-
gression of inelastic deformation has been reported. The
higher hardening behavior for the annealed specimens is
presumably due to the lowered initial dislocation density
after heat treatment, allowing faster multiplication and
interaction (Ref 31). In addition, as splat-splat bonding
improves due to coalescence of interfaces, intersplat
sliding does not contribute as much to inelasticity.

4.3 Ni-Al Specimens

Figure 9 shows constructed inelastic stress-strain curves
for the four Ni-Al samples. For the most part, inelastic
properties are highly dependent on process (there is fair
agreement between the Wire Arc and APS samples).
Differences in interfacial characteristics and/or intrinsic
splat properties are likely responsible for the variations in
stress-strain curves. Differences in hardening slope are not
consistent between processes. In other words, as an
example the CS curve is offset above the TWA and APS
curves, by an approximately constant value. However, the
HVOF curve is offset above the CS curve, and hardening
slope is increased dramatically. Examining Fig. 2, metal-
lographic examination at this magnification and prediction
of properties based on coating ‘cleanliness’ does not agree
with the indentation results.

4.4 WC-Co Specimens

Also plotted in Fig. 9 are the data for the cermet
material. Not unexpected, the values are significantly
greater than for those of the Ni-Al. For comparison, the
single data point corresponding to a Vickers hardness
imprint is added, at the characteristic value of 8% strain.
The data is presented here to show that meaningful results
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can be obtained using spherical indentation, even for
harder coatings.

5. Conclusions

In this article, we discussed a method, based on Tabor’s
work, to assess the elastic/inelastic behavior of metallic
and cermet TS coatings. This method is simple, allows
systematic investigations among different process and
post-process parameters, and can be adapted quite easily
for, e.g., elevated temperature experiments. In addition,
we showed how elastic modulus of coatings might be
obtained using a hardness tester. Here it is appropriate to
discuss a number of assumptions and guidelines for this
method.

(1) In all stress-strain data provided, the measured con-
tact diameter 2a was less than one-third of the coating
thickness, in order to avoid any substrate effects. This
is a suitable rule-of-thumb for such indentation mea-
surements, and is discussed at great length in the open
literature. In addition, probe volume was sufficient to
measure composite coating properties (Ref 32).

(2) Contact diameter 2a was measured via optical
microscopy, thus the indentation methods addressed
in this study requires good surface optical reflectivity.
The gold coating method discussed in this article
usually ensures this.

(3) A method was described, based on Hertzian contact
theory, to measure the elastic properties of coatings,
using a hardness tester. Success of this method hinges
upon tilting the sample slightly before application of
gold coating for contrast (e.g., Fig. 4) (Ref 30).These
methods can readily be employed both for scientific
studies as above or in industry as a comparative tool
for assessment of coating quality.
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