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Abstract

The mechanical response of plasma-sprayed coatings is studied by recourse to instrumented spherical micro-indentation. It is
shown that the elastic moduli of the coatings can be determined in a more reliable and reproducible manner with instrumented
spherical indentation than prior (Knoop) indentation methods, while at the same time minimizing damage to the coating during
indentation. The results show that the values of the elastic moduli, E, of air plasma-sprayed (APS) materials are much lower than
those of vacuum plasma-sprayed (VPS) materials. The VPS deposits are more homogeneous at a microstructural level as splat
formation, microcracking and the development of oxide scales are suppressed. Such homogenization increases the value of E to
the point where it becomes similar to that of fully dense materials. Larger amounts of inelastic flow occur in APS deposits as
compared with VPS deposits. This flow is associated with fracture and sliding of splats. © 2001 Elsevier Science B.V. All rights

reserved.
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1. Introduction

Plasma-sprayed coatings are widely used in structural
components for the purpose of providing environmen-
tal stability, wear and thermal protection [1-4]. The
plasma-spray process is carried out by feeding powders
into a plasma torch where the material is melted and
propelled as molten particles towards the substrate. A
coating builds-up as the substrate is exposed to the flux
of molten material for a period of time. Plasma-sprayed
coatings consist of disc-shaped microstructural units
(also referred to as ‘splats’) which acquire such geome-
try as a result of the impingement of the molten mate-
rial onto the substrate [2,5].

Enhancements in processing techniques have emerged
in order to improve the mechanical response and life of
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plasma-sprayed coatings. An important advance has
been the development of a system where the deposition
is conducted inside a low pressure inert-gas filled cham-
ber. The materials processed using this system are
referred to as low-pressure plasma-sprayed or vacuum
plasma-sprayed (VPS) deposits [5]. The improvements
resulting from this technique over conventional air
plasma-spray are that (i) oxidation of the deposited
particles is suppressed, and (ii) VPS coatings are main-
tained at a higher temperature during processing due to
the larger length of the plasma torch and the reduced
heat transfer in the low pressure environment. The
latter promotes high-temperature interaction between
splats resulting in more uniform coatings.

Knowledge of the mechanical performance of
plasma-sprayed coatings is of critical importance. As a
result, the assessment of the relationship between their
mechanical properties and processing variables is essen-
tial. This may require the removal of the deposit from
the substrate in such a way that the integrity of the
coating is preserved. This procedure is then followed by
uniaxial mechanical testing of the remaining coatings.
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Alternatively, indentation tests can be regarded as a
basic tool for the mechanical characterization and qual-
ity control of plasma-sprayed materials.

Conventional indentation tests provide a measure of
hardness; however, such an evaluation does not give a
true insight into the basic aspects of the mechanical
response because hardness is a combination of elastic
and plastic properties. In addition to hardness evalua-
tions, more advanced micro- and macro-indentation
experiments have been used to assess the mechanical
response of plasma-sprayed coatings [6,7]. The main
drawback of these experiments is that, in the case of
sharp indentation, Young’s modulus (E) is evaluated
on unloading using optical measurements of the elastic
recovery at the corners of the imprint [6]. Since these
measurements are conducted upon the inducement of a
large amount of material damage on loading, the com-
puted value of E may not be accurate in ceramic
coatings, which exhibit pronounced microcracking. On
the other hand, spherical indentation experiments can
be performed without inducing such damage. Thus,
accurate estimation of E even for materials which are
prone to microcracking can be obtained. The inelastic
response of the deposits measured by spherical macro-
indentation is, however, influenced by the substrate
because the contact area is large as compared with the
thickness of the coatings [7]. This makes it difficult to
differentiate between the actual inelastic response of the
plasma-sprayed material and the inelastic response of
the coating-substrate composite.

Instrumented spherical micro-indentation can poten-
tially offer a useful tool for evaluating the properties of
plasma-sprayed coatings, which overcomes the forego-
ing problems. The indenter size and the indentation
load can be chosen such that the stress field of indenta-
tion is confined entirely within the coating; the effects
of the substrate on indentation response are thereby
eliminated. In addition, the indentation contact area
can be induced, in most cases, to encompass a number
of grains in the coating in order to sample the average
properties over several microstructural units. Further-
more, the lack of a stress singularity and the low loads
employed for spherical micro-indentation preclude the
inducement of significant damage during indentation of
porous plasma-spray coatings, facilitating the measure-
ment of their Young’s moduli. Since the spherical mi-
cro-indentation is thus likely to lead to an extended
elastic deformation in the early stages of loading [8],
any elastic residual stresses which exist in the coating
from rapid cooling and thermal expansion mismatch
are not expected to have any effect on the indentation
behavior [9].

The objectives set for this work were.

e To study the mechanical response of plasma-sprayed

materials by recourse to instrumented spherical mi-

cro-indentation. This technique allows the measure-

ment of continuous load (P) versus depth of
penetration (4) curves within the elastic regime
which enables an accurate evaluation of Young’s
modulus, E [8]. Due to the relatively small length
scales involved in micro-indentation tests, P-h
curves also provide an assessment of the capacity of
the coating to accumulate inelastic deformation,
which is free of any influence from the substrate.

e To establish the differences between the mechanical
response of air plasma-sprayed (APS) and VPS ma-
terials using instrumented micro-indentation. The
use of this indentation technique is expected to
provide an accurate and cost-effective evaluation of
the elasto-plastic response of plasma-sprayed
deposits.

e To study relevant micro-deformation mechanisms in
plasma-sprayed deposits in an attempt to establish a
link between microstructural factors, which are con-
trolled by the manufacturing process, and the me-
chanical response of the coatings.

2. Materials

NiAl intermetallic, Ni-Cr—Al-Y and Al,O; powders
were plasma-sprayed onto 1020 steel substrates both in
an air and in a low-pressure inert gas environment. The
substrates were mounted on a cylindrically shaped ro-
tating carousel placed in front of the plasma torch.
Longitudinal motion of the torch relative to the axis of
the carousel provided uniform thickness deposits. A
commercial Sulzer Metco PT F4 system was used for
deposition. Plasma-spraying was conducted in a single
step, that is, without interruptions of the spray se-
quence to prevent overheating of the substrate [7]. The
substrates reached steady-state temperatures of ~ 100
and ~900°C in air and vacuum plasma-spray condi-
tions, respectively. Gun amperage and gun voltage were
set to 600-650 A and ~ 67 V, respectively. Spray
distance was ~ 250 mm. The size of the plasma-
sprayed powders ranged between 7 and 38 um. Addi-
tional experiments were also carried out in fully dense
NiAl intermetallic and Al,O; (AD 999, Coors Ceram-
ics, Golden, CO) for comparison with plasma-sprayed
materials.

The following describes the microstructure of the
coatings at the cross-section of the specimens (i.e. nor-
mal to the plasma-spray direction). Dark streaks ap-
pear between splats in NiAl and Ni—-Cr—Al-Y deposits
when processed in an air environment (Fig. 1). Some of
the streaks were actually inter-lamellar voids (i.e. pores
which separate neighboring splats) as evidenced by
resolving topographical features on the crack faces.
X-ray energy dispersive spectra (EDS) consistently
showed that large Al and O peaks are present in all of
the streaks, suggesting Al,O, scale formation. Un-
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cracked Al,O; scales were detected by SEM as streaks
with a lighter appearance. Although some porosity was
readily detected in VPS NiAl and VPS Ni-Cr-Al-Y
deposits, AL,O; formation and microcracking were fully
suppressed, resulting in more uniform coatings which
do not contain dark streaks (Fig. 2). Equiaxial grains of
~ 5 um were found in the case of VPS Ni—-Cr-Al-Y,
where the lamellar microstructure vanished completely.

(b)

©
Fig. 1. Microstructural aspects of the cross-section of the deposits. (a)
NiAl, (b) Ni-Cr—Al-Y, (c) appearance of the microstructure of NiAl
at high magnification.

(b)

Fig. 2. Microstructure at the cross-section of VPS deposits. (a) NiAl,
(b) Ni-Cr-Al-Y.

The microstructural differences between APS and VPS
deposits are due to the higher processing temperatures
reached during vacuum plasma-spraying which im-
proves inter-splat cohesion, and to the reduced amount
of oxygen in the environment which prevents oxidation
of the boundaries between splats [5]. The microstruc-
tural features of VPS Al,O; are similar to those of APS
Al,O;, see Fig. 3. Splat formation occurred in both
types of Al,O; coatings with inter- and intra-lamellar
microcracks evident by SEM as shown in Fig. 3c. The
splats in VPS and APS alumina were ~ 5-20 pm in
length and ~ 3 pm in width.

3. Indentation experiments

Instrumented indentation experiments were con-
ducted using the fixture described in [8,10]. This ar-
rangement allows P—/ curves to be measured in situ
with load and depth resolutions of 0.01 N and 0.01 pm,
respectively. The fixture was fitted into a screw-driven
testing machine, and indentation experiments were car-
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ried out under displacement control. A WC-10 wt.% Co
spherical indenter with E =475 GPa, Poisson’s ratio,
v=0.22 and diameter, D =1.59 mm was used in the
experiments [8]. The sphere was in contact with the
specimen and the back surface of the indenter which is
also made of WC-10 wt.% Co (Fig. 4). The indented
surfaces of the coatings were polished to a mirror finish
using diamond paste. Polishing was performed with low
applied pressure and by gradually decreasing the size of
the diamond paste from 30 to 1 pm.

(b)

Fig. 3. ALO; deposits processed under (a) air plasma-spray, (b)
vacuum plasma-spray, (c) detail of the splat morphology.

Specimen
WC back surface
Clamps
WC Indenter
Coating—__
Substrate ——»-|

Fig. 4. Schematic of the indentation fixture.

An important aspect of spherical micro-indentation is
that the contact response is elastic at the commence-
ment of loading. Hence, Young’s modulus (£) can be
found from the solution derived by Hertz for the elastic
contact of spherical bodies [8]. Hertz’s solution for a
flat surface (with an infinite radius of curvature) in
contact with a spherical indenter, is given by

2./2
P = Ch*?, C=%_E*D”2 (1
where E* is the composite Young’s modulus of the
specimen—indenter system defined as

1—v2 1—y3\!
E* = 2
<El+ E, > @

where E and v are the Young’s moduli and Poisson’s
ratios of the bodies in contact, and subscripts 1 and 2
refer to the sphere and the flat surface, respectively.
As noted above, in the present experiments contact
occurred between the back surface and the sphere, and
between the specimen and sphere, Fig. 4. Thus, the
above equations need to be corrected for such ‘double
contact’ conditions. Under these conditions, the total
(measured) displacement is computed by adding the
depth of penetration of the indenter into the back
surface to that of the indenter into the specimen, where
each of these contacts is modeled using Eqgs. (1) and (2).
Then, the measured depth of penetration is given by [§]

P\23 P\23
’“=<a> *(E) ®

where C; and C, represent the contact compliance
between the back surface and the indenter, and between
the indenter and the specimen, respectively. Rearrang-
ing Eq. (3), the P—h relation becomes

AL —32
roc, EJ b e )
1
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Eq. (4) shows that the contact response can be mod-
eled by the generic expression P = Ch!, where C is the
total contact compliance. Thus, the evolution of C with
the applied load, P, can be calculated by numerical
integration of the P—/ data so that

2.5 (M
C="= P dh, (5)
h ho=0
6 F
L (a)
5 | |=loading
[ u=unloading
s
Z 4
N [

(a) h (um)

3.5

E (b)

P (N)

(b

P (N)

0.0 0.50 1.0 1.5 2.0 2.5 3.0
© h (um)

Fig. 5. P—h curves of VPS and APS coatings. (a) Ni-Cr—Al-Y, (b)

NiAl, and (c) AlL,O;. Two different experiments are presented for

each material using dashed and continuous lines which approximately
represent the extend of experimental scatter.

where £, is the position of the indenter tip at the
commencement of contact, which is set to zero, and /;
is the value of the measured depth of penetration at
which C is computed. This provides the constant value
of C best fitting the experimental P—/ measurements
from which the Young’s modulus of the specimen can
be calculated [8]. A gradual decrease in the value of C
as the applied load increases is indicative of the devel-
opment of inelastic deformation in the material (see
Section 4.1). In the calculation of Young’s modulus, the
value of C; has to be computed from Egs. (1) and (2)
using the values of E and v of the spherical indenter
and the back surface. In the present case, both the
sphere and the flat surface are of WC-10 wt.% Co
which yields C; =9.3 N pm — . Hence, as the value of
C is computed from Eq. (5) using the experimentally
measured P-4 curve, C, can be calculated from Eq. (4).
Finally, the value of E* for the composite specimen—in-
denter is obtained by substituting C, into Eq. (1). The
computed value of E* is substituted into Eq. (2) to find
the value of E,/1 — v3, where in the present case E, =
475 GPa and v, =0.22 for the 10 wt.% Co-WC inden-
ter. It is noted that in order to estimate E, for the
materials under study, a value of v, = 0.3 was assumed
in all cases. The influence of this assumption on the
final outcome is small as changes of 30% in v only
affect the computed values of E by ~ 5%.

4. Results and discussion
4.1. Elastic moduli of coatings

Fig. 5 shows the P—/ curves for the plasma-sprayed
materials under study, and Fig. 6 presents their C—P
curves calculated from Eq. (5)'. The residual depth of
penetration, /., evident in the P—/ loops on complete
unloading is an indication of the capacity of the materi-
als to accumulate inelastic deformation at a given peak
load, Fig. 5a. In Fig. 6a and b, the occurrence of
inelastic flow is associated with the gradual decrease in
C with an increase in P. It is stressed that the value of
C should be constant for elastic deformation, as it
measures the contact compliance which depends only
on the elastic constants of the materials (see Egs. (1)
and (2)). Therefore, a decrease in C during loading is
related to a decrease in the stiffness of the specimen due
to inelastic deformation.

In view of the foregoing discussion, the decrease in C
with increase in P shown in Fig. 6 for some APS

! The C-P curves are presented here after the initial pre-Hertzian
regime (i.e. for P larger than ~ 0.5 N) where fluctuations in the value
of C occur due to (i) experimental scatter in the data used to compute
C, and (ii) deviations from the perfectly spherical indenter geometry

(8].
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Fig. 6. C-P curves for the experiments showed in Fig. 5. (a)
Ni—-Cr—Al-Y, (b) NiAl, and (c) ALO;.

coatings indicates that these materials are capable of
undergoing larger amounts of inelastic deformation
than VPS materials of identical composition. In terms
of their decreasing capacity to accumulate inelastic
deformation, the APS materials can be ranked as Ni—
Cr—Al-Y — NiAl - Al,O;, where inelastic flow is easily
promoted in APS Ni—Cr—Al-Y and NiAl for which C
decreases gradually. These results show the strong ten-
dency of plasma-sprayed coatings to undergo inelastic
flow as compared with fully dense materials. In this

J. Alcala et al. / Materials Science and Engineering A316 (2001) 1-10

regard, the plasticity induced in APS materials is of the
same magnitude as that in the low carbon steel used in
our prior work [8] (see Section 4.4 for the micromecha-
nisms which account for such inelastic responses). It is
noted that the inelastic response induced by spherical
indentation through its strong hydrostatic stress field
does not imply that the coatings would also have a high
fracture energy.

Table 1 contains the values of E for the materials
under study as calculated using the procedure described
in Section 3, where the C—P curves for APS NiAl and
APS Ni—Cr—Al-Y shown in Fig. 6 are linearly extrap-
olated to zero load to find the elastic contact compli-
ance. The scatter range shown in Table 1 for E in each
case is derived from at least seven indentation tests.
From these results it is evident that VPS materials have
larger values of E than those for APS deposits. The
ratio, 7, of the elastic modulus of the plasma-sprayed
deposit to that of the fully dense material is considered
a measure of the influence processing has on the elastic
properties of plasma-sprayed materials. This ratio has a
maximum for VPS materials, being ~ 1 in the case of
VPS Ni-Cr—Al-Y (where it is considered that the
value of E for fully dense Ni-Cr—Al-Y is similar to
that of Ni—Cr alloys; i.e. E~ 200 GPa). As E is mea-
sured under elastic contact conditions, values of # lower
than 1 can only be associated with the influence that
porosity and microcracking of the fresh material have
on the elastic contact compliance.

The larger n for VPS deposits, as compared with
APS deposits of similar composition, is consistent with
the decrease in porosity, inter-lamellar cracking and
removal of oxide layers which occur under vacuum
plasma-spray conditions. Such an improvement in mi-
crostructural homogenization is particularly noticeable
in the case of VPS Ni—Cr—Al-Y, where the lamellar
structure vanished completely, giving rise to equiaxial
grain formation. This degree of homogenization was

Table 1
Spherical indentation results

E; (GPa)" n®
NiCrAlY (VPS) 19549 0.98 4 0.05¢
NiCrAlY (APS) 80+ 12 0.40 £+ 0.06
NiAl (fully dense) 23249 1.00
NiAl (VPS) 110+ 18 0.48 +0.07
NiAl (APS) 9149 0.39 4+ 0.04
Al O5 (fully dense) 395+20 1.00
AlL,O4 (VPS) 146 + 34 0.37 +0.09
Al O, (APS) 86+ 15 0.22 +0.04

* Young’s modulus from spherical indentation.
° n= Eplasl’na»spraycd/Efully dense (See text for details).
¢ Edense nickel — 200 GPa.
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Table 2
Knoop indentation results

E (GPa)* H (Gpa) alb®
NiCrAlY (VPS) 105 +20 49+0.3 0.12
NiCrAlY (APS) 27+6 2.1+0.2 0.10
NiAl (fully dense) 68 +20 3.0+0.1 0.12
NiAl (VPS) 102 + 30 40+0.1 0.12
NiAl (APS) 33+8 1.9+0.2 0.11
Al O;5 (fully dense) 310 £+ 100 220+1.5 0.11
AlLO; (VPS) 294 + 80 16.6 + 1.5 0.11
Al O; (APS) 201 + 50 10.6 + 1.0 0.12

#Young’s modulus from Knoop indentation.
b Length of major diagonal/length of minor diagonal.

not achieved in NiAl and Al,O; deposits; such a trend
is in agreement with the lower diffusion rates in binary
ordered intermetallics and ceramics as compared with
the Ni-Cr—Al-Y alloy. Hence, NiAl and Al,O; would
require much higher processing temperatures than Ni—
Cr—Al-Y for similar levels of microstructural homoge-
nization. Finally, a clear difference between the values
of E for APS and VPS AL, is evident from Table 1.
In view of the microstructural similarities between these
materials, see Section 2, it can only be speculated that
such a difference in E is due to improved bonding
between the splats for VPS conditions which reduces
the amount of inter- and intra-lamellar microcracks.

4.2. Comparisons between instrumented
micro-indentation and Knoop indentation

It is important to compare the present evaluation of
E to that obtained by other indentation techniques. In
the present technique, the material is elastic at the
commencement of contact and E is calculated based on
elastic contact mechanics. This, however, is not the case
with sharp indentation as permanent deformation oc-
curs immediately upon the application of load. Previous
evaluations of E with a Knoop indenter involved opti-
cal measurement of the elastic recovery at the imprint
[6,11]. Such measurements were used as input into
equations where a generic elasto-plastic law was as-
sumed a priori and calibrated experimentally. The
weakness of such a method is that the assumed elasto-
plastic model may not be common to all materials.
Also, since it is well-known that damage accumulation
reduces the value of E in ceramics, measurement of
elastic recovery in sharp indents may not give an accu-
rate representation of the response of the fresh (origi-
nal) material, particularly when large amounts of
microcracking are induced during indentation.

In order to determine how much the above consider-
ations affect £ measurements from sharp indentation,
complementary experiments were conducted with a
Knoop indenter and the value of E calculated from the
elastic recovery of the imprint using [6,11]

b b oH
= ©)

where 2b" is the length of the minor diagonal upon
unloading; 2a = 2a’ is the length of the major diagonal,
which is assumed to remain constant on unloading; 2b
is the length of the minor diagonal under the applied
peak load as calculated from the geometry of the
Knoop diamond and the value of 2a¢; and o is a
constant whose value is found to be 0.45 from
experiments.

The results for E computed from Eq. (6) are shown
in Table 2, where a peak load of 10 N was used in the
experiments for consistency with [6]. For most of the
materials under study, the values of E from sharp
micro-indentation are lower than those obtained from
instrumented spherical micro-indentation (it is empha-
sized that, as shown in [8], the latter technique gives E
values which are in agreement with those obtained from
uniaxial tests). It is also noted that even by changing
the value of «, it was not possible to find uniform
agreement between the actual values of £ measured by
spherical micro-indentation and those computed from
Eq. (6). Interference from the substrate in these mea-
surements is minimized as the maximum depth of
Knoop indentations was ~ 10 pm, which is much
smaller than the thickness of the coatings ( ~ 150 pm).

An important assumption of the present spherical
micro-indentation methodology for measuring E is that
the contact response is not affected by the presence of
residual stresses. This assumption is valid in the frame-
work of linear elasticity where the principle of superpo-
sition implies that the stress fields induced by
indentation can be calculated as if there were no initial
residual stresses [9]. Therefore, the P—A curves in the
elastic regime are not affected by prior residual stresses.
This consideration is important in the context of this
work as it is well-known from X-ray and neutron
diffraction as well as curvature measurements that large
residual stresses (with magnitudes of several hundred
MPa) are induced in plasma-sprayed coatings during
deposition [12,13]. Thus, it is desirable that the mea-
sured value of E not be influenced by such stresses.
Methods to extract the effects of residual stresses on
plastic deformation during indentation are given in [9].

4.3. Issues of size scales in instrumented spherical
indentation

Instrumented spherical micro-indentation results are
intrinsically sensitive to microstructural size scales and
it is, therefore, of interest to examine the key size scales
of the process. For a given spherical indenter diameter,
D, and depth of penetration, %, of the indenter into the
coating, the indentation contact radius, ¢, is given by
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c= \/’? (M)

For the present case with D =1.59 mm and 42 ~ 1 pm in
the upper region of elastic indentation, it is seen that
¢~ 28 um. Coatings with complex microstructures are

(c)

Fig. 7. Inelastic features at the deformation zone beneath the indent,
(a) intra-lamellar cracks and splat sliding (see markers); (b) fracture
of splats which leads to smaller fragments of material capable of
accommodating larger amounts of inelastic deformation; (c) indented
surface at the contact boundary between specimen and indenter.

examined here; however, if the typical grain size is
considered to be ~ 10 um (see the length of the lamel-
lae in Fig. 3c), the contact area would sample ~ 5
grains at the indented surface. As a result, differences in
crystallographic orientation between individual grains
may not have a major effect on the present measure-
ments. By repeating the indentation tests at different
locations of the coating surface, the scatter in the
inferred elastic modulus E is obtained. The scatter for
all coatings is listed in Table 1.

4.4. Some observations of inelastic deformation
processes

As noted earlier, the present indentation technique
enables us to distinguish between the elastic and inelas-
tic responses of the material. The mechanisms which
might be envisioned for the development of inelastic
flow in plasma-sprayed materials are inter- and intra-
splat fracture, void coalescence, and metal plasticity
(i.e. dislocation motion and twinning which may be
particularly active in the case of Ni—Cr—Al-Y). By
comparing the C—P curves of VPS and APS Ni-Cr—
Al-Y, it is evident that the VPS material remains
purely elastic while the APS deposit shows signs of
inelastic flow as C decreases with P. This indicates that,
since splats are not detected in VPS Ni—Cr-Al-Y, the
marked inelastic flow detected in APS Ni—Cr—Al-Y
has to do mostly with the deformation of its lamellar
microstructure.

In order to investigate the mechanisms underlying
inelastic deformation in plasma-sprayed materials, APS
Al,O; deposits were selected to conduct a study of
microstructural damage directly underneath the indent
[14]. For this study, specimens were cut in half and each
of the cross sections was polished. The two pieces were
then clamped face-to-face and mounted in a resin mold.
Indentation tests were conducted along the trace of the
interface between the bonded blocks of material. Fi-
nally, the blocks were separated by dissolving the bond-
ing material in trichloroethane, and the cross-sections
were examined by SEM [14]. As dislocation plasticity
can be ruled out in alumina ceramics, these observa-
tions are expected to provide evidence of deformation
micromechanisms which are related to the lamellar
structure of APS materials.

The results of such experiments, shown in Fig. 7, are
for a peak load of 500 N and a spherical indenter of
WC-10 wt.% Co of 9.5 mm in diameter. Although
similar observations can be made for lower loading
levels, the size of the deformation zone below the indent
decreases strongly with a decrease in peak load. This
makes it desirable to select large spherical indenters and
large peak loads to facilitate observation of the defor-
mation zone (it is noted that as in the case of the results
in [7], loading to ~ 500 N resulted in plastic deforma-
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tion of the metallic substrate). Fig. 7a shows an area
located at ~ 500 um from the center of the contact
region in the radial direction (depth ~ 50 pm). The
figure shows opening of intra-lamellar cracks through-
out groups of neighboring splats. The opening causes
sliding between splats. Fig. 7b shows an area of the
cross-section which is at depth of ~ 10-20 um under-
neath the indented surface. At this location, inelastic
deformation becomes more evident as the splats are
affected by both inter- and intra-lamellar fracture, re-
ducing the original lamellae to smaller fragments of
material. Fig. 7c shows the indented surface at the
contact area (this observation is conducted along the
direction of the applied load and not at the cross-sec-
tion of the specimen). The micrograph shows crushing
of material which leads to the formation of loose
particles. It is noted that the delamination of the coat-
ing by the growth of macrocracks (due to the presence
of weak areas induced by plasma-spray interruptions
[7]), was not detected in the present work. Such weak
areas were not present in the coatings under study as
their thickness is smaller than that reported in [7], thus,
interruptions of the spray sequence imposed to prevent
overheating of the substrate were not used here (Section
2).

5. Concluding remarks

Accurate measurements of the Young’s modulus (F)
of plasma-sprayed materials were carried out using
instrumented spherical micro-indentation. The presence
of residual stresses in plasma-sprayed coatings does not
influence the evaluation of E by instrumented spherical
indentation because the P-4 curves are measured pri-
marily within the elastic contact regime. As E is evalu-
ated in such initial regime, the measurements are not
influenced by the inelastic response (microcracking) in-
duced in the materials at larger loads.

The values of E for APS deposits are much lower
than those for fully dense materials of similar composi-
tion. VPS deposits have larger values of E than APS
deposits to the point where E can become, in some
cases, similar to that of fully dense materials. The low
values of E in APS deposits are due to the large
amounts of porosity as well as to the presence of inter-
and intra-lamellar microcracks in the as-sprayed mate-
rials (i.e. defects which were already present prior to
indentation experiments). The increase in elastic mod-
ulus in metallic and intermetallic coatings processed by
vacuum plasma-spray is due to the homogenization of
the microstructure (by self-annealing at high tempera-
ture) which may lead to the removal of the lamellar
microstructure and microcracking.

When compared with prior spherical macro-indenta-
tion methodologies, instrumented micro-indentation en-

ables the mechanical evaluation of thin coatings (of
~ 100 um thick) from a single experiment, where the
influence of the substrate on the elastic and inelastic
responses can be circumvented. The assessment of the
capacity of the plasma-sprayed material to undergo
inelastic flow is another aspect that can be studied by
recourse to instrumented spherical micro-indentation.
This is achieved by measuring the amount of perma-
nent deformation in the P—/ loops or by analysis of the
C-P curves on loading.

The results show that plasma-sprayed coatings are
strongly susceptible to the development of plasticity.
This occurs to the point that the amount of inelastic
flow in APS intermetallic and ceramic coatings could be
comparable to that induced in a low carbon steel under
similar contact conditions. APS materials undergo
larger amounts of inelastic deformation as compared
with VPS materials. Present results show that the lamel-
lar microstructure of APS materials is a critical factor
for such behavior. The onset of inelastic flow in APS
metallic coatings occurs at loading levels below those
where plasticity commences in VPS or fully dense mate-
rials of similar composition. This indicates that inelastic
deformation is promoted by mechanisms which are
associated with the lamellar microstructure of APS
materials. These mechanisms involve microcracking of
neighboring splats and inter-splat sliding. At larger
levels of compressive loading, microcracking causes a
break down of the lamellar structure into smaller frag-
ments of material, which further enables the accommo-
dation of increasing amounts of inelastic deformation.
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