
Non-Linear Mechanical Behavior of Plasma
Sprayed Alumina Under Mechanical

and Thermal Loading
Radek Musalek, Jiri Matejicek, Monika Vilemova, and Ondrej Kovarik

(Submitted April 24, 2009; in revised form June 30, 2009)

Mechanical response of plasma sprayed ceramic coatings to mechanical and thermal loading of various
extents was studied. Coated samples were subjected to four-point bending (4PB), with coatings loaded in
tension and compression, respectively. Thermal loading was provided by heating the samples, while
stresses were generated by thermal mismatch between the coatings and substrates. In both cases, cyclic
loading was applied. Non-linear behavior and significant hysteresis were observed, indicating inelastic
phenomena taking place. The tests were complemented by structural observations in SEM and inden-
tation tests. Relevant structural features and possible mechanisms underlying this behavior are discussed.
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1. Introduction

Plasma sprayed coatings have a typical inhomogeneous
microstructure, consisting of flattened particles—splats—
and pores, cracks and weakly bonded interfaces. As a
consequence, their mechanical properties are largely dif-
ferent from bulk materials. Characteristic features include
relatively low Young�s moduli, mechanical anisotropy,
non-linear stress-strain relationship, including elastic and/
or inelastic phenomena, and different behavior in tension
and compression (Ref 1). Various deformation mecha-
nisms, different from bulk materials, may operate in

plasma sprayed coatings and are responsible for the
above-mentioned behavior. These may include crack
opening and closing, formation of new cracks, mutual
sliding or torsion of the interfaces and generally inhomo-
geneous deformation. On the other hand, the coating
structure and consequently its properties can be signifi-
cantly influenced by processing conditions (Ref 2).

The objective of this study was to explore the
mechanical response of plasma sprayed alumina coatings
to various forms of loading, relate it to the coating struc-
ture and selected processing parameters. Alumina was
selected as a representative material because of its wide-
spread use and applicability in thermal and wear protec-
tion (Ref 3) and, as a typical ceramic material, because of
expected sensitivity to the presence, distribution and for-
mation of cracks.

2. Experimental Procedure

White alumina powder of 30-80 lm size (AB230, Car-
borundum Electrite, Benatky n. J., Czech Republic) was
sprayed by water-stabilized plasma system WSP� (Insti-
tute of Plasma Physics, Praha, Czech Republic) at three
different settings (Table 1), which were expected to result
in coatings with different densities and stiffnesses. The
feed rate was 10 kg/h in all cases and the deposition
temperature was kept below 280 �C. For four-point
bending (4PB) test the substrates were 3.18 9 25
9 100 mm Ti6Al4V and 2.59 9 25 9 100 aluminum
(Al99.5). The substrates were annealed prior to deposition
to eliminate stresses unrelated to spraying. Ti6Al4V was
chosen for its relatively low modulus and high elastic limit
that permits testing of the coatings up to relatively large
strains, while aluminum is easily deformable. Coating
thicknesses were around 1 mm, in order to have a suffi-
cient coating contribution to the total stiffness in 4PB. For
thermal cycling, 0.2-mm-thick coatings were sprayed on
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2.5 9 25 9 230 mm aluminum substrates. In this case,
reduced coating thickness had to be used, otherwise the
thermal mismatch stress would produce plastic deforma-
tion in the substrates even at moderate temperatures.

During the spraying session, particle temperatures and
velocities were monitored by a DPV-2000 diagnostic sys-
tem (Tecnar, St. Bruno, Canada), in a matrix of 5 9 5
points 9 mm apart, perpendicular to the spray plume at
spraying distance.

Ratio of the a and c phases in the coatings was deter-
mined by x-ray diffractometer Siemens D500 (Siemens,
Karlsruhe, Germany).

Specimens for structural observation and indentation
test were prepared using standard metallographic proce-
dure (grinding and polishing). Indentation modulus was
determined with indentation instrument NanoTest (Micro
Materials Limited, Wrexham, UK) with WC-Co spherical
indentor (r = 0.79 mm) and maximum load 5 N. The
indentation modulus was determined from the measured
load-displacement curve using Oliver-Pharr method.
Bonded-interface technique (Ref 4) was used for one of
the 80-500 coatings to observe changes in the micro-
structure after permanent deformation. Spherical indent
across the bonded interface was created using EMCO-
TEST M4C (Kuchl, Austria). Cross sections were
observed with JEOL 5510 LV (Jeol, Tokyo, Japan)
scanning electron microscope.

4PB (Fig. 1) was performed on universal testing machine
Inspekt 100 (Hegewald-Peschke, Nossen, Germany) with
a fully articulating fixture having 85 mm outer span and
47 mm inner span. Specimen deflection was measured
with adapted strain gauge extensometer Instron 2620-603
(Instron, Norwood, USA). Coatings on substrates were
loaded in tension or compression by choosing their ori-
entation in the fixture. Different specimens were used for
loading in compression and tension. Three loading modes
were used consequently for each specimen (Fig. 2):

� loading up to stepwise increasing loads, with full
unloading (mode I),

� loading up to the maximum load, with full unloading
(mode II), and

� loading up to stepwise increasing loads, with partial
unloading (mode III).

This allowed us to observe the coating behavior at
different load levels and hysteresis of the stress-strain
curves. Coating secant modulus was separated from the
total stiffness (Ref 5). Bare substrates were tested to as-
sess their elastic limits. The maximum load applied was
then selected accordingly.

Thermal loading was applied in a house-made fixture,
consisting of a heating element ensuring uniform heating
of the specimen and a laser triangulation distance sensor,
traversing along the specimen in a controlled fashion,
permitting to determine the curvature at selected tem-
perature intervals (Ref 6). With the dimensions, coeffi-
cients of thermal expansion of both materials and Young�s
modulus of the substrate known, Young�s modulus of the
coating as a function of temperature or strain was deter-
mined as described in Ref 7. For each specimen, four
cycles up to 200 �C with 0.1 �C/s rate were performed.

3. Results

Characteristic microstructures of the deposits in half-
thickness of the coating can be seen in Fig. 3. Slight dif-
ferences in splats morphology correspond to differences in
deposition conditions.

Values of indentation modulus determined from
instrumented indentation from the surface (cross-sectional
modulus) and cross-section side (in-plane modulus) are
plotted in Fig. 4. Plot shows significant scatter of the data
due to porous structure of the coating. Significant differ-
ence in stiffness of the material was observed for loading
from the surface and cross-section side. This behavior is

Table 1 Spraying parameters

Notation

Spray
distance,

mm

Feed
distance,

mm T, �C v, m/s

Resulting
a-phase

content, %

40-350 40 350 2171 97 8
60-425 60 425 2105 83 6
80-500 80 500 2084 77 20

Fig. 1 Experiment setup for 4PB test (Ref 8). l0 = 47 mm, l =
19 mm, t = 16 mm

Fig. 2 Loading modes for 4PB test
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caused by the lamellar structure of the material with
preferential orientation. For different spraying conditions,
no significant difference in indentation behavior was
observed.

Permanent changes in microstructure during indentation
were observed with bonded-interface technique. Comparing

images of the same spot before and after loading (Fig. 5)
shows significant cracking, debonding, and mutual sliding of
the splats along with cracks closing which led to the coating

Fig. 3 Microstructures of sprayed coatings. SEM image—
backscattered electrons (COMPO). (a) 40-350, (b) 60-425, and
(c) 80-500

Fig. 4 Indentation moduli determined from instrumented
indentation

Fig. 5 Coating 80-500 cross-section under indent (r = 1.25 mm,
load 613.13 N). SEM image—backscattered electrons mode
(COMPO). (a) Coating microstructure under indent (after
indentation); (b) detail of highlighted area before (left) and after
(right) the indentation
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compaction. Such changes in microstructure were observed
up to 800 lm depth under the indent.

Load-deflection curves obtained from 4PB test were
transformed to plots showing evolution of mean stress-
mean strain curves (Fig. 6) and dependence of coating
secant modulus on mean strain (Fig. 7).

From the character of the loading curves the following
statements can be made for tested alumina coatings:

� Qualitative difference in coating behavior in com-
pression and tension can be observed. Stiffness of the
coating increased with increasing compressive strain
and decreased with increasing tensile strain.

� No qualitative differences in mechanical behavior
were observed for specimens deposited at different
conditions, although slight differences in modulus
values were registered.

� Coating stiffness evaluated in terms of effective secant
coating modulus dropped in the achieved strain range
from ca. 25-30 GPa for mean strain �0.16% (com-
pression) to 4-7 GPa for mean strain 0.22% (tension).

� The first loading curve differs from the subsequent
curves to the same loading level, which signifies irre-
versible changes in the coating microstructure
(namely cracks evolution, splat debonding, mutual
splat sliding, etc.) even from initial levels of applied
strain. Local coating changes lead to the release of the
residual stresses in the coating and therefore some
residual permanent bending was observed. If the load
level was further increased, loading path differed
again from the subsequent stabilized curves.

� The determined stress-strain curves exhibit significant
non-linearity in the whole range of tested strains.

� Hysteresis indicating energy dissipation in the mate-
rial due to internal friction was noted for all loading
modes. It also indicates that some changes in the
coating may be reversible (e.g. pores closing or mutual
splat sliding).

� From the stress-strain curves maximum (Fig. 6a) one
can estimate the tensile strain level causing large-scale
cracking of the coating and loss of coating stiffness
(ca. 0.15% corresponding to effective mean stress
approx. 15 MPa).

The maximum loading (1000 N) admissible by the
4PB fixture was insufficient to achieve macroscopic
failure of the coating on Ti6Al4V substrates. Therefore,
previously tested specimens were cut longitudinally in
two halves to reduce their stiffness (thereby doubling
the maximum strain achieved) and tested again in mode I
(Fig. 8). Note changed character of the stress-strain
curve due to the previous loading history. In tension,
further decrease in coating stiffness continued until total
loss of stiffness of the coating due to delamination at

Fig. 6 Mean stress vs. mean strain in the coating evaluated from
4PB test. Loading modes I, II and III applied consecutively.
Ti6Al4V substrate. (a) Loading mode I, (b) loading mode II, and
(c) loading mode III

Fig. 7 Coating secant modulus vs. mean strain evaluated for
curves from Fig. 6(b) (loading mode II)
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the coating-substrate interface. At the same time, major
cracking perpendicular to coating surface was observed
for each coating (40-350, 60-425, 80-500) at tensile mean
strain (0.40, 0.32 and 0.32%, respectively). In compres-
sion, further increase in coating stiffness was observed
but large-scale failure was not reached until maximum
applicable load (1000 N).

Specimens with 60-425 coating on 99.5Al substrate
were loaded using 4PB test both in tension and compres-
sion until failure of the coating. Residual stresses in the
coating resulted in noticeable curvature of the specimens
after spraying (Fig. 9a). Due to a low yield stress and
therefore extensive plastic deformation of the substrate,
only mean strain estimate could be evaluated from the
load-curvature record. Significant difference in coating
failure in compression and tension was observed (Fig. 9b
and c). In compression, permanent change of the coating

curvature was observed between inner supports and
coating failed at relatively high strain (�1.36%) due to the
cracking under the inner supports and loss of the coating
cohesion. In tension, coating failed at noticeably lower
strain (0.26%) which was comparable to the previous
experiment with Ti6Al4V substrate. Failure of the coating
was due to the delamination of the coating and major
cracking in the plane perpendicular to the coating-
substrate interface.

Figure 10 shows the curvature change k � k0 (k0

denotes curvature at room temperature) versus tempera-
ture for thermal cycle of the coating specimens on 99.5Al
substrate. The other cycles followed practically the same
path. The graph shows a noticeable hysteresis and an
overall decrease in slope toward higher temperatures. This
indicates decreasing coating modulus. The coatings were
initially under compression, and moved toward tension
upon heating.

Figure 11 shows Young�s modulus of the coatings
evaluated from the thermal cycles in four temperature
intervals. Apart from local variations, an overall trend of
decreasing modulus with increasing temperature (toward
tension) can be seen. If the modulus was plotted against
absolute strain, the starting points would be different for

Fig. 8 Mean stress vs. mean strain in the coating evaluated from
4PB test of half specimen. Coating 40-350 on Ti6Al4V substrate

Fig. 9 4PB test of specimen coating 60-425 on Al99.5 substrate.
(a) Specimen prior to the loading; (b) compression loading—
failure strain ec =�1.36%; and (c) tensile loading—failure strain
ec = 0.26%

Fig. 10 Specimen curvature evolution during the fourth thermal
cycle. k0 illustrates initial specimen curvature at room tempera-
ture. Al99.5 substrate

Fig. 11 Coating modulus evaluated from thermal cycling.
Average for heating and cooling curve
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each coating (40-350, 60-425, 80-500) due to different
residual strain (�0.22, �0.03, and �0.02%, respectively),
but the trends would be the same.

4. Discussion

Since the feedstock contained 100% a-phase, its
higher content in the 80-500 coatings (with the lowest
particle temperature and velocity) (Table 1) likely origi-
nates from the incompletely molten feedstock particles.
On the other hand, in the case of 40-350 coating, higher
particle temperature and velocity combined with speci-
men heating caused by short spray distance could result
in more sintered coating with stronger bonding between
splats.

Values of the indentation modulus from the instru-
mented indentation can be slightly influenced by the fact
that cross-section samples were embedded in epoxy resin
while samples for surface indentation were free-standing.

Conditions under indent during the bonded-interface
test are different from conditions in as-sprayed coating.
After fastening the sample interfaces together in a special
sample holder, the resulting gap between the interfaces
was ca. 10 lm. The gap was filled with thermoplastic resin
helping to stick samples together. Therefore, mutual
sliding of the splats was not fully constrained across the
interface. On the other hand, splats in porous coatings are
also not thoroughly constrained, unlike in the bulk mate-
rial. Secondly, only permanent deformation of the struc-
ture under the indent can be studied using this technique.
Reversible elastic deformation could not be observed.

4PB test evaluation used in this paper can provide
estimate of stress-strain curve for the coating. Its maxi-
mum in tension indicates loading level, where significant
changes in the coating can occur. In the case of coating on
the deformable substrate, further increase of load causes
gradual evolution of coating failure (cracks evolution,
splat debonding, etc.) but the coating could be still oper-
ational. On the other hand, sudden fracture would occur in
the case of free-standing coating.

High values of coating modulus determined from 4PB
test near zero applied strain could be caused by combi-
nation of high initial stiffness due to the initial static
friction or measurement error at extremely low loads.

In the whole paper, effective mean stress and mean
strain in the central plane of the coating are considered
(Ref 5). Local stress and strain values near the stress
concentrators, such as cracks, loose splats, etc., can be
significantly higher. Stress and strain levels at the free
surface of the coating during bending can also be slightly
higher than their mean values due to the higher distance
from neutral axis of the specimen.

During thermal loading, specimens showed non-
linearity and hysteresis, but the extent of these effects was
smaller than in the case of 4PB loading because the
magnitude of achieved strain was ca. 1 order lower, which
was insufficient for effective changes in the coating
microstructure.

In this paper, stress and strain originating only from
external loading are considered. Due to the stiffness of the
Ti6Al4V substrate and therefore small specimen curva-
ture, residual stresses could not be reliably evaluated from
it. Using other technique will be considered in future
work.

5. Conclusions

Deformation behavior of sprayed alumina was studied
using mechanical (4PB and indentation) and thermal
cycling. Tested alumina coatings exhibited non-linear,
inelastic, inhomogeneous, anisotropic, and irreversible
behavior.

Deformation of the coating was ‘‘pseudoplastic’’, since
ceramic material is not expected to exhibit plastic defor-
mation under the testing conditions. Mechanisms of per-
manent coating deformation were identified as splat
debonding and mutual sliding, compaction of the material,
cracking of the splats and pores and cracks interlinking. In
the case of the metallic coatings, plastic deformation of
the splats is expected, which could delay premature failure
of the coating.

Although modulus values determined with different
methods can differ (due to, e.g., different load mode and
direction, level of deformation), overall trends are the
same. Gradual decrease in coating stiffness was observed
during tensile loading, which finally led to the failure of
the coating. In compression, significantly higher capability
to withstand extensive deformation was observed. Such
behavior of thermally sprayed ceramics is a consequence
of splat-like structure and can be advantageous for many
engineering applications compared to bulk ceramics. It
also corresponds to the idea of closing of pores and cracks
during compression and cracks formation and opening
during tension. Kroupa�s model of non-linear behavior of
thermally sprayed ceramics (Ref 1) therefore seems to be
appropriate for alumina coatings tested.

Higher coating modulus means its higher stiffness,
better bonding of the splats etc. But it also means higher
stress level in the coating, because coating strain is usually
driven by substrate strain. Therefore, coating failure strain
should also be considered for coating application to pro-
vide coating operability and avoid its failure. It should
always be higher than permissible strain level of the sub-
strate. For example, let us assume that critical strain for
steel substrate is the engineering 0.2% offset strain. Under
such assumption, the tested thermally sprayed coatings
should be operational in both compression and tension.

As it is obvious from the presented results, significant
changes in mechanical properties of the plasma sprayed
ceramic coatings can be expected even at low levels of
loading. Therefore, modulus value of sprayed ceramic
coatings determined using 4PB test should always be
linked with the achieved strain.

Results presented in this paper show good agreement
with previously published data for other sprayed ceramics
(Ref 5, 8, 9).
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