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If the strains are so small that macroscopic damage does not
appear, the mechanical behavior is frequently called elasticbe-
havior because ceramics generally exhibit no plasticity at room
temperature. Although inelastic effects are rarely analyzed in ex-
perimental studies on ceramic coatings, a form of pseudoplastic
behavior at room temperature is mentioned in Ref 1 (p. 246).

The effective Young’s modulus of plasma-sprayed ceramics
is much lower than that of the bulk due to microcracks and
pores.[1,2] Kroupa and Dubsky[3] have predicted an increase of the
moduluswith increasing compressive strain, due to successive
complete closing of microcracks, by analogy to the elastic be-
havior of rocks. Numerous studies in the field of geomechan-
ics[4,5] could be extended to plasma-sprayed ceramics.

2. Test Specimen

The test specimen was prepared by atmospheric plasma
spraying of zircon (ZrSiO4) powder onto a grit-blasted tita-
nium alloy substrate. Zircon plasma-sprayed coatings[6] are in-
dustrially used in thermal and diffusion barriers as an
inexpensive substitute of ZrO2 for less sophisticated applica-
tions. The deposits prepared by plasma spraying of zircon are
composed of tetragonal ZrO2, monoclinic ZrO2, and glassy
SiO2 phases.[7,8] Selected properties of the bulk materials are
presented in Table 1.

The substrate material was T110 wrought titanium alloy,[10]

whose properties (Table 2) and applications are similar to Ti-
6Al-4V alloy.[11,12]The choice of the substrate material was made
with respect to its high maximum elastic strain and low elastic
stiffness, to increase the accuracy of the measurements. The ma-
terial was machined to the dimensions given in Table 3. The sub-
strate surface was grit blasted with 0.6 mm alumina grit.

Zircon powder was sprayed with a water-stabilized plasma
torch PAL 160. The characteristics of this plasma torch are pre-
sented in Table 4; the feeding powder characteristics and spray
process parameters are presented in Table 5; and the final coat-
ing thickness is presented in Table 3. The thickness of the coat-
ing and of the substrate were measured with a mechanical
micrometer at 12 points. The spray process was controlled with
the assistance of a thermocouple situated on the back side of the

1. Introduction

In the process of plasma spraying, materials are produced
whose properties differ substantially from the bulk; the differ-
ence is induced by their unique microstructure.

For plasma-sprayed ceramic coatings, successive spray
passes create a lamellar microstructure[1] with micro areas of im-
perfect adhesion between lamellae. In the course of processing,
high residual stressesare generated in the material: primary or
quenchingstresses as a result of intense cooling of splats subse-
quent to solidification and secondarystresses as a result of dif-
ferent thermal expansion coefficients of the coating and of the
substrate. The residual stresses relax partially by the formation
of numerous microcracks perpendicular to the coating plane.

This material is generally as follows:

• microscopically inhomogenous, (Ref 1, p. 155), since dif-
ferent phases are formed within the coating (e.g., Ref 8).
Also, microscopic defects such as microcracks and roughly
spherical pores may be considered as inhomogeneities.

• macroscopically inhomogenous, since there is a gradient of
properties across the coating thickness. The cooling rate is
higher for splats close to the metallic substrate than for
splats on the surface of a thick ceramic coating (Ref 1, Sec-
tion 6.2). Thus, the phase composition, residual stresses,
and microcracking may be different.

• anisotropic, since the material properties are different in the
spraying direction and in the deposition plane (i.e., trans-
verse isotropy). The elastic behavior is, therefore, com-
pletely described by five independent elastic constants.[2]
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substrate. Initial preheating of the substrate with a plasma jet was
followed by 20 spray cycles (Fig. 1).

3. Experimental Setup

An Instron 1362 (Canton, MA) electromechanical testing
machine was used, equipped with a 1 kN load cell, a four-point
bend test fixture, and a deflection gauge (Fig. 2). The system was
designed to provide high accuracy in testing of substrate-coating
plate or beam specimens.

Parameters of the fully articulating four-point bend test fix-
ture[14] are presented in Table 6. The loading arm is swinging in

the figure plane, to uniformly distribute the loading force. Three
of the four supports swing around the axes parallel to the speci-
men axis to avoid torsion of the specimen. Hardened steel cylin-
drical bearings are used.

The deflection gauge consists of two hangers and an Instron
strain-gauge displacement sensor, Catalog No. 2620-603. It is
hung on the tested specimen, independently of the fixture (Fig.
2). For small deflexions w, the curvature 1/Rof the specimen is
given by

(Eq 1)

where 2t represent the hanger span (Table 6). The deflection
gauge was calibrated by the insertion of a small plate standard
between the displacement sensor and the testing specimen. The
thickness of the standard was (0.250 ± 0.005) mm. The calibra-
tion was checked after testing.

1 2
2R t

w=

Table 1 Selected bulk properties of the feeding powder
material (ZrSiO 4) and of the phases present in the de-
posit[6,7,9] (t—tetragonal, and a—amorphous)

ZrSiO4 softening point 2015 °C
ZrSiO4 phase decomposition temperature 1676 °C
ZrSiO4 density 4600 kg m−3

t-ZrO2 Young’s modulus 10 GPa
t-ZrO2 Coefficient of linear thermal expansion 7.1 × 10−6 K−1

a-SiO2 Young’s modulus 75 GPa
a-SiO2 Coefficient of linear thermal expansion 0.5 × 10−6 K−1

Table 3 Specimen dimensions

Specimen length 118 ± 0.5 mm
Specimen width B 19.4 ± 0.1 mm
Substrate thickness H 2.59 ± 0.02 mm
Coating thickness h 1.69 ± 0.04 mm

Table 2 Basic properties of the substrate material[10,12]

Specification T110 alloy
Chemical composition Base Ti, 6% Al, 3% Mo, 2% Cr
Young’s modulus 110 GPa
Yield stress Rp0.2 ≈ 800 MPa
Maximum elastic strain ≈0.7%
Coefficient of linear thermal expansion 11 × 10−6 K−1

Table 4 Basic parameters of the plasma torch[13]

Specification, supplier PAL 160, IPP Prague
Work medium H2O
Arc current/voltage 490 A/305 V
Plasma mass flow rate 0.29 g s−1

Centerline density 0.98 g m−3

Centerline temperature 26,000 K
Centerline velocity 5600 ms−1

Table 5 Basic feeding powder characteristics and plasma
spray process parameters

Feeding powder composition ZrSiO4

Feeding powder size 40-70 µm
Process: plasma torch APS; PAL 160
Feeding rate 24 kg h−1

Preheating 120 °C
Number of spraying cycles 20
Feeding/spraying distance from the exit nozzle 25 mm/365 mm

Fig. 1 Record of the substrate temperature in the course of spraying

Fig. 2 Test configuration

Table 6 Parameters of the four-point bend test fixture
and of the deflexion gauge

Fixture support span L 94.0 ± 0.2 mm
Fixture loading span L/2 47.0 ± 0.1 mm
Fixture bearing cylinder diameter 5.0 ± 0.0 mm
Deflexion gauge hangers span 2t 32.0 ± 0.5 mm
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In the four-point bend test fixtures, the bending moment is
generated with a total error less than 1.5%. Maximum errors of
the load cell are presented in Table 7. The individual errors of
the deflection gauge are given by the repeatability of the dis-
placement sensor (Table 7). The total error of the determination
of 1/R is 3%. This error arises mostly by the error of the hangers
span 2t and by the error of the calibration.

The crosshead speed was set to 0.060 mm min−1, which cor-
responds to the strain rate of 3 × 10−6 s−1 within the coating.
Loading programs are detailed in Section 6.

4. Application of the Elasticity Theory

Deformation in four-point bending of the coating-substrate
specimen is cylindrical between the inner (loading) supports.

For linear elasticmaterials of the coating and of the substrate,
the curvature 1/Rof the specimen loaded by force F is given by

(Eq 2)

where L/2 and L represent the loading and the support span, re-
spectively. Constant K is given[15] by the thickness of the sub-
strate H, thickness of the coating h, width of the specimen B, and
by material constants Er (coating), E, and v (substrate):

(Eq 3)

In the equation, E* = ηE, where E is the Young’s modulus of the
substrate and η is a constant; the value of η lies between 1 and
1/(1 − v2), for H << B (plane stress) or H >> B (plane strain), re-
spectively. The term Er represents the effective in-plane Young’s
modulus of the coating. Taking into account the experimental er-
rors, distinction of the coating stiffness under the conditions of
the plane stress/plane strain is of only limited interest; and there-
fore, Er is used in Eq 3.

The load-deflection curve for linear elastic behavior is repre-
sented by a line with slope C = dF/dw:

(Eq 4)

Position z0 of the neutral axis is
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Table 7 Mechanical sensors. Specifications after Instron

Specification Load cell Displacement sensor

Catalogue no. 2518-204 2620-603
Static range ±1 kN ±1 mm
Repeatability 0.2%(a) 0.05%(b)
Linearity ±0.4%(a) −0.07%(b)
Hysteresis 0.2%(a) −0.05%(b)

(a) Maximum error in percent of reading
(b) Error in percent of full scale displacement

Fig. 3 Evaluation of the load-deflection curves in the case of nonlinear
behavior of the coating

εl
— mean longitudinal strain in the coating (1)
εl— longitudinal strain at the substrate-coating interface

(1)
η strain biaxility factor (1)
υ substrate Poisson’s ratio (1)
σ l
— mean longitudinal stress in the coating (Pa)
τ12 shear stress in the deposition plane (Pa)
2a microcrack length (m)
B specimen width (m)
2b microcrack opening displacement (m)
C slope of the load-deflection curve (N m-1)
Csec secant stiffness of the specimen (N m-1)
E substrate Young’s modulus (Pa)
E* effective substrate Young’s modulus (Pa)
Er effective in-plane Young’s modulus of the coating

(Pa)
Esec

r effective secant “modulus” of the coating (Pa)
F loading force (N)
Fav average loading force in a hysteresis loop (N)
H substrate thickness (m)
h coating thickness (m)
K flexural stiffness of the specimen (N m2)
R radius of curvature (m)
Rp0.2 substrate yield point (Pa)
2t deflection gauge hangers span (m)
w deflection (m)
z0 position of the neutral axis (m)

Table of Symbols
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from the substrate-coating interface. The longitudinal strain at
the substrate-coating interface ε1— and the mean longitudinal
strain in the coating ε1

—are

(Eq 6)

Consider now a nonlinear behavior of the coating Er (ε1
—) on

the linear elastic substrate E, resulting in a nonlinear load-de-
flexion curve F(w). In Fig. 3, a curve F(w) is displayed together
with the load-deflection curve for the substrate without the coat-
ing. At a given deflection w, the mean longitudinal stress in the
coating σ1

— must be the same as if the coating material were lin-
ear elastic, with a Young’s modulus Esec

r(w), which is given by
Eq 3 and 4 for Csec(w) = F(w)/w. The position of the neutral axis
z0(w) may, therefore, be calculated from Eq 5, substituting
Esec

r(w) for Er. Function z0(w) may be substituted for z0 in Eq 6
to obtain ε1

—(w) and finally

(Eq 7)

The coating mean stress-mean strain curves σ1
—(ε1

—) are deter-
mined by σ1

—(w) together with ε1
—(w). In this way, experimental

load-deflection curves of the substrate-coating specimen are
transformed into the proper coating characteristics.

5. Reference Test

A reference four-point bend test was made on the substrate,
before grit blasting. The experimental load-deflection curve was
highly linear (nonlinearity lower than 0.3%), and the hysteresis
was lower than 0.04% of the maximum load of 291 N. Maxi-
mum deflexion was 0.123 mm. The resulting modulus E* of the
substrate was E* = (114 ± 6) GPa.

6. Experimental Results

Experimental load-deflection curvesof the substrate-coating
specimen are presented in Fig. 4. The coating was on the com-
pression side of the specimen.

σ ω ε1 1w E wr( ) = ( ) ( )sec

ε ε1 2 0 1 2 0
2 2

2
= = +( )t

z w
t

z h wand

Figure 4a shows where the test specimen was loaded to 400
N (from A to B via ab), then unloaded to zero force (to C via bc),
reloaded (to B via cb), and unloaded again (via bc). Then, two
other loading cycles were performed; the loading and unloading
curves were still cband bc, respectively.

After the first four simple loading cycles, the loading accord-
ing to Fig. 4(b) was performed; loading to 100 N (from C to D1

via cb), unloading to zero force (from D1 to C via d1c, which co-
incide with cb in the figure), loading to 200 N (from C to D2 via
cb), unloading to 100 N (to G2 via d2g2), loading to 300 N (from
G2 to D3 via g2d2 and cb), unloading to 200 N (from D3 to G3 via
d3g3), loading to 400 N (from G3 to B via g3d3 and cb), and finally
unloading (from B to C via bc).

In Fig. 4(c), the specimen was loaded to 100 N (from C to D1

via cb), unloaded to zero force (from D1 to C via d1c). Then, it
was loaded to 200 N (from C to D2 via cb), unloaded to zero
force (to C via d2c), loaded to 300 N (from C to D3 via cb), un-
loaded to zero force (to C via d3c), loaded to 400 N (from C to
D3 via cb), and finally unloaded (from B to C via bc).

The coating material can not be described as linear elastic for
the following two reasons.

1. Inelastic effects: The deformation of the testing specimen
is generally dependent on the loading path. This effect is gener-
ated by the coating (the substrate is linear elastic, as discussed in
Section 8) and it is similar to the cyclic plasticity of metals, as
follows.

a. Initial loading curve. When initially loaded, the loading
curve is different from that of the next loading.

b. Hysteresis loop. For cyclic loading, the loading and un-
loading curves form a stationary hysteresis loop, determined by
the maximum-minimum load.

c. Permanent deformation. The permanent deformation of
the specimen is given by the position of point C in Fig. 4(a).

Fig. 4 Load-deflection curves measured in four-point 1bending: (a)
first four loading cycles, (b) partial unloading program, and (c) partial
hysteresis curves. In part (a), the loading curve for the substrate without
coating is added

Fig. 5 Mean coating stress-mean strain curves for the coating mater-
ial
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d. Deformation-induced residual stresses. The permanent
deformation of the coating should result in additional residual
stresses in the coating and in the substrate after unloading. If the
coating has been loaded in compression, the deformation-in-
duced residual stress is tensile in the coating. These residual
stresses contribute to the residual stresses already present in the
coating.

2. Elastic nonlinearity. Neglecting inelastic effects, the load-
deflection curve is still nonlinear.

To obtain quantitative results concerning the coating mater-
ial, the load-deflection curves were transformed into stress-
strain curves. The evaluation was made in terms of the mean
longitudinal coating stress σ1

—and the mean longitudinal coating
strain ε1

— according to Section 4. The resulting curves for Fig.
4(a) and (c) are presented in Fig. 5. The maximum load corre-
sponds to a mean strain of −0.183% and to the mean stress of 
−23.9 MPa. The permanent strain is −0.008%; the deformation-

induced residual stress is 1.5 MPa. The hysteresis represents 9%
of the maximum compressive strain. Globally, the stiffness of
the coating material increases with the compressive strain.

7. Effective In-plane Young’s Modulus

Although the Young’s modulus has been defined for purely
elastic materials, various approaches are used in technical praxis
to obtain its effective value in the case of the presented inelastic
behavior. Four examples are presented in Fig. 6:

1. The secant modulus for the initial load-deflexion curve.
Taking the slope of the line AB (Fig. 4) as C in Eq 4, we obtain,
from Eq 5 and 6, the value of Er = 13 GPa. The strain range
should be presented together with the value of the modulus.

2. The secant modulus for the hysteresis loop. Taking the
slope of the line CB (Fig. 4) as C in Eq. 4, we obtain, from Eq 5
and 6, the value of Er = 15 GPa. The strain range should be pre-
sented together with the value of the modulus.

3. Average of the two branches of the hysteresis loop. The
modulus Er(w) is calculated from Eq 4 to 6 by the substitution C
= dFav/dw, where Fav(w) represents the average of the actual load
in loading and unloading branches. The function Er(w) is trans-
formed to Er (ε1

—). The modulus increases from 10 GPa at the
mean strain – 0.008% to 20 GPa at the mean strain –0.183%.

4. Method of partial unloading. In Fig. 4, partial unloading
curves are represented by lines digi. The mean modulus Er is de-
termined from Eq 4 to 6 by substitution C = Ci, where Ci are
slopes of the unloading curves on particular intervals of w. Re-
sulting Er (ε1

—) increases from 13 GPa at the mean strain of 
– 0.008% to 25 GPa at the mean strain of – 0.183%.

The estimated total experimental error of Er is ± 2 GPa, which
represents 8 to 18% of its value.

8. Confirmation Tests

Two additional four-point bend tests were carried out on an
as-machined substrate and on the same specimen after grit blast-
ing, to detect a possible influence of grit blasting on the experi-
mental results. The material, the specimen dimensions, the

Fig. 6 Effective in-plane Young’s modulus of the coating material cal-
culated by different methods: (a) secant modulus (from points AB), (b)
secant modulus (from points CB), (c) average curve, and (d) partial un-
loading

Fig. 7 Effect of microcracks on the mechanical behavior of plasma-
sprayed coatings



experimental conditions, and the loading programs were identi-
cal with those in Sections 2, 3, and 6. In both cases, the load-de-
flection curves were linear (nonlinearity better than 0.4%) and
the hysteresis was negligible (less than 0.2%). The difference be-
tween the slopes of particular lines was less than 1%. The non-
linearity and inelastic effects observed on the substrate-coating
specimen, therefore, are generated exclusively by the coating.

9. Discussion

The sensitivity and accuracy of the experimental setup al-
lowed at the detection and quantification of the phenomena that
are unexplored experimentally and only incompletely explained
theoretically in plasma-sprayed coatings.

As a result of the presence of microcracks,[2] the experimen-
tal values of the effective in-plane Young’s modulus of the coat-
ing (11 to 25 GPa) are small compared to bulk material (on the
order of 100 GPa, Table 1). This fact is well known in plasma-
sprayed materials although it is frequently presented rather in re-
lation with the total porosity (Ref. 1, p. 185) than with the
microcracks (the microcracks contribute slightly to the total
porosity[2]).

The increase of the effective in-plane Young’s modulusof the
coating in compression has been predicted as a pure elastic ef-
fect in Ref 3; i.e., the microcracks orientated perpendicularly to
the principal stress (Fig. 7 a and b) close in compression. The
closing stress is proportional to the ratio b/a. As there is a great
number of microcracks with different b/awithin the material, the
effective Young’s modulus increases with the compressive
strain. This experimental study represents direct proof of this
phenomenon.

The inelastic effectsincluding the permanent deformation
and hysteresis have not been generally considered to take place
in plasma-sprayed ceramics. We suppose that the phenomena are
caused by internal friction, by analogy to the behavior of rocks.[5]

Thus, consider a microcrack orientated as in Fig 7(c). Shear
stresses are generated on its faces, causing relative displace-
ments along the microcrack plane. Frictional forces between the
faces of such microcracks result in macroscopic hysteresis and
permanent deformation. The inelastic effects are observed in
rocks under uniaxial compression.[5] Under hydrostatic pres-
sure,[4] pure elastic behavior is observed in rocks because there
is no shear stress present within the material.

We have also observed the same type of behavior (including
nonlinearity and inelastic effects) in other plasma-sprayed ce-
ramics, e.g., in various alumina coatings.

Regarding the method of evaluation of the test results, the
method of partial unloading (item 4 in Section 7) seems to rep-
resent the best method to determine the effective Young’s mod-
ulus of the coating. If decreasing the amplitude of unloading, the
values of the modulus should get near to those obtained by the
ultrasonic method, under the compressive prestress (by analogy
to Ref. 5).

The evaluation was made in terms of mean values (mean
stress and mean strain) across the coating thickness. One conse-
quence is that possible macroscopic inhomogeneity (Section 1)
of the material is neglected. Another consequence is that the
curve representing the strain dependence of the effective in-
plane Young’s modulus is “smoothed.” The difference between
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local and mean values of longitudinal strain is proportional to the
coating thickness. Thus, the most correct material characteristics
would have been obtained theoretically for a thin coating

. In this case, the experimental errors would increase
drastically; a compromise on the coating thickness should there-
fore be found.

It should be pointed out that nonlinearity and hysteresis may
be expected also for tensileloading of the coating, due to the
growth of the microcracks and their interconnection into macro-
scopic cracks. This completely different effect is not studied in
this paper.

10. Conclusions

The mechanical behavior in compression of plasma-sprayed
ceramics may be generally considered nonlinear and inelastic.

Considering the presence of the inelastic effects, a special ap-
proach in preparation of test specimens, in the test design, and in
the evaluation is necessary. Test specimens should be carefully
prepared, transported, and stored to avoid deformation of the
coating. The loading history of the specimen should be recorded,
since the material has its “memory” represented by permanent
deformation and residual stresses.

The evaluation method should always be specified. Values
of the effective Young’s modulus may differ considerably for
the same test and specimen using different evaluation methods.
Without the elimination of the inelastic effects, measured val-
ues of the Young’s modulus may depend on the experimental
technique, and, in many cases, they do (Ref 1, p. 241). The
method of partial unloading, presented in the paper, should
give values of the Young’s modulus comparable to ultrasonic
tests.

A complex model of the mechanical behavior including in-
elastic effects is necessary to (1) define the Young’s modulus on
physical basis and (2) quantify the inelastic effects.

Mechanical testing of plasma-sprayed coatings prepared
under different conditions allows the relation between the spray
process parameters, microstructure, residual stresses, and prop-
erties of these materials to be understood.
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