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The role of starting powder size on the

compressive response of stand-alone

plasma-sprayed alumina coatings
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Cylindrical stand-alone tubes of plasma-sprayed alumina were tested in uniaxial
compression at room temperature, using strain gages to monitor axial strains. The effect of
lamella size on the mechanical response was investigated by employing different starting
powders to fabricate samples. The average powder sizes investigated included 9 µm,
19 µm and 32 µm alumina; the resulting effective lamella diameters were 10 µm, 28 µm,
and 55 µm, respectively. Similar stress-strain hysteresis was observed on unloading in all
tubes, independent of lamella size. A strong correlation between the failure stress and the
cumulative strain at failure was also observed for tubes fabricated from the three powders.
For samples with approximately constant densities, tubes plasma sprayed with the 9 µm
powder exhibited greater moduli than tubes sprayed from either 19 or 32 µm powders.
This difference was attributed to the greater percentage of unmelted α-Al2O3 in the coating.
C© 2002 Kluwer Academic Publishers

1. Introduction
Plasma-sprayed coatings are frequently used in thermal
barrier or wear resistant applications. In these appli-
cations, stresses can be indirectly applied to the coat-
ing via stresses directly supported by the substrate (the
stress applied to the coating will be dependent on its
modulus). Thermal stresses can also arise upon heat-
ing and/or cooling due to coefficient of thermal expan-
sion differences between the coating and substrate. In
both cases, these stresses can cause cracking, delami-
nation and/or spalling. As such, it is critical to know
the intrinsic mechanical properties of the coating so
that the mechanical properties of the coating/substrate
system can be engineered to minimize potential prob-
lems. Also, the intrinsic properties of each constituent
are often needed for failure and life prediction models.

As is well established, plasma-sprayed coatings are
assembled from thin, flattened particles that result from
the collision of melted powders with a substrate. How
these flattened particles or lamellae stack on top of
each other during each raster of the plasma gun will
determine the amount and type of porosity, and other
microstructural defects in the coating. These defects,
in turn, will ultimately influence the mechanical prop-
erties of the coating. Previous research has focused
on measuring the intrinsic response of plasma-sprayed
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coatings [1–6]. A study of the basic deformation mech-
anisms in compression loaded plasma-sprayed coat-
ings of alumina has been addressed [6]. These results
were correlated with models presented in Sammis and
Ashby [7] and Ashby and Hallam [8] where they
considered the effects of both porosity and micro-
cracks on crack initiation and propagation in com-
pressively loaded brittle materials. In plasma-sprayed
materials, the porosity (primarily between lamellae)
and microcracks (within lamellae) interact with the ap-
plied compressive stress. Cracks nucleate and/or prop-
agate from these existing defects, as the models [7, 8]
would predict, along lamella boundaries. Nucleation
and/or propagation of these defects causes the fa-
miliar hysteretic behavior often observed on unload-
ing of plasma-sprayed materials. The numerous crack
sites link up, resulting in long cracks oriented paral-
lel with the loading direction. Thus, narrow columns
are formed. These columns are inherently unstable in
compression, and the sample fails due to localized
buckling.

In the current research, we have varied the size of the
lamellae by starting with different powder sizes of alu-
mina. Stand-alone coatings sprayed with three different
sized powders were then tested in compression using
a cylindrical geometry and the results were analyzed.
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T ABL E I Overview of powders and spray parameters

Sample Injector Power, Spray distance, Radial distance, Primary gas Carrier gas
designation type kW cm mm flowd, slm flowe, slm

D9a SPPS 35 7 10 35 5
D19b SPPS 35 7 10 35 5
D32c Conventional 40 7 9 35 5

aPraxair Specialty Ceramics, 9.1 µm diameter, Powder 1110 HP, Woodinville, WA.
bSumitomo Chemical America, 19.0 µm diameter, Powder AA-18, New York, NY.
cNorton Company, 32.5 µm diameter, Powder 153 TSP 9349, Worcester, MA.
dThe primary gas was argon.
eThe carrier gas was argon.
(The following spray parameters were held constant: H2 secondary gas flow of 11 slm, cooling air of 30 psi, gun translation of 350 mm/s.)

Compression loading was chosen because it represents
actual loading conditions experienced by both TBC and
wear resistant coatings during normal service. It should
be noted that while alumina is not a feasible TBC,
the testing methods described could easily be adapted
for stand-alone coatings of the standard TBC material
(7 wt% Y2O3 ZrO2).

2. Experimental procedure
2.1. Sample fabrication and physical testing
The plasma-spray equipment used to fabricate speci-
mens included an A-3000S Plasma Technik control sys-
tem with an F4 gun. The gun assembly was mounted on
a seven-axis ASEA Brown and Boveri IRB 2000 robot.
The powder was fed into either a small-particle plasma-
spray (SPPS) injector [9] or an externally-mounted
straight-thru injector, depending on the powder size,
using a twin-10 disc feeder (Plasma-Technik). Three
different powders were investigated, with the particu-
lars of each alumina powder revealed in Table I and
SEM micrographs of each powder shown in Fig. 1. Av-
erage powder diameters of 9.1, 19.0, and 32.5 µm were
sprayed. Samples made from these powders were des-
ignated D9, D19, and D32, respectively.

The details of fabricating stand-alone cylindrical
plasma-sprayed coatings have been published previ-
ously [6] and will only be reviewed here. Stand-alone
coating specimens were manufactured by first plasma-
spraying aluminum on a rotating 300 mm long by
13 mm diameter alumina rod. Following a light sur-
face abrade and ethanol cleaning, a 200–400 µm thick
alumina layer was sprayed on the aluminum-coated alu-
mina rod using the spray parameters listed in Table I.
The spray parameters were equivalent for the D9 and
D19 powders, with increased power required to melt
the larger D32 powders. Spray distance was measured
from the center hole of the injector to the substrate
and radial distance was defined as the distance from
the injector to the centerline of the plume. Cooling air
at a pressure of 0.33 MPa was forced down the open
hole of the rotating tube during the spraying of the
alumina coatings. Because the spray parameters gen-
erally cannot be the same for vastly different size pow-
ders, where possible, comparisons were made based on
density.

Samples were cut from the long rod into approxi-
mately ten 25.4 mm long tubes, with the faces of each
tube machined parallel. The tubes were immersed in

a weak solution of HCl to dissolve the aluminum, re-
leasing the plasma-sprayed alumina tube from the un-
derlying alumina substrate. The stand-alone tubes were
then dried and their physical properties measured. The
bulk density of the stand-alone tubes made from each
powder was determined by the immersion method [10],
with density variations observed in samples cut from the
same rod. Using Kα x ray diffraction and calibration
standards described in previous research [11], the vol-
ume percentage of α-Al2O3 was measured for select
samples, with the remaining coating comprised of γ -
Al2O3. Based on the amount of each phase, a theoretical
density was calculated for each coating assuming den-
sities of 3.65 and 4.0 g/cm3 for γ -Al2O3 and α-Al2O3,
respectively.

A single scan of the plasma-gun over a cylindri-
cal alumina substrate was used to isolate individual
lamellae for characterization. The processing param-
eters for single lamella production were identical to
those described in Table I, with the following excep-
tions. The scanning speed was 1 m/s and the pow-
der disc feed rate was slowed from 3 to 0.1 (relative
units). These processing changes were expected to re-
sult in single lamellae representative of those found in
coatings.

The equivalent diameter (dequivalent) and degree of
splashing (�) of at least eight individual lamellae from
each powder were characterized using the following
equations [12]:

dequivalent =
(

4A

π

) 1
2

� =
(

1

4π

) (
P2

A

)

where A is the area and P is the perimeter of the
lamella. Both A and P were determined using image
processing software (NIH Image Software) on digi-
tally captured SEM images. Debris of alumina that had
splashed from the original lamella were not included
in either A or P . Values of � = 1 indicate no splash-
ing, whereas � > 1 is an indication that splashing was
observed.

Scanning electron microscopy (SEM) images were
taken of polished cross-sections of each coating. Cross-
sections of D9 were polished then etched for 5 minutes
in concentrated H2SO4 at 210◦C. The acid etch revealed
the microstructure of the coatings in greater detail.
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Figure 1 SEM micrographs of the three powders studied.

2.2. Mechanical testing
A schematic of a stand-alone coating is shown in Fig. 2,
showing the orientation of the strain gages used to mon-
itor the strain response. Gages were bonded with a
small amount of epoxy¶, with a bondline thickness of
5–10 µm as measured in the SEM. Two axially ori-
ented gages, bonded on opposites sides of each tube,
were used to measure the axial strain response (ε22).
The difference in axial strain response between the two
gages was used to assess alignment and was typically
less than 6%.

Samples were compression loaded between two steel
platens in a commercial load frame∗, such that the long
axis of the lamellae were oriented parallel with the
loading direction. Tungsten carbide (WC) inserts were

¶ Measurements Group, AE-10/15 Adhesive Kit, Raleigh, N.C.
∗ MTS, 808 Electromechanical Test System, Minneapolis, MN.

Figure 2 A schematic of stand-alone coating test sample. Samples were
axially loaded in compression.
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placed between the platens and the sample to prevent
damage of the soft steel by the ceramic tube. Also,
self-adjusting spherical washers were used to assist
load alignment. The loading profile, under load con-
trol, was cyclic loading with monotonically increasing
applied stresses. The maximum applied stress was in-
creased with each successive loading/unloading cycle.
Beginning at 25 MPa, loads were increased to achieve
a 25 MPa increase in the applied stress with each cycle.
For example, sequential loading/unloading profiles to
25 MPa, 50 MPa, 75 MPa . . . and 200 MPa maximum
load were performed. Beyond 200 MPa, the stress in-
crement was 50 MPa through failure. Strain was mon-
itored during loading and unloading. The loading and
unloading rate was 20 N/s.

The stress in each tube was calculated by dividing
load by cross-sectional area. Elastic modulus in the ax-
ial direction was calculated by dividing stress by the av-
erage of the two axial gage responses in the initial linear
portion of the stress-strain curve. The strain offset, or
permanent deformation, of the coating was calculated
by subtracting the average axial strain on loading (at
5 MPa) from the average axial strain upon unloading
(also at 5 MPa). The summation of the permanent de-
formation for each loading/unloading cycle with the de-
formation just prior to failure gave the cumulative strain
to fracture. Data from the two strain gages, as well as
load and time, were collected at a rate of 10 sec−1.

3. Results and discussion
3.1. Microstructural analysis
Fig. 3 shows polished cross-sections of each coating
taken with a SEM. Large porosity (>1µm) was ob-
served in polished cross-sections of the coatings, typ-
ical of most air plasma-sprayed coatings. No through-
thickness cracks were observed. It is also understood
that smaller porosity (<0.1µm) exists between the
lamellae, resulting in ≈20% contact between adjacent
lamellae [13].

T ABL E I I Results of the Lamella analysis

Equivalent diameter, Degree of splashing, Measured Lamella
Powder designation dequivalent, µm (�) thickness, µm

D9 9.6 ± 1.8 4 ± 1 1.4 ± 0.5
D19 28.4 ± 5.8 13 ± 4 1.9 ± 0.5
D32 55.0 ± 7.4 13 ± 4 2.2 ± 0.6

T ABL E I I I Overview of physical and mechanical tests

Sample Thickness α-Al2O3 Density Percent Failure Failure Maximum Initial Finalb

designation (µm) (vol%) (g/cm3) dense stress (MPa) strain (%) strain (%) modulus (GPa) modulus (GPa)

D9da 308 6.1 3.26 89 493 0.70 0.7 96 80
D9e 307 7.6 3.16 86 295 0.44 0.53 (350 MPa) 81 74
D9g 320 6.8 3.16 86 500 0.83 0.83 72 55
D9h 290 + 3.16 86 380 0.63 0.63 74 59
D19a 203 3.3 3.24 88 235 0.38 0.38 80 72
D19d 207 3.5 3.22 88 374 0.67 0.76 (450 MPa) 72 59
D19h 297 + 3.27 89 432 0.68 0.68 + +
D32a 408 2.8 3.37 92 338 0.50 0.50 72 62
D32d 405 3.3 3.36 92 517 0.75 0.74 (550 MPa) 75 65
D32e 410 + 3.37 92 384 0.49 0.49 69 +

+Data not available
a 9 µm data is from reference 6.
b Calculated from the initial slope of the stress-strain loading response during which failure occurred.

Table II presents the equivalent diameter (dequivalent)
and degree of splashing (�) for individual lamellae
from each of the three powders investigated. Some ra-
dial splashing was typically observed in all lamellae,
with an example from the 32 µm powder shown in
Fig. 4. The conditions for splashing to occur are a com-
plex function of the temperature and velocity of the par-
ticle and the roughness of the substrate. The equivalent
diameter of the lamellae ranged from 9.6 for the 9 µm
powder to 55 µm for the 32 µm powder. The fact that
the dequivalent was approximately equal to the starting
9 µm powder size matched with experimental obser-
vations that part of the melted 9 µm diameter particle
splashed away from the primary lamella. The degree of
splashing was quite large, ranging from 4 for the 9 µm
powder to 13 for the 19 µm and 32 µm powders. It
is worth noting that � for the 9 µm powder is likely
smaller because part of the material detached from the
lamellae during splashing and was not accounted for in
the analysis.

Measurements of the average lamella thickness were
made from polished SEM micrographs. These varied
from 1.4 µm, 1.9 µm, and 2.2 µm for the 9 µm,
18 µm, and 32 µm powders, respectively, as shown
in Table II. By dividing the coating thickness by the
measured lamella thickness the number of interfaces
can be calculated for coatings made from each powder.
This ranges from ≈200 interfaces for the D9 and D32
coatings. The number of interfaces in the D19 coating
varied from ≈100 to ≈150, depending on the thickness
of the samples. The number of interfaces is important
as most of the submicron porosity critical for crack ini-
tiation and/or propagation in compressive loaded tubes
is located between lamellae.

3.2. Overview of compressive test results
Table III is an overview of all the physical and
mechanical results for each of the cylinders tested.
The tabulated results for the 9µm powder have been
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(a)
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Figure 3 SEM of polished cross-sections of the coatings studied.
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Figure 4 Individual lamella of alumina formed from the 32 µm powder.

presented previously [6]. All of the tubes were sub-
ject to increased-stress cyclic loading. The tubes varied
from 86 to 92% dense and the strength varied from 225
to 500 MPa. In some instances, tubes failed at lower
loads than they had previously sustained. For example,
D19d was previously loaded to 450 MPa; upon reload-
ing the sample fractured at 374 MPa. The cumulative
strain at failure for all samples ranged from 0.38 to
0.83%. Low strains were correlated with low strength.
Modulus was calculated in the initial linear stress-strain
region during the first loading sequence (to 25 MPa)
and on final loading, just prior to fracture. In every case
the as-sprayed tubes displayed a lower modulus in the
final cycle than in the initial cycle. It should be noted
that the strain gages used in this study, with an area of
5.25 mm2, would cover ≈60,000 lamellae made from
the 9 µm powder. The coverage varies between ≈8000
and ≈2200 lamellae for the 19 µm and 32 µm powders,
respectively. Thus, an average strain is measured using
these gages.

3.3. Mechanical response
There were two common mechanical responses ob-
served regardless of starting powder size. These in-
cluded stress-strain hysteresis and reduction in elastic
modulus on repeated loading to incrementally higher
stresses. Differences in the magnitude of modulus were
observed, however, for the samples made from different
sized powders.

3.3.1. Lamella size effects on stress-strain
behavior

Fig. 5 is the comparison of the mechanical response of
tubes fabricated from the 3 different size powders sub-
jected to increased cyclical loading through 200 MPa.
The stress-strain responses have been offset for clarity.
Significant hysteresis between the loading and unload-
ing portions of the curve were observed for all tubes,
invariant of powder size. Hysteretic behavior has been
observed previously in plasma-sprayed materials [1, 4].

Figure 5 Loading/unloading curves for tubes fabricated from three dif-
ferent powder sizes. They have been offset for clarity.

Figure 6 Plot of failure stress versus cumulative strain for all tested
samples.

The width of the hysteresis curves was approximately
equal for all powders. Upon unloading, the strain did
not return to zero, but rather indicated a permanent
deformation for all three types of tubes. Physically,
this indicates that the samples were compressed during
testing. A plot of the permanent offset (not shown)
was proportional to the applied stress during cycli-
cal loading. Thus, the amount of damage with each
loading/unloading cycle was also equivalent for tubes
made from the same powder.

Fig. 6 reveals a strong correlation between failure
stress and cumulative strain for all samples tested, inde-
pendent of starting powder size. The cumulative strain,
which includes the permanent deformation accumu-
lated during each loading and unloading cycle and the
deformation prior to failure, represents the total amount
of damage that the sample can sustain before failure.
We know from prior work [6] that the damage is typ-
ically manifested in the microstructure as microcracks
which originate from pores. As such, we might expect a

634



correlation between the porosity (which serve as crack
initiation sites) and the failure stress. A plot of fail-
ure stress versus total porosity, not shown here, for the
current data revealed no correlation. This may be an
indication that in compression loading the location and
distribution of the porosity is more important that the
total amount.

Adams and Sines have presented a general theory of
the compressive strength of brittle materials [14]. They
assert that in compression catastrophic failure occurs
only where there is sufficient interaction between flaws
and the applied stress, which is different than tension,
where one flaw can result in failure. Thus, the compres-
sive strength is dependent on total flaw distribution and
not necessarily on the size of the worst flaw(s). There-
fore, the primary feature size of the microstructure (i.e.
lamella diameter) may be less important, as experi-
mentally observed, than the distribution and amount
of porosity that exists between adjacent lamellae. The
distribution and amount of the interlamellar porosity is
likely only weakly dependent on lamella size [15], but
this has not been investigated for alumina. Furthermore,
the expected inverse relationship between strength and
porosity might be convoluted because it is difficult to
distinguish between the larger porosity (small in num-
ber, but large in volume) and the smaller porosity (large
in number, but small in volume). It is expected that the
smaller porosity will contribute more to the crack den-
sity because many more sites are available for crack
nucleation.

3.3.2. Modulus trends with cyclic loading
Fig. 7 compares the compressive modulus of several
tubes as a function of the maximum applied stress. A
decrease in modulus was noted as the cyclic load in-
creased for all tubes tested. This trend was observed in
all tubes, regardless of starting powder size. The mod-
ulus decreases steadily because the extent of damage,
in the form of cracks propagating between lamellae,

Figure 7 Plot of compressive modulus in the axial direction as a function
of the maximum applied compressive stress for several tubes.

increases with each cycle. The effect of an increase
in crack density of compressively loaded samples has
previously been shown to decrease the modulus [7].

Prior work [4] in plasma-sprayed YSZ has indicated
a strong influence of porosity on compressive modu-
lus, with a 4% increase in density doubling the modu-
lus of samples made from the same size starting pow-
der. This trend was observed in samples made with the
9 µm starting powder, but the effects of density were
not as great. Comparison of the modulus of D9d and
D9g demonstrate an ≈40% difference in modulus with
a 3% difference in density. Porosity effects on sam-
ples made with 19 µm and 32 µm powders could not
be made because they had similar densities, however,
similar trends to those observed in samples made with
the 9 µm powder would be expected.

A comparison of modulus values for samples made
from the three different powders reveal some differ-
ences. For example, while D19d has a greater den-
sity (88% dense), its modulus falls within the exper-
imental error of tube D9g, a tube with a lower density
(86% dense). D32a exhibited the greatest density (92%
dense) but demonstrated a modulus similar to D9g. If
we were to make a D32 sample that was 88% dense,
we might expect that its modulus profile as a function
of applied stress would be much lower. Ultimately, the
trend is that samples assembled from smaller lamellae
seem to demonstrate larger compressive moduli. How-
ever, these apparent differences are not due to lamella
size, but rather, correlate to the amount of unmelted
particles in the coating.

One aspect of the plasma-sprayed microstructure that
has been explored less vigorously is the effect of the un-
melted or partially melted powders on the mechanical
response of the as-sprayed coating. For alumina pow-
ders that begin as α-Al2O3, the amount of unmelted
or partially melted powders is equal to the amount of
α-Al2O3 phase in the coating [16]. An example of un-
melted powders incorporated into a coating is shown
in Fig. 8a. These typically appear circular in shape as
compared to the flattened lamellae.

One approach to modeling the modulus of the result-
ing two-phase microstructure is using a rule of mix-
tures, where one phase is the γ -Al2O3 and the other
phase is un-melted or partially melted α-Al2O3 pow-
ders. This is shown schematically in Fig. 8b. As such,
the upper value of the elastic modulus of the coating,
Ecoating, can be represented by the following equation:

Ecoating = Eo
γ exp−bP Vγ + Eo

αVα

where Eo represents the pore-free elastic modulus and
V is the volume fraction of either the γ -Al2O3 or α-
Al2O3 phase, P is the volume fraction of porosity, and
b is an empirical constant that is a function of the shape
of the porosity [17, 18].

Based on the microstructure of plasma-sprayed coat-
ings we can comment further on the modulus of both
phases. First, unmelted particles are essentially defect
free, and thus possess the modulus of 100% dense
α-Al2O3. This is approximately 400 GPa [19]. The
authors were not able to find a suitable value for
the intrinsic modulus of γ -Al2O3, as it is difficult to
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(a)

(b)

Figure 8 (a) Polished and etched cross-section of a coating made from
9 µm powders revealing two unmelted particles. (b) Cross-sectional
schematic of a plasma-sprayed coating. Shown are unmelted particles
(α-Al2O3), lamellae (γ -Al2O3) and other microstructural features in-
cluding porosity and microcracks.

form due to the preference of alumina to manifest as
α-Al2O3. Estimates from the current and previous work
[20] place the defect free modulus of γ -Al2O3between
70–180 GPa. However, clearly the porosity is located
predominantly in the γ -Al2O3 (both inter-lamella and
intra-lamella porosity)[21] and its effects on modulus
must be accounted for depending on the amount, shape,
and distribution of the porosity [17, 18, 22]. While the
uncertainty of Eo

γ makes it difficult to precisely model
the behavior, it is clear that the unmelted powders can
significantly increase the modulus of the system. For
example, 3 vol% α-Al2O3 could increase the modulus
by 10–12 GPa.

The stiffening effect of the unmelted powders is ob-
served in Fig. 7 and is believed to be responsible for
the differences in the elastic modulus of coatings made
from different sizes that are not attributable to den-
sity. For example, compare D9e, with an equivalent
density to D9g, but a higher modulus and correspond-
ingly more α-Al2O3. Next, consider D9d and D19d,
with slightly different densities but very different mod-
uli. As shown in the table inset in Fig. 7, D9d has more
of the stiffening α-Al2O3phase than D19d, resulting
in a greater modulus. D32a, despite being 92% dense,
has only 2.8 vol% α-Al2O3 and thus has a small mod-

ulus. Ultimately, knowing the defect-free modulus of
γ -Al2O3 would greatly assist in modeling of these two
phase materials.

4. Conclusions
The role of lamella size was found to have minimum
effect on the compressive fracture properties of stand-
alone plasma-sprayed alumina coatings. No difference
in stress-strain response was noted for coatings made
from 9 µm, 19 µm and 32 µm size powders that were
attributable to lamella size. This result is likely specific
to compression loading, as the nucleation and propa-
gation of cracks in plasma-sprayed materials is likely
controlled by the submicron porosity that exists be-
tween lamellae and is independent of the lamella size.
The modulus of the coatings was found to be a function
of both the amount of unmelted particles, existing as
α-Al2O3, and the porosity. Increasing the amounts of
α-Al2O3 and/or decreasing amounts of porosity were
found to increase the elastic modulus. Under the spray
conditions used, the α-Al2O3 content in the coating in-
creased with smaller starting size powder.
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