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Abstract

The mechanica behavior of nanostructured partially stabilized zirconia (PSZ) coatings was evaluated via Knoop microhard-
ness. The distribution of the microhardness values of the feedstock particles and coatings under a 10 g load were analyzed via
Weibull statistics. The percentage of non-molten material was determined using scanning electron microcopy and image analysis.
It was observed that the nanostructured coatings present a bimodal distribution in their Weibull plots, indicating the presence of
two phases which are described as molten and non-molten. The presence of the bimodal distribution in the mechanical properties
alows the prediction of microhardnessvaues of these nanostructured coatings. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Previous work [1] has demonstrated that it is neces-
sary to maintain the nanostructured character of the
nanostructured zirconia-yttria feedstock during the
plasma spray process,; i.e. the feedstock particles should
not entirely melt during their passage through the spray
jet. The mechanism of adhesion and cohesion of these
nanostructured coatings was also observed and dis-
cussed in terms where the molten particles of the nanos-
tructured feedstock act as a binder; i.e. enveloping and
anchoring the non-molten particles in the coating mi-
crostructure [11.

Two forms of nanophase exist for the coatings exam-
ined in this work [1]; one evolving from the non-molten
particles and the other resulting from the molten part
of the nanostructured feedstock due to the rapid cool-
ing rate and nucleation rates of molten thermal spray
particles [2,3]. Analysis of the average grain size of
thermal spray coatings via X-ray diffraction (XRD) can
lead to difficulties in identifying: (i) the preserved
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nanostructure of the feedstock; or (ii) the nanostructure
created from the molten particles. Detailed information
concerning both of these nanostructures can be
achieved by examination of their fracture morphology
via scanning electron microscopy (SEM). Regions re-
sembling the molten feedstock will be similar to a
traditional thermal spray structure [4-12]; whereas the
regions resembling the nanostructured feedstock will be
similar to the structure of the feedstock particles [1].

Asa continuing study, the objectiveof thiswork isto
investigate the mechanical properties of both molten
and non-molten phases to establish the overall mechan-
ical behavior of these coatings with respect to micro-
hardness. The amount of non-molten phase in the
coatings will also be investigated to correlate its relative
proportion with the overall mechanical property behav-
ior of the coatings.

2. Experimental procedure

The nanostructured PSZ (ZrO,-7wt.%Y,0,) experi-
mental feedstock Nanox $4007 (Inframat, North
Haven, CT) was plasma sprayed under different
parameters in air on low carbon stedl substrates with a
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Metco 3MB (GH nozzle, powder port #2) plasma
torch (Sulzer Metco, Westbury, NY). The spray
parameters are listed in Table 1.

The Knoop microhardness measurements were per-
formed under a 10 g load for 15 s (Tukon, Instron,
Canton, MA) on the cross-section of the coatings and
feedstock particles. The cross-sections of the samples
were polished before the indentations. The coefficient of
variation (CV) for these measurements on each sample
stabilized at around 15-16 measurements and, there-
fore, 20 microhardness measurements were taken for
each sample. This technique of sample size determina-
tion was also employed by Lin et al. [13,14].

The percentage of non-molten phase was determined
via SEM on the cross-section of the coatings. A total of
sx SEM pictures were taken for each coating and an
image anadysis technique was used to determine the
percentage of non-molten and molten material. The CV
for these measurements stabilized after the analysis of
four to five SEM pictures.

Table 1
The spraying parametersused for the Nanox S4007 feedstock (M etco
3MB)

Parameter Setl St2 Sa3  Set4
Power (kW) 42 42 42 42
Current (A) 600 600 600 500
Voltage (V) 70 70 70 70
Ar flow-plasma (slpm) 50 40 50 40
H, flow-plasma (spm) 11 12 11 12
Spray distance (cm) 8 8 10 10
Feed Rate (g min~') 40 40 40 40

Ar flow-carrier gas (spm) 3.5 3.5 35 3.5

Fig. 1. Internal morphology (cross-section) of a typical nanostruc-
tured feedstock PSZ particle.

3. Reaults and discusson
3.1 Percentaged non-molten and molten feedstock

The cross-section of the nanostructured feedstocks
was examined via SEM and makes it possible to distin-
guish regions where the non-molten material are
present since there are similar morphological features
between the feedstock and coating [11. Fig. 1 showsthe
typical internal morphology of a nanostructured feed-
stock particle. Nanoceramic feedstocks typicaly con-
tain agglomerates formed by clusters of nanograined
particles [15]. It is important to notice the porosity
formed by the cluster agglomeration associated with the
nanostructured particle. This inherent particle porosity
may produce important effects on coating microstruc-
ture, and mechanica [15] and thermo-mechanical
properties.

No significant proportion of non-molten phase was
found in the fracture surface of the Nanox 4007 coat-
ings, whereas the Nanox S4007 coatings exhibited non-
molten material in the coating microstructure [1]. The
particle sze distribution of the Nanox 4007 feedstock
varies from 5 to 80 um; whereas, the particle size
distribution of the Nanox S4007 feedstock varies from
10 to 160 pm. Fig. 2 exhibits typical microstructures of
the Nanox S4007 coatings. Each of the four micro-
graphs represent the four sets of spray parameters
applied to spray the feedstock [1]. On comparing the
morphology of the feedstock particle (Fig. 1) with the
coating morphology (Fig. 2), regions can be detected
(as indicated on the micrographs) where non-molten
feedstock particles are localized.

Feedstock which has been melted can be observed in
regions where a large, dense and smooth structure is
found. The non-molten feedstock is located in regions
which have a similar morphology to that of the feed-
stock particle; i.e., an agglomeration of particlesloosdaly
bound to each other.

Using image analysis it was possible to separate and
highlight the exact regions where the non-molten and
molten particles were located. The percentage of non-
molten and molten feedstock particles exhibited in the
coatings for the spray parameters used are listed in
Table 2. The percentage values correspond only to the
'solid part' of the coating; i.e. pores or voids were not
taken into account.

The coating sprayed with the parameter set 3 re-
veded the highest amount of non-molten material;
whereas the coating sprayed with parameter set 4 pre-
sented the lowest amount of non-molten phase.

Both molten and non-molten phases may present
nanostructural characteristics. The nanostructure of the
feedstock is formed by the agglomeration of individual
nanoparticles within a colloidal suspension. It is as-
sumed that a nanoparticlewill consist of just one grain,
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Fig. 2. Internal morphology (cross-section)of nanostructured PSZ coatings (spray parameters sets 1-4). The white arrows indicate the non-molten

feedstock particles.

while a thermal spray splat is a microscopic entity
which exhibits many nanosized grains highly bound
among each other. This microstructural difference of
nanograined agglomeration rather than a packed struc-
ture consisting of nanograins may produce a bimodal
distribution in the mechanical properties of these coat-
ings. This hypothesis is discussed in the following
section.

3.2. Microhardness

The microhardness at a 10 g load for 15 s[16] for the
nanostructured feedstock was 74 + 16 HK. The mea
surements were taken on the cross-section of the pol-
ished nanostructured feedstock particles (Fig. ).
Observing Fig. 1, it is noticed that the typical feedstock
particle exhibits a large pore volume. The agglomerated
particles are loosely bound among each other and this
is reflected in their low microhardness values. Due to
the low average grain size of the feedstock particles
(~ 200 nm) [11, it is expected that the feedstock hard-
ness would exhibit high values. But according to Ref.
[17], nanostructured agglomerated feedstock properties
depend much more on the size and agglomeration
conditions of the feedstock rather than its grain size.
The present experimental results corroborate this prior
work.

The microhardness values for the nanostructured
coatings are shown in Fig. 3; as are those of a typical

Table 2
Percentage of non-molten and molten feedstock exhibit in the
plasma-sprayed PSZ coatings for each spray parameter

Spray parameter Non-molten feedstock Molten feedstock
() (%)

Coating-Set 1 46+ 11 54 +12
Coating-Set 2 38+ 14 62+ 14
Coating-Set 3 52+ 14 48 + 13
Coating-Set 4 23+ 14 77413

Note that non-molten and molten percentages add up to 100%. Note
aso that the percentage values correspond only to the 'solid part' of
the coating; i.e. pores or voids were not taken into account.
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Fig. 3. Knoop microhardness values of the nanostructured and
conventional coatings at 10 g load (cross-section).
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Fig. 4. Weibull plot of Knoop microhardness for the conventional
coating.

Fig. 5. Interna morphology (cross-section) of a conventional PSZ
coating.

Fig. 6. Internal morphology (cross-section) of a conventional PSZ
coating.

conventional PSZ coating (Metco 204NS). Due to the
low load used (10 g), the indentation impression en-
closes a relatively small region of the coating. The
major diagonal varied from 7 to 16 pm. These indenta-
tion sizes are on the order of a single or few splats of
the coating. This minimizes the extent of defects, such
as, coarse pores, splat boundaries, and microcracking
enclosed within the indentation [18]. As a consequence,
the intrinsic properties of the material are preferentially
being measured. It should be cautioned that these in-
trinsic properties should not be considered as the bulk
properties of a coating. However, as it will be pointed
out in further sections, the intrinsic properties of dis-
tinct microstructural regions can be used to find the
overall average properties of coatings.

All coatings have different microstructures and the
sprayed feedstocks have distinctive features. Despite
these different characteristics, when observing Fig. 3 it
is noticed that the microhardness values are similar
among the five different samples. As a consequence, the
microhardness values preferentially represent, the phys-
ical characteristics of the material itself rather than the
overall coating microstructure.

3.3. Bimodal distribution

As discussed previoudly, in the nanostructured coat-
ings there are regions of molten and non-molten parti-
cles; which also may be considered as two phases. The
hardness will be high in regions where there is a prefer-
able concentration of molten particles; whereas, the
hardness will be low in regions where there is a prefer-
able concentration of non-molten particles. According
to the SEM pictures, these regions of concentration are
small and indentation Szes of several micrometers in
length; e.g. 7-16 pm, would test these areas. Purely on
the basis of probability, these two phases are measured
during the 20 microhardness measurements and, there-
fore, the Weibull plots would be expected to show a
bimodal distribution.

As a base of comparison, the Weibull plot of the
conventional coating will be initially analyzed (Fig. 4).
The feedstock Metco 204NS is termed as a hot-oven
spherical particle (HOSP) and exhibits hollow sphere
morphology (Fig. 5). According to Fig. 5, it is possible
to observe that the typical particle is hollow, but its
shell is dense. The mass of these particles is concen-
trated on the outer spherical surface and the process of
particle melting is speculated by the authors to be more
uniform in comparison to a non-hollow particle. Fig. 6
shows the typical microstructure of a conventional PSZ
coating. It is possible to observethat the microstructure
is dense and compact and quite different from the
nanostructured coatings (Fig. 2). Indeed, on close ex-
amination of these very different microstructures (Fig.
6 compared to Fig. 2) it is difficult to understand why
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Fig. 7. (a) Weibull plot of Knoop microhardness for the nanostructured coating (Set 1). (b) Weibull plot of Knoop microhardness for the
nanostructured coating (Set 2). (c) Weibull plot of Knoop microhardness for the nanostructured coating (Set 3). (d) Weibull plot of Knoop
microhardness for the nanostructured coating (Set 4).
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Table 4
Microhar dnessvalues from the non-molten and molten regions of the
nanostructured coating microstructure

Microstructural region Microhardnessvalue (HK 10 g)

Non-molten 893 + 222
Molten 1699 + 563

The Weibull plots for the Knoop hardness for the
nanostructured coatings are shown in Fig. 7 and indi-
cate that nanostructured coatings exhibit a bimodal
distribution of hardness. Table 3 summarizes the infor-
mation provided by these figures.

In order to determine, the int where the
dopes m, and m, are localized ﬁ)}(ﬁtg.p% the R?rstatis-

tics was determined with respect to the number of
measurements. R< was plotted Tor 3, 4, 5, etc. measure-
ments of Inlnf1/(1 — P)] until all the 20 measurements
were taken into account. For each sample, two curves
were plotted. One starting from the ascending values,
and the second curve for descending values. For each
sample, there will be a point where the R? maximum of
the two graphs intercept each other. This data value
corresponds to a transition point where one data set is
statistically more valid then neighboring data sets.

When comparing Fig. 4 with Fig. 7 and the results of
Table 3, it is noticed that the conventional coating (Fig.
4) has a range of microhardness values from 1212 to
2122 HK. However, the nanostructured coatings (Fig.
7) show vaues similar to this range in the low slope
regions of the Weibull plots. Since the conventional
coating primarily represents the behavior of fully
molten particles, this observation indicates that the low
slope regions of the Weibull plots reflect microstruc-
tural features of the nanostructured feedstock which are
molten. On the other hand, the high slope regions at
low hardness values represent the non-molten feedstock
particles in the coating microstructure.

It can be pointed out that Lin et al. [13,14] also
analyzed the microhardness behavior of plasma sprayed
conventional zirconia coatings via Weibull distribution
plots and Weibull modulus. No noticeable bimodal
distribution was noticed in this prior work.

Table 5

Microhardness prediction by employing Eqg. (1) (all valuesin HK 10 g)

Since the non-molten particles exhibit low hardness,
the nanostructured material may lead to the improve-
ment of compliance in TBCs properties, such as; resid-
ual stress and thermal shock.

3.4. Prediction d mechanical properties

Based on thefact that the two-slope region represents
the presence of non-molten and molten particles, the
following hypothesisis proposed. These coatings can be
considered as a composite consisting of two materias:
molten and non-molten particles. Mechanical proper-
ties, such as microhardness, could be predicted on
knowledge concerning the microhardness and quantity
of each individual phase. The final coating microhard-

ness value would be predicted according to a 'rule of
mixtures’ approach; je.

Predicted microhardess=H,.f; + H,.f, )

In Eq. (1), H, and H, are the microhardness values
of the non-molten and molten regions; and f;, and fy,
are the percentages (fractions) of the non-molten and
molten regions in the overall coating microstructure;
respectively.

The percentage of non-molten and molten regions
was determined via SEM assisted by image analysisand
the results are listed in Table 2. All microhardness
measurements enclosed in the high (m,) and low (m,)
slope regions were averaged to determine the micro-
hardness values of the two different regions. A total of
44 and 36 microhardness valuesfor the non-molten and
molten regions were taken for average determination;
respectively. The results are summarized in Table 4.
The microhardness for the non-molten particles embed-
ded in the coating microstructure is higher than that for
the feedstock. This probably occurs due to effects of
particle densification during plasma spraying and com-
paction upon impact against the substrate. The pre-
dicted microhardness values determined via Eq. (1) are
listed in Table 5.

Fig. 8 shows a comparison between the experimental
and predicted microhardness for the nanostructured
PSZ coatings. It is important to point out that the

Set H, Ju, H, Ju, Result Predicted microhardness
1 8934222 0.46 1699+ 563 0.54 1734 1328 + 574
893-—222 0.46 1699 — 563 0.54 922
2 893+222 0.38 1699+ 563 0.62 1826 1393 + 613
893222 0.38 1699 — 563 0.62 959
3 8934222 0.52 1699+ 563 0.48 1666 1280 + 545
893-222 0.52 1699 —563 0.48 894
4 893+222 0.23 1699+ 563 0.77 1998 1514 + 685
893222 0.23 1699 —563 0.77 1029
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model applied does not account for coarse porosity
effects. As discussed in Section 3.2; indentation sizeson
the order severa micrometers minimizes these mi-
crostructural features [18]. But if indentation loads
higher than 10 g are employed, the indentation impres-
sion sizeswill become larger. Therefore, coarse porosity
effects will show some influence and they have to be a
part of the model. In Fig. 8 it is possible to observe
good agreement between the experimental and pre-
dicted values. The 'goodness-of-fit' test was employed
to compare the predicted and experimental values.
Since the P-value (0.699) is greater than the value of
level of significance (0.05), there is not a statistically
significant difference between the two distributions at
the 95% confidence leve; which supports the approach
employed in this work.

The microhardness values of the coatings do not
exhibit significant differences (Fig. 8). However, the
Weibull moduli for each coating and region present
significant variations (Table 2, Fig. 7) due to the pres-

ence of the two phases (Table 2). These characteristics
will affect the overall mechanical properties in distinc-
tive ways. Therefore, measurements of average micro-
hardness and S.D., per se, are poor indicators for
understanding the mechanical behavior associated with
hardness. A more through microstructural and statisti-
cal investigation, such as Weibull analysis, is necessary.

It is interesting to notice the bimodal behavior of
samples 3 and 4 since these have the highest and lowest
proportions of non-molten particles in the coating mi-
crostructure; respectively (Table 2). Sample 3 (Fig. 7¢)
has a very distinctive bimoda distribution, whereas
sample 4 (Fig. 7d) barely shows this characteristic;
being similar to the behavior of the conventional sam-
ple (Fig. 4). Thus, when the proportion of non-molten
particlesin the coating microstructure decreases, i.e. the
coating consists mainly of molten particles, then the
nanostructured coating tends to display behavior simi-
lar to the conventional coating, and the bimodal distri-
bution disappears.

Other mechanical properties, such as, elastic modulus
and fracture toughness [18-21] can also be measured
via indentation techniques. Therefore, it is likely that
the elastic modulus and fracture toughness of these
coatings, can be predicted by employing the same
model and method described in this work.

Another analysis treated al the data sets of the
nanostructured coatings as belonging to the same
global population. Therefore, these four data sets were
pooled, Fig. 9. A bimoda distribution is evident and it
is possible to observe the data points from al the four
spray parameters distributed along the plot. The bimo-
dal distribution of mechanical properties is inherent to
the nanostructured coatings; if at least some part of the
nanostructured feedstock is kept intact after the plasma
spraying process.

The values of m, and m, are 3.9 and 1.5, respectively.
The averages of m, and m, taken from Fig. 7 are 4.5
and 1.9, respectively, and indicate a close correspon-
dence that corroborates the bimodal nature of this class,
of materials.

3.5. Future possihilities

The distinct bimodal character of the nanostructured
PSZ coatings presents an opportunity for TBC mi-
crostructural control in a materials engineering en-
deavor to control their failure mechanisms. Thermal
spray ceramic coatings start sintering at high tempera-
tures (= 1000 °C). McPherson [2,3,22,23] has discussed
the effects of sintering on the mechanical properties and
thermal conductivity of thermal spray coatings. There
are two morphologies for the porosity present in a
coating. First, there is the coarse porosity (3 to 10 um)
associated with filling defects in the coating structure,
which is generaly cause by semi-molten particles. Sec-
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ondly, there are fine planar pores (0.01-0.1 pm) located
in between splats arising from gas entrapped beneath
liquid droplets during coating formation.

Thermal spray coatings have lower valuesof mechan-
ical properties and thermal conductivity when com-
pared to bulk samples for the same leves of coarse
porosity. These lower values can be explained in terms
of a moded for the coating microstructure involving
limited regions of 'good' contact between splats. At
high temperatures, changes in coarse porosity may be
negligible but healing of the fine planar pores occurs
[2,3,22,23]. When this does happen, the degree of con-
tact between splats increases and thereby causes. (i) a
higher elastic modulus and hardness in the coating
structure; and (ii) an increase in thermal conductivity
[2,3,22-24]23. These changesin materia characteristics
are detrimental to the coating integrity during service.

Some researchers [25-27] have been working on this
issue for TBCs. A clear relationship between coating
design and life prediction with these temperature depen-
dent properties was established by studying the varia-
tion in coating elastic modulus, hardness, and thermal
conductivity due to sintering effects.

With specia reference to the present work, nanos-
tructured coatings may reduce temperature dependent
effects on elastic modulus, hardness, and thermal con-
ductivity. Observing Figs. 1 and 2, it is noticed that the
nanostructured feedstock particle is porous, and this
intrinsic porosity will be retained in the coating mi-
crostructure within the non-molten particles. Weertman
et a. [15] discuss the effects of thisintrinsic porosity in
agglomerated nanostructured feedstocks on sintering.
Since the nanostructured feedstock particles have
bonded clusters of nanograins (Fig. 1), sufficient pres-
sure must be exerted to alow particle and cluster
rearrangement in order to attain high densities. Conse-
quently, it appears that the morphology of nanostruc-
tured agglomerated particles offer an activation barrier
to impede sintering. This phenomenon was also ob-
served by Yan and Rhodes [17].

Thus, the presence of non-molten, nanostructured
feedstock particles in the coating microstructure may
create a barrier against sintering effects on elastic mod-
ulus, hardness, and thermal conductivity. As conse-
guence, it is thought that the bimodal distribution may
be retained at high temperatures, thereby enhancing
coating integrity due to compliance effects. The particle
morphology might also help to avoid grain growth at
high temperatures. Another important characteristics of
nanostructured materials concern their superplasticity
[15] and this property, if present in these coatings, may
be beneficial with respect to improving the coating
compliance under the operationa heat flux
environment.

4. Conclusions

The experimental observations of this work are listed
below:

(1) The microhardness of the nanostructured PSZ
feedstock is low due to the weak agglomeration and
relatively high porosity of the nanostructured
agglomerates.

(2) The nanostructured PSZ coatings demonstrate a
bimodal distribution, as evidenced by their Weibull
plots, with respect to the mechanical properties. A high
slope (high Weibull modulus and low hardness va ues)
represents non-molten/semi-molten feedstock particles.
A low slope (low Weibull modulus and high hardness
values) represents fully molten particles.

(3) The conventional PSZ coating does not present a
bimodal distribution in the Weibull plot with respect to
the mechanical properties. A mono-modal distribution
is observed.

(4) The microhardness of the nanostructured PSZ
coatings can be predicted by a rule of mixtures law, in
which a coating is considered as a two-phase
composite.

(5) Microhardness measurements per se are not suffi-
cient to characterize the mechanical properties of
nanostructured coatings. A statistical analysis such as
Weibull distribution is necessary for a more complete
understanding of the influence of the microstructure on
the mechanical properties.

(6) When the percentage of non-molten nanostruc-
tured feedstock particles in the coating microstructure
decreases, the bimodal distribution tends to disappear,
and the nanostructured coating tends to behave as a
conventional one.
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