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Simulation of Hardness Testing on Plasma-Sprayed Coatings

Chung-Kwei Lin, Chung-Chieh Lin,* and Christopher C. Berndt’
The Thermal Spray Laboratory, Department of Materids Science and Engineering, State University of New York,

A plasma-sprayed thermal barrier coating consisting of a
NiCoCrAlY bond coat and Ce-stabilized zirconia ceramic
coating was heat-treated at 400°C for 1000 h. Microhard-
ness measurements were used to evaluate microstructural
variationsthroughout thecoating. One hundred and twenty
measur ementswer e performed at both the bond coat and
ceramic coating positionswithin the thermal barrier coat-
ing system. Both data sets were analyzed to assess whether
they could be described as Gaussian (i.e., " normal") or
Waeibull distributions. The influenceof thesample size, i.e.,
thenumber of microhardnesstestsfor a group, on themean
har dnessvaluewasalso evaluated by a M onte Carle sSimula-
tion procedure. Themean value, the standard deviation, the
coefficient of variation, and the Welbull modulus for the
subsets of data were calculated to assess these effects. The
confidence for the mean value was also considered. The
resultsindicated that the reliability of the microhardness
test improved asthe samplesize increased. At least 20 mea-
surementswere needed to distinguish differencesin micro-
har dnessbetween the bond coat and the ceramic coating at
a9 % confidencelevel.

|. Introduction

THERMAL barrier coatings consisting of a plasma-sprayed
ceramic coating and a bond coat are widely used to protect
components which are subjected to elevated temperature
environments.'” The intrinsic properties of the bond coat and
the ceramic coating govern the performance of the coating
system. These properties, however, may change after use in
high-temperature environments. Investigations to understand
the failure mechanisms during operation have proposed that
oxidation of the bond coat and residua stress changes within
the ceramic coating play important roles in degradation of the
coating system.** The reliability of the coating system before
and after operating conditions can be assessed by mechanical
property measurements, especially by microhardnessmethods.®
A microhardness test’. is defined as ""using a calibrated
mechine to force a diamond indenter of specific geometry,
under a test load of 1 to 1000 gf, into the surface of the test
materid." The diagonals of impression are optically measured,
and usudly 5 or 10 measurements are made to obtain the
desired hardnessnumber.” The repeatability for the test can be
approved if the variation of the mean values of two or more
groups of five indentations is less than 5%. However, because
o the composite and heterogeneous nature of thermal spray
coatings, often 10 measurementsare not sufficient to ensurethe
repeatability of the mean microhardness. Thus, the reliability
o the microhardnesstest for plasma-sprayed materials, when
performed according to the ASTM standard, is questionable.
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In this study, the variability of data was assessed by the
Gaussian and Weibull distributions. Important statistical param-
eters including the mean (w), the standard deviation(a), the
coefficient of variation (CV = 100(o/p), in %), and the Weibull
modulus (m) will be used. The Gaussian® and Weibull distribu-
tions™'® have been discussed and are not detailed here. The
influence of the sample size of a group of microhardnesstests
on the mean hardness value was evaluated by a Monte Carlo
simulation method" which randomly generated subsets of data
for specific sample sizes. The mean value, the standard devia-
tion, the coefficient of variation, and the Weibull modulus for
the subsets of data were calculated to assess these effects.
The objective was to improve the practical applications o the
microhardnesstest when used for testing of thermal spray coat-
ings and to understand the significance of test errors due to
materia variability.

II. Experimental Procedure

A thickness of 200 wm NiCoCrAlY bond coat (Metco 461)
was vacuum plasmasprayed onto a metallic substrate, followed
by ar-plasmasprayed 1300 pm ceriastabilized zirconia
(Metco 205) to produce the therma barrier coating system
which was then aged at 400°Cfor 1000 h.

A MICROMET II tester was used to obtain the Vickers
hardnessnumber (HV) with aload of 300g for 15s. Microhard-
nessdatafor the specimen were measured within the bond coat
and at three different locationswithin the ceramic coating, i.e.,
300 pm from the bond coat-ceramic coating interface, in the
middle, and 300 wm from the free surface (Fig. 1). For the
ceramic coating, 40 readings, which weretaken randomly along
each location of interest, were measured, and 120 measure-
mentswere performed in the middle of the bond coat. A tota of
120 measurements were taken for both the bond coat and the
ceramic coating and analyzed using Gaussian and Weibull
statistics.

Theinfluenceof the sample size on the mean hardnessvaue
and data scatter wes evaluated by a Monte Carlo simulation
procedure. A flow chart of this procedureisshown in Fig. 2. A
specified number of readings were randomly selected from the

RN
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coating O 4. 300 pm from the top
1300 ym O 3 Middleof ceramic coating
<> 2.300 pm from interface
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Fig. 1. Schematic represntation of testing locations within the ther-
md barrier coating.
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parent distributions (that is, the data sets for the bond coat and
the ceramic coating) to create a subset of data and then the
mean val ue, the standard deviation, the coefficient of variation,
and the Welbull modulus for these subsets of data were calcu-
lated to assess the effect of samplesize.

III. Resultsand Discussion

Earlier studies suggested that complex processes such as
stress relaxation, growth of oxide layers within the bond coat,
and phase changes occur within the coating system.® In the
present study, a prime purpose was to distinguish the difference
(if any) in microhardness between the bond coat and the
ceramic coating. Also, the influence of sample size on the
average hardnesscould be better understood.

Table | shows the microhardness results for both the bond
coa and the ceramic coating, and Fig. 3 shows Weibull plots
for both coatings. The Weibull plots regarding different testing
locations within the ceramic coating are shown in Fig. 3(b).
With regard to the ceramic coating, adight increasein average
hardness according to the different positionsis observed; how-
ever, the Weibull modulus does not change significantly. The
increase in hardness from the bottom of the ceramic coating
may be due to the grain growth induced by heat transfer during
the spraying process.'? Figure 4 shows the histograms as well
as the probability density functions(PDFs) for both data sets.
In Fig. 4(b) and other occurrences where n = 120 for the
ceramic coating, the data for the three test locations have been
pooled. The PDFfor the Gaussian distribution (asshown by the
dotted line) is a bell shaped curve; however, the PDF for the
Waeibull distribution is skewed to the left. The Weibull distribu-
tion may be a better representation of the microhardnesswithin
the bond coat.

Data Input d{120]
from bond coat or ceramic coating

for n=5, 10, 15, 20, 30, 40, 50,
60, 70, 80, 90, and 100
for a=1 to 20

Y

Random Sample
Xa[n]=Xal, Xa2, ....... , Xan
(Xal #Xak, i #k £n)

Y

Calculate mean, S.D.,C.V.,and m
of Xa[n]

L | Output Results

Fig. 2. Flow chart for Monte Carlo procedure (n is the specific
sample size for the simulation procedureand a is the number of the
smulation cycle).
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Each subset of data from the smulation procedure can be
considered asan individual groupof testsfor the microhardness
measurements. The mean hardnessfor the subset is identified
as ., (i = 1to 20) and forms a new distribution of the nean
hardness. For each specific sample size (n = 5, 10, 15, 20,
30, etc.), a corresponding distribution of the mean hardnessis
generated.* The mean, the standard deviation, and the coef-
ficient of variation for these new distributions (i.e., p;, i =
1 to 20 with different n) areidentifiedas &, &, and CV, respec-
tively. Figure 5 shows T, which is the average vdue of the
means, with respect to samplesize n, where is represented by
error bars. It can be noted that at least 20 measurements are
needed to distinguish differencesin hardness between the bond
coat and the ceramic coating. The fx vaue fluctuatesaround the
mean value of theorigina parent dataset. Thelarger the sample
size n, the smaller the fluctuation; therefore, the uncertainty for
amateria property test can be abridged by increasing the num-
ber for the test. Thiscan be verified by plotting the coefficient
of variation for the distribution of the mean (i.e., CV, which
implies the relative variation of the mean from the parent data
sets) with respect to thesamplesize (Fig. 6). It is also noted that
the CV decreased to below 5%, which is a general limit for
repeatability, if 15 measurements were selected for the bond
coat and 20 measurements for the ceramic coating. Though
120 tests are not sufficient to represent the real microhardness
distribution within the materia, this plot provides information
about the variation of the mean hardnessfor different sample
sizes. The confidence intervals, which can be used to confirm
the trend shown by the coefficient of variation, for the sample
size effect were also considered.®>" The deviation of ., from
the mean vaue fitted into the 95% confidence lines if the
samplesizewaslarger than 20 isshownin Fig. 7.

The data scattering within each subset of datais assessed by
the coefficient of variation (CV,, i = 1t020), which fluctuates
with respect to the CV of the parent data sets (i.e., CV = 16.6
and 27.4 for the bond coat and the ceramic coating, respec-
tively). The coefficient of variation for each subset of datais
related to the Weibull modulus, which is an dternative way to
describe the data scattering. The larger the Weibull modulus,
the smaller the coefficient of variation. The Weibull modulus
for each subset of data is identified as M; (i = 1 to 20).!
Figure 8 shows the Weibull modul us with respect to the sample
size. It can be noted that the central tendency of the Weibull
modulus increases with increasing sample size. The variation
of the Weibull modulus decreases to 10%, if 40 readings are
selected. The Weibull modulus, however, depends more on the
parent sample size. According to the Monte Carlo simulation
by Ritter et al.," the coefficient of variationfor 100 specimens
is 10%. Thus, when considering the scatter in the data, the
Weibull moduluswith confidenceintervalsmay be a better way
of expressing theresults.'*!

Whatever material property is tested, the uncertainty of a
material property test dependson the number of measurements.
Every five measurements can be considered as an individua

*For TablesII and I, giving the Monte Carlo smulation results of the Gaussan
distributionfor the bond coat and the ceramic coating, respectively,order ACSD-221
from the Data Depository Service, American Ceramic Society, 735 Ceramic Place,
WestervilleOH 43081.

*For Tables IV and V, giving the Monte Carlo simulation results of the Weibull
distributionfor the bond coat and the ceramic coating, respectively, order ACSD-221
from the Data Depository Service, American Ceramic Society, 735 Ceramic Place,
Westerville OH  43081.

Tablel. MicrohardnessResultsfor Both the Bond Coat and Ceramic Coating
Testing location Number of tests Mean SD CV (%) m X,
Bond coat 120 2208 3Bl 166 68 246
Ceramic coatini 120 2067 567 2714 42 227
300 pm from BG- CCinterface! 40 1894 538 284 37 210
Middledf ceramiccoatin 40 2070 %0 261 38 230
300 um from thefreesurface 40 2188 625 286 40 241

'BC: bond coat. CC: ceramiccoating.
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group. If the variation of mean valuesfor two groups does not
exceed 5%, the repeatability of thetest isacceptable,or else, 10
or more measurements are necessary for a reliable test result.
The engineeringreliability for a material test can be improved
by increasing the total test number, but at the expense of
increasingeffort and cost.

IV. Concluding Remarks

The microhardness test was used to assess the homogeneity
within the coating system, and the engineering reliability was
evduaed by aMonteCarlo sSimulation procedure.

The distributionof the mean, which is generated by aMonte
Carlo simulation procedure, fluctuates around the mean value
of the parent distribution; the fluctuation decreasesas the sam-
ple size increases. At least 20 measurements are needed to
distinguish the differencein microhardness between the bond
coat and the ceramic coating. Meanwhile, the coefficient of
variation for the distribution of the mean decreases to below
5%, if 15 measurementsare madefor the bond coat and 20 for
the ceramic coating. The confidence tests confirm this trend.

The errors it into 95% confidence levelsif 20 measurements
are made. However, the reliability for data scattering, which is
evaluated from the Weibull modulus for each subset of data,
requiresalarger samplesize. If 40 measurementsare made, the
variation of the Weibull modulus is around 10%. A fina point
isthat the size of the parent distribution in this study was 120
experimental values, whereasit is not unusual for Monte Carlo

methods to numerically generate parent sets of thousands of

data points. It would be expected that the statistical analysisof

amuch larger dataset (if available) would be dightly different

from those reported since a parent distribution consisting of

experimental data was used in the present study.
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