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A critical assessment of the high speed nanoindentation technique is performed by testing a complex material
system such as thermal barrier coating (TBC). Extensive nanoindentation tests are performed to spatially map
the properties of bond coat, top coat and bond coat-top coat interface regions of as-coated and thermally cycled
TBCs and the resulting spatial property maps (hardness and elastic modulus maps) are compared with the cor-
responding microstructures to establish correlations. Excellent correlation is observed between the microstruc-
ture and the mechanical properties at the micrometer length scale. The various microstructural features and
phases including thermally grown oxide (TGO) at the bond coat-top coat interface are accurately captured by
themapping technique. A deconvolution technique based on k-means data clustering algorithm is used to obtain
the phase level properties from the maps and also generate mechanical phase maps to visualize the evolution of
mechanical properties with thermal cycling which enables a holistic understanding of degradation mechanisms
operating at various levels of thermal cycling. The capabilities of the high speed nanoindentationmapping dem-
onstrated in thiswork have important implications formicrostructure based finite elementmodeling and also for
development of data-driven models for predicting the life of TBCs.

© 2019 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
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1. Introduction

High speed nanoindentation mapping is emerging as an advanced
nanomechanical characterization tool to study the local mechanical re-
sponse of multi-phase materials. With better electronics and novel
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mechanical design, it is now possible to perform indentation testsmuch
faster (~1 s per indent) than ever before. This enables performing large
number of indentation tests in the specific region of interest within a
short duration of timewhich results in the spatial mapping of themate-
rial properties. Each indent in the array provides local information on
the mechanical property of the small volume of material that is being
probed beneath the indenter. This massive dataset of highly localized
(micron scale) mechanical properties can be of great use to study the
linkages between the microstructural features and its corresponding
properties such as hardness and elastic modulus. On the other hand,
the large experimental data thus generated allows for conducting ad-
vanced statistical data analysis of the results. So far, high speed nanoin-
dentation mapping technique has been reported by several groups on
cementitious materials [1–4], cermets [5], composites [6,7],
nanolaminate carbide [8], Bakken Shale [9,10] (sedimentary rocks)
and biological samples such as wood cell [11], teeth enamel [12], etc.
However, mapping studies on a complex system such as thermal barrier
coating (TBC) where the coating failure greatly depends on the evolu-
tion of local mechanical properties of the various layers during opera-
tion are very limited [13].

TBCs are multi-layer, multi-material systems that are provided for
the thermal insulation and oxidation resistance of the underlying struc-
tural components [14]. It typically consists of an intermetallic bond coat
which are usually MCrAlY alloys where M= Ni or Co or both, a porous
ceramic top coat such as yttria stabilized zirconia (YSZ) and a thermally
grown oxide (TGO) layer that forms at the interface between bond coat
and top coat as a result of high temperature operation. To add to the
complexity, different microstructural features such as the splat bound-
aries for thermal sprayed coatings, porosity, interface between layers,
cracks, etc., co-exists in TBCs. Moreover, as these coatings are usually
subjected to extreme environments, material degradation such as alu-
minum depletion in bond coat, growth of TGO at bond coat-top coat in-
terface, densification of top coat, etc., takes place with time and
temperature [15]. While in operation, these degradation mechanisms
can operate simultaneously and cause changes in its microstructure
and/or composition [16].

Given the complexities inherent to TBC systems and the advantages
of an emerging technique such as high speed mapping, there exist a
strong case to apply these techniques for studying TBCs. Doing so, en-
ables the study of the spatial and temporal variations in properties of
different layers of TBCs. If successful, such a study can provide
structure-property correlation at the micron scale which can be used
to understand the performance of the coating. In addition, this can
also help in understanding the effect of material degradation mecha-
nisms on the mechanical properties and provide better insights about
the failure of these coatings.

Such a study has two primary requirements viz., a high-speed tech-
nique to perform large number of indentation tests in a relatively short
time span and a data deconvolution technique to statistically analyze
the data and retrieve quantitative information from indentation tests.
Data deconvolution can be performed in different ways. For instance,
Constantinides et al. [17], assumed the data to follow multi-modal
Gaussian distribution and performed deconvolution by fitting its proba-
bility distribution function. Later, Ulm et al. [18] used cumulative distri-
bution for fitting, to overcome the limitations of fitting probability
distribution function. Recently, Veytskin et al. [19] used Gaussian mix-
ture deconvolution by expectation maximization technique. Although
these techniques provide a quantitative estimate of the properties of in-
dividual phases, they have two major drawbacks — (1) the need to as-
sume a certain distribution for the data (Gaussian, Lorentzian, etc.)
and (2) loss of spatial information of the constituents, wherein, an aver-
age value for each phase is estimated without any regard to its spatial
coordinates. Also, most of the previous work [20–24] on mapping of
local mechanical properties of TBCs has been limited to layer level aver-
aged response and restricted to fewer tests, precluding any rigorous sta-
tistical treatment.
The ability to track and analyze the phase level properties has direct
implications for materials design [25]. The measurement of mechanical
properties of different phases (within each layer of TBC) with change in
material composition and operating conditions, serves as a valuable
input for microstructure based modeling tool [26] such as Object Ori-
ented Finite element analysis, where feeding phase level properties
could improve the accuracy of the model.

In view of these potential advantages, the capabilities of the high
speed mapping technique are assessed by testing a complex material
system like TBC. In addition to the insights to the thermal spray commu-
nity, using a TBC to assess the high speed mapping technique, enables
testing the applicability of the technique on sampleswith significant po-
rosity, significant topographic changes, multiple phases with different
sizes and morphologies, multiple interfaces (layer to layer, particle to
particle, etc.) and multiple material types (metals, intermetallics, ce-
ramics, etc.). In this regard, high speed nanoindentation mapping has
been performed to spatially map the bond coat, top coat and the inter-
face regions of TBCs subjected to different levels of thermal cycling.
The resulting property maps are compared with the microstructure to
establish correlations. A novel methodology based on k-means data
clustering algorithm is used for deconvoluting mapping data to obtain
properties of constituent phases without loss of spatial information.
The evolution of microstructure and there by the properties during
thermal cycling of the entire TBC system enables a holistic understand-
ing of the degradation mechanisms leading to coating failure.

2. Materials and methods

2.1. Coating deposition

Thermal barrier coatings with NiCoCrAlY bond coat and YSZ top coat
have been investigated in this study. Both, bond coat and top coat was
deposited using Atmospheric plasma spray coating facility carrying a
9 MB (Sulzer Metco, Switzerland) spraying gun. The substrate is a 10
× 10 × 5 mm flat rectangular specimen of Ni-based super alloy
(C263). The substrate was grit blasted prior to coating deposition in
order to improve the adhesion of the coating. The bond coat was subse-
quently overlaid on this roughened substrate. The feedstock powder
usedwas Amperit 47.05Ni-23Co-17Cr-12.5Al-0.45Y (wt%),with a parti-
cle size range of 22–45 μm. YSZ containing 7 wt% Y2O3 (Amperit) with a
particle size range of 10–45 μm was then overlaid on top of the bond
coat. The average bond coat and top coat thickness is 105 μm and 175
μm, respectively.

2.2. Thermal cycling

The coated samples were subjected to thermal cycling which is one
of the most widely used accelerated tests to assess the lifetime of TBCs.
Thermal cycling in the present study involves heating the samples to
1100 °C in 20 min, holding at 1100 °C for 40 min and cooling to 300
°C within 10 min. This was carried out using a thermal cycling furnace
(CM Furnaces-Bloomfield, USA) which can be automated to perform
the thermal cycling to desired number of cycles. Samples were drawn
after 5, 10, 50 and 100 cycles for mechanical and microstructural
characterization.

2.3. Sample preparation

The thermally cycled samples were initially cold mounted using
epoxy resin in order to prevent potential damage during cutting opera-
tions for cross sectional studies. The samples were then sheared using
abrasivewheel cutter (Isomet, Buehler, USA) to expose the cross section
of the sample. The cross sectional surface was hot mounted using bake-
lite powder for further polishing operations. The cross section was
polished with abrasive SiC papers of increasing grit size (1000, 2000 &
4000). Finally, the samples were subjected to vibratory polishing in a
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60 nm colloidal silica solution using Vibromet2 (Buehler, USA) for 2 h.
Obtaining a polished surface withminimal damage due to the polishing
process is critical for high speed nanoindentation mapping. While the
extent of polishing damage cannot be easily estimated, special care
was taken, especially during the initial stages of polishing where coarse
grits were used, to gently polish and minimize the extent of damage.

2.4. High speed nanoindentation mapping

Nanoindentation testing was carried out using an iNano®
nanoindenter manufactured by Nanomechanics Inc., (a KLA Tencor
company, Oak Ridge, TN, USA). A diamond Berkovich tip (E =
1141 GPa; ν = 0.07) was used for all the tests. Nanoblitz3D®, a high
speed mapping technique, wherein each indent typically takes less
than a second, was used for mapping. This includes the time taken for
surface approach, surface detection, loading, unloading and positioning
the sample for next indentation. This revolutionary improvement in
terms of instrumentation and the recent advancement in the under-
standing of theoretical basis for minimum indentation spacing [27], en-
ables high speed-high resolution spatial mapping over large areas
(typically 1000's μm2) with thousands of indents. Maps of different
sizes (typically containing more than 10,000 indents) were carried out
on the bond coat, top coat and bond coat-top coat interface regions of
as-coated and thermally cycled samples. After performing area function
calibration on fused silica samples and correcting for load-frame com-
pliance, the hardness and elastic modulus for every indent was calcu-
lated using standard Oliver & Pharr method [28]. The indentation load
was accordingly chosen to ensure a minimum indent spacing to indent
depth ratio of 10 based on the recent work of Sudharshan Phani et al.
[27]. The maximum depth of indentation was largely dictated by the
tradeoff between the lower signal-to-noise at smaller depths and
lower resolution of the maps at higher depths (or indent spacing).
While a thorough theoretical treatment on the maximum depth of in-
dentation to capture the intrinsic properties is challenging, simple trial
and error type experimental study was carried out to determine an op-
timal maximum depth to capture the intrinsic properties of the various
features of the TBCs. Thus, all tests were performed to a maximum load
of 2 mN (which results in b100 nm depth) with 1 μm spacing between
the indents (i.e., at least 10 times the depth). In all, 212,500 indents
were performed to map the as-coated and thermally cycled samples
Fig. 1. Cross-sectional SEMmicrograph and the corresponding hardness and e
for obtaining structure-property correlations at the micrometer length
scale and also for subsequent statistical analysis.

2.5. Microstructural characterization

The nanoindentation maps were imaged using a Scanning Electron
Microscope (Hitachi-S3400N, Japan). Bond coat and bond coat-top
coat interface maps were captured in Back Scattered Electron (BSE)
mode. Energy Dispersion Spectroscopy (EDS) spot analysis was per-
formed on different phases present in the samples to determine the
composition of the constituent phases. An optical microscope (Olym-
pus, Japan)was also used to image the coatings, especially in the porous
top coat region.

2.6. Data deconvolution

In the present work, data deconvolution involves determining the
properties of individual phases from the spatial property map of a
multi-phase specimen. A data clustering algorithm called k-means
was used for this purpose. The algorithm used is similar to the one de-
scribed elsewhere [29]. The primary function of k-means is to partition
‘n’ observations into ‘k’ clusters. K-means is an iterative refinement
technique which initializes k cluster centers at random and minimizes
the intra-cluster sum of squares of distances in each iteration, by
shifting the position of cluster centers to a new point. This iterative pro-
cess converges when the intra-cluster distances can no more be re-
duced, thereby separating the data into a predetermined number of
clusters. The number of clusters into which the data has to be binned
can be determined either by prior knowledge of the number of phases
present in the mapped region, or by iteratively running the algorithm
for different number of clusters and picking the optimal number by
error minimization. As the algorithm partitions the data in such a way
that the data points within the same cluster are more similar than
those in other clusters, it is expected that each cluster represents a dis-
tinct phase/feature in the spatial map. Once clustered, the mean and
standard deviation of the data points in each cluster can be used as a
quantitative measure of the property of the corresponding phase. This
method of deconvolution has been applied to all spatial property
maps acquired from bond coat, top coat and bond coat-top coat inter-
face regions to obtain the properties of individual phases/features (β-
lastic modulus map of an as-coated TBC showing different coating layers.
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NiAl, γ/γ′-Ni, YSZ, TGO) present in them. It is worth noting that, unlike
the Gaussian deconvolution-based methods, this method retains the
spatial information of the various constituent phases, which is useful
for studying the evolution of local mechanical property.

3. Results and discussion

The spatial propertymaps of the bond coat, bond coat-top coat inter-
face and top coat regions of as-coated and thermally cycled TBCs are
presented in Section 3.1. Application of data deconvolution algorithm
on these maps and the effect of thermal cycling on the hardness and
elastic modulus of different phases in the TBCs are presented in
Section 3.2.

3.1. Microstructure-property correlation

Fig. 1 shows the microstructure, hardness and elastic modulus map
of the cross-section of the TBC in the as-coated state. The map covers
50 × 150 μm2 area comprising of 7500 indents. The hardness and elastic
Fig. 2.Cross-sectional SEMmicrographs and the corresponding hardness and elasticmodulusm
cycles, respectively.
modulus variation across different layers and also within each layer is
clearly captured by the maps indicating that the indent spacing is suffi-
cient to capture the keymicrostructural features. This also demonstrates
that the technique is capable of handling abrupt changes in properties
and topography that result while mapping across the layers and across
splat boundaries or pores that are typical of thermal sprayed coatings. A
detailed analysis of the spatial property variation within each layer and
its evolution with thermal cycling is presented in the following sub-
sections.
3.1.1. Bond coat
The microstructure, hardness and elastic modulus maps of the bond

coat in the as-coated and thermally cycled states are shown in Fig. 2. The
splat boundaries are very distinct in the as-coated state (Fig. 2a), which
is typical of plasma sprayed coatings. The hardness in the as-coated
state is higher than that of the thermally cycled ones. In contrast, the
elastic modulus shows the opposite effect with thermal cycling. The dif-
ferences in the hardness and elastic modulus with thermal cycling can
aps of NiCoCrAlY bond coat in (a) as-coated state and after (b) 5 (c) 10 and (d) 100 thermal
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be attributed to the microstructural changes that can be observed from
the SEM micrographs.

In the case of sample subjected to 5 thermal cycles shown in Fig. 2b, a
two phase microstructure can be observed. The darker shade of gray
corresponds to theβ-NiAl phase and the lighter shade is theγ/γ′-Nima-
trix. This was verified through aluminum content determined through
EDS and is similar to the observations of Hemker et al. [30] with the
β-NiAl regions being relatively large and inter-connected at this state.
A comparison of the microstructure and hardness map of the sample
subjected to 5 thermal cycles shows excellent correlation, wherein the
property variation and morphology of the two phases has been pre-
cisely captured. The β-NiAl phase is harder than the γ/γ′-Ni phase,
while the elastic modulus shows an opposite trend. The BCC like ar-
rangement in the β-NiAl can result in the higher hardness compared
to the FCC γ/γ′-Ni. A comparison of the microstructure in the as-
coated state and after 5 thermal cycles shows that the splat boundaries
have significantly healed. Upon close observation of the hardness map
after 5 thermal cycles, a few regions/spots with very high hardness
can be observed. EDS analysis on such spots indicate that they are
most likely Al rich oxides which are known to form due to internal ox-
idation of the bond coat [31]. The results for the sample subjected to 10
thermal cycles are shown in Fig. 2c. A comparison of its microstructure
with the sample subjected to 5 cycles, shows that the relative area frac-
tion of β-NiAl decreases which is clearly captured in the hardness map.
The hardness map also shows an increase in the fraction of the high
hardness regions, which indicates that the area fraction of the oxides
has increased with thermal cycling. With further thermal cycling up to
100 cycles (Fig. 2d), theβ-NiAl phase is almost depleted and the fraction
of the oxides increases further. Interestingly, the hardness map also
shows that the oxides are found preferentially at the splat boundaries.
Fig. 3. Cross-sectional SEMmicrographs and the corresponding hardness and elastic modulusm
(d) 100 thermal cycles, respectively, showing the TGO growth.
The property maps after 50 thermal cycles are similar to the ones after
100 cycles and hence are not shown here. In summary, the hardness
maps and to a certain extent the elastic modulus maps, show excellent
correlation with the microstructure and are able to accurately capture
the microstructural changes at the micrometer length scale.

3.1.2. Bond coat-top coat interface
The bond coat-top coat interface is one of themost critical regions of

a TBC. The major microstructural and the corresponding mechanical
property variations during operation, occur in this region. This ulti-
mately has a bearing on the thermal cyclic life of the TBC. The most sig-
nificant event at the bond coat-top coat interface is the formation of a
thermally grown oxide (TGO) layer [32]. TGO forms due to a reaction
between inter-diffused aluminum (from the β-NiAl of bond coat) with
the ingressive oxygen (through top coat) at high temperature. A
dense, contiguous layer of TGO, having a parabolic growth rate is
known to prevent further oxidation of the bond coat and the underlying
substrate. However, beyond a certain critical thickness, this layer causes
severe strain incompatibilities and mismatch stresses, causing TBCs to
damage progressively and delaminate ultimately [33,34]. Hence, deter-
mining the local elasticmodulus in the TGO is extremely valuable. How-
ever, given that the desirable TGO thickness is typically of the orders of
fewmicrons, there has been no reliable local mechanical property mea-
surement, while it is sandwiched between the bond coat and top coat.
The high speed mapping at the micron length scale demonstrated in
the case of bond coat makes it now possible to measure the properties
of the TGO.

The microstructure, hardness and elastic modulus map around the
bond coat-top coat interface in the as-coated state and after thermal cy-
cling are shown in Fig. 3. The interface shows undulations which is
aps at the bond coat-top coat interface in the (a) as-coated state and after (b) 5 (c) 10 and
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typical of plasma spray coatings. A comparison of the microstructure of
the as-coated and thermally cycled samples shows that the TGO (dark
region at the interface) can be observed starting from 5 cycles and the
thickness of the TGO increases with thermal cycling. The corresponding
hardness and elastic modulus maps show a similar trend, wherein the
TGO can be identified by the higher hardness and elastic modulus re-
gions at the interface. Interestingly, the thickness of the TGO measured
from the maps shows a parabolic behavior which has been observed
from the microstructural studies in the past [22,35]. In addition to the
growth of TGO with increasing number of thermal cycles, the depletion
of theβ-NiAl phase, which acts as an aluminum source on the bond coat
side, can be clearly observed from the hardness maps and the
microstructure.

As mentioned earlier, the difference in elastic modulus due to the
growth of the TGO is one of the primary driving forces for the develop-
ment of mismatch stresses. This leads to the generation of microcracks
in top coat just above the interface as shown in Fig. 3d, for the case of
the sample subjected to 100 thermal cycles. The reduction in the hard-
ness and elastic modulus in the cracked regions is also captured by the
maps. In summary, the high speed mapping technique can be used to
measure the local mechanical properties at the interface of different
layers of a coating and for the specific case of a bond coat-top coat inter-
face of a TBC, this technique enables measurement of local elastic prop-
erties which can be readily used in FEA for simulating delamination of
TBCs subjected to thermal cycling.
3.1.3. Top coat
The microstructure, hardness and elastic modulus map of the top

coat in the as-coated state and after thermal cycling are shown in
Fig. 4. Cross-sectional optical micrographs and the corresponding hardness and elastic modu
thermal cycles, respectively.
Fig. 4. From the microstructure it is evident that it is highly porous,
which can potentially cause difficulties in high speed mapping. How-
ever, the property maps shown in the figure indicate that the mapping
technique is capable of dealingwith the large topographic and property
variation due to the pores. Excellent correlation can be observed be-
tween the microstructure and the property for all the samples, with
the porous regions exhibiting lower hardness and elastic modulus. The
hardness and elastic modulus of the top coat remains constant with
thermal cycling at the cycled temperatures and time scales studied in
the present work. Quantifying the volume fraction of the pores either
through micrographs or through maps, was not straightforward due
to the ambiguity in distinguishing between the pores due to coating de-
position and the pull outs due to subsequent polishing of the sample be-
fore testing.
3.2. Data deconvolution to determine properties of individual phases

The correlation between the microstructure and the property maps
presented in Section 3.1 is visually apparent, but not quantitative. In
order to determine phase level information of the mechanical proper-
ties of the various layers in the TBC, the high speed mapping data has
to be deconvoluted. The various statistical techniques available for this
purpose have been described in Section 2.6. Asmentioned earlier, unlike
the traditional methods that typically involve curve fitting assuming
that the data follows a Gaussian or a Lorentzian distribution, a clustering
algorithm is used in the present work that does not need any such as-
sumption and also retains the spatial information about the phases
after deconvolution. This enables reconstructing a phase map from the
mechanical property map. Also, the clustering algorithm does not
lus maps of the YSZ top coat in the (a) as-coated state and after (b) 5 (c) 10 and (d) 100



Fig. 5. (a) Microstructure and (b) hardness map and (c) deconvoluted hardness map of bond coat after 5 thermal cycles.

Fig. 7. Phase fraction determined from deconvolution of hardness map as a function of
number of thermal cycles.

7B. Vignesh et al. / Materials and Design 181 (2019) 108084
require any initial guess or expected range of the output which are typ-
ically required for curve fitting procedures. A deconvoluted map ob-
tained from the hardness map along with the microstructure for the
case of a sample subjected to 5 thermal cycles is shown in Fig. 5. It can
be seen from Fig. 5c that the property map shown in Fig. 5b, has been
separated into three distinct clusters based on the hardness data,
which in this case are β-NiAl, γ/γ′-Ni and oxides due to internal oxida-
tion. Themean and standard deviation of the data points in each cluster
can be assumed to represent the mean and standard deviation of the
corresponding phases as discussed in Section 2.6. A close comparison
of the microstructure (Fig. 5a) and the corresponding deconvoluted
map (Fig. 5c) shows that there is excellent agreement in the size and
shape of the microstructural features shown in the microstructure and
deconvoluted map. This also enables accurate estimation of the area
fractions of the phases from the deconvoluted map, which is obtained
by taking the ratio of the number of data points in a cluster to the
total number of points.

Similar deconvolution procedure was applied for bond coats sub-
jected to different thermal cycles and the deconvoluted maps are
shown in Fig. 6. Note that an additional cluster has been used to identify
the splat boundaries in the case of as-coated samples and are denoted as
pores in the deconvoluted map. The deconvoluted maps at different
thermal cycling states very clearly show the microstructural evolution,
with the β-NiAl dominated microstructure in the as-coated state to γ/
γ′-Ni dominated microstructure after 100 thermal cycles due to alumi-
num depletion. Also, the fraction of the oxides increases with thermal
cycling as shown in Fig. 7. While, these observations can also be made
from hardness maps, deconvolution enables quantitative results in ad-
dition to being a valuable tool for visualization.

The hardness and elastic modulus of the individual phases in the
bond coat and top coat including the TGO, determined from the
Fig. 6. Deconvoluted maps of bond coat
deconvolution is shown in Fig. 8. As expected, γ/γ′-Ni is the softest
phase followed by β-NiAl and the hardness decreases for these phases
upto 5 thermal cycles and remains constant thereafter. Ni enrichment
due to the transformation of β-NiAl with thermal cycling is expected
to decrease the hardness. Also, the nano Ni3Al precipitates coherently
distributed in the γ/γ′-Ni are reported to coarsen with thermal cycling
[30]. Interestingly, these effects do not result in any significant change
in hardness. In the case of YSZ, hardness remains constant with cycling,
as it is known to be stable at the thermal cycling temperatures and time
scales tested in this work [36]. The hardness of TGO slightly increases
with cycling. However, the increase in the mean value is not significant
compared to the standard deviation.
at various levels of thermal cycling.



Fig. 8. (a) Hardness and (b) elastic modulus determined from deconvolution as a function of number of thermal cycles for the various phases in the TBC.
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In contrast to the results for hardness, elastic modulus (Fig. 8b) of
the phases in the bond coat shows an increase in the case of 5 cycles
compared to the as-coated state without much change thereafter.
While the elasticmodulus of YSZ remains constant with thermal cycling
as was the case with hardness, the elastic modulus of TGO increases
with cycling. This could be due to compositional change of the oxide, es-
peciallywith the changing Al contentwith thermal cycling. Also, the rel-
atively smaller size of the TGO in the beginning may have resulted in
measuring the combined effect of the TGO and the surrounding bond
coat or top coat and hence the properties of the TGO may be treated
as apparent properties and may not be intrinsic properties. The hard-
ness and elastic modulus of the individual phases thus determined are
also in general agreement with the reported values in literature
[21,22], which are mostly based on a small number of indentation
tests. Table 1 summarizes the hardness and elastic modulus of the var-
ious phases determined from high speed mapping and data
deconvolution. The values obtained from conventional nanoindentation
testing at comparable depths are also shown for comparison. Good
agreement between themapping results and the conventional indenta-
tion results can be observed for all the layers at different cycling condi-
tions. A few discrepancies are observed but are well within the
experimental scatter that can be expected in such systems. This could
also be due to the fact that the conventional tests are not specifically
targeted to land on a particular phase/feature. In summary, these results
validate the accuracy of the high speed mapping technique on a com-
plex material system like TBCs.

4. Implications for design

The capabilities of high speed property mapping demonstrated in
the present work have important implications for materials design.
Table 1
Hardness (H) and elastic modulus (E) values determined by high speed nanoindentation and

Sample
condition

High speed nanoindentation

γ/γ′-Ni β-NiAl Internal oxide

H E H E H E H

GPa GPa GPa GPa GPa GPa GPa

As-coated 7.2 ±
0.9

141.2 ±
30.6

9.6 ±
0.7

169.6 ±
18.5

– – –

5 cycles 6.4 ±
0.7

195.0 ±
25.6

8.5 ±
0.7

178.8 ±
22.9

14.2 ±
2.8

228.5 ±
30.2

20.5
2.4

10 cycles 6.5 ±
0.8

199.7 ±
34.2

8.5 ±
1.0

190.1 ±
32.7

15.4 ±
3.1

247.5 ±
31.3

21.2
2.3

50 cycles 6.7 ±
0.4

218.0 ±
19.4

7.7 ±
1.2

183.5 ±
30.7

15.6 ±
3.2

251.4 ±
38.2

22.4
2.5

100 cycles 6.4 ±
0.8

215.8 ±
24.4

9.0 ±
1.1

216.9 ±
30.3

15.5 ±
2.7

259.4 ±
30.0

23.5
2.6
For instance, phase level properties obtained through deconvolution of
high speed mapping data can readily be used as input material proper-
ties for different phases inmicrostructure-basedmodeling tools such as
OOF [26]. Such models foster construction of realistic geometric repre-
sentations and can precisely capture the influence of microstructure
on local mechanical response of the material. These models can also
be of great use for micro scale crack propagation studies wherein previ-
ous work [37] has shown that the crack driving force is greatly depen-
dent on the microstructure and its corresponding local mechanical
properties. Furthermore, high resolution spatial mapping capability
can be utilized to capture the local variations in properties induced by
various non-equilibrium processes involved in additive manufacturing
that result in gradients in microstructure and therebymechanical prop-
erties [38]. Themapping capabilities coupledwith deconvolution can be
used to establish the linkages between the processing and local me-
chanical properties to ultimately help optimize the process. Similar to
the TGO interface studies reported in this work, this technique can be
employed to study the interface properties of composites [39], where
themechanical response of the interface betweenmatrix and reinforce-
ment dictates the strength of the compositematerial. In addition to spa-
tial variations, temporal variation in properties due to composition
gradients such as in a diffusion couple [40], can also be captured via a
systematic study and can gainfully be used to study the kinetics. More-
over, though not demonstrated in the present work, this technique has
the potential to capture crystal orientation specific properties [5], which
helps to understand the associated anisotropic effects and provide in-
sights for crystal plasticity finite element modeling. Finally, the high
speed mapping capabilities demonstrated in this work, can be used to
quickly establish structure-property linkages at micrometer length
scale or higher, which can help in understanding multiscale mechanics
and development of hierarchical materials [41]. This in turn expedites
conventional nanoindentation.

Conventional nanoindentation

TGO YSZ Bond coat Top coat

E H E H E H E

GPa GPa GPa GPa GPa GPa GPa

– 13.9 ±
1.8

207.7 ±
26.5

9.9 ±
1.0

165.9 ±
18.7

14.4 ±
3.6

206.9 ±
38.1

± 290.4 ±
36.6

14.3 ±
1.9

212.8 ±
26.4

7.4 ±
0.4

218.5 ±
19.3

13.1 ±
4.7

193.0 ±
47.6

± 305.7 ±
30.9

13.8 ±
1.7

208.4 ±
28.5

8.3 ±
0.9

200.8 ±
25.6

15.6 ±
2.6

207.4 ±
32.7

± 325.1 ±
39.8

14.3 ±
1.6

211.1 ±
27.4

7.7 ±
0.6

213.1 ±
34.4

15.9 ±
2.1

227.9 ±
32.5

± 339.6 ±
43.9

14.1 ±
1.9

209.6 ±
25.3

7.5 ±
0.4

222.7 ±
27.9

16.5 ±
2.6

230.9 ±
14.7
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the development of novelmaterials for high performance under an Inte-
grated Computational Material Engineering (ICME) approach.

The other important aspect of this technique is its high-throughput,
which can be used to generate large data sets that can be processed
using machine learning (ML) algorithms [42,43]. For instance, the
local hardness and elastic modulus data for samples subjected to differ-
ent thermal cycles obtained in the present work can be used to trainML
algorithms. This can then be used to develop a data-driven model for
predicting the residual life of thermal barrier coatings. As data science
is considered as the new avenue for accelerating materials design and
discovery, this technique with high-fidelity, high-throughput can
greatly contribute to this new paradigm.

5. Summary and conclusions

1. High speed nanoindentation mapping has been carried out on as-
coated and thermally cycled TBC comprising of plasma sprayed
NiCoCrAlY bond coat and YSZ top coat on a super alloy substrate.

2. Excellent correlation was found between themicrostructure and the
local mechanical properties at the micrometer length scale even at
the interface between the various layers of TBC and also in the porous
top coat.

3. K-means clustering algorithm which retains the spatial information
of the constituent phases was used to deconvolute the data to deter-
mine the phase level properties. The local mechanical properties of
the different phases in the bond coat and the TGO as a function of
the number of thermal cycles was determined. The high speed nano-
indentation results agree well with reported literature and conven-
tional nanoindentation measurements.

4. The phase level properties obtained from this analysis can be readily
used for microstructure based finite element analysis and the large
data sets obtained through extensivemapping can also beused to de-
velop data-driven models for predicting residual life of TBCs.
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