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ings are investigated using Hertzian indentation and four-point bend testing, with in situ
acoustic emisson monitoring. The experimental deformation curves, together with the
corresponding acoustic emission responsesand the fracture properties of the material are
used in defining the deformation characteristics of the coating (ceramic overlay with
metallic bond coat where applicable) and substrate composite system. Experiments are
aimed in examining the influence of the bond coat and the coating properties on the form
of deformation. Substrate temperature and pauses during spraying are demonstrated to

strongly effect the coating properties and the resulting fracture/failure characteristics of
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Introduction

Thermal Barrier Coatings (TBCs) have been widely used in gas
turbine and diesel engines[11. The most common material used as
an insulator in such systems has been partially stabilized zirconia
(PSZ), mainly for its low therma conductivity and diffusivity
combined with its high temperaturestability. The general practice
in preparing thermal spray TBCs is to spray the ceramic overlay
onto a metallic bond coat layer, generally by plasma spraying for
large components. Plasma sprayed TBCs experience high thermal
stresses under service conditions due to cyclic therma changes.
Thermal stresses are generated mainly due to the thermal expan-
sion coefficient mismatch between the ceramic coating and the
metallic substrate. From the viewpoint of structural integrity and
mechanical behavior, the presence of a metdlic bond coat layer
between the ceramic and substrate can reduce the effect of such
stresses [2]. In addition, plasma sprayed TBCs are subjected to
residua stresses that arise from the rapid cooling of molten or
partially molten droplets impacting on the cool substrate, from
thermal gradients, and from solid state transformations of the
coating material. Hence, controlling the substrate temperaturedur-
ing deposition has a significant influence on the nature and mag-
nitude of residual stresses[3-5].

Severa approaches have been used to improve the mechanical
properties, and therma cycle and oxidation resistance behavior of
TBCs[6-8]. These include (i) optimizing Y oung's modulus, (ii)
reducing the thermal expansion coefficient mismatch between the
coating and substrate, and (iii) increasing the oxidation resistance,
especialy near the substrate interface, at high temperatures. To
better understand the coating formation and failure mechanisms,
the influence of spray conditions and TBC system design have
been characterized by a number of distinct methods. Acoustic
Emission (AE) technology has been widely used as a non-
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destructive method in characterizing the cracking and failure be-
havior of the coatings. The technique also has potentia for the
quality control and in-service monitoring of coatings during ap-
plication or production. The method has mostly been used to un-
derstand the failure mechanisms during thermal cycling [9,10].
Less effort has been spent in characterizing the deformation and
failure behavior at room temperature conditions, under mechani-
cal stresses. Among the few studies, experiments have monitored
the in situ cracking of samples during three-point [11,12] and
four-point bend tests [13—15], tensile adhesion tests [16-20], and
indentation [21] tests.

In this paper, the mechanica propertiesand cracking features of
yttria stabilized zirconia (Y SZ) ceramic coatings, either with or
without a bond coat (NiCrAl) layer, plasmasprayed on plain car-
bon stedl substratesareinvestigated. Four point bending and Hert-
Zian indentation tests have been used to evaluate the mechanica
response, while acoustic emission (AE) has been used to in situ
monitor the cracking behavior during these tests. The bend tests
are used to provide more quantitative results with respect to the
mechanical propertiesof the coating-substrate system. The inden-
tation tests are used for the simple determination of indentation
loads that lead to failure and to gather genera information about
the deformation and adhesion behavior, which complement the
information obtained from the bend tests. The mechanical tests are
performed on coatings that were produced under processing con-
ditionsidentified as either ** cooling'* or *"no cooling" during the
spray procedure are examined. Moreover, two types of coating
structures are distinguished with coatings produced by a continu-
ous spraying procedure and by a paused scheme.

Experimental Procedures

Materials and Spray Conditions. The coatings were air
plasma sprayed (APS) using the conditionsgiven in Table 1 with
the plasma spray gun (Metco3MB, Westbury, NY) mounted on a
six-axis articulated robot (GMF Fanuc, Model S400). The feed-
stock materiad was yttria stabilized zirconia (Y SZ), of average
particlesize of 56.2 um for the top coat and NiCrAl for the bond
coat, both externally injected into the plasma at a rate of 40 g/min
using nitrogen as the carrier gas. Spraying was performed on mild
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Table1 Plasma spray conditions

YSZ NiCrAl
Qun Type Metco 3MB Metco 3MB
Current 600A 500A
Voltage 70V 70V
Primary Gs Ar(40 U/min) Ar(40 I/min)
Secondary Gs Hy(8 /min) Hjl | /min)
Ponde Carrier Gas N, (3.5/min) N, (3.65 Umn)
Soray Dtae 100mm 100mm

steel substrates of 60X7X2.54 nm size, providing it with the
bond coat layer, where applicable, and the Y SZ topcoat. Prior to
spraying, the surfaces to be sprayed were grit blasted and washed
in ethyl alcohol. For spraying, the samples were placed on a car-
ousel with six substrates sprayed at a time. The rotation speed of
the carousel was set at 160 rpm, while the robot was programmed
to provide a vertical traversedistance of 90 mm at 12 mm/s. For
sampleswhere a bond coat layer was produced, the robot was set
to repeat 10 uninterrupted passes, giving a thicknessof 150-200
pm. For the YSZ topcoat, the spray gun was set to repest a total
of 100 passes, giving a thickness in the 900-1100 um range.
During the application of the ceramic coating, samples were
coated in a continuous as well as in a paused schedule. For the
continuous coatings, the spraying was performed without any in-
terruptionsuntil the desired thicknesswas reached. For the paused
coatings, the spraying was stopped for 2 times (both after 40
passes) where the samples were alowed to cool to —100 °C;
afterward the coating process was resumed until the desired thick-
ness was achieved. It should be noted that for both the continuous
and paused coatings, the thicknessesof the bond coat and ceramic
layer was the same.

Coatings that were prepared continuously or with pauses were
sprayed either with or without external cooling applied using pres-
surized air jets to maintain a constant substrate temperature. The
temperature of the substrate was determined using temperature
indicating liquids in different measuring ranges (Omegaaq,
Omega Engineering, Stamford, CT) and was confirmed using a
hand held infrared temperature detector. The temperatures mea
sured were in the 400-500 °C range for the " cooled™ samples
and was above 500 °C for the "*non-cooled™". It is also important
to note the differencein the heating rates when making a distinc-
tion between the two cases. Samples having ""bond coat™ and
“no bond" coat were made for the different cases described
above.

Mechanical Testing and Acoustic Emission

Four Point Bending Tests. The samples were subjected to
four-point bending (20 mm inner span and 40 mm outer span)
using a servo-hydraulic testing machine (Model 8502, Instron,
Canton, MA), with the crosshead speed set to 10 wm/sec and the
load and displacement recorded for each measurement. A maxi-
mum load of 1 kN was applied to all the samples. A compliance
calibration for the experimental arrangement was made using the
Instron LVDT and an external LVDT (Model CD375-500, Macro
Sensors, Pennsauken, NJ) that was placed close to the pin sup-
ports. This enabled a better measurement of displacement by cali-
brating the crosshead movement. During the tests, a piezoelectric
AE transducer (pico-transducer, Physica Acoustics, Princeton,
NJ) with a resonance frequency of 250 kHz was placed on the
coating. The sensor was attached to a preamplifier (model 140B,
Hartford Steam Boiler Inspection Technol ogies, Sacramento, CA)
and a preamplifier filter (model FL12Y, Hartford Steam Boiler
I nspection Technologies, Sacramento, CA), with an amplification
of 40 dB and the frequency range analyzed at 10 kHz-1 MHz. The
signal output was processed using an AET 5500 system (Hartford
Steam Boiler Inspection Technologies, Hartford, CT), which was
connected to a redundant PC to record the acoustic emission (AE)
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responses. Procedures with regards to the experimental setup and
AE signal processing are availableelsewhere[14]. A total of two
samples were tested for each condition. Prior to testing, the
sample surfaces were polished to a 1 um diamond finish and the
specimenswere stored in adesiccator. Blank steel substrateswere
also tested to examine the influence of the coating on the acoustic
emission activitiesso that the acoustic emission contribution from
the substrate could be taken into account.

Hertzian Indentation Tests. Hertzian (spherical) indentation
tests were performed using an experimental set-up built on a
servo-hydraulic testing machine (Modd 8502, Instron, Canton,
MA). This enabled load and displacement data to be collected
during the indentation cycle, with the load detected using a load
cel and the displacement using an external LVDT (Mode
CD375-500, Macro Sensors, Pennsauken, NJ). The LVDT in this
case was placed close to the indenter tip so that the displacements
from the indenter penetration can be more accurately measured.
The indentations were performed using a 3.175 mm (1/8") diam-
eter WC ball. The crosshead speed during the indentation cycle
was set to 10 um/s and a maximum load of 3 kN was applied to
al the samples (Note: some coatings failed before this maximum
load). The same AE transducer and data analysis system was used
for both the four-point bending and indentation tests.

Resultsand Discussions

Four-Point Bending and Acoustic Emission. The stress-
displacement curves for the *"cooled” and the " non-cooled™
coated samples are shown in Fig. 1(e) and Fig. | (b), respectively.
Stress was calculated using the maximum stress devel oped within
the inner span, according to the following equation:

3PD
P

where Pis the applied load, D is the distance between the loading
and support bar (10 mm), h is the thickness, and d is the width of
the bar. Displacement was determined using the values measured
from the crosshead mation (excluding the set-up compliance). The
calculated stress is the tensileforce that is present on the ceramic
surface (also referred to as the outer fiber stress). It should be
noted that the calculation of the stress assumes the coating-
substrate composite system as one materia, allowing the applied
bending loads to be normalized with respect to the variationsin
the sample thickness and width. Hence, a direct comparison of
these cooled and non-cooled samples is only possible from the
|oad-displacement curves; but in such a case different sample di-
mensions will need to be taken into account.

All the curvesin Fig. 1 show an initial linear range, which then
changed to a non-linear portion, indicative of an elastic-plastic
response. The initial non-linear ""to€™" region can aso be recog-
nized, and is attributed to the arrangement of the loading and
support bars on the sample. This behavior of the composite sys-
tem arises since the composite consists originally of a steel sub-
strate and in some instances a metallic bond coat. Hence, the
transition from the elastic to plastic regions can be related to the
behavior of the metal substrate, with the deformation characteris-
tics of the metal substrate dominating after yielding.

The presence of the ceramic coating, together with the bond
coat layer where applicable, has a significant influence on the
stress-displacement curve prior to yield. This can be recognized
by the presence of a peak transition region between the elastic and
plastic portionswhen the coating is present on the substrate, sug-
gesting that the coating is structurally contributing to the material
responsesof the compositestructure until yielding. Therefore, this
behavior indicates that the coating is inhibiting yield of the com-
posite system with respect to the usua behavior of the metal sub-
strate where there is a smooth transition region. Thus, the coating
appearsto reinforceor strengthen the system and the yield point is
elevated. Accordingly, the pesk stress can be related to the failure
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Fig. 1 Stress-displacement curves from four-point bending
tests (a) for cooled and (b) non-cooled samples. The figures
include samples having bond coat (“w/BC”) or no bond (“w/
oBC”) coat layer which are either sprayed continuously ("C")
or with pauses ("P").

of the coating [15]. It should also be noted that the peak load
behavior is more pronounced for the "*non-cooled™ coatings.
The changes in the yield stress for samples sprayed with and
without a bond coat layer, for the cooled and noncooled cases
having a continuous and paused spray structureis shown in Fig. 2.
A three-levedl analysis of variances (ANOVA) test on the data
indicated that the cooling and pausing features are statistically
significant factors that have an effect on the yield stress resullts.
The influence of these variableswill aso be shown and discussed
for the AE results. A significant feature which is not highlighted
by the statistical analysis results but can be recognized from Fig.
2 isthat alarger variation in the average yield stresses is present
for samples with no bond coat layer (can be observed as an in-
creasing trend in the figure) while the bond-coated samples have
more equivalent results. Thisindicatesthat (i) the presence of the
bond coat has a critica influence on the results, and (ii) the ap-
plication of cooling or no cooling and any pauses during spraying
has a more significant effect on sampleshaving no bond coat layer
applied. Thisbehavior can be explained on the basis of the role of
the bond coat layer, where, among its other features, it is also
known {22] to act as a compliant layer in decreasing the thermal
expansion mismatch between the ceramic coating and the metal
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Fig. 2 Yield stress of the coating system determined from the
four-point bending curves. The results are given for samples
having a bond coat and no bond coat layer, which are sprayed
either continuously ("C") or with pauses ("P").

substrate. The benefit from this behavior, which is normally in-
tended to be dominant at high temperatures, is that the ceramic
overlay isisolated from high strain and hence, is prevented from
spallation [22]. For repeated thermal cycling, this continues until
the bond coat can not plastically deform, i.e., creep. This reason
for this behavior has been attributed to the increasein the strain
energy release rate for buckling spallation and a corresponding
decreasein critical flaw size for failure due to the formation of an
oxide layer {23,24]. It is also argued that the depletion of alumi-
num from the bond coat results in an oxide layer other than
a-alumina that have inferior mechanical properties and lead to
failure{25).

Stresses arising in the ceramic layer during the initial cooling,
on the other hand, are reported to be compressivein the ceramic
[22] near to the ceramic-bond coat interface. This behavior de-
pends on the other processing parameters; specifically on the sub-
strate temperature [26,27]. The application of cooling or no cool-
ing during spraying, thus, is related directly to the substrate
temperature. Accordingly, cooling, whether it is applied or not,
can be expected to influence the ceramic coating and the inter-
faces that it abuts (either the bond coat or substrate). It will be
shown with the indentation analysis that the influence of cooling
has a greater influence on the bond coat layer and the bond coat-
ceramic interface.

Another significant featurethat is recognized from Fig. 2 is that
the samples sprayed with pauses all tend to exhibit a higher yield
stress compared to the continuously sprayed coatings of the same
thickness. It is quite likely that there are stresses concentrated at
theinterfacesthat are formed during the spray interruption. Thisis
illustratedin Fig. 3 where the crack which has originated from the
surface has deflected at the interface where the coating cycle was
paused that is close to the bond coat layer. A similar behavior of
thermal spray coatings under indentation stresses was shown in
another study [28,29]. Apparently, the presence of these regions
contributesto the improvement in the low temperatureintegrity of
the composite system.

The total AE eventsrecorded during the linear elastic portion of
bending for the various samples are shown in Fig. 4. The elastic
region AE events are investigated to study the deformation char-
acteristicsof the ceramic coating since after yielding the ceramic
coating is known to fail during bending. For the continuous
sprayed coatings, cooling and the presence of a bond-coat layer
causes lower AE activity during bending compared to the non-
cooled coatings. Similar behavior was shown and discussed in
another study for adifferent coating thickness[15], whereresidual
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Fig. 3 Side view of sample deformed using four-point bend-
ing, showing cracks that have originated from the surface at
the high stress region and have propagated until it was de-
flected at the interface formed by the pauses during spraying

stresses and absorption of AE activity [10] were factors respon-
sible for this behavior. When the coating is sprayed with pauses,
the most significant feature recognized is the decreasein the total
AE activity for the non-bond coated samples and an increase for
the bond-coated samples, both compared with the continuously
sprayed coatings. Also, the cracking events for the non-
continuously sprayed coatings with and without bond coat are
reasonably equivalent when compared with the continuous coat-
ings. Hence, it can be concluded that discontinuitiesduring spray-
ing tend to create a layered structural formation (see Fig. 3),
which causes cracking during elastic deformation in a similar way
for both the bond coated and non-bond coated samples. At this
point, it is difficult to explain this behavior using only the me-
chanica and acoustic responsesof the samples. However, the lay-
ered formation in the coating, which is seen to strongly influence
the mechanical characteristicsof the coating, most likely relatesto
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Fig. 4 Total number of AE events for four-point bending
samples detected before yielding, for samples that are sprayed
(a)continuously and (b) with pauses
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the stress distribution in the ceramic coating that is largely ef-
fected by the temperature variations caused by the pauses.

Hertzian |ndentation and Acoustic Emission. The acoustic
emission energy responsefor the cooled and non-cooled samples,
with and without the presence of a bond coat layer, for coatings
that are continuously or non-continuously sprayed is shown in
Fig. 5. It should be noted that, although a total of six indentations
were performed and analyzed for each condition, only one repre-
sentativeresult was selected and is shown in the figuretoillustrate
the trends detected. One significant feature that is recognized from
the curvesis that thereis acritical load (L,,) after which the AE
energy increasesdramatically. This load has been correlated with
the failure of the coating under the large stresses. Table 2 shows
these loads for al the spraying conditions applied in this study.

The failure, where applicable, has been detected to be in the
form of radia cracks emanating from the indentation area or as
spallation/removal of the coating from the substrate. Note that not
al the samples show this behavior. Coatings with a bond coat
layer that were cooled during spraying did not fail until the maxi-
mum load (3 kN) applied in this study. This correlates well with
the bending results discussed in the previous section as well as
with previous studies[15]. It was noted in these discussions that
the presence of the bond coat layer suppresses AE activity [10]
due to surface compressive stresses inhibiting cracks. The inden-
tation results, in support of the bend test results and application
experience, verify that the bond coat layer improves the overal
integrity of the TBC system.

On examining Fig. 5, it is observed that the critical load is
higher when a bond coat layer is present for both the continuoudly
and non-continuously sprayed coatings. This, being in good agree-

ment with the bending results supports the well-accepted concept
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Table 2 Critical load, *“L.,”, defining the onset of larger AE
activity

Continuous  Paused sprayed
prayed
Cooled
With bond coa >3000 >3000
Without bond coat 2000 2200
Non-Cooled
With bond coat 2500 2500
Without bond coat 1650 2250

that the bond coat is a mgor constituent in contributing to the
integrity of the TBC system. It is known that during Hertzian
indentation, the stresses below the indenter are compressive dur-
ing loading while the surrounding area is in tension [30]. Hence,
the coating below the indenter is compressed while its surround-
ings are pulled apart. Accordingly, when the loads are large
enough, the coating fails mainly due to the tensile stresses that
cause the pre-existing cracks to grow and the pores to coalesce.
Thus, when the bond coat layer is present, such cracks are pre-
vented from forming and growing, and confer good coating
integrity.

The effect of discontinuities during spraying has been more
significant for samplesthat have no bond coat, where decreasesin
the critical load, L.,, can be noted; and has been especially sig-
nificant for the non-cooled sample. Another characteristic for
these samples is that both exhibit an initial step in the energy
versus load curve at loads lower than SOON. The fact that the
discontinuitiesduring spraying cause a layered coating has been
suggested in the previous discussions. This idea is once more
strengthened with the indentation AE data, where more cracking
is noted for these layered coatings. The initial step in the AE
response can be correlated with the layered structure, most prob-
ably to cracks forming and growing between the layers. Also,
cooling during spraying was shown to form a stronger coating in
a former study [10], most probably due to surface compressive
stresses. Thisis again supported with the larger L., for the cooled
sample with the layered coating, compared with the non-cooled
sample, both having no bond coat layer.

Conclusions

The yield stress from the bending tests and the indentation
loads leading to coating failure together with the deformation
characteristicsof coating-substratesystem are shown to be signifi-
cantly influenced by external cooling, the spraying procedure
(continuous or paused), and by the presence of a bond coat layer.
It is shown that the bending deformation behavior of coatingscan
be used as a simple guide to gain information about the integrity
o the coating-substratecomposite systemsand, more importantly,
the characteristicsof the coating deformation behavior. Using this
analysis, changesin the mechanica responseof the compositeare
observed with respect to influences of various spray parameters
and processing methods. The combinationof these parameters are
factors that determine the mechanica properties and, hence, the
failure characteristicsof the coatings.

On the other hand, it is shown that the influence of processing
parametersare more striking on the AE behavior. The AE analysis
during bending and Hertzian indentation tests shows that the
cracking phenomena in these samples change, depending on the
processing parameters used. For bending studies, the deformation
during the elastic region is significant in determining the fracture
characteristics. For indentation, the critical load where the struc-
turefailsis determined and is shown to be related significantly to
the spraying parameters without extracting information from the
load-displacement behavior [28,29]. The overall analysis of the
results indicate that coating adhesion and integrity and residua
stresses play a major role on the influence of mechanical and
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deformation characteristics of the system as a function of any
cooling applicationand presence of bond coat layer. Theinfluence
of the bond coat layer in improving the mechanical adhesion and
coating integrity, the applicationof cooling to strengthen the coat-
ing, and obtaining a less flawed coating with a continuous spray-
ing procedureare shown as significant characteristicsof the coat-
ing that can be ascertained from bending and indentation tests.
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