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A new method for evaluating the elastic—plastic properties of
ceramics from room temperature up to the onset of creep based
on Hertzian indentation testing is proposed. Indentation stress—
strain curves are compiled for representative alumina and zir-
conia ceramics at prescribed temperatures. Deconvolution of the
indentation stress—strain curves for each material provides a
measure of Young’s modulus, yield stress, and work-hardening
coefficient as a function of temperature, enabling construction of
true stress—strain curves. The stress—strain curves flatten out
with increasing temperature, in accordance with an expected
increased plastic response at elevated temperatures.

I. Introduction

DESIRABLE MECHANICAL properties of advanced ceramics in-
clude high modulus and hardness, and high wear and
chemical resistance. Such properties enable ceramics to supplant
metals in applications such as bearings, cutting tools, seal valves,
and heat exchangers. Any increase of temperature above ambi-
ent can significantly affect performance, particularly under con-
tact conditions where local stress levels are uncommonly high.
Accordingly, there is a need for a fundamental understanding of
the contact properties of ceramics above room temperature,
particularly elastic—plastic responses. Indentation studies with
spheres are ideally suited to meet this need, because of their ex-
perimental simplicity, their amenability to analysis, and (espe-
cially) their unique capacity to determine the full elastic—plastic
response without premature fracture.! Such Hertzian studies
have been conducted at room temperature on a wide range of
ceramics including alumina, zirconia, silicon nitride, silicon car-
bide, and dental materials,>” as well as on thermal barrier coat-
ings and other layer systems.®? One of the advantages of
Hertzian tests is that it covers a range of stresses (from 1 to
tens of GPa) and testing size scale (from tens of micrometer to
millimeter) not accessible by the more conventional Vickers in-
dentation (stresses above 10 GPa and a scale of micrometer to
tens of micrometer) or uniaxial tests (stresses from 1 MPa to 1
GPa and a scale above 1 mm). However, an extension of this
testing methodology to high temperatures has not been carried
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out. Hertzian tests have been conducted above room tempera-
ture for the determination of the temperature dependence of
toughness in silicate materials.'® Routine hot hardness Vickers
indentation measurements have also been performed on a wide
variety of ceramics.''™'? Extensive uniaxial testing and impres-
sion creep tests'*~'® have been conducted on the creep properties
of ceramics at very high temperatures. None of these other
studies provides a full description of the temperature depend-
ence of the elastic—plastic stress—strain response in the pre-creep
region.

The current paper seeks to redress this deficiency. Our aim
here is to expand the existing Hertzian testing methodology to
deconvolute true stress—strain responses of ceramics from in-
dentation data as a function of temperature. A furnace enables
in situ indentation testing above room temperature. Commercial
polycrystalline alumina and zirconia are used as test materials,
with sphere indenters made from the same materials. The de-
convolution is carried out using basic elastic—plastic relations in
conjunction with finite-element modeling (FEM). Our current
focus will be on the methodology, with a more detailed descrip-
tion of material properties deferred to later reports.

IL

(1) Materials

Alumina and zirconia were chosen as test materials because their
properties have been comprehensively studied in the ceramics
literature. The alumina was a commercial polycrystalline ma-
terial with a grain size of about 6 um and a porosity of 3%
(Goodfellow, Cambridge, U.K.). The zirconia was a commercial
Y-TZP containing 5 mol% Y,0O3 (Imetra, Elmsford, NY). Both
materials were supplied as spheres of 3 and 9 mm radius. The
spheres were cut in half and used as indenters. Plate specimens
for testing were cut from the center regions of the larger spheres
to 8 mm thickness and were polished to a 1 pum finish. This
procedure ensured that specimen and indenter were always simi-
lar materials.

Experimental Procedure

(2) Indentation Tests

Hertzian contact tests were performed using a universal testing
machine (Model AG-IS 100 kN, Shimadzu, Kyoto, Japan). A
vertical split furnace was incorporated into the testing machine
as shown in Fig. 1. The furnace consisted of a cylindrical cham-
ber with a frontal aperture to facilitate specimen access. Upper
and lower alumina push rods (40 mm diameter and 350 mm
length) were used to support the specimen and deliver the load,
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Fig.1. Schematic of the experimental setup used for the Hertzian tests
at elevated temperatures.

with the indenter and specimen at the center of the furnace
chamber. The half-sphere indenter and the specimen were, re-
spectively, bonded to the upper and lower push rods using alu-
mina paste (Ceramabond 569, Aremco Products Inc, NY).
External push rod holders were cooled with circulating water
to protect the load cell. Before bonding the specimen to the rod,
a metal film of 50 nm thickness was sputter coated onto the top
surface (Polaron SC7640, Quorum Technologies Ltd., New
Haven, U.K.), with different metals at different temperatures
to provide an optimum imprint of the ensuing indentations—
gold at room temperature, rhodium-palladium up to 600°C, and
platinum at higher temperatures. The bottom push rod holder
was placed on an X-Y table to allow at least 15 tests to be con-
ducted on any specimen at any selected temperature. Indenta-
tions were made at a constant crosshead displacement rate of
0.05 mm/min.

Indentation sequences were made at peak loads up to 5000 N
in air at temperatures in the range 25°-1200°C for alumina and
25°-1000°C for zirconia. At higher temperatures, creep was ob-
served—data in this region were discarded. The specimens were
heated at a rate of 6°C/min, held for 1 h at peak temperature
before indentation, and then allowed to cool over several hours
by switching off the furnace.

After cooling, contact radius « at each peak load P and in-
denter radius r were measured by optical microscopy at each
indentation site from the contact imprint. Plots of indentation
stress (py = P/na®) versus indentation strain (a/r) for each tem-
perature were thereby obtained for each material.

(3) Analysis

Young’s modulus E for each prescribed temperature was deter-
mined from the linear region of the indentation stress—strain
curve using the Hertzian relation for elastic contacts with similar
indenters

po = 2E/3n(1 —V3)]a/r (py < 1.1Y) (1)

where v is Poisson’s ratio (generically taken as 0.22 for our ma-
terials) and Y is the yield stress.!!7-1®
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FEM was used to determine yield stress and work-hardening
coefficients from the indentation stress—strain curves using AB-
AQUS/Standard software (Hibbitt, Karlsson & Sorensen Inc,
Pawtucket, RI)." The algorithm models a half-sphere indenter
of 3 mm radius in axisymmetric contact with a flat specimen,
incrementally loaded to prescribed peak loads, with 1 pm min-
imum dimension square elements in the near-contact region.
Deformation in both the indenter and the specimen is assumed
to occur in accordance with a Liidwig constitutive stress—strain
relation®

c=Ft (c<Y) (2a)
o=Y(E/Y)E (5> 7Y) (2b)

with n being a dimensionless strain-hardening coefficient of
value between 0 (fully plastic) and 1 (fully elastic). This model
provides a more realistic strain hardening behavior than other
simple bilinear models used in previous work,'”?"™2 without
increasing the number of adjustable parameters. For each ma-
terial at any given temperature, given E from Eq. (1), Y and n
are iteratively adjusted to fit the indentation stress—strain data
using the algorithm.

III. Results

Figure 2 shows micrographs of the indentation-induced surface
damage for a 1500 N load at room temperature and 1000°C for
alumina (Fig. 2(a)) and zirconia (Fig. 2(b)). In both materials,
the residual impression is markedly larger at the higher tem-
perature, indicating greater deformation. Some ring and radial
cracks are observed, most apparent in the zirconia at the higher
temperature, but these are considered subsidiary to the greater
deformation under the present loading conditions. Some plastic
deformation was also observed in the indenter after the tests,
especially at the higher temperatures.

Indentation stress—strain curves at temperatures up to 1200°C
for alumina and 1000°C for zirconia are shown in Fig. 3. Each
point in these curves represents a single indentation performed
at a prescribed peak load and temperature. The solid curves
through the experimental data are FEM best fits, with appro-
priately adjusted parameters E, Y, and n for both the test ma-
terial and the indenter (the latter to allow for observed yield in
the indenter). The curves move substantially downward with
increasing temperature, as expected. In principle, asymptotic
plateaus of these curves at high strain would yield Meyer’s hard-
ness of the material at any given temperature. However, in the

1000 °C

Fig.2. Optical micrographs showing surface Hertzian damage in (a)
alumina and (b) zirconia generated with 3 mm radius indenters of similar
materials for 1500 N peak load at room temperature and 1000°C.
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Fig.3. Indentation stress—strain data for (a) alumina and (b) zirconia at
designated temperatures. Hertzian tests were performed with indenters
of similar materials of 3 and 9 mm radius (not distinguished here). The
solid curves indicate finite-element modeling best fits.

present experiments, we could not reach these plateaus without
breaking either the sample or the indenter.

Young’s moduli £ obtained from the slopes of the linear re-
gion of these curves using Eq. (1) are plotted versus temperature
for alumina and zirconia in Fig. 4. Error bars are calculated
from the uncertainties in the estimation of the slopes from linear
regressions and in most cases are smaller than the size of the
symbols, except at higher temperatures, where the number of
data points within the elastic region is limited and impression
visibility is less clear (Fig. 2). The solid lines through the data
points indicate empirical fits. The reduction in E over the tem-
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Fig.4. Young’s modulus E versus temperature for alumina and zirco-
nia. Data points evaluated from slope of the initial linear region of
stress—strain curves of Fig. 3 in conjunction with Eq. (1). The solid lines
through data indicate empirical fits.

perature range is apparent for both materials, but is especially so
for alumina above about 600°C.

Corresponding yield stresses Y and strain-hardening coeffi-
cients n obtained from the FEM analyses are plotted as a func-
tion of temperature for alumina in Fig. 5(a) and for zirconia in
Fig. 5(b). Error bars are estimated uncertainties in the trial FEM
calculations, and the solid lines through the data indicate em-
pirical fits. Whereas Y for zirconia diminished relatively slowly
and continuously over the temperature range, that for alumina
showed an abrupt drop at around 600°C. Closer inspection of
the indentation sites revealed some enhanced damage, possibly
from enhanced grain boundary degradation in this particular
alumina, but this aspect was not investigated in depth. The
trends in n show even greater disparities in the two materials,
remaining consistently low in the alumina but falling rapidly
from near unity in the zirconia. These trends in Y and n, taken
together, indicate significant differences in the elastic—plastic
responses in the two materials.

IV. Discussion

In this work, we propose a simple Hertzian test methodology to
determine the elastic—plastic behavior of ceramics at tempera-
tures up to the onset of creep. Young’s modulus E and yield
parameters Y and n are deconvoluted from indentation stress—
strain curves using Egs. (1) and (2), in conjunction with FEM.
This information can be used to reconstruct the true stress—
strain curve for any given ceramic. Accordingly, in Fig. 6, we
plot stress ¢ versus strain & for our alumina and zirconia by in-
serting E, Y, and n from Figs. 4 and 5 into Eq. (2). The entire
deformation evolution in each material at each temperature,
from initial elastic to fully plastic, is now apparent.

These results provide some insights into the deformation pro-
cesses in the two test ceramics. For the alumina, the curves in the
plastic region are relatively flat, consistent with a small, rela-
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Fig.5. Yield stress Y and strain-hardening coefficient n versus tem-
perature for (a) alumina and (b) zirconia. Points evaluated by iterative
finite element modeling analysis in conjunction with Eq. (2) from stress-
strain data of Fig. 3.
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Fig.6. True stress—strain curves for (a) alumina and (b) zirconia, ob-
tained from data in Figs. 4 and 5 in conjunction with Eq. (2).

tively invariant work-hardening coefficient » in Fig. 5(a). In this
case, increasing plasticity is associated with a fast degradation of
yield stress. For the zirconia, the curves in the plastic region are
much steeper at lower temperatures, leveling out at higher tem-
peratures, reflecting a strongly diminishing » in Fig. 5(b). In this
case, the yield stress is more slowly varying. These results sug-
gest basic differences in the underlying plasticity processes in the
two materials.

These results raise many interesting issues concerning mate-
rials science aspects. However, as already mentioned, the aim of
the present paper is to present a methodology to measure me-
chanical properties at temperatures below the onset of creep. A
consideration of underlying material features will be given else-
where.

Apart from enabling determination of the entire stress—strain
curve, the Hertzian methodology is relatively straightforward
and economical. Using microscopy to determine contact radii
directly in the construction of indentation stress—strain curves
(Fig. 3) eliminates errors from thermal or electronic drift that
may occur with more instrumented procedures. Measurement
errors from thermal contraction of higher temperature indents
are small, amounting to less than 1% for materials with expan-
sion coefficients ~10 x 107® K=" and for temperature ranges of
~1000°C. It may be argued that the method is cumbersome
because it is necessary to perform many individual contacts to
produce each full indentation stress—strain curve. However, this
can be used to advantage, as it allows one to study the full evo-
lution of contact damage with increasing contact pressure at any
given temperature.

Other methods for measuring elastic and plastic properties in
ceramics below the creep temperature have been described in the
literature. Dynamic testing techniques (e.g., natural resonance
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frequency, sound velocity, etc.) are simple, but measure only
elastic properties.>*?* Uniaxial compression tests are also simple
in principle, but are not feasible in most ceramics at lower tem-
peratures because of 2premature fracture (unless a lateral con-
finement is imposed).”® Also, uniaxial strain measurements are
not easy to make in the elastic region. High-temperature hard-
ness testing machines using Vickers or other sharp indenters are
commercially available, enabling routine measurements of hard-
ness H over the same temperature range covered here.!' '3
However, measurements provide no information on the contri-
bution of elastic modulus E and work-hardening coefficient n
to the elastic—plastic response. Instrumented indentation tech-
niques with blunt indenters offer the prospect of determining
true stress—strain curves from load—displacement data using a
transformation algorithm to compute contact radii,”’ but re-
quire precision high-temperature displacement measurements,
which are subject to thermal and electronic drift.

Apart from its clear application to ceramic materials in gen-
eral, the indentation methodology technique described here may
be extended to more complex high-temperature material systems
such as thermal barrier coatings. In such layer systems, it is
possible, using FEM, to predict composite responses from
stress—strain functions of the individual component materials.?
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