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The adequacy of instramented Vickers depth-sensing microindentation to determine
Young’s modulus of alumina-based ceramics was analyzed. Monophase alumina
materials and alumina + 10 vel% aluminium titanate composites, with different
microstructures, were tested to deterrnine the effect of microcracking. The load—depth
penetration of the indenter curves together with the observation of the imprints by
scanming electron microscopy were used to analyze the behavior of the materials.
Maximum stiffness was determined from the derivatives of the load-depth curves
during unleading. The areas of the imprints measured optically were more
representative of the behavior of the materials than the areas calculated from
depth-penetration measurements. The formation of microcracks affected the shape of
the unloading portion of the curves. Significant differences between the values of
Young’s modulus determined for different materiais and definite relationships between
the microstructural parameters of the materials and the Young’s modulus were found.

I. INTRODUCTION

Vickers indentation at the micrometer level is cur-
renfly used to evaluate hardress of ceramics, and it is a
very useful tool to determine toughness when only small
volumes of material are available.? Also, differences in
the development of microindentation cracks in the dif-
ferent layers of layered materials, in which the thickness
of the layers is in the order of hundreds of microns, are
being investigated as a means to evaluate residual
stresses through the layers.>*

With the advent of instrumented indentation tech-
niques, first developed as a depth-sensing microindenter
by a group working at the Baikov Institute of Metallurgy
in Moscow,” much research has been devoted to the use
of sub-micrometer and nanometer indentation to deter-
mine the behavior of materials, not only in the plastic but
also in the elastic regime. In particular, data for hardness
H and Young’s modulus E are obtained from one com-
plete cycle of loading and wvnloading in the nanometer
range, with sharp indenters of Vickers or Berkovich ge-
ometries®'® and spherical indenters.®'*2° To a lesser
extent, indentation techniques in the micrometer level
have also been proposed to analyze the mechanical be-
havior of ceramics and metals using spherical®'* and
Vickers**® indenters.

® Address all correspondence to this author,
e-mail: chaudin@icv.csic.es
DOI: 10.1557/TMR.2006.0007

The schematic representation of load versus indenter
penetration depth during the whole loading—unloading
cycle is shown in Fig. 1(a). Deformation during loading
is assumed to be both elastic and plastic in nature as the
permanent hardness impression forms and during un-
loading it is assumed that only the elastic displacements
are recovered.'® The key experimental parameters are the
peak load P,,,, the depth at peak Ioad h_,., and the
elastic unloading stiffness S = dP/dk, defined as the slope
of the upper portion of the unloading curve.

Determination of the Young’s modulus relics on its
relationship to contact area A and S through'®

S = dP/dh = k2-w VEEAV? $))
where E, is the reduced elastic modulus, which accounts

for elastic displacements in both the sample and the in-
denter and is defined by

VE,=(1 -vVVE+ (1 -v}VE, , 2)
being E and E; and v and v; the Young's modulus and
Poisson’s ratio for the sample and the indenter, respec-
tively.

The constant k is a comection factor that evaluates
deviations from the case of small deformations of an
elastic material by a rigid axisymmetric punch of smooth
profile for which k = 1. As simple elastic procedures'®
give k values close to 1 for Vickers indenters (k =
1.0055), and. it is taken as 1 in most works, this latter
value will be used here for calculations.

From Eq. (1), contact stiffness and contact area at peak
load are the two parameters required to calculate the
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FIG. 1. {a) Schematic representation of the relationship load-indenter
penetration depth obtained during a whole loading-unloading cycle.
P, is peak load, A, 1S maximum depth, A; is final depth, and § is
contact stiffness. (b) Schematic representation of the indenter and the
specimen surface when the indenter is pressed into the material at
maximem load P, and in the unloaded state, # = 0. (c) Schematic
representation of the imstramented microindenter used in this work
showing the detail of the capacitive device for measurement of pen-
efration depth.

Young’s modulus of the specimen. The contact stiffness
is determined from the general relationship between load
and penetration depth during the unloading portion of the
cycle given by

P=agh—h)" (3}

where A, is the final depth [Fig. i(a)] and o, and m are
fitting constants.

Initial data by Doerner and Nix?® suggested m = 1 in
Eq. (3} for most materials, so the flat punch approxima-
tion could be used to determine stiffness. Nevertheless,
detailed observation of the unloading curves®132223.25
showed that this assumption is not exact for a pumber of
materials, especially for hard ones such as ceramics, for
which the contact stiffness diminishes immediately and
continuously as the specimen is unloaded, This behavior
is better described by power laws, such as Eq. (3) in
which the exponent m depends not only on the indenter
geometry but also on the material tested. To account for
this behavior, Oliver and Pharr® proposed to use the fit of
the unloading data to a power law to determine the con-
tact stiffness at peak load.

The contact area is geometrically refated to the vertical
distance along which the contact between the indenter
and the specimen surface is made, called the contact
depth k., through the shape function of the indenter. This
relationship cannot be modeled on the basis of the elastic
contact analysis for elastic-plastic materials in which sig-
nificant pileup occurs.’® For elastically deformed mate-
rials, attempts to relate directly the maximum depth &,
to the contact area A were unsuccessful due to the de-
flection of the surface at the contact perimeter, 61925 a5
schematically shown in Fig. 1(b). For these materials, the
amount of sinking-in A, is given by'®

P

h @

h, =€

where € is a constant that depends on the geometry of the
indenter.

Then, the depth along which contact is made between
the indenter and the specimen k_ [Fig. 1(b)], is related io
the maximum depth A, by

P,
c—"’-hmax_e‘ ’;ﬂx § (5)

h

For curves corresponding to punch geometries of flat
cylinders [m = 1 in Eq. (3)], € = 1 and the value of k,
is calculated from the intersection with the x axis of a
straight line with slope equal to the maximum slope in
the P-h curve and passing through the point of maximum
stiffness. According to Oliver and Pharr,'? unloading
curves for a wide range of materials and punch geom-
etries are best approxirmated by an indenter that behaves
by a paraboloid of revolution (m = 1.5), and the geo-
metric constant corresponding to this geometry € = 0.75
was recommended by these anthors as standard value for
analysis.

Alternatively, the contact area can be determined from
the diagonals of the residual imprint, considering that
there is no elastic recovery at the diagonals and that the
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projected contact area under load is a perfect square.”
This parameter A, is usvally called the true projected
contact area.

Cook and Pharr®” have found that the large cracks
originated in the samples during testing, as occurs for
sharp indenters and reiatively high loads in ceramics
and glasses,””® do not affect the load-depth curve in
Fig. 1(a). On the contrary, a significant load drop asso-
ciated with a displacement of the indenter was found
when the indentation was reloaded due to the extension
of lateral cracks accompanied by the ejection of pieces of
the surface,

Lateral crack formation in ceramics cccurs well after
the initiation of unloading and therefore will not have
any effect on the initial part of the unloading curve used
to determine stiffness. Conversely, as the characteristics
of the contact would be highly affected by microstrnc-
tural factors, it is probable for microcrack development
under the indenter to modify the initial part of the un-
loading curve. As a basic statement, the larger the simi-
larity between the imprint size and the microstructure of
the materials, the more measurements will be influenced
by local properties.

In this work, the adequacy of instrumented Vickers
depth-sensing microindentation at low loads to determine
Young’s modulus of ceramics with different grain sizes and
in which different levels of residual stresses are present is
analyzed. The special conditions involved in Vickers inden-
taticn, i.e., highly concentrated loads in small volumes,
should lead to different levels of microcracking, as a func-
tion of residual stresses and grain size. The main interest of
the work is that, as emphasized by Baker,” depth-sensing
indentation is one of the few methods in which very small
volumes of material can be deformed in a controlled way to
determine mechanical properties.

Six dense alumina (Al,O,) and alumina-aluminium ¢~
tanate (Al,O,-Al,TiOs) materials with different micro-
structures were developed for the investigation. In all of
them, residnal stresses were expected to be present due to
the thermal expansion anisotropy of alumina and/or ther-
mal expansion mismatch between alumina and alumi-
nium titanate.”>>? Three of them were monophase alu-
minas, with different grain sizes well below that for
spontanecus microcracking during cooling from the sin-
tering temperature (=100 pm).** The other three were
alumina + 10 vol% aluminium titanate composites, for
which higher levels of residual stresses than those acting
in the alumina materials developed. Two composites had
the average size of the aluminium titanate grains of the
same order as the critical one for spontaneous cracking of
the alumina matrix.*

The analysis of the derivative of the experimental
Ioad—depth curves during unloading is proposed as a re-
liable method to determine maximum stiffness S and the
corresponding Young’s moduolus values. These latter

values are compared with those determined by a2 dynamic
method, which involves a much lower deformation level
in the materials during testing,

Penctration depth of the indenter has been directly
determined using a capacitance sensor in the loading col-
umn in which the indenter is fixed and which measures
the penetration of the indenter punch taking the surface
of the sample as reference [Fig. 1{c)]. Also, a peak load
hold period was included in the loading sequence to di-
minish time-dependent effects during unloading. An al-
ternative method proposed to diminish these effects,
which may be used in the nano and sub-micrometer
ranges, is to perform multiple loadings to assure revers-
ibility.® Such a method is not applicable in this case, as
lateral cracks are expected to develop and give rise to a
discontinuity in the P-k curve as discussed above,

ll. EXPERIMENTAL

Alumina materials (A) and alumina-10 vol% alumi-
nium titanate composites (A10AT), were obtained using
AL, (Condea, HPAQS, Houston, TX) and TiOQ, (Merck,
BO8, Darmstadt, Germany) as starting powders. In previ-
ous works,’>>? the processing conditions to fabricate
dense and completely reacted alumina-aluminium titan-
ate composites with a homogeneous dispersion of the
second phase, using isostatic pressing and colloidal fil-
tration techniques, were established. Compacts of mono-
phase alumina and one composite (90 x 50 x 12 mm>)
were prepared by attrition milling of Al,O, and previ-
ously reacted AL TiOs powders and isostatic pressing
(200 MPa). These materials were sintered at 1500 °C for
1 h, using 5 °C™" as heating and cooling rates. For the
materials obtained by colloidal filtration, stable suspen-
sions of a mixture of Al,0, and TiO, to a solid loading
of 50 vol% (80 wt%) were prepared by ball milling and
green compacts of about 70 x 70 x 10 mm® were made
by colloidal filtration on plaster of Paris molds. The sin-
tering was performed using heating and cooling rates of
2°C min~' and a dwell of 4 h at 1200 °C during the
beating. Two different high-temperature dwells were
used to reach different levels of grain growth, 2h at
1450 °C (materials A1450 and AIQAT-1450) and 3 k at
1550 °C (materials A1550 and AI0AT-1550). In the fol-
lowing, for easier identification, the sintered samples
have been labeled using P for materials processed by
isostatic pressing (P-A, PA1OAT) and S for materials
processed by colloidal filtration (S-A1450, S-A1550,
S-A10AT-1450, and S-A10AT-1550). The densities of
the sintered compacts were determined by the Archi-
medes method and related to the theoretical density cal-
culated from the ASTM Files 42-1468 and 26-0040 for
a—ALD, and B-Al;Ti0s, respectively.

Microstructural characterization was performed by
field emission scanning electron microscopy {FE-SEM,
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Hitachi, $-4700, Tokyo, Japan) on polished and ther-
mally etched (20 °C below the sintering temperature for
1 min) surfaces. The average grain size was determined
by the linear intercept method considering at least 200
grains for each phase,

Samples were machined from the sintered blocks into
bars of 25 x 2 x 2.5 mm® for the determination of the
dynamic Young’s modulus from the resonance frequency
of bars tested in bending by impact (Grindosonic, Lem-
mens, Leuven, Belgium). Reported values are the aver-
age of five determinations, and errors are the standard
deviations.

The indentation tests were performed on 4 x 6 mm?®
surfaces of samples 4 mm high, diamond polished to
3 pm, and finished with colloidal alumina, using a spe-
cially developed electromechanical indentation device
[Microtest, Madrid, Spain, Fig. 1(c)] in which the sample
is placed on an X-¥ table (5 x 5 cm?). The indenter is a
diamond Vickers pyramid (angle 136° and area-depth
ratio A = 24.5 k%) fixed at the loading column placed,
together with the foad cell, at the central part of the
loading frame. The indentation depth is determined by a
capacitance displacement gauge mounted in the loading
column immediately above the indentation tip. This ca-
pacitance device, which can take as a reference position
the surface of the sample or the surface of the X-Y table,
allows the detection of changes in the relative displace-
ment in the range of 0.01 um.

L oading was performed using constant rate (0.1 mm/min)
for the displacement of the load frame, up to 50 N. Then,
the load was held for 105, and finally, unloading was
performed at the same rate. For all the tests, the values of
time, load, displacement of the load frame, and penetra-
tion depth were continuously recorded.

Optical microscopy (Carl-Zeiss H-P1, Oberkochen,
Germany) was performed on the indented samples, and
the projected areas of the residual impressions were cal-
culaied from the length of the diagonal 2a, measured
with an accuracy of +2 pm. The indentations were also
observed in a field emission scamning electron micro-
scope (FE-SEM, Hitachi, 8-4700, Tokyo, Japan} within
1 h after unloading.

At least five tests were carried out for each material.
Average values for all reported parameters and the stan-
dard deviations are given as results.

To calculate Young's modulus using Eq. (1), it is nec-
essary to assume a value for the Young’s modulus of the
indenter, which, as signaled by Menick et al.,'® affects
the obtained values. In this work, a value of 1000 GPa
was considered, but a range between 800 and 1200 GPa
is given in the literature for diamond, which might give
a difference of about 5% for the range of Young’s modu-
lus values considered here (= 200 to 300 GPa).

As will be discussed below, we have observed the
unsuitability of the methods proposed by Doemer and

Nix*® and Oliver and Pharr® to determine stiffness in
most of the materials studied here. Therefore, the deriva-
tive of the experimental curves during the unloading
cycle was directly analyzed, To check the validity of the
analysis and the performance of the apparatus, a Vickers
hardness standard specimen of steel (727 HV1-MPA
37519.74, Leco, St. Joseph, MI) was tested. In Fig. 2,
characteristic experimental curves for samples of this
material [Fig. 2(a)], a characteristic derivative of the ex-
perimental data at the unloading portion [Fig. 2(b)], and
a characteristic imprint {Fig. 2(c)] are shown. Curves for
different tests were fairly coincident [Fig. 2(a)). The ar-
eas of the residual imprints calculated from the diago-
nals, coincident for five different determinations, were
6200 pm?® The comesponding Vickers hardness vaiue
was 7.4 GPa. In all cases, maximum stiffness (14.6 &
0.2 N/p.m) occurred at the initiation of unloading. From
this value and the area of the residual imprint determined
optically, the obtained Young’s modulus value was 182 +
2 GPa. Vickers hardness and Young’s modulus were in
agreement with the standard requirements (H, =
7.27 GPa, E = 190 GPa) taking into account the uncer-
tainty in the optical determination of the diagonals
(2 pm) that would lead to about 7% and 5% uncertainty
in Vickers hardness and Young’s modulus, respectively.

Assuming € = 1 in Eq. (5) to determire A, the size of
the projected area calculated from /_ and the geometrical
area-depth ratio of the indenter was 5790 = 40 pm?
Using this value, the obtained Young’s modulus (190 =
6 GPz) was similar to that determined from the optically
determined areas.

The quality and repetitiveness of the curves obtained
for this standard steel as well as the obtained Young’s
modulus and hardness values demonstrated the adequacy
of both the specially developed instrumented micro-
indenter and the method of analysis of the curves for the
testing of materials.

il. RESULTS AND DISCUSSION
A. Microstructure and dynamic Young’s modulus

Characteristic microstructures of the studied materials
are shown in Fig, 3; Table I lists the gunantitative micro-
structural parameters together with the values of the dy-
namic Young's modulus. The six materials were dense
(p > 97% of theoretical) with small (=<1 pm) pores at
grain bhoundaries and triple points. In the composites,
aluminium titanate was homogeneously distributed and
located mainly at alumina triple points, and no titania
was observed at this level (SEM). In the composite with
the smallest grain size [Fig. 3(e})], small aluminium titan-
ate pgrains were detected inside the alumina grains.

The three alumina materials presented different levels
of microstructural development [Figs. 3(a)-3(d}), Table I]
from fine and homogeneous for P-A [Fig. 3(a)] to the
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FIG. 2. Characteristic load-penetration depth curves for a standard
stee] analyzed to check validity of the method (a) and the respective
derivative {b) during the unloading cycle. Arrows signal the interval
for derivative averaging. {c) shows a characteristic residual impres-
sion,

bimodal microstructure shown by S-A1550, with some
grains larger than 10 wm and the rest of the graips in the
range described by the average size determined by the
linear intercept method [Figs. 3(c) and 3(d)]. The mate-
rial 8-A1450 presented an intermediate microstructure
[Fig. 3(b)]. Regarding the composites [Figs. 3(e)-3(g),
Table I], in material P-AT0AT [Fig. 3(e)], the aluminjum
titanate grains had diameters below the minimum one
{22.2 pm)*? for spontaneous microcracking of the alu-
miina matrix during cooling from the sintering tempera-
ture, whereas the other two [Figs. 3(f) and 3{g)] had a
significant number of grain sizes, and even the average in
the case of S-A10AT-1550, larger than the critical one.
Exaggerated grain growth of alumina did not occur in the
composite sintered at the highest temperature [S-A10AT-
1550, Fig. 3(g)], as occurred in the corresponding alu-
mina material which showed the associated pore trapping
[Figs. 3(c) and 3(d)], due to the inhibition of the grain
growth of alumina by the presence of the second. phase.

There were no significant differences in the dynamic
Young’s modulus values as a function of grain size for
each compositional series of materials once the slight
differences in porosity are taken into account by using
the genera! relationship:

E = Eyexp(-bP) ©®

where E, and E are the Young’s modulus of the materials
with porosities zero and P, respectively, and b = 3 for
alumina materials with round pores.** Calculations using
values from Table I give E; = 413 and 386 GPa, with
standard deviations of 6 and 5 GPa for the alumina ma-
terials and the composites, respectively. Results for the
composites indicate that generalized spontaneous micro-
cracking did not take place during cooling in the mate-
rials, even in those with alaminium titanate grain sizes in
the critical range (S-A10AT-1450, 1550, Table I).

The microstructural and compositional differences be-
tween the materials described above were chosen be-
cause they would lead to different behaviors in terms of
microcrack development under the highly localized loads
involved in indentation testing, as observed by Guiber-
teau et al.>® for alumina materials subjected to Hertzian
contact.

B. Load-penetration depth curves and imprints

Figure 4 shows characteristic experimental load-
penetration depth curves for the six materials. The curves
were fairly coincident for different tests of the same ma-
terial. The aspect of the indentation imprints is shown in
Fig. 5.

To relate the obtained load—displacement curves with
the aspect of the imprints, the extent.of surface displace-
ment at the contact perimeter was quantified using two
different approaches.
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FIG, 3. Scanning electron micrographs of polished and thermally etched surfaces of the studied materials: (a) P-A, (b} S-A1450, (¢} S-A1550,
(d) detail of large grains in $-A1550, {e) P-A10AT, (f) S-A10AT-1450, and (g) S-A10AT-1550. Al,O, grains appear with dark gray color and
ALTiO, of an intermediate gray shade.
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TABLE L Properties of the materials (p: density, G: grain size,
E; elastic modulus, A: Alumina, AT: Aluminium titanate; sd: standard
deviation).

p (sd) G, (sd) Guy (sd) E (sd)

(%th.) {1am) {em) (GPa)
P-A 98.8 (0.3) 1.3{02) 403 (2)
5-A1450 98.1 (0.3) 3.5(0.3) 387(5)
S-A1550 98.1{0.5) 5.5 (0.5) 388 (5)
P-AIOAT 98.5(0.5) 1.2(0.1} 1.00.1) 375 (%)
S-A10AT-1450 97.3(0.5) 3204 2200.13 355(4)
S-A10AT-1550 97.2 (0.3} 3903 2.4 (0.2} 3494

Zeng et al.*® defined the factor B, called the surface
displacement factor, as the ratio between the ideal pro-
jected contact area corresponding to ideal square contact
and no material sinking-in or pileup, calculated from
fmax @nd the geometrical indenter area—depth ratio, and
the true projected contact area.

Altematively, the sorface displacement factor o pro-
posed by Alcal4 et al.,”® is defined as:

K 7
where H is the hardness, determined as the ratio between
the peak indentation load and Aop, f1is 24.50 for Vickers
tips, and K is obtained by fitting Kick’s law (P = K-k°)
to the loading segment of the curves.

For consistency, factors B and o should be related as
follows:

az=1/f . (8)

Results of the optical parameters, hardness values, and
Bax Values, are summarized in Table 1L The fitting con-
stants K, determined from the curves in Fig. 4, are sum-
marized in Table III together with the values of 1/B and
ot. For each material, these latier values are coincident
inside the variability limits, thus demonstrating the con-
sistency of the loading curves.

For the alumina materials and the composite with the
smallest grain size [Figs. 5(a)-5(d)], the shape of the im-
prints was not a perfect square; they were slightly de-
formed toward the centers, as usual in alumina'* and
other ceramics, such as YTZP,2*2 in which elastic sink-
ing-in occurs during loading and is partially recovered
during unloading.®® Even thongh the imprints presented
different levels of holes left by grains, mostly located at
the inner part or at the corners, the edges were not
cracked, and there was a continuous connection between
the imprint and the remaining surface of the samples
along the edges. This continuity allowed the elastic sink-
ing-in to be fully recovered during unloading. In agree-
ment with these observations, o values (Table III) were
close to that evaluated for purely elastic materials

(0.40).* The « values were slightly lower than that de-
termined from measurements of the surface displacement
in other fine-grained alumina (o = 0.50),3® which can be
due to differences in the method of determination or to
the occurrence of non-elastic deformations in the alu-
mina that presented higher e.

Conversely, most of the holes left by grains were dis-
tributed along the edges in the specimens of the two
composites with the largest grain sizes [Figs. 5(¢) and
5(f}], up to the point of lack of connection between the
inner part of the imprint and the remaining surface of the
material. This tangential cracking at the edges of the
imprints has also been reported for highly textured o-
sialon ceramics.?* On the other hand, the inner part of the
imprints of the large grained alumina specimens was
highly deteriorated {Fig. 5(c)]. Accordingly, o values for
these three materials (Table T} were significantly lower
than the limit for purely elastic behavior, revealing frac-
ture under the indent. .

In general, variability in maximum depth values (h,,,,,
Fig. 4, Table IT) was relatively low for all materials, ex-
cept for the large grain sized alumina, which can be
attributed to the fact that maximum penetration values
for this material (=20 wm) were only about twice the size
of the largest grains [=10 pm, Fig. 3(d)]. Values were
significantly smaller for the alumina with the finest mi-
crostructure (P-A) than for the other materials, and they
increased with grain size in each compositional series.
The same tendency was followed by the true projected
contact areas A,, (Table Il). Accordingly, hardness val-
ves H, calculated from maximum load and A, decreased
for increasing grain sizes (Table II), in oppositioa to gen-
eral trends for materials. This apparent contradiction is
explained by the different level of failures inside and at
the edges of the imprints (Fig. 5) between the materials,
partially quantified by the surface displacement factors
(Table II),

As a first observation, the initial unloading in curves
plotted in Fig. 4 are similar for the alumina materials and
the composite with the smallest grain size [Figs. 4(a)—
4(d)], on the one hand, and for the two composites with
larger grain sizes, on the other [Figs. 4(e) and 4(f)]. For
the latter, the curves are apparently linear or slightly
coricave up, such as those reported for different materi-
als® and observed in this work for steel tested at the same
load levels [Fig. 2(a)]. For the alurnina materials, the
curves present two regions with different concavity, with
a distinct inflexion point. These observations are high-
lighted by the derivative of the curves (Fig. 6). For the
two composites, a clear maximum is located just at the
initiation of unloading, as occurred for steel [Fig. 2(b}],
whereas for the other four materials, the maximm is
displaced toward depth values Ageay, lower than maxi-
mum depth (Table IV). These features of the curves in-
dicate that unloading data are not described by a single
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FIG. 4. Characteristic load—penetration depth curves. The curves corresponding to three different tests are plotted to show reliability: (a) P-A {only
two curves are shown due to coincident patterns), (b) $-A1450, (c} 5-A1550, (d) P-A10AT, (e) S-A10AT-1450, and (f) S-AJ0AT-1550,

power law fit, in a way similar to that of the data for
mixed elastic-plastic contact.” Therefore, determination
of maximum stiffness S was done by selecting the
appropriate portion of the derivative curves (Fig. 6)
individually and calculating the mean values of the de-
rivates in this interval,

As shown in Fig. 6, the selection of the curve portions
was straightforward for the fine-grained materials and for
the coarse alumina [Figs. 6(a)-6{d)]. For the two com-
posites with large grain size, the interval was not so clear
[Figs. 6(e)—6(f)]. Nevertheless, the decrease of stiffness
values was very smooth and, consequently, different por-
tions of the curves could be chosen without a significant
change in § values. For instance, to take an interval 1 pm
larger than the one marked in Figs. 6(e) and 6(f) would
lead to § values less than 10% lower than those in
Table IV. For these materials, portions of the curves for
which the standard deviations for § (=8%) were smaller
than 10% were chosen.

Values of maximum stiffness decreased with alumina
grain size increase, especially for the monophase mate-
rals (Tables and IV). Again, this parameter showed
larger variability for coarser microstructures.

Due to the lack of single power fit law found in this
work (Fig. 6), m values could not be determined, and &_
values were calculated assuming the flat punch geom-
etry, e = 1 in Eq. (3). This would lead to slightly lower
values for A, and the projected contact area® and, conse-
quently, higher Young’s modulus values (=3-10% for
the order of values of this work and € = 0.75), From A,
values and considering the indenter geometry, the contact
area values A_ were calculated (Table IV).

Standard deviation values for Ay (Table II) were
much lower than those for A_ (Table IV). This difference
is due to differences in the experimental parameters used
for calculation, the diagonal of the imprints 2a and
the contact depth 4. for A,, and A, respectively. The
experimental ‘variability associated to the former
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J—
10 pm

(b}

10 pm

(@)

FIG. 5. Characteristic residual impressions of the indentation tests (50 N) for the six studied materials: (a) P-A, (b) 8-A1430, (c) 8-A1550,
(d) P-A10AT, () S-A10AT-1450, and (f) S-AI0AT-1550. Scanning electron micrographs show polished and indented surfaces.

parameter (3%, Table IT) has very little effect in the
calculated true projected contact area A, The major
problem related with A, is that 4 values (Table I'V) are
comparable to the microstructural parameters (Table I)
and, therefore, A, is extremely affected by variations in
the experimental parameter used for its determination, A,,
smaller than the microstructural parameters of the mate-
rials. Consequently, it seems more reasonable to use the
optical contact area to characterize the behavior of ma-
terials under indentation loads that lead to contact depths
comparable to the microstructure. The average values of
A,, were similar to those determined from k. for five
of the studied materials (P-A, P-A10AT, S-A1450,

J. Mater. Res., Vol. 21, No. 1, Jan 2006

TABLE II. Numerical parameters corresponding to the optical ob-
servations of residual impressions (Fig. 5; a, half-diagonal of the im-
print; A, tTue projected contact area calculated from 2a measured
optically; H, hardness) and maximum depth in Fig. 4. (sd, standard
deviation).

22 (sd) Agp (5d) H (sd) B
{pam) (uny®) (GPa) (sd) (pm)
P-A 69 () 2408 () 21.1(0.2) 13.2¢0.1)
S5-A1450 76 (0) 2888 () 17.3(0.1) 15.8¢0.1)
5-A1550 T8 (2) 3036 (136) 168 (1.2) 20.6 (0.5)
P.A1OAT 76 (2} 2884 (129) 17.3(0.6) 16.9 (0.1)
S-A10AT-1450 BO(2) 3205 (137 15.6 (0.6) 17.3(0.2)
S-AI0AT-1550 80 (2) 3228 (142) 15.5{0.7) 18.1(0.1)
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TABLE ML Surface displacement due to sinking-in; #, smrface dis-
placement factor; K, constant in Kick’s Law; o, surface displacement
factor (Eq. 7). For consistency o should be equal to 1/8. {sd, standard
deviation.)

178 {sd) K (sd) GPa o (sd)
P-A 045 (0.02) 222 (4) 0.43 (0.02)
S-A1450 0.40 (0.03) 15746) 0.37 (0.03)
5-A1550 0.30(0.1) 91 (13 0.22 (0.043
P-A10AT 0.35(0.02) 147 (18) 0.35 (0.03)
S-A10AT-1450 0.33 (0.03) 1¢1 (%) 0.26(0.03)
S-A10AT-1550 0.27 (0.02) RO (7Y 0.22 (0.03}

S-A10AT-1450, and S-A10AT-1550). Differences were
the largest for the large grain sized alumina {S-A1550),
for which &, values (=15 pm, Table IV) were about three
times the size of the largest grains [>5 wm, Fig. 3(d}).

IV. YOUNG'S MODULUS DETERMINED FROM
THE LOAD-DISPLACEMENT CURVES
AND MICROCRACKING

The values for the Young’s modulus, E,, and E, cal-
culated from the stiffness values (S, Table IV) and A,
and A, (Tables IT and IV), using Eq. (1) are summarized
in Table V. For each material, average values of F_, were
lower than those for E,. This difference was significant
with respect to the experimental variability only for the
alumina with the coarsest microsiructure, for which A,
was much larger than A, (Tables Il and IV).

Young's modulus values determined by indentation
tests were significantly lower than the dynamic ones
(Tables I and IV), which, in principle, could be related to
microcrack damage of the studied materials during test-
ing.

The Young’s modulus of a microcracked material F
can be related to that of the material without microcracks
E, using a simple classical model®” that considers the
volumetric density of microcracks N of equal radius L In
this model:

16+(1 — v?)-N-£\™!
E=Ey\1+ 55 o , ®
where v is the Poisson’s ratio of the material.

The unloading data obtained for the three alumina ma-
terials and the composite with the finest microstructure
[Figs. 4(a)}-4(d)] were not described by a single power
law fit. Maximom stiffness for these materials was
reached at depth valves Ay, ..., smaller than k.., which
would indicate an increase of contact surface at the initiai
part of the unloading cycle. Even though this aspect has
not been underlined in previous papers, it is similar to
that of the curves shown by other authors for a number of
structural ceramics tested with Vickers microindenters at

relatively high loads (=50 to 80 N). In particular, such a
shape is observed in the initial part of the unloading
curves shown by Alcald®® for fine-grained Mg-PSZ and
ytria-doped tetragonal zirconia (YTZP), in which an ex-
pansive transformation occurs under the indent, and in
the curves from Zeng et al.** for MgO and MgALQ,, in
which some extent of microcracking might take place
under the indenter. Conversely, it is not apparent in the
curves shown by the former authors*® for non-
transforming annealed magnesia partially siabilized zir-
conia (Mg-PSZ).> Moreover, it has not been observed
here for steel tested under the same experimental condi-
tions [Figs. 2¢a) and 2(b)].

As noted by Mencik et al.,'® the shape of the unloading
curve might be influenced by the onset of cracking or
phase transformations. In this sense, an expansion of the
material under the indent upon unloading due to the
opening of microcracks would lead to an increase of
the contact area and, consequently, of the stiffness at the
initiation of unloading.

Microcracks have been reported to develop during un-
loading from those nucleated at grain boundaries during
loading in alumina materials subjected to Hertzian con-
tact by Guiberteau et al.>® According to these authors,
microcrack pop-in occprs during the loading half-cycle
from shear faults inside the grains. As microcracks are
subjected to intense constraining hydrostatic compres-
sion at full load, they stop at the grain boundaries, and
their opening occurs stably on release of the compression
during unloading. As the stress intensity factor of the
shear faults is determined by the grain size, the level of
microcracking in the material should be determined by
the grain size, as observed in their work,

If a process similar to that reported for alumina mate-
rials under Hertzian contact occurred in the studied ma-
terials under Vickers indentation and was responsible for
the inverse curvature of the unloading curves [Figs. 4(a)-
4{d)], the level of microcracking in the materials should
be determined by the alumina grain size. Moreover, even
though the exact value of NI* will change continuously
upon the removal of the indenter and will be affected, not
only by the volume of microcracks, but also by the in-
ternal friction between them, it should be possible to
establish a relationship between the expansion of the ma-
ferials under the indenter upon unloading due to micro-
crack opening and NP. To test this hypothesis, NI° for
equal volumes of material tested was evaluated using
Eg. (9) taking microindentation and dynamic Young’s
modulus values as E and E, respectively.

In Fig. 7(a), the calculated NI° values are plotted ver-
sus the alumina grain size. For each series of materials,
alumina and composites, the density of microcracks in-
creased with alumina grain size, as observed by Guiber-
teau et al.,> indicating that the alumina grain size deter-
mined the level of microcracking in the materials.
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FIG. 6. Characteristic derivative curves of the experimental load-depth curves (Fig. 4) during the wnloading cycle: (a) P-A, {b) S-A1450,
(c) 8-A1550, () P-A10AT, () S-A10AT-1450, and (f) S-A10AT-1550. Arrows indicate the interval for derivative averaging.

TABLE 1V. Numerical parameters of the load-penetration depth
curves and the derivatives (Figs. 4 and 6)%; Ao, and S, depth for
maximum derivative and maximum contact stiffness; k., contact
depth, and A_, contact area calculated from k. (sd: standard deviation.)

a—— )] S {sd) h. (sd) A, (sd)
um Nfpm pm it
P-A 128(0.1) 152000 10.1(04) 2502 (203)
S-A1450 152¢01)  123(08) 11505  3219(259)
8-A1550 19907) 11L2(12) 155(05) 5917 (381)
P-AI0AT 165{01) 108(06) 120603) 3528(119)
5-A10AT-1450 2806 11.8(06) 3429 (373)
S-A10AT-1550 80(1.0) 11.8(L.0) 3430 (509

The opening of the microcracks, which depends criti-
cally on the residual stresses and the grain size, should be
more effective in the composite materials with coarser
microstructures (S-A10AT-1450 and S5-A10AT-1550,
Table I), which explains the crack densities for the three

TABLE V. Young's modnlus calculated from maximum stiffeess §
and from the contact areas A_ and A, from Tables II and TV. (sd:
standard deviation.)

E,, (sd)(GPa) E, (sd)(GPa)

P-A 347 (6) 340 (19)
S-A1450 239 (21) 219 (9)

5-A1550 212 (21) 144 (15)
P-A10AT 202 (19) 175 (13)
S-Al0AT-1450 158 (9) 141 (10)
S-A10AT-1550 135 (16) 129 (14)

composite materials found to be significantly higher than
that of the zluminas [Fig. 7(2)]. Nevertheless, the unload-
ing curves for these materials did not exhibit the inverse
concavity, which should be attributed to the edge cracks
[Figs. 5(e) and 5(f)] that would admit the expansion due
to microcrack opening, avoiding the displacement of the
surface under the imprint.
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FIG. 7. Relationships between the calculated volumetric density of
microcracks NI versus the mean grain size of alumina [G,, Fig. 7(2)]
and versus the volumetric expansion of the material under the indenter
due to microcracking [Ak®, Fig. 7(b)}. Square and round symbols refer
to monophase aluminas and composites respectively; closed and open
symbols refer to NI° calculated considering E,, and E, in Table V,
respectively.

In the alumina specimens, in which there was conti-
nuity between the indentation imprint and the remaining
surface of the material [P-A, S-A1450, 5-A1550,
Figs. 5(a)-5(c)], expaunsion of the material under the in-
denter upon unloading should be related to differences
between Ay, and k. ., (Tables IT and IV). The former
parameter would correspond to the stage where only
microcrack nucleation has taken place during loading
whereas when Fiy. ., i reached, maximum expansion
has occurred. The volumetric differences between the
stages of microcrack nucleation and complete micro-
crack opening will be proportional to the factor (Ak)* =
(Ppay — Puermar) - Thus, there should be a linear relation-
ship between NP and the volumetric expansion due to
microcracking, proportional to (Ah)>. As shown in

Fig. 7(b), this linear relationship is found for crack den-
sity values calculated from the values of Young’s modu-
lus determined using the contact area measured optically
E, and not when the contact area determined from #_ is
used. This resuit further supports the above discussion on
the better adequacy of A,,, as compared to A, to charac-
terize the materials. Even though similarities between
grain size and the parameters A, and hy . Will also
affect their values, the effect will follow the same trend
for both of them and thus will not affect Ah.

V. CONCLUSIONS

The adequacy of depth-sensing indentation tests in the
micrometer range together with observations of the im-
prints to characterize alumina-based materials with dif-
ferent levels of residual stresses and grain sizes was ana-
lyzed.

The significant differences between the values of
Young’s modulus determined for different materials, as
well as the definite relationships found between the mi-
crostructural parameters of the materials and the obtained
Young's modulus values, demonstrate the adequacy of
the method to analyze the behavior of materials with
residual stresses under concentrated loads.

However, the Young’s modulus values obtained have
to be considered as parameters that quantify the amount
of damage experienced by the materials and cannot be
used to describe the elastic behavior of the materials
subjected to different loading configurations.
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