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Abstract

This paper conducted a preliminary examination on the effect of microstructural inhomogeneity on the reproducibility of the nanoindentation
data. Nanoindentation tests were conducted on a high-purity, fine-grained alumina ceramic. It was found that the reproducibility of the
nanoindentation data were somewhat poor. The nanoindentation data were then analyzed with the widely employed Oliver—Pharr method
to yield the hardness{, and the Young’'s modulu&. Large scatters were observed in the resulthmindE. These experimental findings
revealed that microstructural inhomogeneity may play an important role in the material response to nanoindentation.

© 2004 Elsevier Ltd. All rights reserved.

Keywords: Hardness; Mechanical properties; NanoindentatiopQAl

1. Introduction rather than the bulk, mechanical properties. As a result, the
nanoindentation load—displacement curves obtained from
Nanoindentation test has been established as an impordifferent loading—unloading cycles would be different with
tant tool for the mechanical characterization of materials on each other and such a difference may be very significant in
the submicron scale. Such a test is usually conducted usingsome cases.
instrumented machines with which indenter loBdand in- The present study was designed to conduct a preliminary
denter displacement, can be continuously and simultane- examination on the effect of microstructural inhomogene-
ously recorded during indenter loading and unloading. The ity on the reproducibility of the nanoindentation data. A
unloading data are then analyzed to yield the hardridss, high-purity, fine-grained alumina ceramic was selected as
and the Young’'s modulus. the examined material because this material has an average
Although nanoindentation test has been widely employed grain size of about 0.a.m, which is comparable to the in-
during the past decades to measure the mechanical propdenter penetration depth during nanoindentation and, as a
erties for numerous materials including polycrystalline result, such a small grain size would make it much easier to
ceramics:™ little attention has been paid to the effect of examine the effect of microstructural inhomogeneity.
microstructural inhomogeneity on the reproducibility of
the nanoindentation data. In fact, when being examined at
the submicron scale, any polycrystalline ceramic should 2, Experimental
be considered to be inhomogeneous. Thus, one can expect
that, when being indented at different positions, or to dif- A high-purity, fine-grained alumina ceramic was selected
ferent depth at the same position, of the specimen surfaceas the test material for the present study. According to the
the response of the test material to nanoindentation may beinformation provided by the supplier, this polycrystalline
different due mainly to the fact that the indentation-induced alumina was prepared from alumina powder mixed with
deformation (and fracture) is dominated mainly by the local, small amount of oxide additives by cold isostatically press-
ing, pressureless sintering at 128D for 90 min, and then
* Corresponding author. Fax:86 10 62771160. hot-isostatically pressing (HIP) at 1350 and 140 MPa for
E-mail address: gong@mail.tsinghua.edu.cn (J. Gong). 45 min. The density of the test specimen was measured us-
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3. Results and discussion
3.1. Analysis of the loading curves

Fig. 3shows some of the load—displacemdntlf) curves
obtained in the present studiable 1summarizes the min-
imum, maximum, mean value and the standard deviation of
the 10 data of the penetration depthax, measured at each
peak loadPmax. Clearly, both-ig. 3andTable lindicate that
the reproducibility of thd>—h curve is somewhat poor. Note
that thesd™—h curves were obtained by indenting at the dif-
ferent positions of the specimen surface, respectively, and the
average penetration depth at the maximum peak load level,
Pmax = 505mN, is only 1158.4 nm, being comparable to the
ing Archimedes’ principle to be 3.98 g/émabout 99.9% of ~ average grain size of the test material, about 900 nm. There
the theoretical valueFig. 1 shows the SEM micrograph of seems to be reason to believe that the poor reproducibility
a typical microstructure of the fracture surface of the test of the measure&-h curve may be attributed to differences
specimen. Clearly, the material exhibits a much small and between the local microstructural features in the vicinity of
fairly uniform grain structure. No evident pore can be found each indentation position. In other words, the experimental
in the fracture surface. The average grain size of the testfacts shown inFig. 3andTable 1seem to indicate that the
material was estimated to be Quén. measured®—h curve may depend strongly on the local mi-

The specimen used for nanoindentation test was cut di- crostructural features and, as a result, the mechanical prop-
rectly from the as-HIPed plates, mounted in bakelite, ground erties deduced from the analysis of theh curve are only
flat using a diamond grinding wheel, and then polished the local, rather than the bulk, properties of the test material.
carefully with successively finer diamond paste to yield a A very interesting feature of the data shownTable 1
scratch-free, mirror-like surface finish suitable for indenta- is that the coefficient of variation dfimax exhibits a de-
tion. creasing tendency with increasing peak load. This seems to

Nanoindentation experiments were carried out using a be an indirect support for the above analysis. As the peak
fully calibrated Nano Indenter XP (Nanoinstruments Inno- load increases, the indenter penetration depth increases
vation Center, MTS Systems, TN, USA) equipped with a and the indentation zone of influence expands. As a re-
standard Berkovich indenter. Experiments were conductedsult, the indentation zone of influence would “feel” more
using a load-time sequence like that showrFig. 2 For microstructural features and the effect of microstructural
each loading—unloading cycle, loading and unloading lasted inhomogeneity would weaken.
15s, respectively, and a dwell time of 30s at each peak Although it is very difficult to examine the exact details
load was used. During each test run, a personal computerof the microstructural features in the vicinity of the indenta-
collected and stored data for the load and displacement adion site, some useful information may be obtained by com-
the indenter was driven into the sample (loading segment) paring theP-h curves measured at different positions in the
and then withdrawn from it (unloading segment). The raw specimen surface.
data were then used to construct the load—displacement plot. Censored views of some of the measuReth curves are
A total of 10 indentations were made at random-selected, shown inFig. 4 to give a comparison between the material
different positions on the specimen surface, correspond-
ingly, 10 load—displacement curves, each containing seven

Fig. 1. SEM micrograph showing the fracture surface of the test specimen.
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Fig. 2. The load-time sequence used in the nanoindentation experimentalFig. 3. Representative load—displacement curves obtained in the present
procedure. study.
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Table 1

Statistical properties of the penetration defihax, measured at different peak load level

Pmax (MN) 7.9 15.9 31.7 63.5 126.5 251.9 505.1

hmax (nm)
Minimum 93.5 146.9 224.4 338.5 490.6 682.7 992.3
Maximum 217.9 376.0 4741 620.5 796.4 1014.7 1338.1
Mean 144.2 227.4 321.2 446.0 600.9 824.5 1158.4
o? 42.6 76.6 84.4 103.9 106.3 103.7 116.9

c,2 0.295 0.337 0.263 0.233 0.177 0.126 0.101

2 o and C, denote the standard deviation and the coefficient of variation of the medsysedrespectively.

responses at different positions of the surface to indentationthe P-h curve for the position C is similar to those for the
during the first two loading—unloading cycldsg. 4(a)in- positions A and B. The former differs from the latter only
dicates that, when being indented, the position B deforms in the penetration depth. Therefore, the microstructural fea-
much easier than the position A. Among all the 10 indenta- tures in the vicinity of the position C may be similar to that
tion experiments, indentation made at the position A yields of the position B.
the minimum penetration depthmax = 93.5nm, at the The shape of th&-h curve for the position D is rather
peak load of 7.9 mN. Therefore, it is reasonable to infer that different from those shown iRig. 4(a) At first, the indenter
the position A is located nearly in the center of a grain and penetration depth increases gradually with increasing inden-
the polished surface of this grain is one of the harder crys- ter load and the data points fall along theh curve for the
tallographic planes. Indenter penetration at the position B, position C. However, when the load increases above about
hmax = 117.3nm for Pmax = 7.9 mN, is somewhat larger 5mN, the data points begin to departure from the curve C
than that at the position A and one can infer that the position and, at the same load, a larger penetration depth was ob-
B may be located within a grain whose polished surface is served for the position D when compared with the position
one of the softer crystallographic planes. C. This seems to indicate that the indenter encounters a soft
Fig. 4(b) shows another two censoré&dh curves mea-  microstructural feature whose elastic/plastic properties are
sured at the positions C and D, respectively. The shape ofrather different from those of the alumina grain. Thus, one
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can infer that the position D may be located at, at least very
near to, a grain boundary or a pore. The relatively lower
hardness of the grain boundary or the pore makes the in-
dentation on the position D yield the maximum penetra-
tion depth,himax = 217.9nm, at the peak load QPmnax =
7.9mN.

Near-surface boundaries or pores may also affect the
shape of the”—h curve in the high load region. A typical
example is shown ifrig. 5. During the indentation at the po-
sition E, a sharp increase in the indenter penetration depth,
from about 1000 to 1170 nm, was observed when the inden-
ter load increased to about 340 mN. This seems to indicate
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Fig. 4. Censored views of some of the measupPel curves showing the
first two loading—unloading cycles.

Fig. 5. Expanded views of thB-h curves measured at the positions A
and E.
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that the indenter encounters, or acrosses, a grain boundarynaterial® Based on the “effective indenter” model, the large

whose zone of influence is about 170 nm in thickness. scatters in the experimentally determinedindo seem to
o _ indicate that the hardness and the Young’'s modulus of the
3.2. Description of the unloading curves material in the vicinity of the indentation site may be dif-

_ _ _ ferent in different loading—unloading cycles. Thus, one can
The effect of microstructural inhomogeneity on the repro- conclude that the microstructural inhomogeneity may play

ducibility of the load—displacement curve may also be ex- an important role in the material response to nanoindenta-
amined from the quantitative analyses of the unloading data.tjon.

In the most commonly employed Oliver—Pharr method for
analyzing the nanoindentation data, an empirical power law 3.3, Hardness and Young's modulus
is selected to describe the unloading data

P =alh—h)" @ In the nanoindentation experim_ents, the hardness and the
Young’s modulus are usually derived frdm

wherex andmare empirically determined fitting parameters

and b is the final displacement after complete unloading 7 =

and also determined by curve fitting.

It should be pointed out that a basis assumption for using and
Eqg. (1) to describe the nanoindentation unloading behav- , d_P _ i E VA 3)
ior is! that the unloading is pure elastic, i.e., the unloading ° — \ dx - o J '
curve and the corresponding reloading curve should overlap
with each other. In most of the loading—-unloading-reloading WhereA s the projected contact are®;unloading stiffness
cycles examined in the present study, the resultant unload-measured at the maximum penetration delhy; v, a cor-
ing and reloading curves are nearly the same; see for ex-rection factor due to the lack of axial symmeltrgnd the
ample Figs. 4(a) and 5As typically shown inFig. 4(b) reduced modulug; is defined as
however, distinct hysteresis loops were observed in some 1 1_,2 1_ V7
unloading—reloading cycles in this study, indicating there is E =" E
an evident reverse plasticity upon unloading. In the follow-
ing text, analyses and discussion will be conducted with the whereE andv are the Young's modulus and the Poisson’s
unloading curves associated with a nearly pure elastic un-ratio of the test material, an; and v are the Young's
loading procedure. modulus and the Poisson'’s ratio of the indenter.

The load—displacement data for each unloading curve ex- The projected contact area, included inEgs. (2) and
cept those associated with evident reserve plasticity were(3) is a function of the contact depths, which is given by
analyzed according t&qg. (1) and the results are summa- Priax
rized inTable 2 As can be seen, bothandm exhibit large he = hmax— ¢ ( S )
scatters. Such large scatters may be attributed to the effect of
microstructural inhomogeneity. Pharr and Bolsh&kpro- wheree is a constant. In general, the Berkovich indenter is
posed an “effective indenter” model to explain the physical modeled as a paraboloid punch (i.e.,= 1.5 in Eq. (1).
meaning ofEq. (1) In this model, the Berkovich indenteris  Consequently, the value efis 0.75.
modeled as an “effective indenter” whose geometry is de- For a perfect Berkovich indenter, we havé =
termined by the shape of the plastic hardness impression24.5k2. However, a real indenter is never perfect due to
formed during indentation and both the power law exponent some tip rounding. To take account of the effect of the
m and the power law coefficient are predicted to be func-  indenter-tip-rounding on the determination of the projected
tions of the Young’s modulus and the hardness of the testcontact area, the following area function for the Berkovich

Pmax

A

(2)

(4)

(5)

Table 2
Summary of the best-fit values of parameters include&dn (1) for describing the unloading curves observed in nanoindentation experiments
Peak loadPmax (MN) o x 107 (mN/nm™) m
Minimum Maximum Mean Minimum Maximum Mean

7.9 1.29 2.17 1.58t 0.40 1.45 1.62 1.54 0.07
15.9 0.56 2.65 1.74- 0.79 1.45 1.85 1.6& 0.15
31.7 1.32 5.03 3.05% 1.34 1.40 1.72 1.5% 0.12
63.5 1.78 6.33 4.14 1.43 1.39 1.66 1.5% 0.08
126.5 0.77 6.46 4.7% 2.59 141 1.82 1.54 0.16
251.9 2.68 12.00 6.13 2.92 1.38 1.62 1.4% 0.07

505.1 1.06 11.53 4.65 3.30 1.42 1.79 1.5% 0.13
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Young'’s modulusE.

indenter with a rounding tip was selected for the present

study?-2 subsection and demonstrate that the local mechanical prop-
erties indeed vary significantly with the indentation position.
A = 245(h¢ + hq)? (6) Statistical analysis of the experimental data showfign

7 yields thatH has an average value of 20.0 GPa and a stan-
wherehy is the effective truncation length of the indenter tip. dard deviation of 6.0 GPa, whilé has an average value of

SubstitutingEg. (6)into Eqg. (3)yields 409 GPa and a standard deviation of 90 GPa. These data war-
> rant further comment. The microhardness of the high-purity,
S = TE, vV 24.5(h¢ + hqg) @) fine-grained alumina examined here was determined to be
T

17.84+0.4 GPa corresponding to an indentation load of 10 N.
On the other hand, the Young’s modulus for polycrystalline
alumina was generally reported to be about 390 Efote

that there may exist an indentation size effect in the hard-

Using the best-fit values af and m, the initial unload- . ;
ing slope,S and the contact depthg, were calculated with ness, i.e., the measured hardness usually decreases with the
Egs. (3) and (5)respectively, for each measured unloading Ncréasing test loadf:** Compared with these typical data,
curve except those associated with evident reserve plastic-N€ @verage values éf andE obtained in the present study
ity. Then the resultan® andh, were analyzed according to seem to be reasonable estimations for the bulk properties of

Eq. (7)and the results are shownfiig. 6. It can be seen that the test material. This seems not to be surprising because
all the data points fall around the best-fit line. The discrep- the averaglqg of a large number of test re.s.ults IS equiva-
ancies between the experimental data and the best-fit line!®Nt 0 @pplying the rule of mixture, the empirical approach

are somewhat large and this can be understood by notingf©" Predicting the property of a composite. The individual
the fact that the reduced modulBsis not a constant. From  €XPerimental result is only a measure of the local property

the slope and the intercept of the best-fit line showfit and, from the viewpoint of §tati§tics, one can expect that, if
6, the effective truncation length of the indenter tip, is the number of the datg p0|r'1ts.|.s not sufficiently large, the
estimated to be 39.5 nm. Nanoindentation experiments were@Verage value would differ significantly from the bulk value
also conducted on soda-lime glass with the same indenterMeasured with conventional methods. _
and analysis of the experimental data yieldedawalue of Fig. 8 shows the ratio of/hc, a measure of the elastic
37.5 nm'° The good agreement between these two data im- recovery during unloading, as a function of the local me-
plies thatEq. (7) may provide an approximate description
for the experimental data obtained in the present study.

Eq. (7) predicts that a linear relationship exists betw&en
andh, if E; can be treated as a constant.

The hardnesd, and the Young’s modulug, were de- He
termined from each measured unloading curve except those 09F g0
associated with evident reserve plasticity according to the sk © 8 82° 8 o
method outlined above and the results are now shown in = o o °°%%8 o
Fig. 7. As can be seen, the scatters in the resulteamidE are = 07f “
significantly largeH varies from 7.2 to 31.6 GPa aldrom o6l
246.9 to 622.0 GPa. The large scatters imply that the hard- '
ness and the Young’'s modulus determined from the individ- 08— Y oo 08
ual unloading curve are only the measures of the local, rather ' ' H/E ' '

than the bulk, properties of the test material. Furthermore,
these results support the discussion made in the precedingFig. 8. hi/n.-ratio as a function of the local mechanical properttg.
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chanical propertiedl/E, and a strong correlation between employed in this study. The authors would also like to thank
these two quantities is evident. Theoretical analysi re- Mrs. Yang Gao for her assistance in conducting the nanoin-
vealed thahs/h is a decreasing function of the mechanical dentation experiments.
propertiesH/E. The experimental result shown Fig. 8is
consistent with the theoretical prediction and, thus, suggests
that it is the local, rather than the bulk, properties that dom- References
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