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Abstract: An abnormal displacement change observed during the holding period in nanoindentation

tests on a zirconia dental ceramic was reported in this paper. It was found that, at the initial stage of
the holding period, the measured displacement versus time curves were similar in shape with the
typical indentation creep curve reported in previous studies. As the holding lasted for long time,
however, an evident reduction in displacement was observed for tests with high loading rate, implying
that another unknown process, which might result in a decrease in displacement, would co-exist with
creep during holding period. Elastic recovery was suggested to be one of the possible sources for such
a displacement reduction. An empirical method was also proposed to eliminate the effect of this
displacement reduction on the determination of hardness and Young’s modulus.
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1 Introduction

In a nanoindentation test, a load—displacement curve is
recorded during the indenter is pushed into the sample
surface (loading segment), held at peak loading for a
certain duration (holding segment), and then withdrawn
from the sample surface (unloading segment). In most
of the previous studies using nanoindentation test to
characterize mechanical properties of materials,
attentions are only paid on the unloading segment
because the hardness and the Young’s modulus are
usually extracted from the analysis of the unloading
behavior based on the well-known Oliver—Pharr (OP)
method [1]. The loading segment is occasionally
observed mainly aiming at providing experimental
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supports to the theoretical analyses of the
load—displacement relationship [2,3]. Some studies are
also concentrated on the holding segment, but the
purpose of such studies is to observe the
nanoindentation creep behavior [4,5]. Little effort has
been paid on effect of the deformation occurring during
holding period on the determination of hardness and
Young’s modulus.

Evaluation of the resistance to contact damage is a
critical issue for the clinical applications of zirconia
dental ceramics [6]. As an important parameter for
evaluating the material’s resistance to contact damage,
hardness characteristics of zirconia dental ceramics
have been frequently examined with nanoindentation
tests in many studies during the past years [6-9].

This paper will report an abnormal phenomenon
observed during holding period in nanoindentation tests
conducted on an yttria-stabilized zirconia tetragonal
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polycrystal (Y-TZP), which has been widely used for
prosthetic restorations. It will be shown that, as well as
creep deformation, elastic recovery may also occur
during holding period and affect significantly the
determination of mechanical properties.

2 Experimental

Blocks of green stage Y-TZP (Doceram, Moeschter,
Germany) were sintered at 1500 °C for 2 h. The sintered
samples were mounted in bakelite ground flat and then
polished carefully with successively finer diamond
paste to yield a scratch-free, mirror-like surface suitable
for indentation.

The nanoindentation tests were carried out using a
Berkovich diamond tip on a commercial nanoindenter
(Nano Indenter G200, Agilent, Santa Clara, CA, USA).
The indenter was loaded gradually to the prescribed
peak load, P =400 mN, at a constant loading rate
defined by P/t , where ¢ is the prescribed loading
time, and then was unloaded gradually at a constant
unloading rate equal to the loading rate after being held
at peak load for 120 s.

For different tests, the loading time (unloading time)
varied from 20 to 90 s. This made the loading (unloading)
rate examined in the present study varying in the range
from 4.44 (400 mN/90 s) to 20 (400 mN/20 s) mN/s.
For each prescribed ¢, , 3-5 indentations were made
corresponding to each prescribed peak load level.

3 Results and discussion

Figure 1 shows the typical P—/ curves obtained in the
present study. As can be seen, the P-4 curve measured
with the lowest loading/unloading rate (£, =905s) is
similar to those reported in the previous studies: during
the entire test, the displacement increases with time. For
tests with higher loading/unloading rates (¢, <90 s),
however, an abnormal displacement change is observed
during the holding period. In these cases, the
displacements at the onset of the holding period, #,,,,
are observed to be larger than the displacement at the
onset of the unloading period, #,,, (see the insert of Fig.
1). In other words, a significant displacement reduction
occurs during the holding period. To our knowledge, the
existence of a negative Ak value has rarely been
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Fig. 1 Typical load—displacement (P—/) curves measured
in the present study for P, =400 mN. The inset is the
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enlargement of the P—# relation in the holding segment.

reported previously and warrants a further discussion.

Figure 2 shows the variation of the normalized
displacement, %/ h;,,, with time during holding period
measured with P =400 mN and different loading time
t, . It can be seen that, for ¢, =90 s, the normalized
displacement increases monotonically with time,
exhibiting a typical creep deformation. For ¢ <90s,
however, an increasing tendency in displacement is
only observed at the initial stage of the holding period.
With the prolonged time, the displacement decreases
after reaching a maximum. This seems to indicate that,
during the holding period, another unknown process,
which may result in a decrease in displacement, would
co-exist with creep because creep can only result in a
continuous increase in displacement. Thus, the time
dependence of the displacement, /(¢), during holding
period may be written as

h(8) = Py + Reey () + Ryninonn (1) (1)
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Fig.2 Variation of the normalized displacement, &/, ,

with time during holding period measured with P =

400 mN and different loading time.
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where h

creep

() and A

unknown

(¢) are the displacements
due to creep and the unknown process at time ¢,
respectively, and 4, is the displacement corresponding
to the onset of the creep deformation.

As can be seen in the inset of Fig. 2, at the initial
stage of the holding period, the A(¢)— curves are very
similar in shape with the typical nanoindentation creep
curves observed in previous studies for metals [5],
metallic glasses [10,11], coatings [12], and thin films
[13]. The nanoindentation creep observed during the
holding period was usually reported to be dependent
strongly on the loading rate or strain rate, used during
the loading period [10-13]. In general, the creep
deformation increases with increasing loading rate.
Similar tendency is also observed in the present study.
As shown in the inset of Fig. 2, the indentation
displacement rapidly increases with increasing loading
rate or decreasing loading time, in the initial stage of the
holding period. Based on these observations, one can
infer that creep dominates the indentation deformation
at the initial stage of the holding period.

For the curve measured with #, =90s (the lowest
loading rate examined in the present study), the
displacement tends to be constant when the holding
period lasts for more than 80 s, indicating that creep
reaches the steady state, i.e., the stage with a constant
creep rate. In this state, the displacement resulting from
creep varies slightly and can be ignored. In other words,
the above-mentioned unknown process which results in
a decrease in displacement would dominate the
indentation deformation at the subsequent stage of the
holding period after the displacement reaches a
maximum. Noting that, as the holding time ¢ prolongs,
all the curves shown in the figure tend to be linear; to a
first approximation, we may assume that the #A(z) —¢
relation associated with the
h (z) , may be treated as linear, i.e.,

(t)y=A+ Bt 2)
where 4 and B are constants that can be derived directly
by curve fitting.

Linear regression analyses were conducted for the
experimental data shown in the holding time range from
80 to 120 s in Fig. 2 according to Eq. (2) to obtain the
parameters 4 and B for each curve. And then, the
displacement due to creep deformation can be deduced
as

unknown process,

unknown

hunknown

(6) = h(t) = (4 +Bt) = h, )

hcreep
The results are now shown in Fig. 3. In constructing Fig.
(r)=0 for t=0
in order to yield a curve starting from the origin of

3, the parameter h, was set to let £,
coordinates. As can be seen, all the curves shown in Fig.
3 behave very similar in both the shape and the loading
rate dependence with the typical nanoindentation creep
curve [10-13], giving an indirect support for the above
conjecture that an unknown process, which may result
in a decrease in displacement, would co-exist with creep
during nanoindentation holding period. Figure 4 shows
the best fit-value of the parameter B in Eq. (2) as a
function of loading time, #, . An evident loading rate
dependence of the parameter B is observed. Noting that
B has a negative value within the examined loading rate
range, the decreasing tendency in B implies that the
effect of the unknown process on the displacement is
more significant as the loading rate increases.

At present, we have not any direct evidences to
analyze the origin of the above-mentioned unknown
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Fig. 3  Creep curves extracted by deducting the
displacement resulting from the unknown process (Eq. (3)).
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Fig. 4 Loading rate dependence of the parameter B
included in Eq. (2).
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process and its effect on the load—displacement relation.
A possible explanation for the existence of such an
unknown process may be the elastic recovery [1,14,15],
which is usually considered to occur only during the
unloading period of an indentation test. In fact, there is
reason to believe that elastic recovery may also occur
during holding period as a result of stress relaxation due
to creep. Furthermore, elastic deformation occurring
during the loading period in indentation test is
somewhat different with that in traditional bending or
tension test. The loading rate for indentation test is
generally larger and, in some cases, the loading period
of an indentation test with a high loading rate may be
approximately considered to be an impact procedure
and results in an elastic deformation larger than that
predicted with Hooke’s law. This excess -elastic
deformation may recover during the holding period
accompanied by the stress relaxation due to creep. Thus,
a reduction in displacement may be expected. The
loading rate dependence of the parameter B shown in
Fig. 4 confirms this analysis and indicates a larger
displacement reduction would be expected to occur
during holding period when a higher loading rate is used
during loading period. Further experimental
observations and analyses on this conjecture are now
being conducted and will be reported in the near future.

The fact that the displacement reduction during
holding period has rarely been reported in the previous
studies may be explained as follows. First, most of the
previous studies concern the metals or metallic glasses
[6,10,13] which exhibit significant plasticity during
loading period and significant creep during holding
period. The displacement change associated with the
unknown process is comparatively small and has little
effect on the displacement—time relation. Second, some
studies were also made on brittle ceramics and glasses
[6,12,16], but with a small loading rate (low peak load
to avoid the cracking due to brittleness) and/or a short
holding time (considering the insignificant creep
deformation). This may restrain the amount of the
displacement reduction.

Now we turn to analyze the effect of the unknown
process on the determination of hardness and Young’s
modulus.

In the present study, hardness, H, and Young’s
modulus, £, were calculated directly during each test by
the data acquisition software of the nanoindenter based
on the model of Oliver and Pharr [1], which
automatically corrects the raw load—displacement data

for the machine compliance and thermal drift. Here we
quote directly the outputs of H and E for each individual
unloading curve for discussion and the measured H and
E are now plotted against the loading time in Fig. 5
(solid symbols), respectively. As can be seen, both H and
E decrease with increasing loading time, i.e., decreasing
loading rate. When the loading time is sufficiently long,
both H and E tend to be invariable. Shao et al. [6]
measured the hardness of the same Y-TZP with
nanoindentation tests but with a loading time of 30 s
and a holding time of 30 s and analyzed the experimental
data with the modified proportional specimen resistance
(PSR) model [17,18]. They reported that the material has
a load-independent hardness of 18.0 GPa. In the present
study, the hardness measured with aloading time 0f 90 s
is 18.3+£0.5 GPa, being in good agreement with the result
of Shao et al. [6], implying a low loading (unloading)
rate and a long holding time are the prerequisites for
obtaining reliable hardnessand Young’s modulus, with
nanoindentationtests.

The incredibly high values of the hardness and the
Young’s modulus obtained at high loading rate (short
loading time) may be attributed to the displacement
reduction associated with the above-mentioned
unknown process. In the conventional OP method [1],
the hardness, H, and the Young’s modulus, E, are
calculated with the following equations:

P
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Fig.5 Hardness and Young’s modulus extracted as functions
of loading time, ¢, . Solid symbols: uncorrected data quoted
directly as the output of the data acquisition software; open
symbols: data corrected with Egs. (8) and (9).
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where /£, is the contact depth, S is the contact stiffness,
E, and v, are the Young’s modulus and Poisson’s
ratio of the indenter respectively, and v is the
Poisson’s ratio of the test material.

Based on Egs. (4)—(6), the significant reduction in
displacement during holding period would make the
resultant /4, smaller than its true value, thereby
enhancing the calculated results of the hardness and
Young’s modulus. Note that the parameter B in Eq. (2)
has a unit of nm/s and therefore can be considered as the
rate of displacement change associated with the
unknown process during the holding period. In order to
eliminate the effect of the displacement reduction, we
may approximately correct the /4, determined with the
conventional OP method by

B B, ™)
where ¢, is the total holding time and ¢, =120 s in the
present study. Thus, the hardness and the Young’s
modulus may be correspondingly corrected as

) R — ®)
24.5 (hg"““wd )

E - Ve s )
2 \/m h;:orrected

The corrected results are now also shown in Fig. 5 (open
symbols). Clearly, such a correction restrains
significantly the loading rate dependence of the
extracted H and E. In other words, reliable values of the
hardness and the Young’s modulus can be determined
within a wide range of loading rate.

4 Conclusions

An abnormal displacement change observed during the
holding period in nanoindentation tests
yttria-stabilized tetragonal zirconia polycrystal (Y-TZP)
was reported in this paper. When conducting
nanoindentation tests on Y-TZP with a high loading rate
(short loading time), the indenter displacement exhibits
a significant reduction during the holding period after
experiencing a short increase due to creep. The degree
of displacement reduction during holding period
decreases with decreasing loading rate, and when the
loading rate descresaes to be smaller than about 4.44
mN/s, the displacement—time curve behaves the same as
the typical nanoindentation creep curves reported in
previous studies. This experimental phenomenon has

on an

rarely been reported previously and strongly implies
that, during the holding period, another unknown
process, which may result in a decrease in displacement,
would co-exist with creep because creep can only result
in a continuous increase in displacement. Elastic
recovery was suggested to be one of the possible
sources for such an unknown process.

An empirical approach was proposed in this study to
describe the displacement—time relation associated with
the unknown process. It was shown that, with this
empirical approach, reliable nanoindentation creep
curve, as well as the comparable hardness and Young’s
modulus, may be extracted from data analyses.

To our knowledge, this is the first time to observe
such an abnormal phenomenon and the universality and
origin of this abnormal phenomenon should be
examined carefully and critically in the future. The
analyses and the approach presented here may be
helpful for the further studies on the same or similar
phenomena.
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