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bstract

n this paper, we investigated the relationships between crack initiation/propagation, stress induced transformation and indentation size effect (ISE)
sing Universal hardness. Preparing three kinds of specimens, 8 mol%Y2O3–ZrO2 single crystal (single 8Y-FSZ), 12 mol%CeO2–ZrO2 polycrystals
12Ce-TZP) and fused quartz, we were able to research the above relationships separately. The load dependence of universal hardness in the three
pecimens was studied using nanoindentation equipment and found that single 8Y-FSZ and 12Ce-TZP showed the ISE. To reveal the origin of
he ISE in these materials, we analyzed the relationship between load–displacement curve and Universal hardness ISE. Adapting the second-order
ifferential (d2P/dh2) to the load–displacement curve showed that a small displacement change (micro multiple pop-ins) would occur in each

eformation process of the single 8Y-FSZ and 12Ce-TZP. The origin of the micro multiple pop-ins is considered to be crack initiation/propagation
n single 8Y-FSZ and stress induced transformation in 12Ce-TZP, respectively, and these micro multiple pop-ins should result in the Universal
ardness ISE.

2010 Elsevier Ltd. All rights reserved.
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. Introduction

Indentation hardness testing has been used for a long
ime to evaluate the mechanical properties of materials. This
onvenient testing method is popular among many kinds of
esearchers. Representative hardness tests include the Brinell
est and the Vickers test. As for primary research use, the
elationship between yield stress and indentation hardness of
etals1 and the hardness change caused by work-hardening2

re reported. Following the above studies, the measurement
f the brittle material’s toughness using Vickers indentation
ethod3,4, measurement of elastic modulus-to-hardness with a
noop indenter5, relationship between stress induced transfor-
ation and hardness, impression geometry and transformation
olume6–8 were studied in detail. Since the development of
ndustry these days is so rapid, it is necessary to measure the

echanical properties of thin film, fibers, and micro materials.

∗ Corresponding author. Present address: Kobe Steel, LTD, Surface Technol-
gy Research Section, 15 Kinugaoka, Moka-city, Tochigi 321-4346, Japan.

E-mail address: ebisu.tomohiro@gmail.com (T. Ebisu).
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o evaluate the hardness of materials, the conventional method
s needed to get an impression. However, for materials like thin
lms, making impression large enough to be captured by optical
icroscopy with a high degree of accuracy is very difficult, and

t is needed to use time-consuming electron microscopy to cap-
ure the images. As for methods which satisfy the above needs,
he recently developed depth sensing indentation or dynamic
ndentation method (called nanoindentation method), is gather-
ng interest as tools which can evaluate the mechanical properties
f thin film surfaces and small materials.

The invention of the nanoindentation method has enabled us
o measure the material properties from the macro- to nanoscale
ange. At this scale, a very interesting phenomenon occurs, the
ardness increases as the indentation depth decreases.9–14 This
s named the indentation size effect (ISE). The shallower the
epth is, the steeper the inclination of the hardness. It is said that
SE is caused by many factors. Li and Bradt9 studied the micro-
ardness ISE on the Knoop microhardness of single crystals of

iO2 and SnO2 and proposed that the ISE was a consequence of

he indentation size proportional resistance of the test specimens
PSR) and consisted of the elastic resistance of the specimen and
he frictional effects. Quinn and Quinn10 reported that Vickers

dx.doi.org/10.1016/j.jeurceramsoc.2010.05.006
mailto:ebisu.tomohiro@gmail.com
dx.doi.org/10.1016/j.jeurceramsoc.2010.05.006
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ardness–load curves for a number of brittle ceramics exhib-
ted a distinct transition to a plateau constant hardness level that
orresponded well to a relationship between hardness, Young’s
odulus and fracture toughness. Nix and Gao11 reported that

he model of geometrically necessary dislocation provides an
xcellent description of the depth dependence of hardness of Cu
nd Ag in the micrometer depth regime and stated that hard-
ess of a material should not depend strongly on the depth of
ndentation if the material was intrinsically hard. Quinn et al.12

tudied the Knoop hardness of some glasses and reported that
racked indentations were longer than uncracked indentations
nd the apparent hardness was consequently lower. Manika and
aniks13 studied the ISE in single crystals, polycrystals and

morphous of solids and mentioned that both the surface effect
nd strain gradient effect were suggested to contribute to the
SE. Sahin et al.14 reported that the load dependence of indenta-
ion hardness showed a typical ISE behavior in SiAlON–ZrO2
eramics which showed stress induced transformation.

The studies analyzing ISE from the continual surface change
f deformation behavior have not so far been performed suffi-
iently. In this paper, we approached the relationships among
SE of crack initiation, stress induced transformation and
oad–displacement curve, which is the continual surface defor-

ation changes data, obtained by nanoindentation equipment.
s a specimen, the ceramics which showed less hardness change
ue to indentation depth and were less sensitive to environmen-
al changes than metals in an air conditioned room were chosen.
ully stabilized zirconia ceramics which have low toughness and
how no transformation induced by stress were used for analyz-
ng the effects of cracks, and tetragonal zirconia polycrystals
hich have a very high toughness ratio and show stress induced

ransformation behavior were used for analyzing the transforma-
ion effect. To compare these two effects, we used fused quartz
hich shows no transformation and no crack initiation in low

oad indentation tests equipped with Berkovich indenter.

. Experiment

.1. Materials

8 mol%Y2O3 fully stabilized zirconia single crystal (single
Y-FSZ), 12 mol%CeO2 stabilized tetragonal zirconia polycrys-
als (12Ce-TZP) and fused quartz were used in this study. All
pecimens were rectangular in shape with parallel surfaces.
anoindentation was conducted after making all specimen sur-

aces mirror finished. The reason we used single crystals for
Y-FSZ and polycrystals for 12Ce-TZP was that the hardness of
ubic zirconia crystal is largely dependent on the crystal orien-
ation largely but that of zirconia tetragonal crystal is not.8 Here,
n single 8Y-FSZ, nanoindentation was carried out on (1 1 0) sur-
ace but we did not take the orientation effect into consideration
n this study.

Nanoindentation experiments were performed using a

ynamic ultramicrohardness tester instrument (DUH-W201,
himadzu Corporation, Kyoto, Japan), with a displacement res-
lution of 1 nm and a force resolution of 0.2 �N. A diamond
erkovich indenter was used. In all tests, the maximum load was

w
m
m
u

Fig. 1. Schematic diagram of the indenter with a tip rounding.

et as 1900 mN. Loading–unloading velocity of 70.6 mN/s was
elected with a holding period duration of 10 s at the maximum
oad of 1900 mN. Tests were performed 8 times per specimen
nd the average value was calculated. The error bars represent
he standard deviation obtained from the eight measurements of
ach specimen.

Oliver and Pharr15 reported that load frame compliance Cf
ould be a significant fraction of the total displacement and tip
ounding hd could lead the area function for a perfect Berkovich
ndenter to deviate from Berkovich geometry. To clarify the
rue displacement of the indenter, we calculated Cf and hd (the
chematic figure of hd is shown in Fig. 1) according to the
orrection method of Sun et al.16

total = Cf · P + K−1/2 · P1/2 − hd (1)

here P is the load, K is a constant and htotal is the displacement
hich the nanoindentation machine put out (no correction is car-

ied out). Adapting Eq. (1) for the load–displacement curve of
used quartz in the load range of 200–1900mN, we obtained
f and hd values as follows, Cf = 0.223 ± 0.024 nm/mN,
d = 100.2 ± 5.9 nm. The load–displacement curve of the fused
uartz in this load range after being corrected with Cf and hd

howed P ∝ h1.96 implying that Eq. (1) is a good polynomial
s the fitting function. Displacement hth originating from the
hermal effect was corrected assuming that displacement caused
y thermal drift rate was constant throughout the test. The dis-
lacement h from the next paragraph is the corrected value with
espect to Cf and hth. The hd value was not corrected but was
sed in each equation.

The elastic modulus was calculated following Eqs. (2)–(5).
rojected contact area Ac of the ideal geometry indenter is
xpressed as follows:

c = 23.97(hc + hd)2 (2)

here hc is the contact depth immediately before unloading and
d is the tip rounding. hc is given by

c = h − ε
P

S
(3)
here h is displacement just before unloading and ε is the geo-
etric constant and the value ε = 0.75 is generally used. P is the
aximum load and S is the stiffness of the upper portion of the

nloading data (assuming the data of 100–70% load range is
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Table 1
Elastic modulus and Poisson’s ratio in single 8Y-FSZ, 12Ce-TZP and fused
quartz.

Material Elastic modulus
(GPa) (present
experiment)

Elastic modulus
(GPa) (literature)

Poisson’s ratio

S 17 17
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ingle 8Y-FSZ (1 1 0) 215 ± 4.3 257.2 0.25
2Ce-TZP 167 ± 4.4 19518 0.3118

used quartz 75.3 ± 0.4 7215 0.1719

inear). Next, the reduced modulus is calculated following Eqs.
4) and (5).

r = S

2
·
√

π

Ac

(4)

1

Er

= (1 − ν2)

E
+ (1 − ν2

i )

Ei

(5)

here νi and ν are Poisson’s ratio of the diamond and the spec-
men, Ei and E are Young’s modulus of them. The parameters
f νi and Ei were chosen as 0.07 and 1140 GPa. Poisson’s ratio
f the three specimens was referred from literature values and
s listed in Table 1.15,17–19

The hardness parameter used in this study was the universal
ardness (HU) measured from the indenter penetration depth.20

U is given by

U = 37.838 · P

(h + hd)2 (6)

here P is the load (mN) and h is the displacement (�m) of
he loading cycle. Since the universal hardness was calculated
rom the surface area of the diamond that plunges beneath the
riginal surface of the indented plane, it had both elastic and
lastic components.

The surface images of the specimens was observed by SEM
o clarify whether crack initiation occurred or not, and to assess
he impression shape accurately. The presence of the monoclinic
hase resulted from indentation induced transformation was
etected using micro-Raman spectroscopy instrument (NRS-
000, JASCO Corporation, Tokyo, Japan) equipped with an Ar
on laser (532 nm wavelength). We investigated two points of
2Ce-TZP, one was the center of the impression and the other
as a point far from the impression (over 40 �m from impres-

ion). We also investigated Ce-TZP stabilized in the monoclinic
hase to compare with the tetragonal phase.

. Results

.1. Load–displacement curve, SEM and Elastic modulus

Fig. 2(a) shows the load–displacement (P–h) curve for single
Y-FSZ. The curve demonstrates a smooth shape and no pop-ins
ould be detected. Fig. 2(b) shows the SEM image of single 8Y-

SZ impression. Well-defined cracks emerge from three sides
f the corner. Figs. 3(a) and 4(a) are the P–h curves of 12Ce-
ZP and fused quartz. Both curves show smooth shapes and
o pop-in behavior. Figs. 3(b) and 4(b) are the SEM images

w
q
H
l

ig. 2. Load–displacement data for single 8Y-FSZ obtained during nanoinden-
ation with Berkovich indenter showing no sign of pop-in (a). And the SEM
mage of the impression at an applied load of 1900 mN (b).

f 12Ce-TZP and fused quartz. Both images show no trace of
racks. Characteristics in common with these three specimens
re that they all exhibit sink-in at the edge of impressions.

Elastic modulus obtained in present work, elastic modulus
rom literature and Poisson’s ratio on each specimen are listed
n Table 1. Elastic modulus of single 8Y-FSZ shows a smaller
alue (−16%) than that from the literature.17 It is important
o confirm that the cubic zirconia Ref. 17 used was 10 mol%

2O3 and Young modulus was calculated at a low load range
Pmax = 1 mN). Since no nanoindentation data could be detected
or Ce-TZP, we referred to the flexural resonant vibration test
esults in Ref. 18. Clearly, the elastic modulus from nanoinden-
ation was lower than that of Ref. 18 (−14%). The modulus of
used quartz, which exhibited no crack initiation and no trans-
ormation behavior, was very close to that of Ref. 19.

.2. Universal hardness and Raman spectrum

The HU changes due to load increase are exhibited in Fig. 5. It
s evident that all specimens showed their maximum HU around
he load of 10 mN. Comparing the HU of the three specimens,

e found that in the load range of P ≥ 200 mN, the HU in fused
uartz showed almost a constant value. On the other hand, the
U in single 8Y-FSZ and 12Ce-TZP decreased gradually as the

oad increased.
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(7) could be expressed as follows:

P = C′ · hn (8)
ig. 3. Load–displacement data for 12Ce-TZP obtained during nanoindentation
ith Berkovich indenter showing no sign of pop-in (a). And the SEM image of

he impression at an applied load of 1900 mN (b).

Fig. 6 is the Raman spectrums of the pre-indented surfaces
a), the center of the impression (b), and Ce-TZP stabilized in the
onoclinic phase (c). (a) shows only the tetragonal phase and

c) exhibits only the monoclinic phase. However, the Raman
pectrum of (b) shows both the tetragonal phase and mono-
linic phase. This implies an occurrence of indentation induced
ransformation in 12Ce-TZP.

. Analysis

The decrease in universal hardness in single 8Y-FSZ and
2Ce-TZP means that these materials exhibit ISE in univer-
al hardness. However, the factors which caused the ISE in
hese specimens are not clear; we tried to approach this problem
dapting the Meyer’s law into P–h curve of the three speci-
ens, and then discussed the each factor based on the material’s

haracteristics.

.1. Analysis method of ISE from P–h curve
According to Meyer’s law, if the indenter has ideal geometry,
oad–diagonal length curve could be given by

= C · dn (7)
F
a

ion with Berkovich indenter showing no sign of pop-in (a). And the SEM image
f the impression at an applied load of 1900 mN (b).

here P is the load, d is the diagonal length of impression, C
s the material/indenter constant and n is the Meyer index due
o the curvature of the curve. Since d is proportional to contact
epth hc and hc are proportional to indentation depth h21, So Eq.
ig. 5. Universal hardness as a function of the load in single 8Y-FSZ, 12Ce-TZP
nd fused quartz.
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ig. 6. Comparison of Raman spectrum in12Ce-TZP taken from the pre-
ndented plane (a), the center of the Berkovich indentation impression (b) and
he plane stabilized in monoclinic phase (c).

here C′ is constant. The important thing to distinguish in Eq.
8) is that the variable of the right term is not the contact depth
c, but the indentation depth h. Fischer-Cripps22 mentioned that
f the plastic zone was fully developed (beyond elastic–plastic
ransition point), the load–displacement (P–h) curve of the load-
ng section could be related to the square of the displacement
P = C′h2). As for the loading stage of the P–h curve in the
lastic–plastic field, Sakai23 also stated that load is proportional
o the square of the indentation depth. It is also important to
ssume that the P–h range Fischer and Sakai mentioned showed
o pop-in behavior caused by crack initiation and less stress
nduced transformation behavior. If n = 2 in Eq. (7), the materials
howed no ISE. If n < 2, the materials showed ISE and this case
as confirmed by many materials.24,25 The same phenomenon

s in Eq. (7) could apply to Eq. (8) and n = 2 is just a form that
ischer-Cripps22 and Sakai23 mentioned. Taking the above fact

nto consideration, we analyzed the relationship between the P–h
urve and ISE behavior in our experiment by differentiating the
–h curve of the three specimens.

The second-order differential against indentation depth h in
q. (8) was provided for in the following equation:

d2P

dh2 = n(n − 1) · C′ · hn−2 (9)

Supposing that n = 2, d2P/dh2 in Eq. (9) is constant, and in the

ase n < 2, d2P/dh2 vs h exhibit the tendency that as h increases,
2P/dh2 decreases.

The above method, second-order differential of the P–h
urve, was applied to the experimental P–h curve data. Here,

t
a
e
b

Ceramic Society 30 (2010) 2419–2426 2423

o compare each datum easily, displacement h was normalized
y maximum indentation depth hmax in each specimen and the
ata of the primary indentation depth at which tip rounding had
great influence on the deformation process was omitted. In

articular, an indentation depth lower than 5 × hd (�500 nm)
ata was omitted and converting this value in h/hmax put out
/hmax ∼ 0.15 for single 8Y-FSZ, h/hmax ∼ 0.10 for 12Ce-TZP
nd h/hmax ∼ 0.05 for fused quartz.

.2. d2P/dh2 vs h/hmax of three specimens

The index n was calculated from the P–h curve of sin-
le 8Y-FSZ in the load range of 200–1900mN, and the result
hat n = 1.873 means single 8Y-FSZ shows ISE behavior. This
SE result agrees well with the experimental results of another
eport8 in which the hardness decreased as the indentation
ncreased between the load range of 100–2000mN. Second-
rder differential (d2P/dh2) of the P–h curve in single 8Y-FSZ
s shown in Fig. 7(a). Fig. 7(a) exhibits that d2P/dh2 decreases
s indentation depth increases. This is also the same tendency
f n < 2 in Eq. (9).

The same procedure as single 8Y-FSZ was conducted in the
2Ce-TZP P–h curve. Index n = 1.808 calculated from the P–h
urve in the load range of 200–1900 mN agreed with the result
hat zirconia ceramics, which show stress induced transforma-
ion, have ISE behavior.8,14 The second-order differential of the
–h curve in 12Ce-TZP is shown in Fig. 7(b), and this fig-
re exhibits that as the indentation depth increases, d2P/dh2

ecreases. This results would be equal to the tendency of n < 2
n Eq. (9).

Index n = 1.961 calculated from the P–h curve in the load
ange of 200–1900 mN in fused quartz means that this material
hows next to no ISE behavior. Oliver and Pharr15 also reported
hat quartz showed very little indentation size effect. The second-
rder differential of the P–h curve in fused quartz is exhibited
n Fig. 7(c), and the d2P/dh2 maintains almost a constant value
ven given the depth change. This tendency corresponds to the
ase of n = 2 in Eq. (9).

. Discussion

.1. The origin of ISE in single 8Y-FSZ and 12Ce-TZP

From the above analysis results (Fig. 7) and experimental
esults (Fig. 5), the decrease in d2P/dh2 vs h is related to the
niversal Hardness ISE (HU ISE) since the specimens which

howed HU ISE behavior also had the tendency of decreasing in
2P/dh2 vs h. In the following paragraphs, we discuss the origin
f the decrease in d2P/dh2 vs h, and then show the relationship
etween the HU ISE and the decrease in d2P/dh2 vs h in the
chematic figures.

First, we discussed the crack initiation/propagation factor
single 8Y-FSZ). Preceding our study, Morris et al.26 reported

hat crack pop-in was observed during loading for fused quartz
nd soda-lime glass, and stated that between one and four pop-in
vents have been detected during one indentation cycle. It should
e reminded that crack pop-in should lead the d2P/dh2 vs h to
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ig. 7. Second-order differential (d2P/dh2) vs h/hmax of load–displacement
urve in single 8Y-FSZ (a), 12Ce-TZP (b) and fused quartz (c).

e deviated from the constant value since the d2P/dh2 should be
qual to zero within the pop-in region. Field et al.27 reported
hat following pop-in, the rate of penetration of the inden-
er increased. The rate of penetration after the pop-in should
lso have changed the trend of d2P/dh2 vs h. Quinn et al.12

eported that cracking can significantly alter the hardness-load
rends. Considering these reports, we suppose that the decrease
n d2P/dh2 originates from a continuous small displacement
umps (we refer to these as micro multiple pop-ins), which
re difficult to detect from a P–h curve, as used in our study,

nd that this micro multiple pop-ins would be caused by crack
nitiation/propagation in single 8Y-FSZ.

Next, we discussed the stress induced transformation fac-
or (12Ce-TZP). Hannink and Swain28 reported that there was

1

a
(

ig. 8. Schematic no ISE and Universal hardness (HU) ISE figures of
oad–displacement curves (a), d2P/dh2 vs displacement (b) and HU vs displace-

ent (c).

n autocatalytic nucleation process of the transformation pro-
eeding away from the contact site with a strong coupling to
he shear stress trajectories and shear components of the trans-
ormation. Basu29 reported that the presence of microcracks
ead to a reduction in stiffness. We deduce that the reduction
n stiffness caused by the microcracks due to transformation
ed to a decrease in the mean contact pressure as the load
ncreased, and this would result in the occurrence of micro mul-
iple pop-ins which should cause the decreases in d2P/dh2 in

2Ce-TZP.

Based on the theoretical equations, that are Eqs. (6), (8),
nd (9), Fig. 8 shows the schematic figures of the P–h curve
a), d2P/dh2 vs h (b) and HU vs h (c) in the case of no ISE
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r HU ISE. Here, the HU ISE equations expressed in Fig. 8
re adopted after the fracture initiation (that is crack initia-
ion/propagation and transformation in this paper), assuming
hat the transition of the surface behavior from “before frac-
ure initiation” to “after fracture initiation” would be smooth.
s for the n value in HU ISE, we gave the case of n = 1.8

onsidering the results of single 8Y-FSZ (n = 1.873) and 12Ce-
ZP(n = 1.808). It is evident that with or without a fracture, both
–h curves show the smooth shape. However, after the fracture

nitiation (HU ISE), the trends of d2P/dh2 vs h and HU vs h dif-
ered greatly from that of from no fracture initiation (no ISE).
hese schematic figures based on theoretical equations agree
ell with the experimental and analytical results in our study

Figs. 2–5 and 7).
From the above discussion, we consider that the HU ISE is

elated to the decrease in d2P/dh2 vs h, that is the micro multiple
op-ins which would be caused by crack initiation/propagation
n single 8Y-FSZ and stress induced transformation in 12Ce-
ZP.

However, we should state that further work would be needed
o clarify the presence of micro multiple pop-ins which originate
rom crack initiation/propagation and stress induced transfor-
ation since we could not capture the continual deformation

hanges of the surface images.

.2. The probability of ISE from other factors

.2.1. Multiple pop-ins induced by the factors related to
lastic deformation

Here, to clarify the origin of micro multiple pop-ins in our
tudy, we should consider the slip effect which also causes
ultiple pop-ins. Multiple pop-ins caused by slip has been

eported in the study of hexagonal crystals such as sapphire30,
aN31 and ZnO.32 Nowak et al.30 stated that step-ins (mul-

iple pop-in) in the loading cycle of the hysteresis loops are
ue to rhombohedral twinning activated under a penetrating
ndenter. Kucheyev et al.32 stated that materials where multiple
op-in events occur, have a hexagonal lattice structure, while
emiconductors with a cubic structure exhibit the behavior of a
ingle pop-in event upon loading. As for 12Ce-TZP, Hannink and
wain28 reported that in all the TEM observations no evidence
f dislocations were found, even in the extensively deformed
egions about the indentation sites of 12Ce-TZP alloys. Con-
idering the above studies, we deduced that micro multiple
op-ins in our study resulted from crack initiation/propagation
n single 8Y-FSZ and stress induced transformation in 12Ce-
ZP.

.2.2. Effect of sink-in on hardness
McElhaney et al.33 reported that the measured indentation

ardnesses would be too high in the case of pile-ups and too low
n the case of sink-in. In our study, all materials showed sink-in
t the edge of the impression. We must notice that our hardness

alues were calculated from indentation depth and d2P/dh2 in
used quartz showed a constant value, which means that a mate-
ial whose universal hardness does not change shows sink-in.
he relationship between sink-in and the decrease in universal
Ceramic Society 30 (2010) 2419–2426 2425

ardness could not be clarified in our study. Further studies are
eeded to clarify this effect.

Also, we would like to state that the hardness used in this
tudy was universal hardness which differs from the conven-
ional contact (impression) hardness. Therefore some different
oints might exist between these two hardness values since the
actors like elastic recovery and crack closure are not taken into
onsideration in universal hardness. However, to understand the
urface deformation changes correctly, universal hardness esti-
ation is of great importance and gives us valuable information.

. Conclusion

Preparing three types of specimens, single 8Y-FSZ (crack ini-
iation/propagation), 12Ce-TZP (stress induced transformation)
nd fused quartz (none of them), and analyzing nanoindenta-
ion load–displacement curve in detail, we found the following
esults in this study.

. Presence of indentation size effect (ISE) in Universal hard-
ness (HU) in single 8Y-FSZ and 12Ce-TZP.

. Effective analysis method for analyzing the ISE behavior
from the nanoindentation load–displacement (P–h) curve
(that is the second-order differential of load–displacement
curve).

. Presence of micro multiple pop-ins in the P–h curve, which
might originate from crack initiation/propagation in single
8Y-FSZ and stress induced transformation in 12Ce-TZP,
would cause the ISE in HU.

The important point in this paper is that all analyses
ere performed based not on contact hardness, but indenta-

ion depth (displacement). And further work would be needed
o confirm the relationships among micro multiple pop-ins,
rack initiation/propagation and stress induced transformation
ffects.
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