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Technical note

Effect of abrasive grinding on the strength of Y-TZP
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bstract

he residual stress and flaw size in yttria-stabilized zirconia (Y-TZP) before and after abrasive grinding are examined in the present study. As long
s the distribution of flaw size remains the same after grinding, the strength of zirconia increases with increasing residual stress. For the grinding

onditions employed, a compressive residual stress as high as 1 GPa is introduced on the surface. Such stress is large enough to induce lattice
istortion. The strength of Y-TZP is consequently increased by 190 MPa. The compressive residual stress can be partly removed by subsequent
olishing or annealing treatment.

2009 Elsevier Ltd. All rights reserved.
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. Introduction

Yttria-stabilized zirconia (Y-TZP) has received great inter-
st for engineering applications due to its superb mechanical
erformance.1,2 For many structural applications, dimensional
olerance has to be tightly controlled. Abrasive grinding is there-
ore frequently used to meet such requirement. During abrasive
rinding, material together with the flaws in the surface region
re removed, while residual stresses are introduced into the
ewly formed surface region. The magnitude of the residual
tresses can be determined by using several techniques.3–8 Typ-
cally, these techniques reveal only the residual stress at the
urface region.

As zirconia is used as all-ceramic crowns or fixed partial
entures, a polishing treatment is frequently conducted after
rinding to obtain a cosmetic effect. A polishing treatment can
emove the residual stress induced by prior grinding.6 However,
epending on the polishing details, some polishing techniques
ay even induce residual stress in the surface region.8

The residual stress induced by abrasive grinding is compres-
ive on the surface and tensile underneath.6 The reported values

n the magnitude of residual stress differ significantly from one
eport to another one. The difference may be resulted partly from
ifferent measurement techniques, partly from different grind-
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ng conditions. For example, a dressing treatment on diamond
heel prior grinding increased significantly the residual stress

n a silicon nitride.8 The contribution of the residual stress to
he strength of the ground specimens is not clear. For example,
ome studies indicated that the strength and Weibull modulus
f an alumina were increased after abrasive grinding9; how-
ver, some studies demonstrated that the strength and Weibull
odulus of a zirconia were decreased after grinding.10,11

The residual stress can be reduced by applying an annealing
reatment.9 However, the size of flaws may be changed during
nnealing. Since the change of flaw size variation results in dif-
erent Weibull modulus; both the residual stress and Weibull
odulus of zirconia before and after grinding are measured in

he present study.

. Experimental

The starting material used in the present study was 3 mol%
ttria-doped zirconia (TZ-3Y, Tosoh Co., Tokyo, Japan). Disc-
haped green compacts were first prepared by uniaxial pressing
t 13 MPa and then pressureless sintered at 1550 ◦C in air for
h. The heating rate and cooling rate were 5 ◦C/min. The dimen-

ions of the as-sintered specimens were 18.2 mm in diameter and

.5 mm in height.

Abrasive grinding was performed using a surface grinder with
resin bonded 325 grit (44 �m) diamond wheel. The diameter
f the wheel was 175 mm. The truing and dressing treatments on

mailto:tuan@ntu.edu.tw
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Table 1
Residual stress, biaxial strength, Weibull modulus and phase content of the as-sintered, ground, polished and annealed specimens.

As-sintered Ground Polished Annealed

Relative density/% 99.4 ± 0.2 99.6 ± 0.2 99.3 ± 0.3 99.4 ± 0.1
Elastic modulus/GPa 213 ± 1 212 ± 1 212 ± 1 210 ± 2
Residual stress/MPa −32* −1075 −722 −642
Biaxial strength/MPa 914 ± 34 1104 ± 37 981 ± 35 980 ± 66
Weibull modulus 26 28 30 19
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ratio of (0 0 2)t over (2 0 0)t peaks is increased after grinding,
then decreased after polishing, Table 1. The Weibull statistics
for the strength of as-sintered, ground, polished and annealed
specimens are shown in Fig. 3. The corresponding values of the
mount of m-phase/mol% ∼1

(0 0 2)t /I(2 0 0)t 0.6

* Note: “−” denote compressive stress.

iamond wheel had a dramatic effect on the grinding quality.12

hese treatments were carefully carried out before grinding.
water-based oil emulsion grinding fluid was used for cool-

ng. The specimens were ground at a table speed of 0.26 m/s
nd a wheel surface speed of 36.7 m/s. The depth of cut was
0 �m/pass. The depth of cut was kept constant until 180 �m in
hickness of the specimen was removed. Then the depth of cut
as reduced to 5 �m/pass till a further 20 �m in thickness was

emoved. Some ground discs were treated by annealing in air at
100 ◦C for 2 h. The heating rate was 5 ◦C/min and cooling rate
as 1 ◦C/min. An ultrasonic technique was used to determine

he elastic modulus of the specimens. A frequency of 5 MHz was
pplied; the longitudinal velocity and transverse velocity within
he specimens were determined. Some specimens were polished
fter grinding with silica sol as the polishing agent.

Two X-ray facilities were used in the present study. A
ynchrotron X-ray source (BL-17B1 workstation, National Syn-
hrotron Radiation Research Center, Hsinchu, Taiwan) was used
or phase analysis. The X-ray incident angle was 15◦; The corre-
ponding penetration depth was around 5 �m.13,14 The scanning
ate was 0.3◦ 2θ/min. The amount of monoclinic phase was
stimated by using the relationship proposed by Evans et al.15

he residual stress in the surface region was measured by using
he X-ray sin2 ψ technique (D5000, Siemens Co., Germany).
he diffraction angle 2θ varied from 144◦ to 146◦. The X-ray

ncident angle for this facility was 5◦; the corresponding X-ray
enetration depth was around 2 �m.13,14

The flexural strength was determined by using a biaxial bend-
ng technique. A one-ball on three-ball fixture was used. An
quivalent diameter of 9.7 mm was under tensile stress during
ending. The biaxial test was performed with a universal test-
ng machine (MTS810, MTS Co., USA) at ambient conditions.
he loading rate was 0.48 mm/min. Twenty-five discs were used

o calculate each Weibull modulus. For microstructure observa-
ion, the cross-section of the specimens was obtained by cutting,
rinding and polishing. The grain boundaries were revealed by
hermal etching at 1400 ◦C for 0.3 h. The microstructure was
bserved by using scanning electron microscopy (SEM, XL30,
hilip Co., Netherland). The grain size was measured from the
EM micrographs and calculated by using the line intercept

echnique. More than 300 grains was counted.

In order to investigate the effect of annealing treatment on

he size of surface flaws, an artificial surface flaw was intro-
uced at the center of each disc by using Vickers indentation at
load of 300 N. Three sets specimens were prepared: one set
∼3 ∼1 ∼0
1.0 0.6 1.4

pecimens were ground then introduced with the indentation-
nduced flaw (GI); one set specimens were ground, introduced
ith the flaw then annealed at 1100 ◦C for 2 h (GIA); one set

pecimens were ground, annealed then introduced with the flaw
GAI). Ten specimens were prepared for each set.

. Results

The relative density of the as-sintered discs is 99.4 ± 0.2%.
he elastic moduli of the as-sintered, ground, polished and
nnealed specimens are very close to each other, Table 1. A
ypical SEM micrograph for the as-sintered specimens is shown
n Fig. 1. The average grain size of the as-sintered specimen is
.72 �m.

Fig. 2 shows the XRD patterns of the as-sintered, ground,
olished and annealed specimens. Since the intensity of the
ynchrotron X-ray is very high, an amount as low as 1 mol%
an be detected. A very small amount of monoclinic (m) phase
s detected in the as-sintered specimen, Table 1. The amount
f m-phase increases to 3 mol% after diamond abrasive grind-
ng. There is a hump at the left shoulder of the tetragonal (t)
1 1 1) peak, as indicated with an arrow. The hump is no longer
ound after polishing and annealing. The amount of m phase
s decreased after the polishing and annealing. The intensity
Fig. 1. SEM micrograph of the sintered specimen.
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Fig. 4. A typical surface flaw produced by Vickers indentation.

Table 2
Biaxial strength of the discs with the artificial flaws.

Biaxial strength/MPa

Ground + indented (GI) 363 ± 19
Ground + indented + annealed (GIA) 451 ± 33
G

N

I
i

4

v
v

ig. 2. XRD patterns for the as-sintered, ground, polished and annealed speci-
ens.

eibull modulus are shown in Table 1. The Weibull modulus
f the annealed specimen is lower than that of the as-sintered,
round and annealed specimens.

The grain size changes little after annealing, Table 1. The
hange of Weibull modulus reflects the change of flaw size vari-
tion. In order to estimate the effect of the annealing treatment on
he size of flaws, an artificial flaw is introduced into the surface
egion by using Vickers indentation at a load of 300 N. Fig. 4
hows a typical surface flaw induced by the indentation. The
urface flaw exhibits a Palmqvist-type crack which is a typical
ndentation-induced flaw for Y-TZP.16 The indentation-induced
rack penetrates into the surface by a depth around 400 �m. The
verage strength of the GI specimens is then reduced from 1075
o 363 MPa, see Tables 1 and 2. The average strength of GIA
pecimens is higher than that of GI specimens. It indicates that

he artificial flaw is reduced in size after the annealing treat-

ent. As the specimens are first heat treated at 1100 ◦C for 2 h
hen introduced with the surface flaw, the strength of the GAI
pecimens is very close to that of the GI specimens, Table 2.

ig. 3. Weibull statistics for the strength of as-sintered, ground, polished and
nnealed specimens.
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round + annealed + indented (GAI) 351 ± 31

ote: artificial flaw was generated by Vickers indentation at 300 N.

t suggests that the strength increase after annealing is mainly
nduced by the crack healing during annealing.

. Discussion

The values of Weibull modulus obtained in the present study
ary in the range of 19–30, which are higher than the reported
alues (4–10) for rectangular testing bars.11 The abrasive grind-
ng may produce cracks at the edges of specimens. Since the
iaxial testing is used for strength measurement, the edges of the
pecimen disc are outside the tensile stress field. The edge cracks
hus have little influence on the biaxial strength. The comparison
n the strength of as-received and ground specimens can then
e made. There are 25 specimens used for each line in Fig. 3.
he accuracy of Weibull modulus value depends strongly on

he number of specimens used. Ritter et al had applied a Monte
arlo method to estimate the accuracy of Weibull modulus as
function of specimen number.17 The coefficient of variation

standard variation/average value) for the specimen number of
5 is 0.2. It thus indicates that the Weibull modulus of 26, 28,
nd 30 are very close to each other. The flaw size scatter of
s-sintered, ground and polished specimens is more or less the
ame. It also suggests that the Weibull modulus of the annealed
pecimens is indeed lower than that of the as-sintered, ground
nd polished specimens.

The annealing treatment is taken place at elevated temper-
ture. Such heat treatment can induce crack opening18 and

rack healing.19 As demonstrated in Table 2, a heat treatment at
100 ◦C for 2 h can induce crack healing in the zirconia spec-
mens. Assuming that all cracks within the specimens undergo
he same amount of crack healing during annealing. For smaller
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Fig. 5. Strength variation as function of residual stress.

racks, the crack healing process reduces significantly the size
f small crack. For larger cracks, the crack healing may just
educe its size by a very small extent. Though the size of all
racks is decreased, the scatter of flaw size is increased. The
eibull modulus is therefore decreased. However, some resid-

al stress remains after annealing, implying that the annealing
emperature is not high enough to remove all the residual stress.

A hump is observed at the left shoulder of the XRD (1 1 1)t

eak for the ground specimen, Fig. 2. The hump has been related
o the formation of orthorhombic or rhombohedral phase20,21 or
attice distortion.22 The formation of orthorhombic or rhom-
ohedral phase is induced by the external stress. The lattice
istortion is also resulted from the presence of residual stress.
herefore, the presence of the hump at the left shoulder of (1 1 1)t

eak is a direct evidence for the presence of residual stress. The
hange of I(0 0 2)t /I(2 0 0)t ratio has been used as an indication for
omain re-orientation.23 It thus suggests that the residual stress
s large enough to induce lattice distortion.

The residual stress analysis technique indicates that the grind-
ng process introduces a compressive stress of 1 GPa into the
urface region. However, the analysis determines only the stress
n a surface region within a depth around 2 �m. The strength
f the specimens is increased by only 190 MPa after abrasive
rinding. The strength of ceramics is determined by the stress
eld around the tip of critical flaw. As long as the tip of critical
aw is located under the surface, the strength increase is lower

han the surface compressive stress. The Weibull modulus for
he as-sintered, ground and polished specimens are very close
o each other, suggesting that the flaw size distribution is very
imilar. The contribution of residual stress on the strength of
irconia can therefore be estimated by using only the strength
f as-sintered, ground and polished specimens. Fig. 5 shows the
trength as a function of residual stress. It demonstrates that the
trength of zirconia can be enhanced by introducing residual
tress. The diamond abrasive grinding is an effective method to
roduce residual stress at surface region.
The polishing treatment removes a very small amount of
aterial from the surface. The residual stress is reduced from

075 to 722 MPa (Table 1). It also confirms that the residual
tress is present at a shallow surface region.

1

ramic Society 29 (2009) 2665–2669

. Conclusions

In the present study, the effect of abrasive grinding on the
trength of Y-TZP is investigated. Our results demonstrate that
he abrasive grinding is an effective process to introduce a com-
ressive stress into the surface region. However, the grinding
onditions have to be carefully controlled to avoid increasing
aw size. The residual compressive stress can be as high as
000 MPa. The strength of zirconia is consequently increased
y nearly 200 MPa. A polishing process can remove partly the
esidual stress. A post-grinding heat treatment can also release
ome residual stress; nevertheless, it also reduces the Weibull
odulus.
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