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Residual Stress in Multi-indented Surface Layer
of Partially Stabilized Zirconia Ceramics

Katsumi Mizutani', Kazuo Murata® and Yoshio Tanaka?®

Abstract

It is found that compressive residual .stress of ground partially stabilized
zirconia ceramics is remarkably higher than those of other ceramics. To clarify
the causes of its high residual stress, multi-indentation, which is analogous to
burnishing in grinding, on the surface of the material was carried out. Three
kinds of methods to evaluate the residual stress were taken: X-ray stress
measurement, an elastic-plastic indentation analysis, an estimation method based
on fraction of phase transformation. ,

The result shows that (1) the residual stress can be predicted by the indentation
analysis taking into account pressure hardening effect for yield compressive stress,
and (2) the compressive residual stress due to phase transformation from
tetragonal to monoclinic reaches about 65% of the total stress averaged in its
existing depth.

Introduction

Partially stabilized zirconia ceramics (PSZ) are used for the material of machine
elements, food processing parts and artificial bones because of their high hardness,
strength, and chemical stability. The ceramics are usually ground with diamond
wheel after sintering process. The grinding shapes the surface of ceramics smooth
but inevitably induces some changes in quality in the surface layer. Residual stress
is a typical example of such changes in quality because it exerts large influence
on strength and on shape accuracy of the ground ceramics. The surface residual
stresses of ground ceramics have been measured using X-ray diffraction
technique™. One of the remarkable results is that PSZ could have compressive
surface stress several times larger than other ceramics®. Stress induced phase
transformation from tetragonal to monoclinic is well recognized as a cause for
this high compressive stress. Its transformation in the surface layer involves a
volume increase to form compressive residual stress in it. Its quantitative findings,
however, especially about the magnitude and depth of the compressive surface
stress are few though they should be connected with material properties and
grinding conditions. To clarify such nature on surface residual stress further, a
model analogous to burnishing action of abrasive grain in grinding should be
treated not only experimentally but also analytically. Its appropriate one must
be the multi-indentation model. B

This paper deals with the surface residual stress of PSZ multi-indented by
Vickers indenter. Three kinds of residual stresses on the surface are compared: (1)
experimentally measured by X-ray, (2) determined by elastic-plastic indentation

1. Department of Mechanical Engineering, Kinki University, Wakayama 649-6493, Japan
2. Technology Research Institute of Osaka Prefecture, Osaka 594-1157, Japan
3. Department of Mechanical Engineering, Osaka Prefecture University, Osaka 599-8531, Japan



28 Memoirs of The School of B.0.S.T. of Kinki University No3 (1998)

analysis, (3) estimated from the volume expansion due to the phase transformation.
The proportion of the residual stress due to the transformatlon to the total
residual stress is also clarified.

Method for Determining Residual Stress on Multi-indented Surface

| . Multi-indentation Model

It is well known that the residual stress of a free body is due to the plastic
deformation partially induced in the body. Consider the plastic deformation of
work ceramics in material removal process of grinding, for the mechanism of
residual stress formation in the surface layer of ground PSZ. Figure 1 illustrates
a typical behavior -of work material along the path of an abrasive grain on a
wheel. As increase in the grain depth of cut, work material is deformed plastically
without material removal (burnishing), removed with flow type chip (flow type
removal), and removed with fracture type chip (fracture type removal). To
estimate the shares exposed by burnishing, by flow type removal, and by fracture
type removal, specific grinding energy U and ratio of tangential force to normal
force F./F. were measured in grinding of PSZ and SK5 (tool steel, which does
not include fracture type removal)®. Specific grinding energy normalized by
hardness U/Hv was 6 in PSZ and 30 in SK5 under the standard grinding
condition. The F./F. was 0.1 in PSZ and 0.5 in SK5. These results show that
plastic deformation in grinding of PZT comes mainly from burnishing (smaller
F./F. in PSZ), though its share in the grinding process is relatively low being
limited by fracture type removal (smaller U/Hv in PSZ). Then, residual stress
formation in grinding is analogous to that in depressing with indenters. Figure 2
llustrates the analogy between grinding and multi-indentation in respect of
residual stress formation. The burnishing by grain in (a) is replaced by the
indentation in (b). Burnishing interval which depend mainly on the fracture scale
is treated as indenter interval L, and both grain size and grain depth of cut as
depression size. We use this multi-indentation model to analyze residual stress in
the surface layer of PSZ instead of dealing with the complicated process shown

in Fig. 1.
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Figure 1. Schematic illustration showing typical deformation and fracture
of ceramics in a material removal process of grinding.
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Figure 2. An analogy between grinding and mu1t1 indentation in respect of
residual stress formation.

1. Multi-indentation Procedure

PSZ used here is 3 mol% yttria-doped tetragonal zirconia polycrystals with
average grain size of 0.5 #m. Table 1 shows mechanical properties of this material.
The size of the specimen is 8 by 8 by 4 mm. In the experiment, Vickers
indentations were carried out on a surface of the specimen polished with 0.25 ¢ m-
grit diamond powder: the surface consists of tetragonal phase until indentation.
Conditions for the multi-indentation are L=50#m, 80 4 m, 100 4 m, 160 #m and
200 ¢ m, indentation load P=10N.
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Table 1. Mechanical properties of PSZ used.

Young's modulus  2.06X10°MPa

Poisson's ratio - 0.31

Vickers hardness 14X10° MPa
Bending strength 1.2X10* MPa
Fracture toughness 9 MN/m??

. Method for Evaluating the Residual Stress
(1) X-ray Stress Measurement

This measurement follows sin? ¢ method. Table 2 shows condition of X-ray
diffraction using parallel beam. The Bragg angle 6 was measured under ¢ =0 °,
15°, 30° and 45° (tilt angle for the specimen), then the residual stress was

determined by the following equation™.

Table 2. Conditions of X-ray stress measurement. ’

Characteristic X-ray CrKa
Diffraction plane (133)
Diffraction angle 152.69°

 Filter \"% '
Irradiated area - 4X8 mm?
Tube voltage 30 kV
Tube current 10 mA
Divergent angle 1.0°
Time constant 5 sec

o= _Ezﬁ-—v) cot GOT%M - (1)

where, M is the gradient in 2 6-sin’¢ diagram, E the Young’s modulus, v the
Poisson’s ratio and 6, the Bragg angle for the stress-free state.

Effective penetration depth of Cr-Ka X-ray is 26um(¢ =0, 1.3um (¢ =45°)
for PSZ. D
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(2) Elastic-plastic Indentation Analysis

Chiang et al” presented an approach for the stress field of a hemi-spherical
method to the residual stress in multi-indented surface layer. Our method contains
three steps. The first is replacing the Vickers indentation with the hemi-spherical
one as shown in fig. 2 (b). This replacement implies the agreement that (1) the
plastic zones of both indentations expand as hemispheres with same radius when
the depression volumes are the same (a=0.225d), and (2) the stresses in both
cases are equal except the zone close to the depression. The second is calculating
the residual stress after unloading process (elastic deformation) which follows
loading process (elastic-plastic deformation) of hemi-spherical indentation. Figure
3 shows the procedure. A stress at a point below [ JOABC is determined by
superposing the stresses from each indentations. These stresses in a thin layer
at depth ¢ are averaged as the residual stress ¢, which has profile shown in
fig. 3. The third is taking the weighted average of o, by considering X-ray
absorption effect in terms of depth, to evaluate the residual stress that is
comparable to one measured by X-ray method. This stress 0., named as
equivalent surface residual stress from indentation analysis, is given by

Indentation 7
g

Elastic/plastic boundary
Profile of residual stress

Figure 3. An illustration for stress analysis in multi-indentation.
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B =1/ sin 8,+1/ sin(26,—6,)
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where, { is the dimensionless depth normalized by a, T the penetration depth of
X-ray, p¢ the linear absorption coefficient, 6: the X-ray incident angle. All the
things needed to determine 0 . are radius of hemi-spherical indentation a(=0.225d),
indentation interval L, Poisson’s ratio v, relative plastic zone size 8(=ba).

In many ceramics, B is approximately given by®

B = 0.83(E/Hv)*® 3

where, Hv is the Vickers hardness, E the Young’s modulus. -

For the material exhibiting transformation plasticity like PSZ, Chen® demon-
strated  that the compressive yield stress Y is pressure dependent by suffering
shear and dilatation effects. That is

Y=Y,+aP ‘ : : (4)

where, Yo is Y at zero pressure, @ the coefficient of pressure hardening, P the
hydraulic pressure. In this case, B can be calculated by using a, Hv, E, and v.
(3) Estimation Based on Volume Expansion due to Phase Transformation

When the layer parallel to the surface in a large body of PZT suffers a volume
increase due to transformation of tetragonal to monoclinic, the biaxial compressive
stress in this layer can be calculated by™

0,(x) = EyC,(x)/(1—v) (5)

where, x is the depth from surface, 0n(x) the residual stress due to the trans-
formation at depth x, 7 the linear expansion coefficient for the volume increase,
Cu(x) the volume fraction of monoclinic phase newly developed at depth x. If the
lattice constants of tetragonal and monoclinic phase are known, 7 can be easily
calculated under the isotropic volume increase. The X-ray diffraction profile for
PSZ used here indicated that the interplanar spacings of tetragonal and monoclinic
phase were equivalent to those from No.14-534 and No. 7-343 in JCPDS, respectively.
Then, a=5.09A and ¢=5.18A in tetragonal phase, a=5.143A, b=5.2044, c=5.3114
and B=80.75° in monoclinic phase®. After calculating, 7 =0.015.

For determining Cm(x), a thin film X-ray diffraction at an angle of incident
X-ray (a=1°) was utilized on the surface stepwise removed by polishing. Since
the diffraction of a = 1° treats just in the thin surface layer, this repeated
measurement on the surface stepwise removed can give a distribution comparable
to Cn(x). The distribution Cu(x) is estimated using measured data of diffracted
intensities from monoclinic (111), (111) and tetragonal (111) as follows®.

L,(111) +1,(111)
L(111) +1,(111) +1,(111)

The estimated stress o.(x) is also averaged by the same manner in Eq.(2)
as equivalent surface residual stress due to phase transformation @ m.

C,(x) = (6)
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Results and discussion

The compressive surface residual stresses obtained by both X-ray measurement
and indentation analysis are compared in Fig.4. The measured stress ¢ Hv
locates between the two of 0, H calculated. One of the calculated is of relative
plastic zone size 8=2.43 (a=0) given by Eq.(3). This indicates 0, H=0.85
0 /Hv, though 0./ H =0 Hv for the material without transformation plasticity,
SisN4, Al,Os, and SiC®. The other is of B =4.64 (@ = 2, which is quoted from
data by Chen®) as the case of pressure hardening compressive yield stress. This
indicates 0. H =140 /Hv. For PSZ used here, @ =0 is underestimated and
a = 2 overestimated. We do not have our data on a. If allowed to select a
arbitrary, a =0.5, consequently B8 =3.28 could indicate good agreement between
o /Hv and 0., H.

0.251

4(7«.‘2)

28(A=0.5) /

\

o/Hv=cp./H

NO)

oc/Hv

0.1

0 0.1 0.2 0.25

(0] Pe/ H

Figure 4. Relation between measured compressive residual stress
0 /Hv and analyzed compressive residual stress ., /H.

This agreement will lead to the prediction of the residual stress by the indentation
analysis, which is easy to discuss its conditions affecting the residual stress.
Figure 5 shows relationship among compressive residual stress ¢ /Hv, 0./H
and indentation interval L,"a. Compressive residual stress steeply increases as
indentation interval decreases. This relation explains one reason on higher
compressive residual stress of ground PSZ than other ceramics, because small
size fracture of PSZ in grinding corresponds to smaller L, a.
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Figure 5. Relation among normalized compressive residual stress
0 /Hv (measured), 0./H (analyzed), and indentation
interval normalized by equivalent spherical radius L, a.

The compressive residual stress ¢ consists of complex effect from both plastic
deformation of tetragonal phase and deformation by phase transformation. For
realizing the nature of the deformation, it is effective to compare ¢ with 0O m
induced by the phase transformation, as shown in Fig. 6. The stress 0. accounts
for large part of 0:0w./ 0= 0.66 averaged in x=<12um. It is also notable that
O disappears in x>15um, though ¢ still holds some values and the half-value
breath for tetragonal phase decreases even in x>15 g m. Then, it seems that
critical condition for plastic deformation of tetragonal phase is lower than for
the phase transformation, and the plastic deformation is expanded by the stress
field due to the transformation. This expanded plastic deformation must causes
increase in B from 2.43 to 3.28 in this indentation analysis.
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Conclusion

Compressive residual stress on the surface of PSZ multi-indented was evaluated
by three kinds of methods. Followings are clarified.

(1) The compressive residual stress ¢ can be approximately estimated by a
elastic-plastic indentation analysis that takes pressure hardening effect for
compressive yield stress into account.

(2) The residual stress due to the phase transformation 0. reaches about
66% of o in its existing depth

(3) Plastic deformation of tetragonal phase exists in the depth deeper than
existing depth of 0 .
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