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ABSTRACT: The residual stresses induced by grinding in tetragonal
zirconia polycrystals stabilised with 2.5% molar yttria (Y-TZP) have been
investigated. Two ¥TZP microstructures have been analysed; one consists
of very fine tetragonal grains, whereas the other exhibits a coarser duplex
structure of cubic and tetragonal grains. It is shown that indentation cracks
after grinding are always shorter than in the annealed condition and this
effect is much larger for the coarse duplex microstructure. It is also found
that biaxial flexure strength of ground specimens increases with respect to
that in the annealed condition, in spite of the large number of surface
defects induced by machining. These findings are analysed by Raman
spectroscopy as well as by X-ray diffraction and related to changes in the
near surface microstructure induced by grinding. The results are discussed
within a fracture mechanics framework.

INTRODUCTION

Ceramic materids have excelent propertties such as high hardness and
ressance to oxidation, corroson and creep a eevated temperatures.
However, the characterigic low toughness of monalithic ceramic materids
has hampered thar wide goread utilisstion. One of the most effective
methods to increase fracture toughness is by transformation toughening [1].
This is paticulaly true in Y-TZP ceramics, whose microgtructure is formed
by a large volume fraction of very smdl metagtable tetragond grains as well
as by a rdaively low proportion of cubic and monoclinic grains [2]. In
these materids, the exact fraction of each phase depends on the amount of
oxide dtabiliser, gran sze, sntering temperature and time, cooling rate, etc.
The source of toughening lies on the dress induced transformation of



tetragond () into the monodinic (m) zrconia polymorph that is
accompanied by a volume increase of about 4%. Severa factors, such as
changes in free energy, patide sze and dran energy, affect the
transformation of the constrained tetragond particles [2].

It is wdl known that by appropriate surface grinding of ceramics, micro-
plagic deformation can occur locdly in a thin surface layer, inducing
resduad compresson dresses [3] tha may increese the drength. In
transformable zirconia ceramics, grinding sStresses may adso nuceate the
t® m trandormation in a surface layer, which could contribute to the
increase in drength too [4]. In this paper, the effects of grinding on the
strength and toughness of Y-TZP with different trandformability are sudied.

EXPERIMENTAL PROCEDURE

Two zZrconia ceramics dabilised with 25% mola of Y03 were
investigated: (@) a fine-grained Y-TZP, which will be referred to as AR, and
(b) a Y-TZP with a mixed cubic and tetragond microstructure, designated
as 10H. The former has a very fine tetragond microstructure, with an
average grain sze of 0.3 nm; whereas the laiter conssts of large tetragona
and cubic grains of mean gran szes of 23 mm and 4.6 MM, respectively.
Additiond information on these materials can be found e sewhere [5].

Grinding tests were caried out in disc specimens in a laboratory
automatic grinding machine with a 150 grit diamond disc and cooled with
water. The applied pressures were 0.09, 0.5 and 0.9 MPa and the velocity of
cut was mantaned condant in al tests and equa to 35 m/sec. Other
gpecimens were ground and carefully polished with diamond paste of gran
szes from 30 to 3 nm, and findly subjected to a thermd treatment at
1200 °C during 12 minutes in order to revert any t® m trandormation
caused during preparation. The volume fraction of monoclinic phase was
estimated by both Raman spectroscopy and X-ray diffraction (XRD).

Vickers indentations were conducted a various loads and with the
maximum load applied during a period of 15 s. A drop of oil was used in
order to avoid dow crack growth by the influence of humidity in ar. Crack
length was measured by means of an opticd microscope with Nomarski
interference contrast and resolution of 1 nm.

The fracture drength was messured in biaxid flexion usng a
miniaurised bdl-on ring tesing fixture usng thin discs of diameter 8 mm
and thickness 0.90+0.05 mm. The load was applied by means of a cemented
cabide bal of 1.6 mm in diameter a a rate of 100 N/s and the biaxid



srength was obtained by using the expression proposed in [6]. The radius of
the circe of uniform loading was taken equd to one third of the disc
thickness.

RESULTSAND DISCUSSION

The indentation crack length, |, is presented in Figures 1 and 2 in terms of
the indentation load, P, for both AR and 10H, for specimens polished and
heat treated to remove any surface resdud dress (P), as wdl as for
specimens ground G) under a constant pressure of 0.9 MPa Notice that for
AR, in both materid conditions, there is a linear relaionship between | and
P. By contradt, this does not hold for 10 H. Additiondly, for a given load, |
is dways smdler in the ground specimens, and this effect is larger for 10H.
This is an indication of the exigence of resdud compressve dresses in a
surface layer.

Indentation cracks were of Pamgqvis-type. Fracture toughness was
obtained by using an expression proposed by Niiharaet a [7]
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for I/d>1, and where E is the dadic modulus, d, the indentation haf-
diagond, H, the Vickers hardness and C a congant. For AR the ratio |/d is
larger than 1 for loads equd or higher than 100 N (Figure 1). However, for
10H the above condition does not hold for loads lower than 600 N. Then,
equation (1) was only used for loads higher than this vadue. However, for
ground specimens of 10H, indentation cracks were too smdl, and did not
obey the above ndition. The values of K¢ are 4.3 MPam”? for AR and 8.8
MPamt? for 10H as has been reported elsewhere [8].

The drength of the surface resdud dress fidd diminishes rapidly below
the suface By a sequence of deps of polishing and indenting the
specimens, it was possble to find out the depth a which the lengths of
indentation cracks recover their origind vaue before grinding. It is in the
range between 3 and 8 nm and depends on grinding conditions.

By sectiond grinding it was found that for 10H the shape of the crack is
goproximatdy semi-dliptica with a ratio a/l that changes from about 0.6 in
the annedled condition to about 0.9 in the ground specimens. Hence, in the
latter the indentation crack can extend much eedly in the depth direction
than dong the surface, which is where the compressive resdud stresses are
larger.

The biaxid strength of both AR and 10H was measured before and after
grinding and the results are plotted in the form of Weibull plots in Figures 3
and 4. It may be seen that grinding increases the biaxid srength, and this
effect islarger for10H.
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Attempting to evauae the damage induced by grinding, 10H ground
specimens were heat treated at 1200 °C for 12 minutes (G+A) in order to
revert any t® m trandformation that could have taken place during grinding,
and that may shidd the surface defects from applied stresses (Figure 5). It
may be noticed that the specimen ground with the highest pressure and later
annedled, do not have the lowest strength. It means hat in 10H the strength
dominant defects do not adways increase with the applied grinding pressure.
The modulus of Webull and characterigtic strength for dl sets of specimens
aeshowninFigure 6 and Table 1.

The surface of the specimens was andysed by Raman spectrometry and
by XRD. By comparing the Raman spectrum of 10H in specimens polished
and dress rdieved (Figure 7) with that after grinding (Figure 8), it is
discerned that the latter does not show the existence of a sgnificant amount
of monoclinic phase. This unexpected result was confirmed by XRD.

TABLE 1: Characteristic Weibull strength for 10H
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In order to smplify the discusson, let us assume that falure is dways
originated by naturd cracks and that are distributed in such a way that they
produce an inert strength Weibull digtribution with a grength, s, for a given
surface condition, and Weibull parameters m; and sg;. We dso neglect R-
curve effects, and assume that no crack extenson takes place before failure.

The difference, Ds, between the inert characteristic fracture strengths of
ground and stress relieved 10H specimens, may be used as a measure of the
effect of grinding resdua stresses. Thus,

s, K 2
where sg is the strength in the ground specimens in the absence of residud
stresses;, and K is the dress intengty induced by the resdud stress field.
The resulting value of the above ratio depends on the grinding pressure. Its
highest vaue is 26% for 0.9 MPa. To further proceed to obtain the resdud
dress, it is necessry to know the functional dependence of the resdud
stresses with depth.

It is wdl known that the dress fidd measured by XRD in different
ceramic materids after grinding diminishes very rapidly with depth [3]. One
of the smplest expressons used [9] to account for this strong decay with
depth, X, issmply given by:

s =s ,exp(-1 X) )
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where so is the maximum drength vaue of the resdud dress fidd a the
surface and | is a measure of the decay of the resdud dress with the
disance to the surface. Assuming that surface cracks are of semi-dliptica
shape, then the dress intendity factors at the deepest point, A, and for a point
a the surface, B, are given by [10],

KA,B =S OYA,B V I /2 (4)

where Yag are functions of | and 1/2. Snce the resdud dress fidd exhibits
a vay dgrong gradient, i.e it vanishes within a few micrometers, then
| (1/2)>>1. The resdud dress intengty factor has a high negative vadue a
point B on the surface, while a point A it is much less negaive so that
fracture toughness shall be reached a A before that a B. Then the crack
may dart to propagate locdly insde the specimen. This explains the marked
eccentricity of indentation cracks in ground specimens mentioned above.

Now we shdl additiondy assume that naturd defects are semicircular
and that failure takes place when the totd dress intendty factor at point A

reaches Kic. Then by usng K. =s ,Yy(/2), where st is the flexurd

drength of the aneded specimens, the maximum resdud dress fidd, so,
may be estimated,

Y
Sy =S Y_ (5)

YIYa is the ratio between the geometric function for K for a surface
semicircular crack in bending and that for K for the resdua dress profile. Y
is given by 1.16 whereas Ya is estimated to be 0.99, consdering | » 0.25
(mm)! . As a result, the maximum stress fidld originated is about 40 % of the
srength.

This result is conggent with the observation that no sgnificant amount
of monoclinic phase is found a the surface of the ground specimens by
Raman spectroscopy and by XRD. Then, the source of resdud stresses is
not directly related to irreversble t® m tranformetion, and it is condgtent
with the maximum resdua dress levd reached a the surface, which is
lower than the transformation critical stress.



CONCLUSIONS

Grinding decreases the length of indentation cracks and increase the biaxid
drength of Y-TZP with a coase duplex microdructure of cubic and
tetragond grains. Both effects are much smdler in Y-TZP with a fine
complete tetragonal microstructure.  The reddud dresses that  ae
responsble for these changes are not related to the t® m transformetion,
gnce the monoclinic phase is nearly disent a the surface of ground
gpecimens of the duplex coarse Y-TZP microstructure.
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