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Effect of zirconia particle size distribution
on the toughness of zirconia-containing ceramics
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The zirconia particles in zirconia-containing ceramics have a size distribution similar to
Gaussian distribution. The spontaneously martensitic start temperature (M) of different
particles are not the same. The larger the particle, the higher its Ms. On cooling from high
temperature to a value lower than the macro M; of the materials, the stress-induced and
spontaneous transformation will happen, so that the toughness of the materials increases
at first, then gradually drops to a value slightly higher than that of the matrix. The size
distribution plays an important role in affecting the toughness of the materials. When the
average particle size increases, the maximum toughening (AK:)max and the temperature
(Tmax) at which (AK:)max happens will all increase. The toughness at given temperature will
increase at first and then drop also to a value slightly higher than that of matrix with
increasing of average particle size. The stronger concentration of the size distribution, the
higher (AK:)max Will be. The weaker concentration for size distribution (either the range of
zirconia particle sizes becomes wider or the scale parameter of the distribution increases),
the lower (AK:)max, but the range of temperature in which the toughness is larger than
certain value will become wider. Some suggestions of designing ceramics with high
toughness at different temperatures are given. © 1999 Kluwer Academic Publishers

1. Introduction conia in the zone is uniform. There is no transformed
Transformation toughening of zirconia-containing ce-zirconia out of the zone. But it was found that the vol-
ramics has been extensively researched in the last 20me fraction of the stress induced transformed zirconia
years [1-4]. In these ceramics, the high temperaturé the materials diminishes with increasing of the dis-
phase-tetragonaf)(phase of zirconia is retained. It can tance vertical to the crack surface [5—7]; For ceramics
be transformed to its low temperature phase-monoclinisvith certain composition, the martensitic transforma-
(m) phase under applied stresses. The mtransfor-  tion start temperatureéMs) of the zirconia particles with
mation of free zirconia particles was accompanied bydifferent sizes are different from one another andihe
a volume dilatation of about 5% and a shear deformaincreases as the particle size increases [8]; The width
tion of about 14%. But when thezirconia particles are  of the transformation zone increases with increasing of
constrained by matrix (e.g., #D3), lots of twins will  the average particle size [8—10]; The yielding or critical
appear during the process of the transformation. Thestansformation stress of ceramics decreases as the aver-
twins will diminish the shear deformation at quite large age particle size increases [11]. When the temperature
extent. So, it can be supposed that only volume dilatadecreases to a value lower than the macroschhiof
tion accompanies the— m transformation when the the material, the toughness of the materials is still quite
particles are constrained by matrix [3]. When these parhigh because of the stress-induced transformation. All
ticles are near the crack tip, the volume dilatation will these indicate that the sizes of the tetragonal zirconia
change the stress distribution and weaken the stregzrticles are not the same, and have a size distribution.
concentration near the crack tip and then toughen th&he condition for the transformation of particles with
materials. different sizes are different. Changes of the particle size
The previous researches [1-4] supposed that all thdistribution will influence the properties of the materi-
transformable particles in the materials have the samals, for exampleMs, toughness, etc.
size. When the crack extends stably, a transformation The objective of this paper is to study the effect of
zone with certain width will appear on both sides of thethe size distribution of the tetragonal zirconia inside the
main crack. The volume fraction of the transformed zir-materials on the properties (mainly the toughness and
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the relationship between toughness and temperature) = 20 —
the materials. In Section 2, we will give out a simple g —x—  data from Chen{13]
relationship between the size of a constrained particlcg : data from Eq.5
and itsMs. In Section 3, we suppose a size distribution
of thet-ZrO; inside the materials. In Section 4, consid-
ering the size distribution and change of temperatures
we will deduce the equations of transformation tough-

Particle rad

. - . . . 0 0 T T T
ening. Finally, with a detailed computational sample, | | |
we discuss the effect of size distribution on the macro- 0 200 400 600
scopic properties of the materials. Martensitic start temperature(K)

Figure 1 A comparison of Equation 5 to the prediction of Chen.

2. Relationship between the size of the

constrained t-ZrO, and its M, ,
In 1982, Heueeet al. [12] found by experiments that Let A= To — (Z‘lzfg)”iﬁ, B=12d,C= %,
under certain temperature, a critical sizg exists, then Equation 3 reduces to:
above which, all theé-ZrO, particles will transform to
m-ZrO.. Itis indicated that for the-ZrO, particles with C
different sizes, their martensitic start temperatures are Ms(r) = A— r+B (4)
different. Up to date, the cause of such a phenomenon is
not clear. Cheet al. [13] thought that the defect density Equation 4 shows the relationship between the marten-
in larger particle is larger than that in smaller particle, sitic start temperature of the constraitiedrO, particle
its nucleation barrier is lower than that of the smallerand its radius .
one. So theM; of larger particle is higher than that of  In the above analysis, it is supposed that the twin
smaller particles. Evans [14] held that the source of thisvidth d is insensitive to the particle size. But in fact,
size effect is the twin phenomenon associated with thel will slightly increases as increases. If the particle
transformation. The twins will change the strain energysizes are in a narrow range of size, it can be deemed
of the transformation. For different sizes of particles,thatd is a constant for all the transformed particles.

the degrees of the changes are different. Therefore, the For Al,03/ZrO,, Eq, = 406 GPaFE, = 204 GPa, then

twins will affect theMs of different particles. B~2. From Garvie [15], we geflp=1448 K and
According to Evans’ theory [14], we obtain: AS~200 kJnT3K~1. For the martensitic transfor-
mation of a free Zr@ particles,er =0.04, y7 =0.14.
2r 6AT; + 0.13E,(1 + B)y2d Choosingd =0.08 um, thenA=1143 K, B =0.096,
d T+ d[AFo — 0.28Ep8€2 /(1 + B)] o C =311 and thus Equation 4 becomes:
1
@ Mg = 1143— _ s (5)

in which, the Possion’s ratio of the matrix and the par- r+0096

ticles are assumed to be the same, afe= v, = 0.2. Fig. 1 is a comparison between Equation 5 and the
r is the radius of the constrained partiales the twin prediction given by Cheet al. [13] based on the ex-
space AT’ is the surface energy change between theyeriments of Heueet al. It is shown that Equation 5
matrix and the particld’; is the surface energy density ghows a good agreement with Chenal. [13] in the

between twinsg = Em/Ep, Em andEy are the Young's  jnerested temperature range (e.g., 0-300 K). In the fol-

moduli of the matrix and the particles, respectively.  |oying parts, Equation 5 will be used to conduct some
andyr are the volume expansion and the shear defor{:omputations.

mation associated with the transformatian is the
chemical free energy change and [15]

3. Particle size distribution

From the experimental observation of Rubtal. [16],

. . . . ... the volume fraction/size distribution of particles in ce-

![?] V\;h'Ch fAS |st_the eg{trgp%/h ck;ange a?somattedh_w;;[h ramics appears a Gaussian distribution shape. So, to
€ transtormation ando 1S the temperature al WhICh 3, s44te the effect of the particle size distribution on

ngh: swg?tgg:gzstg?ﬁe::eers;mrz I)rfetemegg:}gsbt’lr';'nea}e properties of the materials, Gaussian distribution for
: i peratu ! e volume fraction of particles is assumed [17], i.e.,

AFp = AY(To — My) (2

particle.

Generally [14] AT /Epy2d ~2 x 1073, I'i/dAFy ~ v (r —ro)?
2 x 1072, therefore, we can neglect thel’; and T in Vi (r) = 0 expl - - 0 } (6)
Equation 1. Substituting Equation 2 into Equation 1 VCrro CTo

and neglecting\TI'; andTy, gives: . . . .
g BRI v9 wherer is the particle radiusy; (r) dr is the volume

fraction of particles with radius tor +dr, ¢’ is the
.28E 13Ep(1 2 : : ;
028Epe7  0.13E(1+ Ay scale parameter, changing dfwill change the con-
1+8 24+2r/d centration of the distributiomg is the particle radius at
(3)  whichthe maximum o¥ (r) willoccur. Ifitis supposed

AfTo— My(r)] =
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that the largest radius of all the transformablérO,
particlesig; andthe smallestig, andri—ro = ro—rs,
then the volume fraction of all the transformabl&rO,
particles is:

" Vo p[ (r - r0)2]
VOZ[ exp ——— | dr 7
f r. VCmro Cro (7)
Such that:
(r— r0)2]
=V, ex 8
c’nr f// p[ crg (8)

4. Transformation toughening

Substituting Equation 14 into Equation 12, we obtain

AKc Vi
_D 15
KD T — M (15)
in which
En + Ep)(1
D' — 011/ -2 & (Em + Ep)(L + vm) (16)

97 (1—vm)AS

From Equation 15, we could see that whEn— Mg,
AKc will go to infinity. But in fact, it is impossible. In
literature [8, 10], it is found that as the average particle
size of TZP ceramics increases, the width of the trans-
formation zone willincrease to a definite value. Accord-

For the materials with an ideal transformation zone ining to Chen et al. [13], smaller particle has larger nucle-
which the volume fraction of the transformed zirconia ation barrier. All these indicate that a minimum stress
is uniform, the transformation toughening is given by o, maybe exist for stress-induced transformation.

[18]

0.11E
AKc = mEr(km + p) Viv/ Ho 9
km(1— vm)

in whichky, andp are the volume moduli of the matrix

and the particles, respectivelyy,, vy, are the Young's
modulus and Possion ratio of the matni.is the vol-

Only when the applied stress excesgl,, the stress-
induced transformation is possible. From Equation 14,
for a zirconia particle with radius, if aCT < Omin, then
Ms< T < Ms+ominer/AS, and thus in order to trans-
form the particle, the applied stress musihg,.

For transformable materials in which th&rO, par-
ticles have a size distribution betweenandrs, the
spontaneous transformation start temperatgeand

ume fraction of the transformed zirconia in the transfor-finish temperatureM; [19] exists. From Equation 4,
mation zone andHy is the width of the transformation have:
zone. Again, for only a simple analysis, we assume that

the Possion’s ratio of the matrix and the particles are C C

the same i.eyp, = vy, then Equation 9 becomes:

0.11er(E E
er(Em + p)Vf\/WQ

AKc =
c 1—vny

(10)

Mg= A— (17)

f=A—

I’1+B rs+B

Therefore, the temperature rangdaf M; could be di-
vided into four subranges: > Mg+ ominer/A S, Mg <
T <Ms + ominer/AS, Mt + ominer/AS<T < Ms,

For the ideally transformed materials, Becher [19] gaveMs < T < Mi+ominer/AS. In the following, the equa-

out the width of the transformation zone:

o = 20t Vm)? ( Km) an

(04 Al

whereo/ is the critical transformation stress of the con-
strained particle with certain siz& ! is the toughness
of the matrix. Substituting Equation 11 into Equation

10, obtains the normalized toughening:

E E,)(1
Ae _gap ) 2 erEnt BN Fom)y by,
KZ O (1—vm)od
12)
in which
2 er(Em+ Ep)(1 + vm)
D=011/ — 13
O (1—vm)al (13)
According to Becher [8],
= AY(T — My)/er (14)

Where T is the temperaturelMs is the spontaneous

tions of the transformation toughening will be deduced
for each subrange.

Casel: T > Ms+ ominer/AS. In this case, the crit-
ical transformation stress determined by Equation 14
exceedsin for each particle, and the formula of trans-
formation toughening is expressed by Equation 15. The
contribution of the particles whose sizes reside in the
range of ~r + dr to the normalized toughening of the
whole materials is:

AKe o Vi (r)

WhenT > Mg+ ominer/AS, it is assumed that all the
t-ZrO, particles can be transformediteZrO, by the
applied stress. Then the normalized toughness incre-
ment of the whole material is:

AKe v Vo i 1
KE = Crror, T—A+C/(r +B)

(19)

IPRY.
x exp[_u} d
Cro

transformation start temperature of the constrained Case2: Mg< T < Mg+ omin€r/AS. In this case, a

particle.

critical radiug ¢; exists. All thet-ZrO, particles whose
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radii are larger thang; will be transformed under the
minimum stresS®min.
Let

UJ = AST — Ms(rcl)]/eT = Omin (20)

then

C

- _B
A-T +O'miner/AS

(21)

el

The contribution of the particles with radii betwegn
andr; to the normalized toughening is:

AKic
K

=D /rl Vi (r)dr (22)

e,

WherechT should be substituted ki in Equation 13.
The contribution of the particles with radii between

andrg; is:
AKZC — D/ frCl
I's

K¢

Vi (r)

T &

(23)

omin- The contribution of these particles to the tough-
nening of the materials is:

AKc

K (29)

fco
= D/ V(r)dr
Is

Whereog should be substituted law,;, in Equation 13.

5. Examining of examples and discussions

We choose AlO3-20%vol.ZrG as the examining ob-
ject. For AbOs/ZrOs, Er = 406 GPaE, = 204 GPa.

er = 0.04, yr = 0.14, andAS ~ 200 kJ nT3 K1,

VP = 0.2. Chen [20] and Hannink [21] have studied the
relationship between the critical transformation stress
of Ce-TZP and the temperature. From their data, we
obtainomi, =20 MPa, therrminer/AS=4 K.

From Section 3, it could be seen thatrif, rg, ¢’
change,V? = frrs' Vs (r) dr will change, and so does
the transformation toughening. The following is some
results and discussions with changing gfrs, andc’.

Therefore, the stress-induced transformation toughen-

ing of the whole materials is:

AKc
AKD

AKqc
AKD

AKaoc

24
AKT (24)

Case 3: Mi+ominer/AS<T < M. In this case,

5.1. Transformation toughening
and temperature
The curves in Fig. 2 is got by choosing= 0.28um,
rs = 0.18um, ¢ = 0.01rg. From curve 1 in Fig. 2,
it could be seen that as the temperature decreases, the
toughness of the materials increase at first, then de-

spontaneously transformation occurs, and a critical ragreases with decreasing of temperature after reaching

diusr; exists. Particles with a radius larger thag
would spontaneously transform to their monoclinic
phase. LeMs=T andMs=T — onminer/AS, then:

C
A—-Ts

fe2 = (25)
C

= 25
A—T+Um|ne‘r/AS ( )

le3

From Equation 12, the particles with radii betweegsn
andr 3 will be transformed under the minimum stress
omin- Their contribution to the toughening is:

AKic
K

=D / V() o (26)

fcs

whereo. should be substituted ki, in Equation 13.
From Equation 14, the contribution of the particles with

radii betweerrs andrcs is:
AK fes Vi (r
2c _ D’/ i (r) ar @27)
AKE . T — M(r)
Then, the normalized toughening of the whole materials
is:
AK AK AK
ch B K”ic K”fc (28)
c c c

Cased: Mf < T < Ms 4+ ominer/AS. In this case, all

a certain temperature. The temperatUig,f) at which

the toughness reach its maximum value is only a lit-
tle aboveM(rg). The cause of such a phenomenon
is the size distribution of the zirconia particles in the
material. For such materials, rif is not small enough
and Mq(rs) > 0 K, then when the temperature drops
from a high value, the materials will exhibit a macro
martensitic start temperatuMs and a macro marten-
sitic finish temperaturévl;. When T drops butT is
still aboveMs, from Equation 14, the critical transfor-
mation stress of all the zirconia particles will decrease
and the width of the transformation zone will increase,
and then the toughness of the materials will increase
with decreasing of temperature. Wh&ndrops below

curvel for ry=0.221m
curve2 for re=0.18pum

c

Normalized toughening AK . / K

0.0 T T T T T ]
€00

200
Temperature(K)

400

the remaining particles with radii residing in the range

of rg ~ rex Will be transformed by the minimum stress
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Figure 2 Relations of normalized toughening and temperatures.
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Figure 3 Relationships between toughness and temperatures for
MgO-PSZ from data of [19]. Figure 4 Curves of normalized toughening to temperature with increas-

ing (ry —rs) forrg = 0.3um, ¢’ = 0.01rq.

Ms, the spontaneous transformation will happen, and 16 —
the volume fraction of the stress induced transformable
particles will decrease. On the other hand, decreasing . ]
of T will decrease the critical transformation stress of % | ] .
the untransformed zirconia particles, then increase thes’ Increasingrg
toughness. These two factors combine to contribute tcéo 1
the toughening of the materials and the toughness of th¢§
materials could also increase whileis belowMsg. As
stated previously; is the particle radius which gives
the maximum ofV(r). So, if T drops belowMs(ro),
most of the zirconia particles in the materials have
transformed spontaneously. The increase of toughen |
ing caused by the drop df can not offset the decrease
of toughening caused by loss of transformable zirco- 0.0 - T . T - |
nia particles, Thus the toughness of the materials will ° 200 400 600
drop. WhenT < M;, all the zirconia particles have Temperatuer (K)
been transformed and there will be no SFreSS'in_ducegigure 5 Curves of normalized toughening to temperature with increas-
transformation. But the transformed particles will re-ingrq forry —rs = 0.14m, ¢’ = 0.01r,.
sult in a residual stress distribution in the materials.
The residual stress will deflect the main crack [22] or
result in the microcracks [23] under applied stress, andant, then the temperatur€(,x) at which the toughen-
thus will also increase the toughness of the materialsng of the materials reach its maximum will not change
But this kind of toughening is not discussed here. with increasing of(; — rs). The maximum normalized
From the analysis above and the curve 2 in Fig. 2, itoughening A Kc)maxy/ KZ of the materials decreases
could be seen that if the radii of the particles are smallsr, — rg increases. On the other hand, the maximum
enough to mak@yax nearly 0 K, then the toughness toughness of the materials afiglax increase with in-
of the materials would always increaseslrops as creasing of the average particle siggor a giverrg—rs,
shown by curve in Fig. 2. Therefore, if we want to getas shown in Fig. 5, all these indicate thatletermines
materials with the high toughness at low temperatureshe maximum toughening of the materials afighy.
itis needed only to make the sizes of the particles smallt is a possible reason that most of the zirconia par-
enough by heat treatment. ticles concentrate aroung for Gaussian distribution,
The curves in Fig. 3 are gotten from Becher [19] for and the toughening of the materials are mainly deter-
MgO-PSZ. Although the composition of MgO-PSZ and mined by the stress-induced transformation of these
that of ALOs/ZrO; is different from each other, there particles. Fig. 6 gives out the relationship betwegn
is similar particle size effect in these materials [19] andand (A K¢)max/ KT It is shown that A K¢)max/ KT in-
the mechanism of transformation toughening in thesereases ar increases and the curve is approximately
two systems are really the same. It is shown that théinear. Fig. 7 indicates that\K¢)max/ K" will decrease
relationships between toughness and the temperatuiers — r¢ increases, but when, — r¢ becomes larger,
shown in Fig. 3 are similar to the relationship predicted(A K¢)max/ K will reach a definite value. The reason
in Fig. 2, thus justifies the previous analysis. of such a phenomenon is that larger rt decreases the
volume fraction of the zirconia particles concentrating
aroundro, thus make A Kc)max/ K" drop.
5.2. Effect of the range of zirconia size Fig. 8 is the relationship between the toughening and
distribution on the toughness ro at 300 K. It shows that K¢)max/ K" increases first
Letrg, ¢’ be constant and changimg — rs, then the  with the increase ofy and then drops rapidly after
curves are given in Fig. 4. Itis seen thatdfis a cons-  reaching a maximum ofAKc)max/ K. Fig. 9 is the

08 —

0.4 —

Normalized tough:
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workers’ experiments.
Figure 6 Relation between the normalized maximum toughening and
the average particle sizg forr; —rg = 0.1um, ¢’ = 0.01rq.
transformation will easily occur, thus will diminish the
volume fraction of the transformable zirconia particles.

m
5

x 5 g —@— ro=0.30um So, the toughness of the materials will decrease.
- o=

= —&—  rp=0.28um

x 7 + rg=0.26um

Z A rz=o'24um 5.3. Effect of size distribution shape on the

20 toughness

Fig. 10 gives out AK¢)/KIM~T curves for differ-
ent ¢’. When ¢ increase, the AK¢)maxy/ K" drops
and Tmax increases, but the range of temperature in
which the toughness of the materials is larger than cer-
| tain value becomes wider. Whenhis very large, the
(AKe)/KI~T curves are almost the same as shown

16 —

lized maximum

N
Nor

12 ; ‘ , . , . by the curve forc’ = 0.81rg ~ 10rg in Fig. 10 and the
0.04 008 012 o1s  toughening of the materials is higher at a wider range
Ii-r, (Wm) of temperature.

For Gaussian distribution, variation dfwill change
Figure 7 Curves of normalized maximum tougheningrio- rs with  the shape of the distribution. Increasingoivill make

differentro for ¢’ = 0.01ro. the distribution of volume fraction/size become less
concentrated in the rangef<r <ry, thus will dimi-
18 nish the volume fraction of zirconia with radius around

ro. WhenT drops from a value lower thaks to a def-
inite value, the volume fraction of the spontaneously

m
c

¢’=10rg

Figure 8 Relation between the normalized toughening andt 300 K
forry —rs=0.1um,c = 0.01ro.

§ 2 transformed zirconia in the materials with largéewill
b i be larger than that of the materials with smatilerand
2 the volume fraction of the stress-induced transformed
2 08 —
g 04 - 30 —
2 | ﬁ —AA— ¢’=0.0025rg
. @ n —5—  ¢’=0.0081rg
- T | T | T I T | T | .E / c,=001
0.12 018 0.20 0.24 028 0.32 2 20— 4 l , 0
ro(pm) %ﬁ ] + €'=0.81rg
E —
S
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=

experimental data from other workers [24] for Y-TZP.
It is found that their curves are similar to the curve in
Fig. 8. Atroom temperature, if we increase the zirconia ° 0 400 800

. . . Temperature(K)
particle sizes, the martensitic start temperatMigeof
the particles will increase toward room temperature. Ifrigure 10 Effectofc’ onthe curves of normalized toughening to temper-
Ms(r) is larger than room temperature, the spontaneousure with different’ for r; = 0.34um, rs = 0.20um, ro = 0.27 um.
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