JOURNAL OF MATERIALS SCIENCE 22 (1987) 3566-3570

Quantitative XRD analysis of
zirconia-toughened alumina ceramics

R. FILLIT, P. HOMERIN, J. SCHAFER, H. BRUYAS, F. THEVENOT
Ecole Nationale Supérieure des Mines, 42023 Saint-Etienne Cedex 2, France

An equation is proposed to give, from XRD data, the tetragonal to monoclinic phase ratio of
zirconia in a toughened alumina ceramic material. Using several X-ray wavelengths, with
different depths of penetration, quantitative analyses of the tetragonal to monoclinic phase
ratio of zirconia as a function of depth were performed, on an as-sintered sample as well as on
treated specimens. The phase transformations of zirconia at the surface and in the bulk of the

material due to these treatments are discussed

1. Zirconia toughening of ceramics
Ceramic materials exhibit many properties (such as
hardness, chemical stability, high-temperature mech-
anical properties) which allow the consideration of
their use in structural applications instead of metallic
alloys. Nevertheless, their development has been
greatly limited because of their brittleness. One of the
methods proposed in order to overcome this problem
is the synthesis of particle composite materials [1, 2].
Adding a zirconia particle dispersion to ceramic
materials, under specific conditions, allows enhance-
ment of their mechanical behaviour [3]: strengthening
and toughening, increase of crack initiation and
growth energy, development of surface or bulk
residual stresses.

Zirconia exhibits three well-defined polymorphs:
the cubic and tetragonal crystallographic phases at
high temperatures and the monoclinic phase at room
temperature [4]. Nevertheless, the temperature at
which the tetragonal to monoclinic transformation
occurs depends on the particle size; it may not occur,
even at room temperature, if the zirconia particles are
small enough.

The martensitic tetragonal to monoclinic zirconia
allotropic transformation is the basis of several dif-
ferent toughening mechanisms [5, 6] such as: micro-
cracking at the tip of the crack; stress-induced phase
transformation; compressive stresses in near-surface
layers; interaction between the crack and zirconia
particles.

A thermomechanical analysis of the toughening
mechanisms shows the tetragonal to monoclinic trans-
formation temperature decreases as the compressive
stresses exerted by the surrounding matrix on the
metastable zirconia particles is increased [7]. The
toughening of an alumina ceramic matrix is thus
especially significant: indeed, the elastic modulus of
alumina (Young’s modulus, £ = 400 GPa) is approxi-
mately twice that of zirconia.

Quantitative analysis of tetragonal metastable and
monoclinic stable zirconia contents, at the surface and
in the bulk of the material, is thus especially interest-
ing in order to understand the toughening mechanisms.
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The following sections explain how such analyses were
performed, using different X-ray wavelengths, on a
zirconia-toughened alumina material subjected to
different treatments.

2. Sample preparation

An alumina material containing 15 vol % unstabilized
zirconia (A15Z) was synthesized from the dissociation
of an organic salt of zirconium. This method allows
the production of the necessary fine and homogeneous
zirconia dispersion required for effective toughening
of a ceramic material [8].

An alumina (A6Z, Criceram, Jarrie, France) slurry
was prepared in an aqueous solution of a zirconium
soluble salt (acetate) (Magnesium Elektron, Man-
chester, UK). Upon heating of the slurry, zirconium
salt dissociated into the hydroxide (gelification stage).
The mixture was dried and calcined for 4h at 800°C
in order to transform the zirconium hydroxide into
zirconia. The powder was then dry milled and hot
pressed (1400° C, 15min, 20 MPa) [9].

The densified material exhibits a flexural strength
(or) of 630 + 35MPa (three-point bending test) and
a toughness (K;.) of 5.5 + 0.3MPam'? (SENB). The
untoughened material exhibits a oz of 590 + 55MPa
and a K, of 3.8 + 0.1 MPam'”.

XRD analyses of the zirconia crystallographic
phases were performed on an as-sintered sample as
well as on surface- and bulk-treated specimens. The
different treatments (Table I) were chosen for their
representation of the different stages of processes
usually followed during the manufacture of ceramic
parts. These different treatments influence the tetra-
gonal to monoclinic transformation of zirconia inclu-
sions at the surface and/or in the bulk and thus the

TABLE 1 Types of treatment performed on the samples

Sample Type of treatment Conditions

A As-sintered pellet 1400°C, 15min, 20 MPa

B A + severe grinding  Machining using diamond tools
C B + careful polishing Diamond paste (1 um)

D C + thermal ageing  1450°C, 1h
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Figure 1 Principle of the equipment: 6, goniometer rotation axis; f3,
specimen rotation axis; ¢, specimen tilting axis; N, line bisecting
incident and refracted X-ray beams.

mechanical behaviour of the material. For this reason
it is very important to know the ratio of tetragonal to
monoclinic zirconia phases as a function of depth in
the sintered materials.

3. Quantitative analysis of the
tetragonal to monoclinic phase ratio
of zirconia by XRD

3.1. Experimental technique

The equipment consists of a conventional X-ray

powder diffractometer in combination with a specially

designed and automatically computer-controlled speci-
men holder, the DOSOPHATEX (trade mark Courbon,

S.A., F 42100, Saint-Etienne) [10, 11]. With the aid of

this device the specimen is rotated (movement ) and

tilted (movement ¢) in addition to the conventional

6-20 scanning movement (Fig. 1). First, when the

diffraction spectrum is stored, during 6-26 explor-

ation, the pole figure of the specimen is integrated for
¢ from 0 to 60° for each 6 position; using this method

a large reduction is obtained in the texture effects on

the sample because a greater amount of crystallites in

the specimen is brought into the Bragg condition and
all contribute to the intensity of the measured reflec-
tion (hkl).

Second, to increase the accuracy of the X-ray
measurement, the spectrum previously recorded can
be corrected, to take into account the defocusing,
absorption and geometrical phenomena due to the
rotating and tilting movements. A correction factor
[11, 12] for these secondary effects, £, is calculated for
each integrated line intensity I(2kl), i.e. the curve
I(hk1)(¢)is recorded. This is the mean intensity less
the continuous background measured at the peak
of the line (Ak/) when the specimen is tilted at
an angle ¢ and has completed an integral number
of rotations. The same measurement is performed
with a random specimen I"(2k/)(¢) of the same
material and identical shape. Then, £, is the ratio
of integral I(hkl)¢) corrected with I'(hkl)(¢).
With these secondary corrections, the texture effects
are neutralized.

TABLE II Mass absorption coefficients of the different phases
of the samples as a function of X-ray wavelengths and calculation
of the penetration depths of rays

MoKua CuKuo CoKa CrKu
ule Zr0, (em?g™") 13.228 104.13 156.21 304.73
ulo AlLO, (cm? g™") 3.21 378 49.25 101.13
wo A15Z (cm?g™!) 5.27 46.70 71.31 143.11
T (um) 23.32 5.69 4.34 2.74
z (um) 53.7 13.1 10.0 6.3

3.2. Procedure for phase analysis as a
function of depth

The ability of X-rays to penetrate opaque substances

is their most striking property. Nevertheless they are

absorbed following the well-known equation:

I = I,exp ( —;ngx)

where [, is the original beam intensity, Iis the intensity
transmitted after a path of length x in the material,
is the density of the material, u/g is the mass absorp-
tion coeflicient of the material.

As p largely depends on the wavelength of the
X-rays, the quantitative analysis of zirconia phases
was made as a function of depth using CrKo, CoKa,
CuKa, MoKu radiations (Table II).

3.3. Quantitative analysis of the tetragonal to
monoclinic phase ratio of zirconia
Quantitative analysis of cubic and monoclinic as well
as tetragonal and monoclinic zirconia mixtures is
reported by several authors [13—17]. As done by Porter
and Heuer [15], use was made of an equation giving
the intensity I(h k1), of a diffraction line (hk!) of a
phase (i) for a volume fraction ¥, of this phase in a

ixture:
mixture ROKDV,
Zun

where K is a constant independent of the diffracting
substance but dependent on type of radiation used
and beam size, V] is the volume fraction of phase (i) in
the mixture, u,, is the linear absorption coefficient of
the mixture, and R; is given by:

1 220. _om,
R = z%[MPR<—+39—S—3‘5)](e )

: sin’6, cos 6,

1(hkl), = K

L

ol

where 2, is the volume of the unit cell, F; is the struc-
ture factor, P, is the multiplicity, L is the Lorentz
polarization factor, 8; is the Bragg angle, and e Mis
the temperature factor (a function of ).

In order to perform a precise analysis of a mixture
of monoclinic and tetragonal zirconia, the (117),,
(111),and (11 1), lines were taken into account. The
monoclinic zirconia volume fraction with respect to
the total volume of zirconia is given by the equation:

Vm
T
ClALT), + I(111),]
ClHQALD), + IA1D),] + I(111),
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Figure 2 CrKuo patterns of zirconia for the different types of treat-
ment; conventional analysis without tilting showing texture of the
samples.

with
C = R(A11J[RA1T), + R(111),].

Structure factors were determined using Smith and
Newkirk [18] data on the ion positions for the mono-
clinic phase of zirconia, and Teufer [19] data for the
tetragonal phase.

Pattern fitting, using Fourier analysis, was carried
out to determine the integrated intensity of I(hkl);
diffraction lines. This was especially useful when
MoKu radiations were used because patterns presented
line overlapping.

4. Results and discussion
Figs 2 and 3 show, for example, the (1171),, (111),
and (111), lines of the CrKa and CuKu diffraction

TABLE III Theoretical line intensities of zirconia R(hk /), and
the equivalent C coefficients as a function of X-ray wavelengths

MoKa CuKu CoKu CrKu
R(11T), 346.35 81.58 59.51 34.52
R(111), 248.36 58.94 42.92 24.51
R(111), 828.24 194.09 141.09 81.07
C 1.393 1.381 1.377 1.373
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Figure 3 CuKu patterns of zirconia for the different types of treat-
ment; conventional analysis without tilting showing texture of the
samples.

patterns of the four samples. Fig. 4 gives an example
of a more complete CoKu diffraction pattern showing
the tetragonal and monoclinic zirconia as well as the
a-alumina lines.

The theoretical intensities R(kk!l); of the con-
sidered diffraction lines and the related coefficients, C,
were calculated for the different radiations used
(Table IIT). The atomic scattering factors were calcu-
lated from data of Tables 2.2A and 2.3.1 of {20].

Taking into account the experimental equipment
geometry (Fig. 1), the penetration depth (z) of X-rays,
normal to the surface, is given as a function of XR
intensities by the equation:

U z
-1 Y
d Oexp< ngmecos$>

where 2z/sinf@cosd = x, or I = Lexp (—z/1)

where
sin § cos ¢
2u
¢ is the angle between the normal to the sample
surface and a line bisecting incident and refracted

X-ray beams. As ¢ is (4 60°), cos ¢ = 0.866. v and
the penetration depth (z), for an attenuation /], =
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Figure 4 (a) CoKo pattern of alumina and zirconia (after thermal ageing) with rotation and tilting method (no texture effect). (b) MoKa
pattern of alumina and zirconia (as-sintered, A) with rotation and tilting method (no texture effect).

0.1, were calculated using the mass absorption coef-
ficients of the considered atoms, as given by Table
2.1C of [20], for the determination of the A15Z mix-
ture mass absorption coefficient.

Fig. 5 shows the variation of the monoclinic
zirconia relative volume fraction (X,,) as a function of
the analysis depth, for the four samples. As-sintered
and polished samples show very similar values of X,
for all depths. The same surface tetragonal to mono-
clinic phase ratio, as on an as-sintered sample, can be
restored after careful polishing of a machined sample
if a thick layer (several tens of micrometres) is

removed. On the other hand, severe grinding deeply
disturbs the surface by inducing large tetragonal to
monoclinic phase transformation (X, > 0.8) and
develops crystalline orientation texture (abnormal
I(1171), — I(111), ratio).

Finally, the performed thermal ageing induced
tetragonal to monoclinic zirconia phase transfor-
mation both at the surface and in the bulk of the
material (X, = ¢t = 0.7) due to grain coarsening (as
revealed by microstructural analysis) and related to
larger compressive stresses leading to a shift of d(h k1)
to lower values (Fig. 4 and Table 1V).
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2‘0 4l0 6'0 Figure 5 X, as a function of X-ray
Z{um) penetration depth for the differ-
ent types of treatment. AL O, +
— ;
Cr o 15vol % ZrO,: (®) A, as-sintered;
Cu (m) B, machined; (a) C, polished;
s 4 Mo (<) D, thermally aged.
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TABLE IV Relative change in the lattice parameters of the
tetragonal and monoclinic zirconia lines after the different types of
treatment (CuKa)

TABLE V Minimum calculated depths of the tetragonal to
monoclinic zirconia transformation as a function of the different
types of treatment

d (JCPDS) d (A-B) d (A-C) d (A-D)

(nm) (nm) (nm) (nm)
111, 0.316 0.000 66 0.00098 0.00100
(111), 0.296 0.00077 0.00077 0.000 86
ain, 0.2834 0.000 18 0.00053 0.00071

As reported by Kosmac [21], let us consider the
zirconia phase transformation is homogeneous for
0 < z < awhere the monoclinic relative volume frac-
tion is X,,.. Fora < z € oo it is Xy . @ is given by
the equation:

Xbulk - /Ytrans
‘= 1n|: Xm - A,trans :IT

Table V gives the minimum transformation depth
values calculated from this equation for X, = 1 and
X, = 0.4, using the measurements made with the
different radiations used. This calculation method
gives similar transformation depths for the as-sintered
and polished samples (¢ = 1.9 um i.e. a few times the
grain size). The machined sample shows a larger trans-
formation depth (¢ > 15um). The thermally aged

sample shows both surface and bulk transformation
of zirconia phases (X, = ¢t = 0.7).

5. Conclusions
The use of the DOSOPHATEX and the XRD method
proposed in this paper allowed the estimation of
changes occurring in the phase ratio of zirconia as
a function of depth after different treatments on a
sintered zirconia toughened alumina.

The variation of the monoclinic to tetragonal
'zirconia phase ratio, between the surface and the bulk,
is significant over a depth of only one to a few micro-
metres, i.¢. a few times the grain size. After machining,
major changes appear over a greater depth (more than
10 um). Moreover, the surface appears highly textur-
ated. Approximately the same zirconia phase ratio as
in the case of the untreated sample can be restored
after careful polishing, if a thick layer (several tens of
micrometres) is removed. Important changes appear
at the surface as well as in the bulk of the material
after thermal ageing, which are due to grain coarsen-
ing leading to a drastic increase of the monoclinic
zirconia volume fraction: X, = 0.7 instead of less
than 0.5 on an untreated sample.
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Appendix: ion positions of zirconia
Monoclinic zirconia (after Smith and Newkirk

(181)

Zr: 1. (0.2758 0.0411 0.2082)
2. (0.7242  0.9589 0.7918)
3. (0.7242 0.5411 0.2918)
4. (02758 0.4589 0.7082)

O;: 1. (0.0703 0.3359 0.3406)
2. (0.9297 0.6641 0.6594)
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A B C D
iy () 1.9 15.4 1.9 { i(m_=00.7 =
3. (0.9297 0.8359 0.1594)
4. (0.0703 0.1641 0.8406)
Oy: 1. (0.4423 0.7549 0.4789)
2. (0.5577 0.2451 0.5211)
3. (0.5577 0.2549 0.0211)
4, (0.4423 0.7451 0.9789)

Tetragonal zirconia (after Teufer [19])
Zr:1.(0 0 0)
2. (0.5 0.5 0.5)

O: 1.(0 0.5 0.185)
2. (0.5 0 03815
3. (0 0.5 0.685)
4. (05 0 0.315)
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