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Effect of MgO Addition on the Monoclinic to Tetragonal Transition
of ZrQ, Fabricated by High Energy Ball Milling
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Abstract: In this work, we studied the formation of partially stabilized zirconia by a high energy ball milling

(HEBM) approach. Zirconia powder was mixed with 8 mol% MgO and the powder mixture was milled for 10
hours. The structural and morphological evolutions of the powder particles were studied using X-ray diffraction
(XRD) and scanning electron microscopy (SEM), respectively. The Williamson-Hall method was used to calculate
the crystallite size of the zirconia powder particles. The results show that the tetragonal zirconia phase (t-ZrOyg)
can be very well stabilized after the addition of 8 mol% MgO. The formation of t-ZrO, was identified by XRD
analysis after 3 hours of ball milling. In addition, SEM results demonstrated a great refinement in the size of
the ZrO, particles whose distribution was in the sub-um to nm range indicating better microstructural

characteristics.
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1. INTRODUCTION

Polymorphism in ceramics is an interesting topic in powder
metallurgy, especially in zirconia, for several decades.
Zirconia-based ceramics are widely in use due to their
attractive electrical and mechanical properties as well as their
high ionic conductivity at elevated temperatures with various
applications in electrochemical cells, such as fuel cells, bio-
implants, oxygen sensors and oxygen pumps [1-6]. Pure
zirconia exhibits various polymorphs, i.e., a monoclinic (m-
ZrO,) phase at standard room temperature and pressure
(STP) which transforms to tetragonal (t-ZrO,) at around
1170 °C followed by a cubic fluorite structure (c-ZrO,) at
around 2370 °C before melting at 2716 °C [7]. Drastic
volume changes (= 2.31%: c- = t-ZrO, and 4.5%: t = m-
Zr0,) associated with these transformations make the pure
ZrO, unsuitable for industrial applications that require a
compact structure. The t < m-ZrO, transformation has
important technological advantages because densified/fired

structures may get easily transformed from tetragonal to
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monoclinic phases during cooling from firing temperatures
(=1300 — 1500 °C) [8]. This may result in a serious crumbling
of the ceramic components into fine multi-grained powders.

Various studies attempted to prevent this t — m-ZrO,
transformation by forming solid solutions or alloys of c-ZrO,
with various dopants like MgO, CaO, La,0Os, or Y,0;, in
concentrations lower than that required for full stabilization
of ¢-ZrO,. By alloying with these oxides, the strained m-ZrO,
phase at room temperature favors more symmetric metastable
c* and t* lattice structures that are analogous to those in pure
zirconia but have dopant ions substituted on Zr*" sites and
have a fraction of oxygen sites vacant to retain charge
neutrality [9-12]. The crystal can be stabilized partially or
fully, but partially stabilized zirconia (PSZ) has mechanical
properties superior to those of fully stabilized zirconia, i.e., a
low overall thermal expansion coefficient that counteracts the
large thermal contraction of the c-ZrO, [13].

Garvie et al. pioneered PSZ stabilized by dopants (such as
Y,0;, AlL,O;, CeO,, Ca0, Cu, Sr, Mg, etc.), which generated
great technological interest in the development of new
materials, as ZrO,-A1,0; or ZrO,-mullite composites [14-
22]. Among these, magnesium-based ceramics are the most
interesting in the ceramic industry in view of their strength
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and fatigue properties [23-26].

stabilized zirconia (Mg-PSZ) exhibits strong R-curve

Magnesium  partially-

behavior due to transformation toughening with peak fracture
toughness up to 20 MPam'? [14,24-26]. The underlying
mechanism is the stress-induced t — m-phase transformation.
The key to getting good fracture toughness in Mg-PSZ is to
maximize the amount of transformable tetragonal phase by
eutectoid and/or sub-eutectoid aging treatment and an
optimized cooling rate [14,23-26].

There are various well-established methods for the synthesis
of zirconia: wet chemical methods, plasma spraying, high
energy ball milling (HEBM), pulsed laser deposition, laser
evaporation-condensation, and hot isostatic pressing [27].
However, HEBM has its own additional advantages. For
example, it is simple, easy, economical, and environmentally
friendly. Such ball milled powders are generally homogeneous
in composition, very reactive and able to be sintered at lower
temperatures than those usually employed, and they yield
materials with higher density and improved mechanical and
electrical properties [27,28]. It has been shown that dual phase
MgO-ZrO, ceramics have excellent thermal conductivity for
various applications [26]. This paper describes the results of
our experiment to fabricate dual phase magnesia-zirconia
ceramics. In this study, we synthesized the zirconia stabilized
by 8mol% MgO by the mechanical milling approach. The
Williamson-Hall Method was employed to determine the
crystallite size and lattice strain of the zirconia and

morphological characterizations were carried out.

2. EXPERIMENTAL DETAILS

2.1 Materials

Magnesium oxide (MgO, 99.8% purity) and zirconium
oxide (monoclinic, 99.9% purity) were procured from Sigma
Aldrich, USA. The compositions are given in Table 1.

Table 1. Sample compositions.

S. No. Material Composition (mol%)
1 710, 92
2 MgO 8
2.2 Method

A mixture of 8 mol% MgO and 92 mol% ZrO, was prepared
and subjected to HEBM for 10h in a ball mill (Fritsch
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Fig. 1. (a) P4-planetary ball mill apparatus and (b) Schematic
depicting the ball motion inside the ball mill.

Pulverissette P-4 planetary, GmbH, Germany). Around 1.1 g of
MgO and 38.8 g of ZrO, was weighed for a 40 g batch and
mixed thoroughly in a HEBM machine with WC balls and
vials. The employed HEBM and the schematic diagram of the
ball milling phenomena are shown in Fig. 1(a) and (b).

The centrifugal force produced by the vials rotating around
their own axes and the force produced by the rotating support
disk both act on the vial contents, which consists of the
material to be ground and the grinding balls. Since the vials
and the supporting disk rotate in opposite directions, the
centrifugal forces alternately act in opposite directions
[27,28]. This causes the grinding balls to run down the inside
wall of the vial, the friction effect, followed by the material
being ground and grinding balls lifting off and traveling
freely through the inner chamber of the vial and colliding
against the opposing inside wall, the impact effect [28]. The
ball to powder weight ratio was ~ 10:1, and toluene was used
as a process control agent. The samples were obtained at 0,
1, 3, 5, and 10 h.

2.3 Characterization studies

The samples thus obtained were characterized for their
phase identification and crystallite size by a Bruker’s X-ray
diffractometer with a Co target operating at 40 kV and 30
mA. The X-ray diffraction pattern was further analyzed using
Philips X’pert software applications.

The morphology of the powders was determined from the
JEOL scanning electron microscope (SEM). Energy dispersive

X-ray analysis (EDS) was carried out to examine the
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corresponding elemental distribution. The crystallite size and
lattice strain of the powder particles were determined from the
X-ray peak broadening as per the Williamson-Hall Method as
follows. In general, the X-ray diffraction peaks are broadened
due to the instrumental effects, the crystallite size, and the
R.M.S. strain in the material. Structural broadening for the

calculation of crystallite size is obtained using the relation:

ﬁz = ,Bzobserved - ﬁzstandard (1)

where Syundara A Sopserveq are the full width at half maximum
of any particular reflection from the standard silicon disc and
the powder, respectively, and £ is the full width at half
maximum of the particular reflection peak. The crystallite
size analysis was done by the Williamson-Hall method. This
method assumes that both the size and strain broadening of
profiles follow Lorentzian distribution [29]. According to this
assumption, the mathematical relationship involving the
integral breadth (), the volume weighted average crystallite

size (D,) and the lattice strain (&) can be given as

Peosf_ 1 2sin HJ
—_ +2,{———————/1

7D 2

ﬂcosﬁ) 2sin
The plot of (-—-———-—/1 versus ( R

lattice strains from the slope and crystallite size from the

gives the value of the

ordinate intercepts.

Further, to examine the particle size and distribution,
transmission electron microscope (TEM, Philips G20 Twin,
USA) was employed operating at 200 kV. The as-prepared
powders were subjected to ultrasonic vibration in
ultrasonicator (Labsonic M) in ethanol for 2 h and drop

coated carbon grids for examination.

3. RESULTS AND DISCUSSION

3.1 XRD analysis

The X-ray diffraction profile was plotted for different
hours of ball milling as shown in Fig. 2.

The X-ray diffraction data revealed that with an increasing
milling time the crystallite size of the powder decreased
gradually as the peaks became broader. At a 2-theta value of
28.15°, the peak in the 0 h sample confirmed the presence of
m-ZrO, [30]. With an increase in the milling time above 3 h,
the presence of tetragonal phase was detected [31]. As the
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Fig. 2. X-ray diffraction pattern of the samples.
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Fig. 3. Process of tetragonality in zirconia phase with ball milling
duration. The tetragonal phase of zirconia is confirmed at 3 h ball
milling and it becomes more prominent as the time of milling
increases.

milling time increased, the tetragonal phase became more
prominent, which is evident from the splitting of the peak as
the milling time increased. A closer view of the peaks around
2-theta of 28°-30° are presented in Fig. 3. The average
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Fig. 4. Williamson Hall plot of ZrO, powder subjected to (a) 0, (b) 1, (c) 3, (d) 5, and (e) 10 h of HEBM.

crystallite size was also determined using these data. For as-
received zirconia powder (0 h ball milled sample), the
average crystallite size was in the sub-micrometer range. This
value went on decreasing as the milling time increased and

reached the nanometer range.

3.2 Crystallite size determination

Figure 4 shows the Williamson Hall plot of ZrO, powders
prepared by the HEBM. The crystallite size and lattice strain
of ZrO, powders were calculated from the intercept and the
slope of the Williamson Hall plot, respectively.

The crystallite size and lattice strain calculated from the
Williamson Hall method for different ball milled samples are

Table 2. Crystallite size and lattice strain of ZrO, powder as
obtained from the Williamson-Hall method

SNo. Milling time  Crystallite size Lattice strain

(h) (nm) (< 107)
1 0 210 0.54
2 1 76 0.67
3 3 42 0.71
4 5 37 1.03
5 10 28 1.29

given in Table 2. The average crystallite size was 28 nm for
the 10 h ball milled sample.

The crystallite size reduction was due to the repeated
fracturing and cold-welding of particles in the course of
milling. The formation of defects during the collision process
of the powder particles, the reduction of crystallite size of the
powder mixture, and the increase in lattice strain caused a
lowering of the activation energy and increased the
diffusivity of the system. This resulted in the stabilization of
the tetragonal phase at higher milling times. It was revealed
that the crystallite size decreased from 210 to 28 nm and the
lattice strain increased from 0.4 x 107 to 1.29 x 10~ with the
increase in milling time [32]. In general, longer milling times
causes a finer grain size and large lattice strain. Increasing
lattice defects and a decreasing size of m-ZrO, are the two
main driving forces for the m— t-ZrO, transformation. These
factors raise the internal energy of the milled powder, which
is relatively comparable to that of high-temperature conditions
where t-ZrO, becomes stable, i.e., 10 h of ball milling.
Similar behavior was also noticed by Chen et al. in the past
[33]. On the other hand, the magnitude of the increase in
temperature during the milling process was too low ~100-
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Fig. 5. (a) SEM images of ball milled zirconia samples at different milling times of (a) 0, (b) 1, (¢) 3, (d) 5, and (e) 10 h, and (f) EDS analysis

of the sample

200 °C to drive the m— t-ZrO, transition. Therefore, it seems
almost impossible to form t-ZrO, in the given conditions.
However, it is well established that the addition of oxide
dopants, such as calcia or magnesia, reduces the temperature
gap in the m — t-ZrO, phase transition [34].

In other words, the solid solution of m-ZrO,~[m-
Z1rOy(SS)] can transform to a solid solution of t-ZrO,~ [t-
ZrO,(SS)] at a very low temperature. Annamalai ef al. found
that [m-ZrO,(SS)] transforms to [t-ZrO,(SS)] by the heat of
grinding friction in Y,05 and CeO, stabilized t-ZrO, crystals.
They demonstrated that the temperature increase during the
HEBM process seems to be of the same order as that induced
by grinding [35]. These arguments suggest that some

magnesia got dissolved in the m-ZrO,, forming [m-
Z1r05(SS)] before 3 h, and the [m — t-ZrO,(SS)] transition
took place by the heat of the milling. Therefore, the
tetragonal phase should be designated as [t-ZrO,(SS)].

3.3 Morphology of zirconia powders

SEM photographs of the samples were taken for all the
samples at different hours of ball milling. The scanning
electron micrographs are shown in Fig. 5. It clearly shows
that the crystallite size decreased as the milling time
increased and how the morphology was changing
continuously. By careful observation of the photographs of

the samples at low magnification, it can be seen that the
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Fig. 6. (a) TEM bright field images of zirconia powder milled for 10
h, (b) high-resolution image of (a), and (c) selected area diffraction
pattern of (a).

crystallite size of the 10 h ball milled sample was greater than
the size of the 5 h ball milled sample. This can be due to the
agglomeration of the particles from long hours of ball milling
[36,37]. The average crystallite size for 0 h ball milling was
in the micrometer range, whereas for the 10 h ball milling
sample, the average crystallite size was 28 nm. The elemental
composition of the samples is given by the following EDS
analysis as shown in Fig. 5. The observed sample shows the
presence of MgO is successfully achieved in the ZrO, matrix.

A more clear shape and distribution of zirconia powders is
seen in the TEM image of the 10 h ball milled sample (Fig.
6). The particle size is around 22 nm at high resolution,
which confirms the XRD results (Table 2). The selected area
diffraction pattern further confirms the tetragonality in the
zirconia particles.

Based on the observations, the phase transition process is

given as:
m-ZrO, + MgO — [m-ZrO,(SS)] + MgO
— [t-ZrOy(SS)] + MgO — [c-ZrOy(SS)] 3)
It can be inferred that HEBM is an important means to

tailor zirconia-based ceramics and can possibly produce
some novel microstructures.

3.4 Theory of zirconia stabilization

The first observation of the m — t-ZrO, transformation
during vibratory type milling was noticed in 1972 [38]. It was
found that when a sufficiently small particle size of ZrO,
reached ~10-30 nm, the m-phase transforms to the t-phase. It
was shown that the surface energy excess, i.e., the difference
in surface energy between m- and t-ZrO, accounted for the
phase transformation. In particular, lower surface energy is of
the tetragonal transition rather than the monoclinic one.
According to thermodynamics, in general, for the stability of
the tetragonal phase [39], we have

G() + SOy(® + V(©) < G(m) + S(m)y(m) + V(m) (4)

where G is the free energy of a zirconia crystal (cal/mol), V
is the strain energy (cal/g); y is the surface free energy (cal/
cm®) and S is the specific surface area (cm?mol). For
spherical particles S = 6/pD. Here p and D are the density and
particle diameter, respectively. Equation (4) can be rewritten

as:

G() + 6 y(t)/p(t) D + V(1) < G(m) + 6 y(m)/p(m) D + V(m)
)

The critical diameter Dc below which particles will

transform to tetragonal phase is given by

De = 6/[(G(t) — G(m) + (V(t) — V(m)]
x [(y(m)/p(m) — y(t)/ p(t)] (6)

Assuming the surface energy exceeds the lattice strain
energy, we have V — 0. Substituting the various values for
zirconia: y(m) = 1130 ergs/cm? [40]; y(t) = 770 ergs/cm? [41];
G(t) — G(m) = 1213 cal/mol (at 28 °C) [42]; p(t) = 5.86 g/cm’
and p(m) = 5.74 g/cm? [43,44]. Dc comes out to be =~ 10-30
nm, which indicates that a complete tetragonal phase would
be achieved when the average diameter of particles would be
10-30 nm.

According to the study of Patil and Subbarao [45], the m-
ZrO, phase changes to t-ZrO, by the movement of an
interface parallel to the (001) plane. The orientation relations
in the ZrO, phase transition are given by the following

equations:
Movement of Planes: (100)m || (110)t, and @)

Movement in Directions: [010]m || [001]t. ®)
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Fig. 7. Monoliclinic crystal structure of ZrO,. The layer of ZrO;,
groups at x = 1/4 projected on (100)m plane. The dark blue crosses
show the oxygen positions in tetragonal form. One O,Zr; polyhedra is
highlighted in sky blue. The green line shows the probable movement
of oxygen while dotted green line shows its direction of movement.
The square outline shows the position of unit cell at x = 0 [45].

In monoclinic ZrO,, the Zr atom is surrounded by the 7
oxygen atoms Oy ™ (at 2.189, 2.220, 2.151, and 2.285 A), and
3 oxygen atoms O; ™ (at 2.057, 2.163, and 2.051 A) [45].
This irregular network changes to tetragonal form where Zr
atom is surrounded by 8 oxygen atoms, for oxygen atoms Oy’
at 2.455 A and four O/ at 2.065A as shown in Fig. 7.

From the orientation relationship, it becomes clear that Oy ™
atoms move in the (200)m plane, and thereby two of them
come nearer to the central Zr atom while the other two go
farther from it. In other words, two of them become O;' and
the other two Oy'. In the O™ polyhedron two O™ atoms
become O;' and the third O;™ atom becomes Oy. However, it
should be mentioned that not only O™ atoms but also the
atoms Zr and Oy™ undergo substantial movements. All these
changes result in eightfold coordination for Zr and fourfold
coordination for all oxygen atoms.

When the dopant oxides (i.e., 8 mol% MgO) are added, it
prevents the formation of m-ZrO, by increasing the lattice
strain contribution and stabilizing the tetragonal form, called
partially stabilized zirconia, while the electrostatic neutrality
of the ionic material is maintained by creation of oxygen
vacancies. In other words, the substitution of Zr** by Mg*" is
compensated for by the presence of interstitial cations or
anionic vacancies. The oxygen vacancies form as per the

following equation [46,47]:

MgO — Mg"z + 0% + Vo* ©

Here, Mg", is Mg?" which occupies the Zr position in the
lattice, O, is the oxygen on the anion lattice in ZrO, and V,*
is the oxygen vacancy with two plus charges. The vacancy
concentration is equal to the Mg®" ion concentration.
According to the tight binding model developed by Stefano
et al. [46], a possible explanation of the stabilization
mechanism is that when the concentration of O, vacancies is
higher than 8 mol% MgO, the ZrO, crystal transforms to the
fully stabilized cubic fluorite structure. However, when the
concentration of dopants is very low, (< 8 mol% MgO),
producing fewer oxygen vacancies, a relatively large volume
of zirconia crystal is left in the fluorite structure while it
transforms to tetragonal form. During this distortion, due to
the simultaneous coordinated motion of all the oxygen, the
vacancies are dragged along the tetragonal distortion of the
oxygen sublattice. In other words, as seen from the figure, the
O> ions are shuffled (pulled upwards and compressed
downwards) from their position, resulting in the tetragonal

distortion in crystals.

4. CONCLUSIONS

High energy ball milling is an effective process for
preparing partially stabilized zirconia. This study demonstrated
that partial stabilization of zirconia can be successfully
achieved with 8 mol% concentration of MgO after ball
milling for 10 h. The XRD results show that the monoclinic
to tetragonal phase transformation begins at 3 h and is fully
completed at 10 h of ball milling. The average crystallite size
in the nanometer range can be easily achieved by this process
for better microstructural properties. The Williamson-Hall
method of XRD analysis indicated an average crystallite size
of 28 nm with a lattice strain of 1.29 x 10~. The TEM
analysis showed that the particle size of tetragonal zirconia
after 10 h milling was around 22 nm. We concluded that the
addition of dopant oxides (MgO) creates a crystalline field
around m-ZrO, that reduces the volume of the m-ZrO,
causing destabilization of the m-ZrO, and leading to the

formation of t-ZrO,.
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