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Abstract Reasons for a phase transition in zirconia sub-

jected to intensive mechanical treatment in planetary mill

have been considered. If steel balls and vials are used for

milling the comminution is accompanied by oxidation of

wear metal particles and successive mechanochemical

reaction with ZrO2. Aluminum has been shown to behave

similarly and, being deliberately added to zirconia powder,

to form solid solutions. Foreign metal cations introduced

into the lattice stabilize a modification with higher crystal

symmetry thus increasing the threshold size above which

the monoclinic modification is stable. An increase of sur-

face energy contribution to the Gibbs’ energy of zirconia

plays an important role in phase transformation at the ini-

tial stages of mechanical treatment, while henceforth

thermodynamic stability is more and more determined by

the stabilizing effect of the impurity cations. Under the

conditions that rule out contamination of ZrO2 with wear

material or other metal additives, dynamic equilibrium sets

in between the direct transition to the tetragonal phase and

the reverse transition to the monoclinic form.

Introduction

An intensive mechanical treatment of solids particularly in

mills of different kinds is frequently accompanied by phase

transitions to modifications that are normally stable at high

pressure and temperature [1–5]. This phenomenon is gen-

erally considered as being an evidence of the generation of

high pressure and temperature pulses during a collision of a

milling body with the material under treatment and

quenching the state that is non-equilibrium under usual

conditions.

Such a transition of the monoclinic modification of

zirconia (m-ZrO2) to the tetragonal one was reported in

1976 [6]; later it was observed by many researchers who

used different experimental conditions [7–11]. The non-

equilibrium character of the processes taking place in mills

considered by the authors of [11] as the main reason of the

observed phase transition, that is a traditional point of view

among mechanochemists, while the authors of [6, 7] re-

ported an increase in the specific surface area of the powder

having been treated (and hence the increased contribution

of the surface energy to the Gibbs energy) to be the

determining factor. This assumption is based on the

hypothesis [12] that the tetragonal modification of ZrO2 (t-

ZrO2) has lower surface energy in comparison with the

monoclinic form, which becomes unstable as the size of the

crystallites decreases to a definite critical level.

There are dozens of publications on synthesis of fine

powder of zirconia in a tetragonal and/or cubic modifica-

tion but there still is a controversy on whether the forma-

tion of highly symmetrical phases is due to kinetic reasons

or they are indeed stable thermodynamically due to their

size [13]. It was shown [14] that a complete transition to

the tetragonal modification occurs during the annealing of a

nanocrystalline mixture of the tetragonal and monoclinic

phases under conditions excluding growth of particles. This

provided convincing evidence that the more symmetric

modification is stable in the nanocrystalline state. Shortly

afterwards the analysis [15] indicates that if the terms
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involving the surface energy and Laplace pressure are

introduced into the formula for Gibbs energy, temperature

of the phase transition from the monoclinic modification

into tetragonal one appears to depend on reciprocal particle

size, which was confirmed experimentally by the authors.

Additionally, the critical particle size below which the

tetragonal modification is stable was determined to be

22.6 nm, which is very close to the values obtained by

various experimental methods [16–18]. Finally, after

experimental determination of the excess enthalpies of

nanocrystalline tetragonal, monoclinic and amorphous

ZrO2 followed by a conclusion that with increase in the

surface per mole of oxide at first tetragonal modification

should become stable, and then the amorphous one [19] it

appears be proved that lower surface energy of more

symmetrical phases of zirconia makes just them thermo-

dynamically stable in the nanocrystalline state.

Thus the mechanically stimulated phase transition ob-

served in ZrO2 in different mills does not seem to be due to

the non-equilibrium character of the processes. At the same

time, experimental data obtained by vigorously grinding

ZrO2 are difficult to interpret from the viewpoint of the

decreased size of particles as the major reason for the ob-

served phase transition [10, 20]. The attention was drawn

to the fact that, according to the model proposed and

confirmed in [20], intensive mechanical grinding should

result in the dynamic equilibrium state when the rates of

comminution and fine crystallites coalescence become

equal, leading to the equilibrium particle size of the

material under treatment. This accounts for the situation

observed in [6, 8]: the degree of phase transition reached

approximately 40%, and then remained constant. At the

same time, 100% tetragonal modification was derived

within rather short time of milling in [7, 9, 10]. It should be

noted that milling bodies and cylinders made of tungsten

carbide were used in [6, 8] while [7, 9, 10] involved those

made of steel. The iron admixture formed due to wear of

the milling bodies has been supposed to participate in the

phase transition under consideration [10, 20]. Either sepa-

ration of ZrO2 particles by the metal was assumed to pre-

vent recrystallization similar to that reported in [21] or

incorporation of iron cations into the oxide lattice accom-

panied by stabilization of tetragonal/cubic modifications (t/

c-ZrO2) was admitted.

The opinion proposed in [20] became even more urgent

after the mechanochemical reactions ZrO2 + Fe2O3

resulting in the formation of tetragonal solid solution

containing up to 20 mol.% of ferric oxide were carried out

as described in [8, 22], and it was shown in [23] that even

0.7% of iron introduced into amorphous zirconium

hydroxide results in prevailing formation of the tetragonal

modification upon heating, while 2 wt.% of the metal is

sufficient for 100% stabilization of the latter modification.

The present work deals with a more detailed investiga-

tion of mechanically stimulated phase transition in ZrO2

and the role of metal admixtures in this process.

Experimental procedure

Chemically pure (Kh. Ch. reagent grade) zirconium oxide

powder was used in the present study. The X-ray phase

analysis revealed well-crystallized monoclinic modifica-

tion with the crystallite size more than 0.2–0.3 lm and no

other phases detectable.

The X-ray diffraction investigation was carried out

with DRON-4 diffractometer, CuKa1 radiation with

graphite monochromator at a rate of 0.25–0.5 �/min.

Relative content of the phases and crystallite size were

determined using Rietveld procedure with the help of

Powdercell program. Verification which was carried out

for specially prepared mixtures of aluminum and zirco-

nium oxides showed that the accuracy of composition

determination was at the level of 5 rel.%. Crystallite sizes

were derived from all peaks within 20–80� (2Q) interval.

Sample of a-Al2O3 annealed at 1,600 �C was taken as a

standard.

Mechanical treatment was carried out with AGO-2M

planetary mill (Novic Co., Russia) with the acceleration

within the range 15–40 g. Stainless steel balls (ShKh-15)

and wear-resistant balls made of ZrO2 (manufactured by

TOSOH company) were used. The latter exhibited excel-

lent wear resistance under conditions used with no

detectable loss of weight for more than 500 min milling. In

some experiments alumina balls and vials were used. Ball

to powder mass ratio was 1:40, 1:33.5, and 1:38.5 for steel,

zirconia, and alumina balls, respectively. Water or its

mixture with ethylene glycol was used as a vial cooling

liquid. The temperature of cooling liquid could be con-

trolled from 0 up to 120 �C.

The iron/aluminum content of the samples was deter-

mined by means of flame photometry. The solutions ob-

tained by treating the powder with hydrofluoric acid or

aqua-regia were analyzed. In the first case the substance

dissolved completely; in the second case only metal that

did not enter the lattice was assumed to dissolve, since

usual ZrO2 is stable under the action of aqua-regia. The

difference in the results of analyses was taken to corre-

spond to the amount of iron having entered the dioxide

lattice.

The samples were annealed for 1 h in a muffle furnace,

with temperature maintained with an accuracy of 5� in the

air or in a foil made of aluminum or stainless steel,

depending on temperature. A small packet made of foil was

placed on the bottom of a closed porcelain crucible under a

thick layer of acetylene black preventing access of oxygen.
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Results and discussion

Earlier, in [20] we have noted a dramatic consequence of

switching off vial cooling water during milling of zirconia.

Under certain experimental conditions ordinary observed

phase transition into more symmetrical modification did

not occur without cooling while it did occur with it. Further

investigation lead to data presented in Fig. 1 as the

dependence of the degree of phase transition (DPT), that is,

the ratio of the amount of tetragonal/cubic modification to

the total quantity of zirconia, on the indicated cooling

temperature. It should be noted that the X-ray diffraction

patterns of the samples after mechanical treatment are

strongly broadened and do not allow unambiguous inter-

pretation of the formed modification as a tetragonal or

cubic one. We failed to take Raman spectra as well that is

likely due to substantial distortion of crystal lattice after

intensive milling. In spite of the fact that X-ray diffraction

patterns unambiguously point to tetragonal phase (t-ZrO2)

after annealing at 900 �C, as can be seen from the splitting

of the (200), (220) and (311) diffraction peaks (Figs. 3c,

6c), whether it is a result of line narrowing or phase tran-

sition remains obscure. Therefore, below the corresponding

phase will be referred to as tetragonal/cubic (t/c-ZrO2).

It turned out that the DPT achieved over a particular

time interval increases with the temperature of the cooling

liquid to a maximum and then decreases notably. Of sig-

nificant importance is that the mean crystallite size of the t/

c phase formed appeared to be independent of the transition

degree and falls within the range 20–25 nm for milling

with 10 mm balls, and within the range 10–15 nm when

5 mm balls are used. Moreover, at any temperature of the

cooling liquid, the powder obtained with smaller balls and

composed of smaller crystallites has not higher but sub-

stantially lower portion of the t/c modification.

Separate experiments with vials and balls of a-Al2O3

showed that the DPT achieves little more than 23%, though

the mean crystallite size of the monoclinic phase (m-ZrO2)

decreases to 15–16 nm; this DPT is substantially lower

than the values achieved with steel balls even with larger

crystallite size.

When some ground samples heated in the absence of

oxygen (Table 1, Fig. 2) the crystallite size grows up to

70 nm, which is well above all the theoretical and exper-

imental estimations of the critical size above which the

reverse transformation into the m-ZrO2 should take place;

however, this does not happen. The reversed transforma-

tion into the monoclinic modification occurs at 800 �C in

an oxygen-free atmosphere and at 950 �C in the air and

bears no relationship with the crystallite size. Clearly, the

stability of t/c-ZrO2 produced by intensive milling should

have another explanation not related to the size.

Discussion of reasons for the complex dependence of

the DPT on temperature of the cooling liquid is beyond the

scope of the present paper. It is clear, however, that the

above-presented results do not agree with the hypothesis

that mechanically stimulated transition is due to a decrease

in particle size. Evidently, if an increase in the contribution

from the surface energy into Gibbs energy is of importance,

it is not a sole factor determining the degree of phase

transition.

In Table 2 are listed data of chemical analysis of iron

content in some t/c-ZrO2 powder produced under various

experimental conditions. Taking into account the fact that

after mechanical treatment zirconium dioxide becomes

somewhat soluble in aqua-regia (up to 10–15%), iron

content presented above may even have been slightly

underestimated. It follows from these data that a substantial

amount of ferric cations enter the ZrO2 lattice and appears

to stabilize the more symmetrical phase. According to [23],

this amount of cations is sufficient to provide the observed

transformation degree. The content of iron incorporated

into the dioxide is higher for the higher energy of milling

balls, which decreases along the row 40 g–10 mm, 20 g–

10 mm, 40 g–5 mm. This is quite reasonable, because the

rate of the assumed reaction of mechanochemical synthesis

ð1� xÞZrO2 þ 0:5xFe2O3 ! Zr1�xFexO2�0:5x

is determined by the intensity of plastic deformation and

the volume within which deformation takes place under a

single action of a ball.

It was assumed [8] that mechanochemical interaction of

zirconium and iron oxides gives the cubic form (for the

solid solution containing 5 mol.% Fe2O3, the lattice

parameter was reported to be 5.093 Å). To compare our

Fig. 1 The degree of transformation of the m-ZrO2 into t/c-ZrO2

after milling at 40 g, 15 min with 10 mm balls (1); with 5 mm balls

(2), and at 20 g, 21 min with 10 mm balls (3) as a function of

temperature of cooling liquid
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results with the data of [8], we also performed calculations

for the cubic cell (parameters listed in Table 1). The lattice

parameter remains the same within the limit of 0.1 rel.%

under thermal annealing and falls into the line with that

calculated by the equation developed in [24] for the cubic

zirconia with 3 mol.% Fe2O3, the latter being close to the

iron content given in Table 2. These data provide evidence

in favor of chemical reaction proceeding as a result of

mechanical treatment and the formation of zirconium

dioxide stabilized by ferric cations.

In addition to the peaks assigned to t-ZrO2, the X-ray

diffraction pattern of milled zirconia (Fig. 2a) indicates the

presence of low carbon steel (martensite) and a-Fe at 2Q
equal to 43.4 and 44.7, respectively. During annealing in an

oxygen free atmosphere, a narrow and intensive peak is

formed within this angle range making possible to detect as

low content of a-Fe phase as 1 wt.%. This circumstance

becomes extremely important for the analysis of data pre-

sented in Fig. 3 showing the transformation of the X-ray

diffraction patterns of the sample treated mechanically with

steel balls till almost complete transition into t/c-ZrO2, then

subjected to hydrochloric acid leaching, and subsequent

annealing in the air at 900 and 1,000 �C. At 900 �C, the

diffraction patterns exhibit 100% tetragonal ZrO2 and no

other phase detectable, while at 1,000 �C phase transition

into the m-ZrO2 with simultaneous appearance of a-Fe2O3

(hematite) peaks occurs. These data are in good agreement

with the results of electron diffraction investigation de-

scribed in [22] for the mechanochemically synthesized

solution containing 18 mol.% Fe2O3.

The amount of hematite which we estimated using Ri-

etweld procedure to be 4.8 mol.% is in good agreement

with the value 4.5% obtained by means of chemical anal-

ysis for the metal having entered the lattice, see Table 1.

Only Fe3+ cations dissolved in the t-ZrO2 (Fig. 3c) may

Table 1 Crystallite size, DPT, and lattice parameters of milled zir-

conia annealed at different temperatures

Temperature (�C) Crystallite size

of t/c-ZrO2 (nm)

DPT (%) Lattice

parameter (Å)

25 19 85 5.104

500 39 83 5.098

700 71 84 5.101

850 2.5

Fig. 2 Diffraction patterns of the ZrO2 sample milled at acceleration

40 g for 15 min with 10 mm steel balls (a) and annealed in oxygen-

free atmosphere at 500 �C (b) and 700 �C (c). Temperature of cooling

liquid is 105 �C

Table 2 Fe2O3 content in ZrO2 milled under various conditions

Acceleration

(g)

Ball

diameter

(mm)

Temperature of

cooling liquid

(�C)

Milling

time

(min)

Fe2O3 content

in lattice

(mol.%)

40 10 25 25 4.5

40 10 42 15 6.0

40 10 >105 15 4.1

40 5 90 15 2.2

40 5 >105 15 1.0

20 10 88 21 3.1

Fig. 3 Diffraction patterns of ZrO2 milled with steel balls 10 mm in

diameter with the acceleration of 40 g for 25 min (a), then washed

with hydrochloric acid (b), then annealed in the air at 900 �C (c) and

at 1,000 �C (d)
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yield hematite on heating because washed with HCl and

subsequently annealed in the absence of oxygen at 700 �C

sample (not shown in the Fig. 3) does not contain any a-Fe

phase and; thus, as we have already stressed above, the

content of iron may be little more than 1%.

Thus it may be stated that ferric cations not only enter

the lattice of zirconia but also stabilize its t/c modification

just as yttrium, calcium, and some other cations do. When a

sufficient mobility of the lattice elements is achieved, the

solid solution which is metastable under these conditions

gets decomposed, resulting in disappearance of the stabi-

lizing effect of iron and the transformation of ZrO2 into the

monoclinic modification. A similar explanation of thermal

decomposition of mechanochemically synthesized Ca and

Mg–ZrO2 has been reported in [25]. The fact that the solid

solution stabilized with iron is metastable at this temper-

ature is confirmed by much lower decomposition temper-

ature in an atmosphere with low oxygen partial pressure,

though it is known that, quite contrary, thermodynamic

stability of t-ZrO2 and solid solutions based on it rises

under the lack of oxygen [26–28]. Decomposition takes

place when the sufficient diffusion mobility of lattice ele-

ments is achieved, the mobility being certainly higher for

higher concentration of the anion vacancies, which is

provided by low oxygen pressure.

The set of the above-mentioned results provides evi-

dence that high-energy milling of zirconium dioxide in a

steel tool is accompanied by the oxidation of the worn

metal followed by mechanochemical synthesis of the

metastable solid solution Zr1 – xFexO2 – 0.5x.

Indeed, after 20 min mechanical treatment at the

acceleration of 20 g in argon the DPT does drop markedly

in comparison with the treatment in the air, 58 and 38%,

respectively. It may be assumed that impossibility of the

oxidation of the worn metal by atmospheric oxygen com-

plicates mechanochemical synthesis.

At the same time, estimation of the total amount of iron

oxide which can be formed and then enter the ZrO2 lattice

after complete consumption of oxygen, present in a sealed

vial as the powder-adsorbed form, water and oxygen

molecules in the gas phase gives a value of 2 mol.%. The

amount of iron oxide that entered the lattice, as determined

by means of chemical analysis, exceeds this amount in

some cases 2–3 times. It is likely that an additional source

of oxygen, responsible, incidentally, for the mechano-

chemical synthesis in argon, is zirconium dioxide itself,

which admits large non-stoichiometry and therefore can

render its oxygen atoms for the oxidation of iron.

Hence contamination of the ZrO2 lattice cannot be

avoided by simply removing moisture and air from the vial

in the hope to prevent iron from oxidation. The use of steel

milling bodies and vials always implies the risk of non-

removable iron impurities entering the lattice.

We made an attempt to interfere with the reaction be-

tween iron and ZrO2 by adding in the vial 10 wt.% of

acetylene black. The latter was assumed to act by at least

one of the following mechanisms: it would either act as

oxygen absorbing agent or it would bind the iron into

carbides, or it would simply separate iron and zirconia

particles from each other. To make the results more

unequivocal steel vials with tungsten carbide balls have

been used in these experiments. It should intensify the

reaction due to higher ball density and lower iron content at

the same time. Whichever the mechanism of carbon black

action would realize, we expected a notable decrease in the

DPT; this is what we observed in experiments (Fig. 4).

However, in our opinion, the most remarkable feature of

evidence presented in Fig. 4 is the fact, that the addition of

acetylene black after the first 10 min of milling does not

stop the transition process as it does being added at the very

beginning of mechanical treatment.

This provides important indication that the reaction of

mechanochemical synthesis passes through the stage of fine

particles aggregate formation and it is an aggregate in

which the interaction between components proceeds at

subsequent stages. The addition of acetylene black after the

first 10 min of treatment now cannot exert any influence

upon interaction inside the aggregate that has been already

formed.

There is no reason, however, for one not to take

advantage of the above mechanism responsible for the

contamination of zirconia. If he deliberately changes an

Fig. 4 Diffraction patterns of ZrO2 milled with 10 mm tungsten

carbide balls under the acceleration of 20 g for 10 min without adding

carbon black (a), for 20 min with carbon black added (b), and with

carbon black added at the second 10 min of grinding (c). Arrows

indicate reflections corresponding to the t/c modification; its fraction

is also indicated. T, t/c-ZrO2
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iron on any other metal he could obtain solid solution with

the metal entered zirconia lattice. As an example we took

aluminum which has been reported to form metastable

stabilized solution with ZrO2 [29–32] and has a higher than

iron affinity to oxygen. Figure 5 compares the X-ray dif-

fraction patterns of zirconia mechanically treated with

10 mm ZrO2 balls in a-Al2O3 vials with and without

addition of 5% Al metal. It is concluded that the former

conditions are considerably more favorable (2.3 times) for

the formation of t/c phase. Successive an hour annealing at

900 �C of the ZrO2 samples proved to be even more con-

clusive because treated without Al powder underwent re-

verse transformation into m-ZrO2 whereas the DPT of the

other increased by a factor of 1.5.

We are forced to acknowledge that in our previous work

[20] we erroneously interpreted preservation of the

tetragonal structure of the product of intensive milling of

zirconia with 15% Al after heating at 1,000 �C in air. It was

assumed that aluminum separates zirconia particles during

grinding, thus preventing their coalescence, and continues

to do so after oxidation by heating. Further investigation

(Fig. 6) showed that DPT achieved on grinding ZrO2 with

Al not only retains its value on successive heating in

oxygen free atmosphere but also does drastically increase

it. Most probably the phenomenon means that a consider-

able part of solid solution formed during milling exists in a

highly disordered, may be even amorphous state and

undergoes crystallization on heating, being crystallized in

the metastable phase in the presence of tetragonal modifi-

cation. Growth of zirconia nanocrystallites can hardly be

effectively hindered by metallic aluminum well above its

melting point and high temperature stability of tetragonal

modification obtained is likely due to the stabilizing effect

of Al3+ cations. An additional confirmation of this point is

that X-ray pattern given on Fig. 6c corresponds to t-ZrO2

mean crystallite size equal to 60 nm, while estimation of

the pattern of as milled zirconia gives only about 10 nm.

The results of chemical analysis presented in Table 3

provide further support for the above considerations, that

oxidation of aluminum similar to that of iron described

earlier followed by mechanochemical interaction with

ZrO2 to form tetragonal/cubic solid solution. For under-

standing the mechanism as a whole, it is interesting that

almost all Al enters the crystal lattice of zirconia during

milling, so that the increased DPT on heating might indeed

be due to crystallization of amorphous substance.

It should be stressed that, though the stabilizing effect of

iron and/or aluminum cations substituting for zirconium in

crystal lattice has been, in our opinion, established reliably

we do failed to obtain a strict correlation between the DPT

and the amount of foreign metal present in ZrO2 estimated

by chemical analysis.

Fig. 5 X-ray diffraction patterns of ZrO2 milled with 10 mm ZrO2

balls in alumina vials without (a) and with (b) 5% aluminum additive

at 20 g for 21 min. T,t/c-ZrO2

Fig. 6 X-ray diffraction patterns of 5 wt.%Al-ZrO2 powder milled in

steel vials with 5 mm zirconia balls at 20 g, 21 min and annealed

over 1 h at 700 �C (a), 900 �C (b), and 1,050 �C (c). T, t/c-ZrO2

Table 3 DPT and aluminum content in ZrO2 milled at 25 g, 40 min

with 3 wt.% of Al

Sample DPT

(%)

Content of Al

determined in HCl

extract (wt.%)

Content of Al determined

by complete dissolution in

HF (wt.%)

As ground 83 ~0.1 2.6 ± 0.2

Ground and

heated at

950 �C,

1 h

97 ~0.1 2.6 ± 0.2
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This means that the DPT in conditions allowing a for-

eign metal interfere in the process of intensive grinding is

determined by the combined effect of the dimensional and

chemical factors. Indeed, on Fig. 5a the formation of

approximately 20% of tetragonal phase may be clearly

detected even if no stabilizing cations are present in the

vial. It appears that under intensive mechanical treatment

in the mill, gradual increase in the fraction of particles with

the size smaller than the critical value occurs. On the other

hand, as the mechanochemical synthesis proceeds, the

critical size itself increases similar to that described in [15]

for the case of yttrium stabilized zirconia. Both factors

promote the transition into the tetragonal/cubic modifica-

tion and act simultaneously but perhaps to different extent

at different stages of treatment.

The fact seems to be shown by investigating the effect of

annealing on the kinetic curve of mechanically stimulated

phase transition with the grinding balls made of ZrO2

(Fig. 7). In this case, the amount of worn iron decreases

sharply attaining no more than 2 wt.% within 20–25 min,

which allows us to consider its effect insignificant for short

treatment time. One can see an inflection after ~12.5 min of

treatment, which becomes more distinct after annealing. The

size of crystallites comprising the powder increases during

heating, for example, from 16 to 40 nm and from 18 to 36 nm

for the samples heated for 12.5 and 25 min, respectively.

For the samples obtained within short periods of time,

growth of particles is accompanied by the reverse trans-

formation of the t/c modification into monoclinic one, since

at a short time of mechanical treatment the transition is

caused by the dimensional effect. As treatment time in-

creases, mechanochemical synthesis with iron, resulting in

increased critical size of particles, becomes predominant.

Because of this, the effect of thermal annealing on the

stability of the t/c-ZrO2 weakens; finally, treatment for

25 min is sufficient for keeping the t/c-ZrO2 stable within

the whole temperature range. During this time, about

2 wt.% of iron gets inserted into the lattice; this amount

being sufficient for complete stabilization of the t/c-ZrO2.

Evidently, annealing at the decomposition temperature of

the solid solution (1,000 �C) causes a complete transition

to the initial state.

So, the observed phase transition is a result of two

parallel processes differing in their kinetic features. Parti-

cles start to decrease immediately, while the mechano-

chemical synthesis reaction requires induction period due

to the necessity for iron to get worn, oxidized, and to form

aggregates with fine zirconia particles. If no special

measures are taken to prevent crystallites coalescence,

comminution alone leads to the achievement of mechano-

chemical equilibrium according to the model described in

[20], and therefore only partial transition into the phase of

higher symmetry can be achieved, in full agreement with

the data presented in [6, 8].

Conclusions

Under intensive mechanical treatment of ZrO2 in a steel

vial and/or a steel milling body, as well as with deliberately

fed metal additive, phase transition from the monoclinic

modification to the more symmetrical one occurs; the de-

gree of this transformation being determined by the

intensity and time of treatment.

The phase transition is due to two parallel processes. At

the initial stage, a decrease in particle size largely con-

tributes to transformation. As the process develops, sta-

bilization of tetragonal/cubic modification by metal cations

entering the lattice becomes increasingly important. When

ZrO2 is treated under conditions excluding the presence of

a metal, the transition degree decreases substantially

reaching a limit when the rates of grinding and coalescence

become equal and the system comes to the dynamic equi-

librium state.

The tetragonal/cubic modification formed is thermally

unstable and is transformed into the monoclinic one during

heating. The upper temperature of the stability of sym-

metrical phase is determined by the partial pressure of

oxygen and amount as well as nature of the stabilizing

metal in crystal lattice.

Al2O3–ZrO2 tetragonal solid solutions stable up to

1,100 �C have been synthesized mechanochemically.
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