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THEORY, PRODUCTION TECHNOLOGY,
AND PROPERTIES OF POWDERS AND FIBERS

CHANGES IN THE PROPERTIES OF ULTRAFINE
Al,03-Zr0,-Y,03-CeO, POWDERS AFTER HEAT
TREATMENT IN THE RANGE 400-1450°C
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Ultrafine 90AZK, 80AZK, 704ZK, and 58.5AZK powders in the Al,0;~ZrO,-Y,0;-CeO, system

were produced for the first time by a combined method involving hydrothermal synthesis followed by
mechanical mixing with a-Al,0; (HTSM). The properties of the powders heat treated in the range
400—-1450°C were examined by differential thermal analysis, X-ray diffraction, electron microscopy,
and nitrogen thermal adsorption—desorption (BET). The sizes of primary particles were calculated
with the Scherrer equation. The AMIC (Automatic Microstructure Analyzer) software was applied to
process the powder morphology analysis results. The F-ZrO, — T-ZrO, phase transformation was

found to proceed completely when the powders were mechanically mixed in the HTSM process. The
M-ZrO, phase was identified as traces in the ultrafine 90AZK and 804ZK powders after mechanical
mixing, was not found in the 704ZK powder, and emerged as traces in the 58.5AZK powder above
1150°C. Heat treatment was shown to induce a topochemical memory effect in the ceramics: the
morphology and shape factor of the ultrafine powders following heat treatment at 400-1450°C
varied topologically continuously. The dependence of primary particle sizes and specific surface

area of the powders on the heat treatment temperature indicated that they had high sintering
activity. The powders are needed to produce highly efficient ZTA composites in the Al,O3;~ZrO,—

Y,0;-CeO, system, consisting of fine particles of the viscous zirconia-based solid solution, codoped

with ceria and yttria, distributed in a rigid alumina matrix.
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INTRODUCTION

The Al,0,—ZrO,-Y,0,—CeO, system underlies the development of materials for different applications:

tool, structural, medical, and functional. These materials feature high strength, heat resistance, wear resistance, and
oxidation resistance, low thermal conductivity, and thermal expansion coefficients that are comparable to those
possessed by metals. Zirconia-toughened alumina ceramics (ZTA ceramics) belong to precipitation-strengthened
materials with an a-Al,O; matrix that is toughened by pure zirconia particles or zirconia-based solid solutions. The
properties of ZTA ceramics are determined by transformation hardening and microcracking mechanisms, governing
the capability to control martensitic phase transformations of the toughening phase [1-3]. Targeted changes in the
chemical and phase composition of the matrix and in the content and morphology of the particulate phases and
variation in the methods to synthesize and pretreat the starting nanocrystalline and ultrafine powders are necessary
conditions for the development of up-to-date oxide composites. The production of transformation-hardened ZTA
materials is associated with thermodynamically nonequilibrium condition resulting from a significant number of
phase transformations undergone by both alumina and zirconia.

The main attention is currently paid to ZTA composites with an o-Al,O; matrix strengthened by yttria-
stabilized T-ZrO, particles (Y-TZP). The ZTA composites that contain a zirconia-based solid solution stabilized by
3 mol.% Y,0; have been studied in greatest detail [2, 4-7]. Current research efforts indicate that ceria favorably
influences the mechanical properties and stability of T-ZrO, [8, 9]. The ZTA composites doped with ceria acquire

improved properties when ceria is part of the zirconia-based solid solution [9, 10]. There are hardly any studies in
the literature that would focus on ZTA composites with zirconia stabilized by both yttria and ceria. Study of ZTA
composites having a substantial volume content of zirconia (>30 vol.%) or even equal volume contents of alumina
and zirconia would also improve the understanding of the transformation hardening mechanism. The strength and
hardness of such ZTA composites are believed to be improved through a synergetic action of superfine zirconia
grains and stabilizing agents in the zirconia-based solid solution since metastable T-ZrO, that is capable of
undergoing the T-ZrO, - M-ZrO, transformation under stresses is retained [11].

There is a direct relationship between the processes employed to produce the starting powders and the
properties acquired by the resultant transformation-hardened ZTA materials. To impart the required properties to
the materials, the starting powders should be produced in extremely nonequilibrium systems [12—14].

Hydrothermal synthesis in an alkaline environment belongs to wet chemical methods and combines the
advantages of the sol-gel process, coprecipitation, and hydrothermal treatment and allows the particulate product
morphology to be controlled through variation in the process parameters [15]. When nanosized particles in the
Al,0;-Zr0,-Y,0;—CeO, system that have been hydrothermally synthesized in an alkaline environment are heat

treated, phase transformations of zirconia (metastable zirconia-based cubic solid solution — tetragonal zirconia-
based solid solution (F-ZrO, — T-ZrO,)) and boehmite (y-AlIO(OH) — ©-Al,0; — a-Al,0;) take place in parallel;
i.e., several phases, zirconia and alumina, coexist on a permanent basis [16, 17].

To weaken the synergetic effect of alumina and zirconia phase transformations to produce powders of
complex composition in the Al,0;-ZrO,-Y,0,—CeO, system, a combined method involving hydrothermal
synthesis of a nanocrystalline powder of the zirconia-based solid solution in an alkaline environment and its further
mechanical mixing with an ultrafine a-Al,O; powder (HTSM method) is advised [18]. Mechanical activation of the
starting powders, at the earliest stages of creating a particulate system, is among the conditions needed for
controlling the structure and properties of materials. The successive use of hydrothermal synthesis and mechanical
mixing reduces uncertainties associated with the evolution of properties to be acquired by ultrafine powders of
complex composition when they are produced and heat treated because there is no effect of the phase
transformations of alumina on the phase transformations of the zirconia-based solid solution [18, 19] and
mechanical mixing activates the nanocrystalline powders. The HTSM method is simple and safe, includes a
minimum number of precursor preparation stages, and does not require complex chemical equipment or expensive
reagents.
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Our objective is to establish physicochemical properties of ultrafine powders in the Al,0;-ZrO,~Y,05—
CeO, system containing 10 to 41.5 wt.% zirconia solid solution within the combined HTSM process and after heat
treatment. The zirconia-based solid solution (ZrO, (Y,03, CeO,)) has constant composition, mol.%: 90 ZrO,—
2Y,05-8 CeO,.

Well-grounded choice of the composition, insights into the basic laws behind phase transformations
depending on temperature, and selection of an optimal sequence of processing steps are required for targeted
microstructural design of advanced ZTA composites.

EXPERIMENTAL PROCEDURE

The main intention in choosing the test powder compositions was to strengthen the brittle alumina matrix
with particles of a zirconia-based solid solution, characterized by high viscosity. The paper [20] shows that the
90Zr0,-2Y,05-8Ce0O, composition (mol.%) is highly resistant to low-temperature degradation in humid

environments and has K, equal to 8 MPa - m%3. Hence, the zirconia solid solution of this composition was chosen
for the experiment. The powders contained from 90 to 58.5 wt.% Al,O;. The ZTA powders chosen for the

experiment are described in Table 1. The 58.5AZK powder composition corresponds to that of the binary eutectic in
the Al,05—ZrO, phase diagram [20, 21].

The starting reagents were zirconium oxychloride (ZrOCl, - 8H,0), yttrium nitrate (Y(NOs); - 6H,0), and
cerium nitrate (Ce(NO;); - 6H,0); all reagents were of chemically pure grade. The alumina reagent was a.-Al,O5 of

Baikalox 23810-1 grade (produced by Universal Photonics Incorporated, USA) with a specific surface area of
5 m2/g. The hydrothermal synthesis of a nanosized powder of the zirconia-based solid solution of composition
(mol.%) 90 ZrO,—2 Y,053—8 CeO, in an alkaline environment is described in detail in [22]. The zirconia-based solid

solution had a specific surface area of 94 m?/g and contained the F-ZrO, phase.

TABLE 1. Compositions of Test Powders

Composition No. Composition, wt.% Notation
1 90 Al,05-10 ZrO, (Y,03, CeO,) 90AZK
2 80 Al,05—20 ZrO, (Y,05, CeO,) 80AZK
3 70 Al,05-30 ZrO, (Y,03, CeO,) 70AZK
4 58.5 A1,0542.5 Zr0, (Y,03, CeO,) 58.5AZK

A

20.00kV  x100 00 L 20.00kV  x100

Fig. 1. SEM images of the nanocrystalline ZrO,(CeO,, Y,03) powder (a) and ultrafine a-Al,O4
powder (b)
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Morphologies of the starting powder of the ZrO, (CeO,, Y,05) solid solution and a-Al,O; starting powder
were examined by scanning electron microscopy (SEM). Figure 1 shows that the ZrO, (CeO,, Y,0;) powder

contains round and irregular agglomerates. The round agglomerates are actually in one size (~20 pum). The
agglomerates are well seen (Fig. 1a) to consist of primary particle conglomerates. These conglomerates are within
5 pm in size. Individual irregular agglomerates reach 20 um, but their main size fraction is 5-10 pm long. These
agglomerates also contain primary particle conglomerates. The a-Al,O; powder (Fig. 1b) contains within 5% of
round agglomerates approximately 10—15 um in diameter. The main size fraction includes agglomerates varying
from 1 to 5 um in size. These agglomerates are not solid either and consist of primary particle conglomerates.

To synthesize ultrafine 90AZK, 80AZK, 70AZK, and 58.5AZK powders, the ready-made a.-Al,O5 powder
and the nanosized ZrO,(Y,0;, CeO,) powder hydrothermally synthesized in an alkaline environment were

mechanically mixed for 8 h in a planetary-ball mill in isopropyl alcohol. The mixtures were dried at 80°C for 24 h.
To study how the physicochemical properties of the ultrafine powders evolved, they were heat treated at 400, 550,
700, 850, 1000, 1150, 1300, and 1450°C and held for 2 h at each temperature. The ultrafine powders were heat
treated in a SNOL 7.2/1100 laboratory electrical furnace, muffle furnace, and Nabertherm LTHO08/17 laboratory
electrical furnace.

The properties of the powders after synthesis and heat treatment were examined by X-ray diffraction
(XRD) (upgraded DRON-3M diffractometer, Cu-K  radiation, Ni filter, and 1-4°/min scan rate at 20 varying from
10 to 90°). The diffraction peaks were fitted to the Voigt and Gauss functions to refine their parameters. The Match
software, PDF-2 X-Ray Powder Diffraction File, differential thermal analysis data (Q-1500D analyzer, 10°C/min
heating rate in the range 20—1000°C), and electron microscopy (scanning electron microscope with a REM 1061
energy-dispersive microanalyzer and ZEISS EVO 40XVPa scanning electron microscope) were used to identify
phases.

WD=15.9mm 20.00kV  x2.50k 20.00kV  x2.50k

20.00kV__ x2.50k 20um fll WD=15.9mm 20.00kV__ x2.50k
Fig. 2. SEM images of the ultrafine 90AZK (a), 80AZK (b), T0AZK (c), and 58.5AZK (d) powder
agglomerates
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The specific surface area of the powders was found by nitrogen thermal adsorption—desorption (BET
method). The AMIC (Automatic Microstructure Analyzer) software [23] was used to process the powder
morphology analysis data. The image processing algorithm intended to obtain quantitative metallography data is
based on the Cavalieri—-Aker—Glagolev principle [23, 24].

RESULTS AND DISCUSSION

According to XRD, T-ZrO, and traces of M-ZrO, were identified in the 90AZK and 80AZK starting
mixtures besides a-Al,O;, and T-ZrO, was identified in the 70AZK and 58.5AZK mixtures. Hence, the F-ZrO, —
T-ZrO, phase transformation occurred in the mechanical mixing process. The specific surface areas were 14
(90AZK), 24 (80AZK), 60 (70AZK), and 57 m?/g (58.5AZK).

Figure 2 shows morphology of the ultrafine powders. Bimodal size distribution of the agglomerates is seen
in the 90AZK and 80AZK powders. The 90AZK powder (Fig. 2a) contains ~10% of agglomerates within 10 pm in
size, while their main size fraction is within 5 um. The ratio of the two size fractions is almost 50 : 50 in the 80AZK
powder (Fig. 2b). The agglomerates are dense in both cases. In the 70AZK powder (Fig. 2¢), 5-10 um
agglomerates, being quite loose, are predominant. Figure 2d shows that the 58.5AZK powder has loose irregular
agglomerates within 20 um. These morphological features explain why the specific surface area of the mixtures
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Fig. 3. Shape factor of the starting ultrafine powders in the Al,05-Zr0,-Y,05;-CeO, system
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Fig. 4. DTA results for the synthesized ultrafine powders in the Al,03-ZrO,~Y,05;-CeO, system
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changes: it increases when the agglomerates become more porous. Figure 3 demonstrates that agglomerates in the
powders produced by the combined method are distributed in a similar way according to the shape factor.

Figure 4 shows DTA curves from the thermogravimetric patterns for the starting zirconia and alumina
powders and resultant ZTA powders. These curves change with increasing content of the zirconia-based solid
solution. The curves for the 90AZK and 80AZK powders are similar to that for the a-Al,O5 powder and the curves
for the 70AZK and 58.5AZK powders are similar to that for the ZrO,(CeO,, Y,0;) powder. The intensive

endothermic effects on the DTA curves with minima at 90—100°C correspond to the removal of absorbed water and
the endothermic effects at temperatures close to 300°C to the removal of crystallization and coordinately bound
water. The exothermic effect, of much lower intensity, corresponds to the transition of the zirconia-based solid
solution from amorphous to crystalline state and the coarsening of zirconia and alumina particles in the heat
treatment process.

The a-Al,O5 powder lost 2% of its weight when was heated to 1000°C and the ZrO,(CeO,, Y,05) powder

lost about 9%. In the 90AZK—58.5AZK mixtures, the weight loss increased from 2 to 4% with greater content of the
zirconia-based solid solution.

Table 2 shows the phase composition of the 90AZK-58.5AZK powders after heat treatment. The alumina
phase composition has no effect on the ZrO,(Y,0;, CeO,) transformation when the combined method is used.

Mechanical mixing, belonging to the methods to activate the starting powders, induced the metastable F-ZrO, —
T-ZrO, phase transformation in the experimental conditions. Traces of M-ZrO, were identified in the 90AZK and

80AZK mixtures. The 90AZK and 80AZK powders did not change their phase composition in subsequent heat
treatment. The M-ZrO, phase was not found to form in the 70AZK mixture and was identified only after heat

TABLE 2. XRD Results for the Powders Produced by HTSM and Heat Treated in the Range 400-1450°C

Temperature, Powder phase composition
¢ 90AZK 80AZK 70AZK 58.5AZK
Starting T-ZrO,, M-ZrO, (tr.),* | T-ZrO,, M-ZrO, (tr.), T-ZrO,, a-Al,04 T-ZrO,, a-Al,04
powders |4 AlL,0, a-Al,0,

400 T-ZrO,, M-ZrO, (tr.), T-ZrO,, M-ZrO, (tr.), T-Zr0O,, a-Al,0; T-ZrO,, a-Al,O5
0-Al,O5 a-Al,O4

550 T-ZrO,, M-ZrO, (tr.), T-ZrO,, M-ZrO, (tr.), T-Zr0O,, a-Al,0; T-ZrO,, a-Al,04
a-Al,O4 a-Al,O;

700 T-ZrO,, M-ZrO, (tr.), T-ZrO,, M-ZrO, (tr.), T-ZrO,, a-Al,05 T-ZrO,, a-Al,O5
a-Al,O5 a-Al,O3

850 T-ZrO,, M-ZrO, (tr.), T-ZrO,, M-ZrO, (tr.), T-Zr0O,, a-Al,0; T-ZrO,, a-Al,O4
0-Al,O4 a-Al,O4

1000 T-ZrO,, M-ZrO, (tr.), T-ZrO,, M-ZrO, (tr.), T-ZrO,, a-Al,O; T-ZrO,, M-ZrO, (tr.),
a-Al,O; a-Al,O; a-Al,O;

1150 T-ZrO,, M-ZrO, (tr.), T-ZrO,, M-ZrO, (tr.), T-ZrO,,0-Al,04 T-ZrO,, M-ZrO, (tr.),
a-Al,O; a-Al,O4 0-Al,O5

1300 T-ZrO,, M-ZrO, (tr.), T-ZrO,, M-ZrO, (tr.), T-ZrO,, a-Al,04 T-ZrO,, M-ZrO, (tr.),
a-Al,O5 a-ALO; a-Al,O4

1450 T-ZrO,, M-ZrO, (tr.), T-ZrO,, M-ZrO, (tr.), T-ZrO,, a-Al,O; T-ZrO,, M-ZrO, (tr.),
0-Al,O4 a-Al,O5 a-Al,O4

*Phase traces.
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Fig. 5. Sizes of the ZrO,(CeO,,Y,0;) primary particles  Fig. 6. Specific surface area of the ultrafine 90AZK—
versus heat treatment temperature 58.5AZK powders versus heat treatment temperature

treatment at 1000°C in the 58.5AZK mixture. These features are associated with metastable zirconia transitions
under applied stresses and with particle growth at increasing temperature.
The size of primary zirconia particles in the 90AZK and 58.5AZK powders was calculated with the

Scherrer equation. Conditional areas that correspond to different rates of structural changes—increase in the size of
primary particles—can be determined on the temperature dependence for the sizes of ZrO,(CeO,, Y,05) primary

20.00kV  x10

WD=16.6mm . L 20.00kV  x10

Fig. 7. SEM images of the ultrafine 90AZK (a), 80AZK (b), 70AZK (c), and 58.5AZK (d) powders
after heat treatment at 400°C
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particles. The sizes of ZrO,(CeO,, Y,0;) primary particles hardly change in heat treatment up to 850°C and in the
range 1300-1450°C (Fig. 5). The ZrO,(CeO,,Y,05) primary particles grow at the highest rate in the range 850—
1300°C.

Therefore, XRD resulted in quite a contradictory finding: when ZrO,(CeO,, Y,05) content was 10 and
20 wt.%, mechanical mixing was accompanied not only by the F-ZrO, — T-ZrO, phase transformation but also
partial T-ZrO, — M-ZrO, phase transformation. When the amount of ZrO,(CeO,, Y,03) increased to 30 wt.% and
41.5 wt.%, the T-ZrO, — M-ZrO, phase transformation was absent. The M-ZrO, phase emerged in the 58.5AZK
powder only after heat treatment at 1000°C.

Figure 6 shows the specific surface area of the powders versus heat treatment temperature. According to
XRD (Table 2), heat treatment induced T-ZrO, and traces of M-ZrO, in the ultrafine 90AZK and 80AZK powders,
just T-ZrO, in the 70AZK powder, and traces of M-ZrO, in the 58.5AZK powder only after 1000°C. Analysis of
the results (Fig. 6) indicates that dependences of the specific surface areas of the powders on heat treatment
temperature correspond to the T-ZrO, — M-ZrO, phase transformation and sintering processes that occur in loose
90AZK-58.5AZK ZTA powders with increase in temperature. The specific surface area of the 90AZK and 80AZK
powders is much smaller than that of the 70AZK and 58.5AZK powders up to 700°C. The bend in the range 850—
1150°C (Fig. 6) is due to coarsening of the primary particles (Fig. 5) and incipient sintering of the loose powders.
According to the dependences, this process intensifies after heat treatment at 1150°C. The results demonstrate that
the ultrafine 90AZK, 80AZK, 70AZK, and 58.5AZK powders are highly active in sintering.

A

WD=15.9mm

WD=16.1mm I x100

Fig. 8. SEM images of the ultrafine 90AZK (a), 80AZK (b), 70AZK (c), and 58.5AZK (d) powders
after heat treatment at 850°C
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‘WD=16.0mm 20.00kV  x100

WD=16.0mm

Fig. 9. SEM images of the ultrafine 90AZK (a), 80AZK (b), 70AZK (c), and 58.5AZK (d) powders
after heat treatment at 1450°C

Figures 7-9 are SEM images of the ultrafine 90AZK, 80AZK, 70AZK, and 58.5AZK powders following
heat treatment at 400, 850, and 1450°C. The behavior of structural components in heat treatment is primarily
determined by the T-ZrO, — M-ZrO, phase transformation and sintering of loose powders.

Analysis of the data presented in Figs. 7-9 suggests that the 90AZK-58.5AZK powders change their
morphology topologically continuously. The irregular agglomerates formed in mechanical mixing (Figs. 2 and 3)
are retained over the entire heat treatment process but their average size reduces to 5—-10 pm. Sintering of the loose
powders is accompanied by decrease in the sizes of agglomerates and the formation of bonds between the
agglomerates. When heat treatment temperature increases to 1300-1450°C (Fig. 9), dense agglomerates that
combine the sintered conglomerates into chain-like formations show up. Note that all changes in morphology of the
90AZK-58.5AZK powders influence the dependences of the specific surface area of the powders on heat treatment
temperature (Fig. 6).

Changes in the shape factor of the ultrafine 90AZK—58.5AZK powders in the heat treatment process are
illustrated in Fig. 10. Dependences identical to the starting ones were obtained for each powder. Insignificant
variations in the dependences (compared to those for the starting powders) result from sintering of the powders. The
content of first-order agglomerates with a shape factor to 0.5 does not exceed 4%, indicating that regular
agglomerates are formed. Round and polyhedral regular agglomerates mainly developed in the ultrafine 90AZK-
58.5AZK powders.

The topochemical memory effect is involved in the development of ZTA materials [14]: although complex
physicochemical options and mechanical and thermal impacts are used, the properties of the materials are primarily
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Fig. 10. Shape factor of the ultrafine 90AZK (a), 80AZK (b), 70AZK (c), and 58.5AZK (d) powders
versus heat treatment temperature

determined by the properties of the starting powders (size and size distribution, specific surface area, and shape of
the particles and phase composition). Analysis of the data indicates that the topochemical memory effect shows up
already when the ultrafine 90AZK, 80AZK, 70AZK, and 58.5AZK powders are heat treated. This indicates that the
shape factor of the ultrafine powders changes in the heat treatment in the same way as the shape factor of the
starting mixtures produced by hydrothermal synthesis combined with mechanical mixing.

CONCLUSIONS

Hydrothermal synthesis combined with mechanical mixing has been employed to produce nanosized
alumina powders with a high zirconia content for the development of ZTA composites with a rigid alumina matrix
toughened with fine particles of the zirconia-based solid solution codoped with ceria and yttria. The
physicochemical properties of the powders in the heat treatment process at 400—1450°C, which is accompanied by
zirconia phase transformations and sintering, have been determined.

The F-ZrO, — T-ZrO, phase transformation proceeds fully in the mechanical mixing process. The
T-ZrO, - M-ZrO, phase transformation is partial in the powders with 10 and 20 wt.% ZrO,. When ZrO, content
increases, the M-ZrO, phase forms only after 1150°C. The dependences showing the sizes of primary particles and

specific surface area of the powders versus heat treatment temperature and the sharp decrease in the specific surface
area in heat treatment in the range 1150-1450°C are indicative of high activity of the resultant powders in sintering.

The shape factor of the powders changes in the heat treatment process in the same way as the shape factor
of the starting powders. ‘Soft’ agglomerates with a shape factor of 0.9 form in the powders, corresponding to
polygonal regular agglomerates. The agglomerate distribution according to the shape factor depends on the
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physicochemical processes that occur in the powders when they are heat treated. This confirms that the
morphological features of the powders are determined by the method used to produce them, the phase composition

of the samples being equal. The topochemical memory effect has been found in the powder heat treatment process.

These research efforts serve as a basis for microstructural design of ZTA composites for various

applications that possess the required mechanical properties.
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