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INFLUENCE OF TWO-STEP SINTERING ON MICROSTRUCTURE
EVOLUTION AND MECHANICAL PROPERTIES
OF ALUMINA-NANOZIRCONIA COMPOSITES

In this work we present the preparation of 2 and 12 vol.% zirconia alumina composites via filter pressing and
pressureless sintering at a constant heating rate (CHR), by means of two-step sintering (TSS) and reverse two-step sintering
(RTSS). Nanozirconia (10 nm) and microalumina (175 nm) powders were used. The resultant composites were characterized
in terms of their microstructural (density, grain size) and mechanical (hardness, fracture toughness) properties. The heating
schedule showed an insignificant effect on the density of the composites. TSS produced composites of the best properties and
finest microstructure, while RTSS in the case of samples containing 12 vol.% of zirconia, produced the coarsest grains. The
resultant densities were close to 95%, but the fracture toughness and hardness were reasonably good: (7.0+0.2) MPa-m"* and
(20.8+0.2) GPa for the TSS sample containing 12 vol.% zirconia, respectively.
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WPLYW SPIEKANIA DWUETAPOWEGO NA EWOLUCJE MIKROSTRUKTURY | WLASCIWOSCI
MECHANICZNE KOMPOZYTOW TLENEK GLINU-TLENEK CYRKONU

W pracy przedstawiono wytwarzanie kompozytow ZTA (Zirconia Toughened Alumina) zawierajacych 2 i 12 % obj.
tlenku cyrkonu. Kompozyty zostaly wytworzone technika prasowania filtracyjnego i spiekania swobodnego przy zastosowaniu
réznych krzywych spiekania: ze stala szybkoscia grzania (CHR), w cyklach spiekania dwuetapowego (TSS) oraz odwréconego
spiekania dwuetapowego (RTSS). Do wytworzenia kompozytu wykorzystano nanoproszek tlenku cyrkonu o Srednim
rozmiarze ziaren wynoszacym 10 nm oraz mikroproszek tlenku glinu o $rednim rozmiarze ziaren wynoszacym 175 nm.
Otrzymane kompozyty byly charakteryzowane pod katem parametréw mikrostruktury (gesto$¢, rozmiar ziaren) oraz
whasciwo$ci mechanicznych (twardo$¢, odporno$é na kruche pekanie). Przebieg krzywej spiekania wykazal nieznaczny wplyw
na gesto§¢ probek. Przy zastosowaniu spiekania dwuetapowego uzyskano najlepsze wlasciwosci i najdrobniejsza
mikrostrukture, podczas gdy zastosowanie odwrdéconego spiekania dwuetapowego prowadzilo do otrzymania kompozytu
ALO;3 - 12% obj. tlenku cyrkonu o najwigkszych ziarnach w spieku. Pomimo stosunkowo niskich gestosci spiekéw,
wynoszacych w przyblizeniu 95%, dla kompozytu zawierajacego 12% obj. tlenku cyrkonu uzyskano dobre wlasciwoSci
mechaniczne: twardo$é wynoszaca 20,8+0,2 GPa i odporno$é na kruche pekanie wynoszaca 7,0£0,2 MPa-m"*.

Stowa kluczowe: ZTA, spiekanie dwuetapowe, mikrostruktura, wlasciwosci mechaniczne, kompozyt

INTRODUCTION

Two step sintering (TSS) was developed by Chen
and Wang [1] for effective powder consolidation using
pressureless sintering to obtain dense, fine-grained
polycrystalline materials. In the first stage of sintering,
a low temperature consolidated green sample is heated
continuously to a temperature 7} to obtain a density of
75+90% of the theoretical density [2]. In the second
one, the sample is cooled rapidly to a temperature 7, for
final sintering lasting a few or even over a dozen hours.
In such a case, the advantageous difference in kinetics
between the grain boundary diffusion responsible for
pore shrinkage and grain-boundary migration is gener-
ated, which results in a fine, even nano-grained micro-

structure and high density. The TSS method has been
applied with success to both oxide and non-oxide one
phase ceramics [3-12]. The reported microstructures
showed mean grain sizes a few times smaller than the
size obtained in the case of continuous rate sintering at
the first stage temperature of TSS.

A two-step schedule of low-high temperatures
(reverse two-step sintering - RTSS) was also applied
to limit grain growth, while maintaining grain boundary
diffusion on a reasonable level [10]. The approach
utilized the benefits of low-temperature sintering,
and was used with success to manufacture crack
free, dense monoclinic zirconia monoliths. The mono-
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clinic->tetragonal transformation in pure ZrO, imposes
the limit of sintering temperature and hinders the appli-
cation of Chen’s approach.

Reinforcing composite particles increases the acti-
vation energy of the densification of a matrix powder
[13, 14], and forces the application of higher T, tem-
peratures. Only a few attempts of two-step sintering of
composite materials have been reported. Silicon nitride-
barium aluminosilicate composite materials with
a modified microstructure have been manufactured by
this method [15], which increased the bending strength
and fracture toughness. However, the hardness of the
TSS samples appeared lower than in the case of natural
sintering.

Wang et al. [16] used two-step sintering in process-
ing a high-density alumina-5 wt% zirconia composite.
A small grain size ranging from 0.62+0.88 pm and
density over 99% was obtained; neither the hardness
nor fracture toughness were examined.

Alumina matrix composites containing 10 vol.% zir-
conia were manufactured by using filter and cold
isostatic pressing methods for low temperature consoli-
dation, and two-step sintering for a high temperature
one [17]. It was proved that the low temperature con-
solidation technique has a negligible influence on the
density and microstructure of the sinters when tem-
perature T} is set at 1600°C.

In this paper, the two-step sintering of 2 and
12 vol.% nano-zirconia-alumina composite powders
processed by filter pressing is reported. High-low and
low-high schedules of heating temperatures were
applied and compared to the constant heating rate
schedule. The effects of the sintering schedule on the
microstructure evolution and selected mechanical prop-
erties of the zirconia-alumina composite are studied.

EXPERIMENTAL PROCEDURE

Zirconia nano-powder of a mean particle size of
35 nm and globular crystallite shape was obtained by
the hydrothermal crystallization of a precipitated hy-
drous zirconia gel under ~3 MPa for 8 h at 240°C in
a 2 M NaCl solution. Zirconium oxychloride (purity
> 99%, Si - 0.03%, Fe - 0.02%, Al. - 0.015%,) and
aqueous ammonia (analytically pure) were used for
precipitation of the gel. High-purity alumina AKP-30
powder (Sumitomo Chemical Co., Japan) with no sin-
tering additives was used.

A mixture of component powders composed of
90 vol.% AKP-30 and 10 vol.% zirconia (marked as
ZTA) was prepared by attrition milling for 2 h using
zirconia grinding media (3Y-TZP; 2 mm in diameter) in
water acidulated by nitric acid to a pH of 2.5. Just be-
fore the end of milling, the pH value was increased up
to 9 by using aqueous ammonia to induce a heterofloc-
culation effect. The flocked slurry was filter pressed
under 5.5 MPa (FP). The wet green compacts were
dried to a constant weight in the presence of silica gel in

a desiccator. The samples of pure AKP-30 powder
(called as AKP) were also prepared by using the milling
and drying procedure described above. Preliminary
experiments indicated a (2.0+0.5) mass% debris of
zirconia balls during milling. Therefore, the actual
zirconia content in the ZTA and AKP samples was
12 vol.% and 2 vol.%, respectively.

The green ZTA and AKP compacts were sintered
using the following temperature schedules: (i) 1350°C
for 8 h, (ii)) 1600°C for 2 h, (iii) 1600°C for 0 h fol-
lowed by 1350°C for 8 h, and (iv) 1350°C for 8 h fol-
lowed by 1600°C for 2 h. A heating rate of 10°C/min
and furnace cooling were applied between the soaking
steps. Sintering schedules (i) and (ii) represent classi-
cal constant heating rate sintering (CHR); schedule (iii)
refers to the two-stage sintering reported by Chen et al.
[1] for nanocrystalline Y,O; ceramics (TSS), and
schedule (iv) follows Tartaj’s approach [10] (RTSS).
The sintering was preceded by dilatometry measure-
ments to determine the sintering 7; and 7, temperatures
for the two-step sintering. The measurements were
performed in air using a DIL 402C (Netzsch) apparatus
and a heating rate of 10°C/min.

The AKP-30 and nano-zirconia powders were char-
acterised by using electron transmission microscopy
(JEM-1011, Jeol) and the BET method (Nova 1200e,
Quantachrome Inc).

The pore size distribution was measured by mercury
porosimetry using a Quantachrome PoreMaster 60
apparatus. The density of the sintered bodies was de-
termined by the Archimedes method. The microstruc-
ture of the samples was examined by SEM (FEI Nova
200 NanoSEM). The grain size was obtained by multi-
plying by 1.56 the average linear intercept length of at
least 100 grains [1].

Both Vickers hardness and fracture toughness meas-
urements were performed using a FV-700 Vickers
Hardness Test apparatus. A load of 9.81 and 98.1 N
were applied, respectively. The Palmqvist crack model
was used for fracture toughness calculations [18].

RESULTS AND DISCUSSION

Powders and green compacts

The TEM images of the zirconia and alumina pow-
ders are shown in Figure 1. The AKP-30 powder has
a particle size of 0.3+0.5 pm and a BET surface area of
8.6 mz/g with an equivalent particle size dzgr = 175 nm.
The zirconia powder has a mean grain size of ~10 nm
and surface area of 80 m’/g.

The densities were (52.6+0.5)% and (53.2+0.5)%
for the AKP and ZTA green samples, as calculated
from the volume intruded data (Fig. 2). The pore sizes
shifted towards smaller values due to the incorporation
of nanometric zirconia crystallites into the space among
larger alumina particles, as indicated by the pore size
distribution curves shown in Figure 2.
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b)

Fig. 1. TEM images of powders used: a) AKP-30, b) hydrothermal
nano-zirconia

Rys. 1. Obrazy TEM uzytych proszkéw: a) AKP-30, b) hydrotermalny
nano-ZrO,
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Fig. 2. Cumulative curves of pore size distribution of composite (ZTA)
and alumina (AKP) filter pressed compacts

Rys. 2. Krzywe kumulacyjne rozktadu wielkosci poréw wyprasek
z proszkéw kompozytowego (ZTA) i tlenku glinu (AKP)
prasowanych filtracyjnie

Determination of sintering temperatures

Temperatures 7; and 7, strongly influence the re-
sults of two-step sintering [1]. Constant rate heating to
temperature 7; must yield a density of 75+90% during
the first step of TSS. In this study, 7; was chosen tak-
ing into consideration both literature data [16] and the
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data of the densification rate (dp/d¢) derived from the
DIL experiment. The data shown in Figure 3 indicate
a maximum densification rate of at about 1500°C for
the ZTA sample (ZTA (1) curve). Hence, exhaustion of
the densification rate is observed and attributed to the
final sintering stage [19]. Moreover, the DIL curves
show an insignificant influence of the zirconia additive
on the sintering behaviour of the alumina powder
(compare ZTA (1) and AKP), and some statistic effects
concerning the reproducibility of the sample prepara-
tion (compare ZTA (1) and ZTA (2)). The densification
rate curve of the ZTA sample in Figure 3 is shifted
~50°C towards higher temperatures when compared to
the data reported by Wang et. al. [16]. Relative density
calculations based on the DIL data indicate the tem-
perature of 1500°C being sufficient to obtain a density
of about 75% and therefore being suitable as a mini-
mum for the first step of TSS. However, to obtain
greater densities, higher 7 temperatures are required.
Therefore a temperature of 1600°C was selected for the
first step of sintering, accepting a risk originating from
over-heating and corresponding grain growth.

The temperature of the second step of sintering also
plays a very important role in TSS because a too low 7,
can exhaust the densification due to the suppression of
atomic diffusion, but a too high 7, can generate grain
growth. For the second step of sintering, temperature
T, was set at 1350°C, based on critical analysis of pre-
vious research reports [1, 8, 12, 16].
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Fig. 3. Dilatometric curves of two ZTA samples and AKP sample filter
pressed under 5.5 MPa. Inset shows related curves of
densification rate as a function of temperature for constant-rate
sintering (CHR)

Rys. 4. Krzywe dylatometryczne dwoch probek ZTA i1 probki AKP
prasowanych filtracyjnie pod cisnieniem 5,5 MPa. Wktadka
pokazuje odpowiednie krzywe zaleznosci szybkosci zaggszczania
w funkcji temperatury w przypadku spiekania przy stalej
szybkos$ci ogrzewania (CHR)

Microstructure and properties of sinters

The densities, microstructure and mechanical pro-
perties of the studied samples are shown in Table 1. The
difference in density among the compacts sintered by
using the CHR,, TSS and RTSS schedules is insignifi-
cant, and the values of density are close to 95% in the
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case of the ZTA samples and 99% in the case of the
AKP samples they are moderate. This suggests that
temperature 7; was set too high, and the kinetics of
grain boundary migration exceeded the kinetics of grain
boundary diffusion, generating excessive grain growth,
leading to a stable state of pores and, as a result, high
porosity.

The above conclusion is confirmed by microstruc-
tural observations. The results shown in Figures 4-6 and
in Table 1 indicate relatively large alumina grain sizes,

a)

practically irrespective of the forming method applied,
for low temperature consolidation of the composite
powder. The grain growth ratios (final grain size di-
vided by initial particle size of 0.2 um) for the ZTA
samples are 12.5, 10.5 and 13.5, for the CHR,, TSS
and RTSS schedules respectively, and for the AKP
samples they are 29, 19.5, 31. The advantageous mi-
crostructural result of TSS is observed both for the ZTA
and AKP when compared to other heating schedules;
the finest microstructure was obtained.

b)

Fig. 4. SEM images of microstructure of compacts sintered for 8 h at 1350°C and additionally for 2 h at 1600°C (RTSS): a) ZTA, b) AKP; scale bar =5 pm
Rys. 4. Obrazy SEM mikrostruktury wyprasek spieczonych przez 8 h w 1350°C i dodatkowo przez 2 h w 1600°C: a) ZTA, b) AKP; znacznik

powigkszenia =5 um

a)

b)

Fig. 5. SEM images of microstructure of compacts sintered for 0 h at 1600°C and additionally for 8 h at 1350°C (TSS): a) ZTA, b) AKP; scale bar =5 pm
Rys. 5. Obrazy SEM mikrostruktury wyprasek spieczonych przez 0 h w 1600°C i dodatkowo przez 8 h w 1350°C: a) ZTA, b) AKP; znacznik

powigkszenia =5 um

a)

b)

Fig. 6. SEM images of microstructures of samples sintered at 1600°C for 2 h (CRS): a) ZTA b) AKP; scale bar =5 pm
Rys. 6. Obrazy SEM mikrostruktur probek spieczonych w 1600°C przez 2 h: a) ZTA, b) AKP; znacznik powigkszenia =5 pm
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TABLE 1. Relative density, grain size, Vickers hardness and fracture toughness of the sintered samples
TABELA 1. Ggstos¢ wzgledna, rozmiar ziaren, twardos¢ Vickersa i odpornos¢ na kruche pekanie K¢ spieczonych prébek

Schedule Sample material Sintering conditions Relative density [%)] Grain size [um] Hy [GPa] Kc[MPa'm®™]
CHR, 1350°C/8h 71.57 +0.30 0.8+0.2 - -
CHR, 1600°C/2h 95.80 +0.52 2.5+0.1 17.02+0.24 5.93+0.28

TSS “n 1600°C/0h+1350°C/8h 94.29 +0.34 2.1+0.1 20.83+0.22 7.02+£0.12
RTSS 1350°C/8h+1600°C/2h 94.37+0.16 2.7+0.1 16.13+0.29 438+0.11
CHR, 1350°C/8h 77.51+0.47 1.2+0.2 - -
CHR, 1600°C/2h 99.67 +0.28 5.8+0.1 16.68 +0.31 4.16+0.16

TSS e 1600°C/0h+1350°C/8h 98,16 + 0,35 3.9+0.3 16.05+0.15 4.11+0.14
RTSS 1350°C/8h+1600°C/2h 99.29 +0.42 6.2+0.4 16.13+£0.29 4.18+0.11

The SEM images shown in Figures 4-6 indicate that
the zirconia grains are uniformly dispersed in the alu-
mina matrix. The zirconia particles are located mainly
in the grain boundaries or triple junctions of alumina.
This proves the presence of the pinning effect, generat-
ing inhibition of alumina grain growth. However, some
zirconia particles form intra-grain inclusions, indicating
very the fast kinetics of grain-boundary migration at
1600°C, being the temperature 7; for TSS.

The influence of the heating schedule on the me-
chanical properties can be clearly seen in Table 1 as
aresult of the previously characterised features of the
microstructure of composites, and additionally porosity
and pore size distribution that were not studied in detail.
The ZTA sample sintered by using the TSS schedule
shows the highest values of both hardness and fracture
toughness. It is worth remarking that reasonably good
mechanical properties were obtained in the case of not
fully densified materials.

CONCLUSIONS

Alumina matrix composites containing 2 vol.% and
12 vol.% zirconia were manufactured by using filter
pressing (FP) and constant heating rate sintering
(CHR), two-step sintering (TSS) or reverse two-step
sintering (RTSS) for final temperature consolidation.
The temperatures of 1350°C and 1600°C were selected
to perform sintering.

There was an insignificant effect of the heating
schedules on the densification of the composites, but it
did have an impact on their microstructure. The ZTA
composite containing alumina grains of ~2.4 um and
uniformly dispersed zirconia grains of ~0.25 pm was
obtained in the case of the TSS schedule. The reversed
two-step sintering (RTSS) led to the most coarse-
grained microstructures, and is not recommended for
the densification of ZTA composites using the studied
heating schedule.

The temperature 7; of 1600°C generated large grain
growth ratios during TSS, resulting in composites
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showing densities close to 95%, but reasonably good
hardness (20.8 £+ 0.2 GPa) and fracture toughness (7.0 =
0.2 MPa'm”) in the case of the ZTA composite.

Temperature 7 of the first step in two-step sintering
should be set below 1600°C to obtain finer microstruc-
tures, larger densification and better properties of ZTA
composites.
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