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Abstract

The aim of this project is to investigate the characterization of Al,O3-ZrO,
ceramics in different percentage mole of ZrO, as 1% mol to 50 % mol which
prepared by solid state reaction method and Co-precipitation route. Samples were
interested the condition of sintering temperature between 1200 — 1650 °C. Al,O; — ZrO,
ceramics different ratios from Co-precipitation route were showed the density as between
1.579 — 4.506 g/cm3 and found maximum density at Al,O; — ZrO, ceramics by doped 35
mol% of ZrO, with sintering at 1650 °C while ceramics from solid state reaction were
obtained the density as between 2.265 — 4.470 g/cm3. XRD were used to identity phase
formation in variation of ZrO, ratios and successfully found that XRD patterns from
ceramics preparing by two method showed different phase formation with consistent
phase of Al,O; — rhombohedral, « - Al,O; — rhombohedral, ZrO, — monoclinic and ZrO, —
tetragonal. XRD analysis were found that ratios of ZrO, — monoclinic and Al,O; —
rhombohedral are nearly constant with high sintering temperature while ratios of ZrO, —
tetragonal decreased. However, ZrO, — monoclinic phase were obtained with increasing of
ZrO, contents while Al,O; — rhombohedral phase decreased. Microstructure analysis via
SEM were showed increasing of grain growth with high sintering temperature and found
that size of grain samples with content of ZrO, between 1 — 35 mol% from Co-
precipitation method were of obtained decreasing while the higher of concentration up to
35 mol% were showed increasing of grains size. The size of grains in Al,O; — ZrO,
ceramics from Co-precipitation method are between 0.272 — 2.275 um and from solid
state reaction are between 0.27 — 1.60 wm . Morphology of Al,O; — ZrO, ceramics with
varies content were revealed facet shape combination of circular shape and it is not
clearly differ in shape with increasing of ZrO, concentration. The mechanical properties
of  ceramic Al,O; - ZrO, which is prepared by Co-precipitation route showed that
hardness vicker as between 3.011 — 17.433 GPa while the other obtained as 0.173-

0.686 MPa. It was found that micro hardness depend on ratios of ZrO, tetragonal phase



in Al,O; — ZrO, ceramics. Al,O; — ZrO, ceramics prepared by Co-precipitation route

obtained higher ratios of ZrO, tetragonal phase then they showed strength of ceramics.
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d A9 TLUTHIITERINITSUILYDINRD
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ANV NNLAANTEWILNN TR
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ANty 1 Duldanuauns

k=" SMLy|F|Pg
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\ia
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v é v
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Fo= > f exprilhx, +ky, +1,2,) (2.6)
j
lag

f;= 3EEnIMINIIAITedezaandIf |
X, Vp 2 = AURUITRIRNAVBIDTADNAIN |
h, k, || = eziiiiaimaivasszuiui k

AaldsWaWanTurIuITand ldannaunisea 1o

1. Psoudo-Voigt

1/2 1/2
_ G 2 ]*1 1 [ 2 ]
G, = H ﬂ_[lJrCOxik +(1+ y)—H 77 CXpl— ¢ X, 2.7)
k I
¢, =4, Ci= 4In2
Hy = @hmmn"fwuaaﬂﬂﬁﬁmﬁwam’nugq (FWHM) 28937n13L887LU%aNn
o
EUWIUN K

Xik = (291 - Zek)/ Hy

Y= winfiwasnyiuale
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2. Voigt
1/2
C
G, =———Rellc,"*x, +ic,H (2.8)
ik HGKﬂ_l/z [(I ik 3 LK)]
C, =42, Cy= 2"

' o a A A =] & a
HGK = ﬂ']ﬂ'l']l]ﬂ')']\?"ﬂa\‘]Wﬂ‘ﬂﬂiﬂ'ﬁu\‘]maﬂﬂ’)qwgﬂfﬂﬁlﬂlaﬂ']ﬁlfﬁﬂu

Hx = @hmmn’ﬁwadﬁﬂﬁﬂ‘%mﬁwaammgwmaalﬁwﬁ

J v =) ai d é o a A
ﬂ']ﬂ'?ﬂ&lﬂ’)ﬂ@“ﬂaﬂWﬂﬂﬂidﬂudmadﬂT}NgdﬁﬂﬁiUﬁﬂGLLUULT slulugﬂ

H, =(Utam29+Vtan9+W)”2 (2.9)

Wa UV, W iWuninitaasnaansnduele
v ] Q o lé U v
AUFIAARAITZTAININANIINARDINUNANIRIWI 4D a1 LTI IIUaINEN

a A 1 di = 1 Q‘I»
aumwmsmﬁmﬂmmmmana@avl,ﬂu

Y, -Y,
1. Profile R, = ) |-—

Y,

1/2

> WY, -
S wy;

2. Weight Profile R, =

-1
3. Bragg Rg = Y |4 —* lo =Ly

21

N-P
4. The expect Rgyp=
e ZW io
ZW io 1(
5. The goodness of fit (GOF) =

. N-P
\Wa Weight W, =1/c’=nlY,

Yio

Yic

Lﬂ%ﬂ’ﬂ&lL‘lTllﬂ']‘iV]@ﬂ@dﬁ%gN i

Lﬂ%ﬂ’)’]&lLﬁ&Jﬂ’]‘iﬁ’]W)Mﬁ&g&l i
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LUV N B WALNTATAINANITLRLILLWINNNNTNARDIVAITZINL k

e = tHUaNUTUBUANIAVBINANILRLULBINNATEWIAVBITEW Kk

N Lﬂu'ﬁwmuﬁaya
P = uwiwuwinieasndasnisdsuen
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= Hudwaunriie

mMIrUSinannalasdITmsduisvadiniag (Rietveld)
RARIWLALINN NI N R L UU D INFNNFDINITANEN TANMNFNAUTLALATINUAN

RNALNALADS (Scale Factor) MASNUAIT 2.5 BNUITOLFAIANNFNNUTURIFARIULAE
innnaaanslane

W, =S,(SMV), 1> S (zmV), (2.10)

o= anaudaiaasuauns P Adasmadiuiaiimnn

6 K o 1
FALNALNALADTVDILNE flumsmama

LAY LATIFTIIULERZNED
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S
Z
% =
= 37alATIRIIINAN
V

US01a3laTIRINEN

U s

dl A ' A A a‘f
LUBWITNITWIAN Sp "]j\‘iﬁ'llniﬂl,l,ﬁ@]\ﬁ’]ilazl,ﬂEJ@]VL@]@]G%
S, =m (Z,M,)V,)C (2.11)

m, = WIRLWE

Z, = wulavaudazndn
M

[ =
o = WaElaIRIINED

V, = 3na3laseasnanan
C

' = A A A o &
= mmmjaoLmaouaﬂiﬁummummimmmu

>

293z nauVaIdIANRLERS e adth

mya Sy (Z,M,V,) (2.12)
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o v A A o a & vl A o o & . .
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niznuuwivesiagihwang lasfiaasaninamn ( an coil) wsfinas
didnaveuuuiiriaglunaummasudidnareuniimssgianniznufiniagaziinduas
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Influence of Heat Treatment in Sintering Process on Characteristics of
Al>03-Zro, Ceramics Systems

'A Rittidech and °T. Tunkasiri
'Department of Physics, Faculty of Science Mahasarakham University,
Mahasarakham, Thailand 44150
*Department of Physics, Faculty of Science Chiangmai University,
Chiangmai, Thailand 50200

Abstract: Al,03-ZrO, ceramics containing 5-50 mol% ZrO, were prepared by solid state reaction
method. The bulk density, average grain size and microhardness of Al,0;-ZrO, ceramics system as
function of ZrO, content were investigated. The dense Al,O;-ZrO, ceramics were successfully by
means of carefully control processing parameters that include sintering temperature and
heating/cooling rates. These ceramics with higher ZrO, content was obtained high bulk densities and
small grain sizes. However, the high hardness values were exhibited from Al,05-ZrO, ceramics with
dopants ZrO, between 1-10mol% and its tend to decrease with concentration of ZrO,. It can be found
that the fast heating/cooling rates are controlled grain growth and obtained high hardness in materials.
The results gave good correlation between stoichiometry characteristics, heating/cooling rates in

sintering and microstructure of fabricated dense and mechanical properties.

Key words: Al,05-ZrO, ceramics, microhardness, heating/cooling rates, sintering

INTRODUCTION

The most widely used ceramic materials are
alumina, Al,O; and zirconia, ZrQO,, because of their
excellent bio-compatibility. The main advantage of
Al,Oj5 is its high hardness and wear resistance, while
ZrO, exhibits higher strength and fracture toughness,
besides its lower Young® s modulus'****!. Tetragonal
zirconia in alumina matrix is known as Zirconia
Toughened Alumina (ZTA). ZTA is a high purity
combination of the low cost of alumina and high
strength of zirconia. Moreover, its is a ceramic-ceramic
composite with good mechanical properties as shown
by Aruna and Rajam®. Then ZTA ceramics are
attractive materials due to the combination of both ZrO,
and Al,O; properties. The stoichiometry of ZTA is
known to be an important factor for ensuring phase
composition, mechanical properties and microstructure
characteristics. To obtain stoichiometric ZTA, different
preparative method have been introduced, such as
hydrothermal'”’, mixed oxide™" and gel casting. All
these techniques are aim to improve properties of
Al,03-ZrO, ceramics. Recently, some researchers have
focused their attention on optimal addition ZrO, into
ALO; to enhance good mechanical property!?.
Moreover, they have found that the sinterability of the

ceramics matrix is reduced when a large amount of
second phase is added!"". Therefore, in the present
work focus on Al,O3-ZrO, ceramics systems difference
stoichiometry which are prepared using solid state
reaction of mixed oxide route. The effect of
heating/cooling rates in sintering conditions on
densification, grains size and hardness are investigated
in this connection.

EXPERIMENTAL PROCEDURE

The Al,03-ZrO, ceramics with (1-x) Al,O3-xZrO,
where x = 0.5, 0.15, 0.25, 0.35, 0.45 and 0.50 were
prepared from Al,O; and ZrO, as precursors and
isopropyl alcohol as solvent. All the six different
batches were then ball milled with ZrO, media under
isopropyl alcohol for 24 h. After ball-milling for 24 h,
drying in electric furnaces, the resulting powders were
calcined for 2 h at 1100C with 5°C min'
heating/cooling rate. Powders were uniaxial pressed at
3 MPa to form pellets. Sintering temperature was done
at 1600'C for 2 h with heating/cooling rates from 1-
10°C min™". The bulk densities of sintered sample were
calculated using Archimedes’s method. Microstructural
analysis was examined by using Scanning Electron
Microscopy (SEM) and Energy-Dispersive X-ray
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spectrometry (EDX) (JEOL JSM840A) on a polished
surface of sintered samples. The average grain sizes of
the ceramics were determined using the linear intercept
method as suggested by Lee and Rainforth'?'. Hardness
of bulk ceramics were measured using a microscan OD
Vickers (Model MAT 24 Brooks).

RESULTS AND DISCUSSION

The densification data of sintered samples are
shown in Table 1. Table 1 contains the information of
densities of the ceramics. In general, the bulk density
was found to slightly increase with heating/cooling rate
but the densities were obviously tend to increase with x
contents, which could be due to ZrO, concentrations.

It is observed that a density of between 3.97 and
484 g cm™. SEM micrographs of selection ZTA
ceramics are shown in Fig. 1. In general, similar
microstructural characteristics were observed in these
samples, i.e., uniformly sized grains with a high degree
of grain close-packing. By applying the linear intercept
method as suggested by to these SEM images, grain
sizes were estimated for these samples as given in
Fig. 2.

It is obviously seen that heating/cooling rates are
the important parameters for the development of
ceramic microstructures. In that the average grain size
decreases with increasing heating/cooling rate. It may
be assumed that, the short heating in sintering process
were inhibited growth of grain then in slow
heating/cooling rates were obtained a large grains.
Further increase in ZrO, contents lead to decrease in
average grain size. This results indicates that ZrO, is to
reduce the grain growth in Al,03-ZrO, ceramics system
and to improve the homogeneity of microstructure and
being consistent with literatures!*'*.

Figure 3 shows the effect of heating/cooling rates
on the hardness of Al,05-ZrO, ceramics system. It was
found that the nearly increase in hardness with fast
heating/cooling rates. The maximum hardness of 0.68
MPa is obtained at heating/coolig rate of 10°C min™'
and showed the indenter impression and radial cracks
in Fig. 4. In addition, it is observed that the high

Table 1: Density of the (1-x) ALOs3-xZrO, ceramics from sintered
various heating/cooling rates

Heating/ Densities (g cm™)

cooling rates

°C/min x=0.05 x=0.15 x=0.25 x=0.35 x=0.45 x=0.50
1 397 4.13 4.27 445 4.65 4.84

3 4.15 4.16 431 4.46 4.58 471

5 4.01 4.18 4.25 4.49 462 482

7 4.02 4.14 431 4.48 464 472

10 4.24 421 432 445 4.68 475

concentration of ZrO, were reduced the hardness of
Al,O5-ZrO, ceramics. Thus, the optimal addition of
Zr0, is an important parameter for development of

Fig. 1: The SEM images of as-received surfaces of
(1-x) Al,O5-xZrO, ceramics sintered at 1600°C
for 2 h with heating/cooling rate of (a) 1°C/min
(b) 10°C/min

A 10°C min~! A 5°C min™! Q 1°C min™!
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Fig. 2: Average grain sizes of Al,0;-ZrO, ceramics
different  ZrO, content from  various
heating/cooling rates sintering temperatures
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Fig. 3: Vickers hardness of the Al,O;-ZrO, ceramics

with variation of ZrO, from sintered at different
heating/cooling rates

Fig. 4: The indented scar morphologies of Al,0;-ZrO,

ceramics with variation of ZrO, from
sintered at 1600°C with heating/cooling rates
of 10°C min™"'

ceramics microstructure and mechanical properties, in
agreement with other studies'?. Corresponding EDX
analysis and chemical compositions for some of these
Al,03-ZrO, ceramics system are shown in Fig. 5 and
Table 2. It is seen that the Zr concentration increases
with increasing ZrO,.
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Fig. 5: EDX analysis of (1-x) Al,O;-xZrO, ceramics
with variation of ZrO, contents from sintered at
1600°C for 2 h with heating/cooling rates of
10 °C min"

Table 2: Chemical compositions of the Al,O3-ZrO, ceramics system
from EDX analysis

Compositions (at%)

Content of  1°C min™ 10°C min™"

Zl’02

(mol%) AIK)  Zr(K) O(K) AIK)  Zr(K) O(K)
5 28.92  3.40 67.68 2892 340 67.68
15 28.01  3.82 68.17 3027  3.83  65.90
25 2312 8.1 68.87 25.81 6.03  68.16
35 2575  8.89 65.35 2268  7.82  69.50
45 1975 974  70.51 19.06 996 7098
50 19.68  10.18  70.14 19.10  9.89 7104

CONCLUSIONS

The highly dense of Al,0;-ZrO, ceramics system
were successfully. They possess microstructure and
mechanical properties, which can be greatly varied by
composition and heat treatment condition. The
heating/cooling rates and compositions of ceramics are
important parameter in controlling ceramics properties.
It is found that the smaller grain size were obtained
from the short time in fast heating/cooling rates, where
high hardness were observed. A higher amount of ZrO,
reduced grain sized and micro hardness value.
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ABSTRACT

AL Os3-ZrO, (AZy), with 25 mol% ZrO, content, was prepared using the Co-
precipitation method. Synthesized powders were characterized by thermal reaction using a
differential thermal analysis technique (TG-DTA) and were investigated by phase formation
using x-ray diffraction. It indicated that the reaction occurred at 850°C.; cubic(c)-ZrO, phase
and Al,O3 were obtained. By increasing temperature to 1000 °C, a small amount of tetragonal
(t) -ZrO, phase was detected, although the main phase was c-ZrO,. The Al,03-25 mol% ZrO,
was sintered for 2 h in the temperature range of between 1300 and 1600 °C. The majority
phases of ceramics were m-ZrO; and a-Al,Os, although a t-ZrO, phase also appeared as a
minor phase and decreased with higher temperature. Moreover, morphology and particle size
evolution have been determined via the SEM technique. SEM showed that the particles of
powder are agglomerated and basically irregular in shape. An SEM micrograph of ceramics

exhibits uniform microstructure without abnormal grain growth.

KEY WORDS: Al,03-ZrO,, TG-DTA, x-ray diffraction, grain growth

INTRODUCTION

Al,O3 ceramics is one of the most widely used engineering ceramic materials due to its
high elastic modulus, high wear resistance and chemical corrosion resistance, high
temperature stability and the retention of strength at high temperatures[1]. It is well known
that the mechanical properties of alumina ceramics can be considerably increased by the
incorporation of fine zirconia particles [2]. As a structural oxide ceramic, zirconia has
received much attention due to its high toughness while alumina is known as a hard, low-cost
ceramic with high thermal conductivity [3-5]. The toughening mechanisms associated with
zirconia toughened alumina are mainly based on the stress-induced transformation tetragonal-

monoclinic martensitic transformation toughening and micro crack toughening. The extent of
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a stress-induced transformation toughening depends on the dispersion of tetragonal zirconia
in an alumina matrix, its volume fraction and transformability. On the other hand, a uniform
distribution of ZrO, ceramic matrix is an important factor for optimization of micro crack
nucleation-induced toughening [6, 7]. The phase composition structure is the key to control
material properties.

In this work, Al,03-25 mol% ZrO, samples were prepared by a co-prepicipitation route
and the influence of heat treatment on phase compositions and microstructure was

investigated.

EXPERIMENTAL

The AlLOs3-ZrO, powders with 25 mol% ZrO,, respectively were synthesized using
aluminum chloride (AICl3.6H,O, 99.9% pure), zirconium oxychoride (ZrOCl,.8H,0,
99.9%pure) and ammonia solution (NH4OH, 28%) as raw materials. Aluminum chloride and
zirconium oxychoride were mixed and dissolved in distilled water. The solution was
thoroughly stirred at room temperature, and then precipitated by adding ammonia to get
Zr(OH)4 gel. The precipitate was washed repeatedly using distilled water to remove all the
chloride ions (as tasted by AgNOj3 solution), and then dried in air at 100 °C.  The samples
from the precipitate were investigated by thermal analysis using DTA, and after, they were
calcined at different temperatures between 700-1000 °C. Then, various sintering conditions
were employed by varying the sintering temperatures from 1300 to 1600 °C for 2 h. The
crystallized phase of the Al,03-ZrO, solid solution was measured by X-ray diffraction (XRD)
using Cuka radiation. Microstructural evolution of the powders and ceramics were observed

using the SEM.

RESULTS AND DISCUSSION

Figure 1 shows the TG and DTA curves of the Al,03-ZrO, (AZx) mixed powders, with x =
25 mol% ZrO, content. It can be seen that the TG curve demonstrates three distinct weight
losses below 600°C. The first weight loss occurs below 230°C, the second between 240°C and
282°C and the third above 250°C. In the temperature range of room temperature to ~ 150°C,
the sample shows an endothermic peak in the DTA curve at ~100°C, which relates to the first
weight loss. This DTA peak is attributed to the elimination of water. The exothermic peak at

~280°C is confirmed to the crystallization of t- ZrO, [6]. The second weight loss (240-
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282°C) in the TG curve, and then an endothermic peak, was detected in the DTA curve. This
result indicates the boiling point of the derivative product and corresponds to the
transformation of AI(OH)s and y-AIOOH into y-alumina, consistent with other works [7]. The
phase transformation from y-AIOOH to a-Al,O3 follows the following path as reported by a
number of workers[8].

400 °C 800 °C 1000 °C 1200 °C
’\{—AIOOH e "{-A1203 4 8—A1203 e d 9-A1203 d OL—A1203 (1)

The relationship between the TG curve and the DTA curve between 300-700°C (Figure 1)
reveals a loss in the weight of raw material (TG), and a corresponding loss in the reaction of
zirconium hydroxyl and aluminum hydroxyl (DTA). The DTA curve displays a sharp
exothermic peak at 855°C, which is the formation of a crystal line phase of Al,03-ZrO, solid
solution. These curve data were used to select the ranges of temperatures (700-1100 °C) for
XRD investigation. To study the effect of heat treatment temperatures on Al,O3-25 mol%
ZrO,, the precursor powders were calcined between 700 and 1100°C for 2 h. All calcined
powders were examined by XRD in order to investigate the phase development. As shown in
Figure 2(a), phase formation of Al,03-25 mol% ZrO, calcined at 700°C. X-ray peaks of 0-
Al,Os, 6-AlLOs. and very broad peaks of c-ZrO, phase are present, indicating incomplete
reaction. So the sample was calcined at 850°C and the resulting XRD patterns are shown in
Figure 2(b). Due to the broad peak observed at 855°C (Figure 1) and the clear intensity peaks
of the c- ZrO,, 0-Al,0; and 8-Al,O; phases (Figure 2b) it was concluded that 850°C would
complete the Al,03-ZrO, phase. The broadening of peaks in the XRD patterns confirms that
the average crystallite size is small. By increasing the calcination temperature to 950°C, the
intensity of the c-ZrO, and Al,O3; peaks increased and the broad diffraction of peaks
decreased gradually. A t- ZrO, peak appeared, but the intensity was weak. Further treatment
at 1000°C leads to the c- ZrO, phase transforming into the tetragonal phase. From the little
detection of 0-Al,03 and 56-Al,O3 peaks, it was suspected that some Al,O3 phase still existed
in an amorphous state even at 1000°C and incompletely transformed to a-Al,O;. Figure 3
shows the morphological evolution of all samples as a function of calcination conditions. In
general, the particles are agglomerated and basically irregular in shape. The size of the

particles tends to increase when the calcination temperature is increased. However, the
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smallest particle size estimated from SEM micrograhps was ~0.20 um. The phase formations
of the sintered ceramics at sintering temperatures ranging from 1300 to 1600 °C are presented
via XRD patterns in Figure 4. All sintered ceramics obtained crystalline phase of a- Al,Os,
m- ZrO; and t- ZrO,. Thus, at higher temperatures the ZrO, phase changed to become mainly

monoclinic (m), while t- ZrO, decreased by a few degrees with increased heat-treatment. The
particle size of many zirconia may exceed the critical size and so a transformation from t—m
takes place. Figure 5 shows SEM images of as-received Al,03-25 mol% ZrO, as sintering
conditions were varied between 1300 and 1600 °C for 2 h. Almost no abnormal grain growth
was observed. The addition of ZrO, helped to control the abnormal grain growth in Al,O;
ceramics. In Figure 5(a) and Figure 5(b) the free surfaces showed many pores. However, at
the higher temperatures similar microstructural characteristics were observed, i.e., uniformly
sized grains with a high degree of grain close-packing (Figure 5(a) and Figure 5(b)). The
results indicate that the degree of average grain size and irregular shapes tend to increase with
sintering temperature. It is to be noted that the stabilization of the tetragonal phase, which
may be ascribed to the smaller particle-size and low temperature, is consistent with other

works [9-12].

CONCLUSIONS

The effect of heat treatment on phase formation and microstructure of Al,03-25 mol% ZrO,
synthesized by the co-precipitation method was investigated. This work demonstrated that
Al,03-25 mol% ZrO, calcined powders obtained main phase of c-ZrO, and combined with
some 0-Al,O; and 3-Al,05 phases. At higher calcination temperatures (950-1000 °C ), t-
ZrO, were detected. By increasing the calcination temperature to 1000 °C, the Al,O; particles
in the Al,O3-25 mol% ZrO, powders were incompletely formed. The sintered ceramics
showed the major crystalline phase of - Al,O3 combined with m- ZrO, and t- ZrO,; further,
it was found that t- ZrO, decreased by a few degrees with increased heat-treatment. The
resulting Al,O03-25 mol% ZrO, powders consisted of a variety of agglomerated particle sizes,
depending on calcination conditions. Al,03-25 mol% ZrO, grain ceramics exhibited irregular

shaping and growth of grain, both of which increased with higher temperatures.
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FIGURE CAPTIONS

Fig. 1 A TG-DTA curve for the mixture of Al,05-25 mol%ZrO, powders.

Fig. 2 XRD patterns of Al,05-25 mol%ZrO, powders at various calcinations
temperatures for 2 h: (a) 700 °C, (b) 850 °C, (c) 900 °C, (d) 1100 °C.

Fig. 3 SEM micrograph of the Al,03-25 mol%ZrO, powders calcined at (a) 700 °C,
(b) 850 °C (¢) 900 °C, (d) 1100 °C

Fig. 4 XRD patterns of Al,0;-25 mol%ZrO, ceramics at various sintering temperatures
for 2 h: (a) 700 °C, (b) 850 °C, (c) 900 °C, (d) 1100 °C.

Fig. 5 SEM micrograph of the Al,03-25 mol%ZrO, ceramics sintered at (a) 1300 °C,
(b) 1400 °C (c) 1500 °C, (d) 1600 °C
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