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Abstract

Ceramic composites in undoped Al,O3—5 wt% ZrO, (AZ) and doped with rare earth elements Y, La separately and simultaneously were
prepared by solid state sintering process. These composites were characterized for microstructural investigation and determination of phase
formation to draw a possible relationship between these characterization results with the fracture toughness measured by single-edge precracked
beam (SEPB) test method using three-point bend test. The fracture toughnesses of Y and Y + La doped AZ are found to be higher for samples
sintered at 1700 °C for long soaking times, than that of La doped and undoped AZ composites. It is predicted from the XRD and EDS analyses that
the phases of Zr( ggY0.1201.04 and Zr 935 Y 0.06501.96s are formed at or near the intergranular region and therefore the higher fracture toughness of Y
and Y + La doped AZ composites compared to undoped AZ and La doped AZ composite for samples sintered at 1700 °C for long soaking times, is

attributed to these intergranular phases.
© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Al,O3 can be considered as a typical representative of the
engineering ceramics. The properties of this ceramic are
particularly attractive for structural applications such as in
motor, aerospace and biomedical fields, especially when the
environmental conditions are particularly severe [1]. The
brittleness and poor damage tolerance have limited the scope of
almost all the ceramic materials for their use as advanced
engineering materials [2]. The fracture toughness of the
ceramic materials is generally low because the dislocation
motion in the material is extremely limited due to the nature of
the chemical bonds which are ionic and/or covalent. The
problem of the low fracture toughness of the ceramics can be
overcome by designing and preparing the composite materials
reinforced with fibres, whiskers and particulates of the same
phase as that of matrix or of different suitable phase. The use of
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ZrO, based ceramics is one of the possible alternatives to
circumvent the limitation of the low fracture toughness [3-5].
The addition of ZrO; to the Al,O3 ceramics may increase the
fracture toughness of the ceramic composite materials. This
effect is based on the tetragonal to monoclinic phase
transformation of ZrO,, accompanied by an increase in the
specific volume of the order of 3—6%. This volume increase
generates a compressive stress in the ceramic matrix near the
interface between ZrO, and Al,O;, which makes the
propagation of crack difficult [6]. This stress-induced phase-
transformation toughening and micro-crack toughening are the
major toughening mechanisms in Al,03;—ZrO, (ZTA) compo-
sites [7]. The major applications of ZTAs are in metal cutting
tool, wear components, bearings and joint implants [8,9]. The
introduction of small amount of ZrO, as an additive into the
Al,O3 causes the formation of solid solution as can be seen in
the Al,O3—ZrO, phase diagram given in Fig. 1 [10,11]. This
solid solution promotes the densification of the Al,O3-based
composites by the introduction of lattice defects [12—14].

In the present article rare earth doped Al,O3-5 wt% ZrO,
based ceramic composites are investigated for microstructural
development and its correlation with fracture toughness and
hardness of the material. To improve the microstructural
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Fig. 1. Phase diagram of the Al,03;—ZrO, system.
[Levin E.M., 1975].

characteristics and thereby leading to the better mechanical
properties, Al,O3;—ZrO, matrix was chosen to examine the
effect of dopants on this composite matrix. This is in view of the
fact that such matrix has better densification characteristics
than pure Al,O5 as reported in the literature [8,15-17]. The
effect of rare earth elements doping into single oxide such as
Al,O5 ceramics on the mechanical properties has been
investigated by various researchers [18,19]. Rani et al. reported
the effect of rare earth dopants Yb**, Er’* and La®* on the
improvement of room temperature mechanical properties of the
Al,O3. The doped materials sintered at low temperature
(1400 °C) are less toughened with fine-equiaxed grains. A
noticeable morphologic modification was occurred for the
samples sintered at higher sintering temperature. Due to the
preferential segregation of the rare earth ions to basal planes
(000 1) in Al,Oj3 grain boundaries [20], there is a tendency for
the growth of anisotropic elongated grains which facilitates
improvement in toughness [21]. An advanced rare earth Y
reinforced Al,O3/(W,Ti)C ceramic composite material was
developed and the microstructure, mechanical properties and
the cutting performance of the material were reported by Xu
et al. The improvement in fracture toughness of this material
has been viewed as through the formation of the complex rare
earth compounds which increases the binding strength of the
interfaces [22]. Al,O3-5 vol% SiC particle composites doped
with 800 ppm rare earth impurities Y>*, Nd®>* and La>* were
prepared by Deng et al. The fracture mode was found to change
due to the rare earth doping from transgranular in dopant free
composites to the intergranular in the doped composites. The
intergranular fracture in the rare earth doped composites is
believed to originate from a weak Al,O3; boundary bonding
caused by the segregation of rare earth dopants [23]. Therefore
there are no convergent views proposed by the researchers to
explain the fracture toughness behaviour of the rare earth doped
Al,0O3 based or alike ceramics. Moreover the rare earth doping
in the structural ceramic materials leads in general to modify
the mechanical properties including creep, fracture toughness,
strength, etc. [21]. Therefore there is a need to carry out further
investigations towards determining the underlying mechanism
of the property modification. Besides proposing the possibility
of segregating the rare earth ions at the grain boundaries in the

Al,O3 based ceramics, no other concrete views have, so far,
been put forward to explain the fracture toughness behaviour.
There is a considerable literature on the microstructure—
mechanical properties relationships. The literature on the grain
size and second phase particle size effects on mechanical
properties was summarized by Rice [24]. In the present work an
attempt has been made to investigate the microstructural
development of the rare earth doped Al,Os-based ceramic
along with identifying any secondary phases that may generate
during the sample preparation by solid state sintering and
relating these aspects with the fracture toughness behaviour of
the samples prepared with different type of rare earth doped
samples.

In order to fulfill the objective, two types of single rare earth
doped and one type of rare earths co-doped Al,O3—5 wt% ZrO,
ceramic composites were prepared. The doping elements Y and
La were considered for the present study. Single doped samples
were prepared with 1000 ppm Y and 1000 ppm La, whereas, the
co-doped sample was prepared with 1000 ppm each of Y and
La.

The influence of the sintering temperature and the soaking
time period on the microstructural characteristics and the
fracture toughness of undoped and rare earth doped (singly and
jointly with Y, La) Al,O3-5wt% ZrO,-based ceramic
composites was investigated. The composite samples were
prepared by ceramic powder processing followed by sintering
the green compacts at 1500 °C, 1600 °C and 1700 °C for
different soaking time periods, viz., 3 h, 6 h, 9 h and 12 h. The
fracture toughness and hardness of each sample were
determined at room temperature. The other parameters, viz.,
the density and linear shrinkage of the sintered samples which
also depend on the sintering temperature and the soaking time
periods were also determined.

2. Experimental procedure

The raw materials used are the powders of Al,O3 (99.8%,
0.4 pm), ZrO,; (99%, 0.4 pm), Y(NOs3)3-6H,O (99.99%) and
La(NO3);3-:6H,0 (99.99%). The incorporation of rare earth ions
Y>* and La’" into the Al,O5—5 wt% ZrO, mixture was done by
adding the nitrates, i.e., Y(NO3);-6H,0 and La(NO3)3-6H,0 to
the slurries of the Al,O3-5 wt% ZrO,. The rare earth doped
samples were prepared in the systems of Al,O3—5 wt% ZrO,—
1000 ppm  Y(NO;)3-6H,0, Al,O3-5 wt% ZrO,—~1000 ppm
La(NOs);-6H,O and Al,O3-5 wt% Zr0,—1000 ppm
Y(NO3)3-6H,0-1000 ppm La(NO3);-6H,0, which have been
described in this article by AZY, AZL and AZLY, respectively.
The different powders of required quantities for each system
were dispersed in distilled water by the ultrasonication method
which deagglomerates the powders. The sonication was done
for 6 h with each system. The deagglomerated powders were
mixed for 36 h by using magnetic stirrer. The powder mixtures
were then dried at 100 °C for 12 h. The dried mixture was
further ground lightly in an alumina mortar and pestle. The
binder polyvinyl alcohol was added to the ground powder
mixture and the granulation was done.
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The green powder compacts in the form of rectangular bar
having dimension of 3 mm X 5 mm x 45 mm were prepared
from the granulated powder mixture using uniaxial hydraulic
press at different loads ranging between 15 x 10 kN and
22.5 x 10 kN. The samples were sintered at 1500 °C, 1600 °C
and 1700 °C for the soaking time periods of 3 h, 6 h, 9 h and
12 h. The rate of heating as well as cooling was programmed at
10 °C/min for the sintering process. However, the cooling was
occurred by the natural furnace cooling. Linear shrinkages of
the samples were measured by digital vernier caliper. The
density of all the samples was measured following Archimedes
principle using water as an immersion medium. The relative
densities of the samples were determined based on the
theoretical densities estimated following the rule of mixture
(ROM) for the ceramic composites prepared. One face of each
sample was ground using SiC papers of # 120, # 220, # 320
mesh sizes to prepare good surface finish. The ground surfaces
of the samples were polished with 6 and 3 wm sized diamond
pastes, to the level of mirror like surface finish. The polished
surfaces were indented in Vickers hardness tester with various
loads of 5, 10, 15, 20, 30 and 40 kg for fixed dwell time of 15 s
at ambient condition. The diagonals of the square shaped
indentation were measured by optical microscope (Axiovert
200 MAT, ZEISS). The hardness (H,) of the samples was
calculated from the following equation:

H P oP |
AT E (1)
where P is the applied load, A is the pyramidal contact area of
the indentation, d,, is the average length of the diagonals of the
resultant impression and o = 1.8544 for Vickers indenter.

The fracture toughness of the rectangular samples was
determined by single-edge precracked beam (SEPB) test
method using three-point bend test with 20 mm span between
the two supports and the cross head speed of 0.5 mm/min. The
precrack length is between 0.20W and 0.30W, where W is the
height of the test specimen. The sintered samples were
characterized for phase identification by X-ray diffractometer
(Bruker AXS) using Cu Ka radiation. The X-ray scan rate used
was 1° min~" and the scanning was done over the angular range
of 260 =10-90°.

In order to know the grain structure in the sintered samples,
the microstructures were observed by field emission scanning
electron microscope (FESEM). The polished surface of the
samples was gold coated for the microstructural investigation.
The grain size and the porosity of the sintered samples were
measured by using Image J software.

3. Results and discussion
3.1. Microstructural analysis

The different ceramic systems investigated are AZ, AZY,
AZL and AZYL. Further the sintering parameters, i.e.,

temperature (°C) and soaking time period (h) used are specified
in the sample descriptions as superscript and subscript,

respectively. The description AZ3'>% for example represents
the Al,O3—5 wt% ZrO, ceramic composite sintered at 1500 °C
for the soaking time period of 3 h.

Fig. 2(a)-(d) shows the SEM micrographs of AZ sample
sintered at 1500 °C, 1600 °C and 1700 °C for different soaking
time periods. The overall increase in grain size with the
increasing sintering temperature and soaking time period, is
found to occur. The microstructure of the sample given in
Fig. 2(a), consists broadly two types of grain structures. The
smaller grains have nearly round shape and larger grains have
irregular geometry including elongated shape. The average
grain size of the sample varies between 0.5 and 5.1 pm.
Fig. 2(b) shows that the sample consists of grains of varying
sizes from as low as 1.7 to as high as 36.0 pum. The very small
sized grains are situated at the intergranular and the triple
junctions of the larger grains. As evident from the phase
diagram of Al,03—ZrO,, the solid solubility of the ZrO, in the
Al,O3 is low and therefore the excess amount of the 5 wt%
Zr0O, used exists as a separate phase within the Al,O5; matrix. In
order to know the possible locations of the ZrO, particles,
microanalysis of one sample AZ;'7% as a typical representative
of the AZ ceramic composites, by EDS was carried out. While
the point scan on the grain shaded grey shows the presence of
the Al and O with negligible amount of Zr, the signals from the
tiny bright particles located at the triple junctions of the Al,O3
grains are from Zr and O with a negligibly small signal from Al.
The EDS spectra along with the micrograph is shown in
Fig. 2(c) which can confirm that the ZrO, grains are located at
the triple junctions. The grain size variation in Fig. 2(c) is 2.2—
39.9 pwm. Fig. 2(d) shows the grain structure of the sample
AZ""% Tt is appeared from the micrograph that the particles at
the triple junctions are relatively larger compared to that in the
samples AZ;'"%. The grain size for this sample AZq'"* ranges
between 4.3 and 49.8 pm.

Fig. 3(a) shows the micrograph of the sample AZY4'** for
which the grain size range is 0.4-2.9 wm. There is a substantial
change in the grain structure developed in the samples
AZY % AZY;'7% and AZY'"™ as shown in Fig. 3(b)—
(d), respectively, compared to that of the sample AZY""
(Fig. 3(a)). It is further evidenced that the triple junctions are
occupied by tiny bright particles which are of ZrO, as already
found by the microanalysis of one sample given in Fig. 2(c).
The microanalysis of the sample AZY5'"* shows Y content
(0.26 at%) is higher at the grain boundary compared to that
(0.00 at%) in the grain interior. The Al, O and trace amount of
Zr in the EDS spectra obtained both at the grain interior and
near the grain boundary are also shown in the elemental
analysis data. XRD analysis was carried out for one sample
AZY'""%. On examination of the micrographs given in Figs. 2
and 3, it has been found that the Y doping influences the grain
growth to cause inhibition. The grain size of the sample
AZY "% varies between 1.8 and 27.7 wm, the range is lower
than that for the sample AZq'® for which the grain size range
is 1.7-36.0 wm. The grain size of the sample AZY;'"% varies
between 2.4 and 29.9 wm and that of AZY,'"* has a range of
2.8-33.0 wm. In contrast, the grain size ranges of AZ;'"% and
AZ' are 2.2-39.9 um and 4.3-49.8 wm, respectively. As
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Fig. 2. SEM micrograph of (a) AZ¢">%, (b) AZs'°%, (c) AZ;'7® with EDS and (d) AZg'"® composite samples.

indicated in the XRD pattern (Fig. 7(c)), the dopant Y is present
primarily in the form of the compound ZrjggY.1201.94,
therefore, it may be assumed that the grain growth inhibition is
effected by the presence of this compound [25,26].

In Fig. 4(a) the grains in the sample AZLg'** have round
shape and are nearly uniform in size which varies from 0.4 to
3.1 wm. However, an extensive grain growth is observed for the
sample AZL61600, the grain size variation of which is 2.1—
36.1 wm. The microstructure is similar to the AZ samples given
in Fig. 2. However, for the La doped samples, unlike Y doped
samples, the rare earth (La) content at or near the grain

boundary phase is less (0.11 at%) compared to that (0.25 at%)
in the grain interior.

Fig. 4(a)~(c) shows relatively compact grain structure
compared to the case shown in Fig. 4(d). Figs. 2(d) and 4(d)
have similar microstructure. The grain size ranges for the
samples AZL;"% and AZLg'"™ are 2.4-39.1 pwm and 3.9—
46.5 pm, respectively. AZL samples have higher grain size than
AZY. Fig. 4(c) shows the FESEM micrograph and EDS results
of the sample AZL;'"°. The EDS spectra obtained from the
grain interior surface and near grain boundaries of Al,0O5; show
the presence of La along with other major elements Al, Zr and
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Fig. 3. SEM micrograph of the sample: (a) AZY'>%, (b) AZY'%%, (c) AZY5'7® with EDS and (d) AZY'"*.

O. XRD analysis of La doped material was carried out for one
sample AZLg'"".

Fig. 5(a) of AZYLg" consists of the smaller round shaped
grains and a few larger grains of largely elongated type. The
grain size in the sample AZYL¢'"" varies between 0.4 and
3.1 pm and in Fig. 5(b) of AZYLg'%°, the range is 1.6—
26.4 pm. Fig. 5(b)—(d) shows the larger grains are of Al,O3 and
smaller grains shaded white are of ZrO,. The grain size ranges
for the samples AZYL;'"* and AZYLs'"* are 2.4-31.9 um
and 4.5-33.4 pm, respectively. The EDS spectra obtained from
the grain interior surface of ZrO, and near grain boundaries of
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AlLO; show the presence of Y>* along with other major
elements Al, Zr and O (Fig. 5(c)).

3.2. XRD analyses

Fig. 6 shows the XRD patterns of the samples AZq'"* and
ALO; (Ag'7%%). While all the peaks in the pattern for Ag' 7%
sample belongs to Al,O3 (ICDD file No. 00-046-1212), the
pattern for the sample AZg'"" consists the phases of Al,Os,
Aloilgzroigzol_gl and ZI'02 (ICSD file NOSO]-O71-1127, 00-
053-0572 and 01-074-1201, respectively). The patterns over the
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Fig. 4. SEM micrograph of (a) AZLg""%, (b) AZL4'%, (c) AZL;'7 with EDS and (d) AZL¢'"*.

angular range of 26 between 22° and 36° are shown separately
in Fig. 7. The appearance of the peaks for AZg'"* over this
angular range was also reported by other researchers [4,27,28].
The XRD pattern of AZY'”* composite is shown in Fig. 7(c),
the phase of Zrygg Y0.1201.04 ICSD data file No. 01-082-1242
with highest intensity peak) is present along with ZrO, and
Al,0O3 phases [29]. The XRD pattern of AZL61700 composite is
shown in Fig. 7(d), the phases of Alg o1 Zry.9901.99 ICDD data

file No. 00-053-0548) and Lag 9Al;; 76019 along with ZrO, and
Al,Oj5 are present. The peak height of 100% intensity for the
compound Alg g1 Zr( 9901 99 is negligibly small. XRD analysis
of the co-doped (with Y + La) material was carried out for one
sample of AZYLg'"%.

The XRD pattern (Fig. 7(e)) of AZYL617O0 composite shows
the formation of Zr0.935Y0_06501.968 phase (ICSD file No. 01-
078-1808) along with of LaYO;, Al;Zr and ZrO, phases.
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Fig. 5. SEM micrograph of (a) AZYLg">", (b) AZYLs', (c) AZYL;""% with EDS and (d) AZYLg'"".

The phase Zrgg Yo.1201.94 being interfacial compound is
present in the AZY material in very minute proportion
compared to the bulk Al,O3. Therefore the relative intensity
of the XRD peaks of this phase Zrg gg Y0.1201 .94 in the pattern is
very low which consequently poses difficulty to predict the
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Fig. 6. X-ray diffraction patterns of Ag'’*" and AZg'"* samples.

presence of such phases. In order to establish the predictability
of the phases the stoichiometric compound Zrggg Y0.1201.94
was separately synthesized by the method of mixing of the raw
materials Y,O3 and ZrO, powders followed by calcinations at
1500 °C for 6 h. The calcined powder was characterized by X-
ray diffractometry. The XRD pattern is shown in Fig. 8§ which
shows the evidence of the formation of chemical compound
phase. This control experiment thus confirms the formation of
the stated phase in the intergranular region of AZY material.

3.3. Physical properties

The sintered samples are found to have relatively higher
density which varies from 97.0 t0 99.3%. Table 2 shows relative
densities of the samples sintered at different temperatures for
different soaking time periods.

The weight losses (i.e., the difference in weight between the
green compact and the sintered sample) of the samples AZ,
AZY, AZL and AZYL on sintering at 1500 °C, 1600 °C and
1700 °C are shown in Fig. 9. For the sample AZ sintered at
1500 °C the weight loss as shown in Fig. 9(a), is more than the
AZY, AZL and AZYL. But weight loss is less in the sample AZ
sintered at 1600 °C and 1700 °C than AZY, AZL and AZYL.
The AZL sintered at 1700 °C shows the higher weight loss
signifying the formation of more volatile matter thereby leading
to lower densification [29]. Chemical reaction or the formation
of the compound may promote the weight loss [30]. Therefore
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Fig. 7. X-ray diffraction pattern of (a) Ag'"%, (b) AZs'"®, (¢) AZYs'"®, (d) AZLg'"® and (e) AZYLg'".

the porosity development in the samples is also more in these
samples which consequently reduces the density of these
materials. This causes lower fracture toughness for the
samples AZL sintered at 1700 °C which is given in Table 1.
But weight loss for the samples AZ sintered at 1700 °C is less
which means the formation of volatile material is less. The
weight loss in the sample that takes place during sintering is
an indicative of the degree of porosity development into the
samples [30]. This in turn relates to the fracture toughness of
the material. The porosity is susceptible to fracture of the
material. The weight loss of the samples due to sintering are
estimated from the weight measurements of the samples
before and after sintering.

3.4. Mechanical properties

Fracture toughness and measured hardness of the samples
are listed in Table 1. The hardness of the samples AZ sintered at
1500 °C varies between 12.6 and 15.3 GPa. The samples
sintered at 1600 °C and 1700 °C show the hardness varying
between 6.3 and 12 GPa and the occurrence of this lower
hardness range is attributed to the larger grain sizes of the
samples sintered at 1600 °C and 1700 °C compared to the
samples sintered at 1500 °C. The AZY, AZL and AZYL
samples sintered at 1500 °C and 1600 °C show higher hardness
compared to the samples sintered at 1700 °C. The samples AZ
and AZY sintered at 1700 °C show higher hardness than that of
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the La doped samples AZL and AZYL. Lower hardnesses were
also observed by other researchers. Lu et al. reported the
hardness values of 2.26 and 2.09 GPa for pure Al,O; and
composite of Al,03;—5 wt% MgB,, respectively [31].

12
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The fracture toughness of the systems AZY and AZYL
sintered at 1700 °C for all the soaking periods studied is
moderately high. However, the fracture toughness of AZ,
AZL systems sintered at 1700 °C for soaking periods of 6 h,
9 h and 12 h is relatively lower. The XRD analysis has shown
the formation of the phases Aly;3 Zrpg019; and
Alo_olzrolggol_gg in AZ61700 and AZL617OO, reSpeCtiVely.
The lower fracture toughness of these samples may be
attributed to the combined effect of larger grain size [6] and
the intergranular phases formed. The lower fracture tough-
ness in the sample AZe"% and AZLs'"" can be attributed
primarily to the microstructure of non-densified grain
structure [24,32]. On the other hand the compound forma-
tions of ZroggY.1201.04 and Zrpo3sY0.06501.963 in the
samples AZY¢'"% and AZYLg'"%, respectively, seem to
play an important role in enhancing fracture toughness [33—
35]. This observation has not been reported so far.

The probable effect of the compound formation on
enhancing the fracture toughness has been predicted consider-
ing the fracture toughness behaviour exhibited for the samples
sintered at 1700 °C for long sintering time. It is quite clear from
Table 1 that for the samples sintered at 1700 °C for soaking time
periods of 6, 9 and 12h, it has been found that fracture
toughness of the 1000 ppm Y(NO3);-6H,0 doped AZ samples
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Fig. 9. Weight loss as a function of sintering time of the samples sintered at (a) 1500 °C, (b) 1600 °C and (c) 1700 °C.
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Table 1

Fracture toughness and hardness of the AZ, AZY, AZL and AZYL samples sintered at different temperatures and soaking time periods.

Temp (°C) Time (h) AZ AZY

AZL AZYL

H, (GPa)  Kic MPam'®»  H,(GPa) Kic MPam"  H,(GPa) K MPam'®» H,(GPa) Kic (MPam'?

1500 °C 3h 15.3 4.9 15.2 4.5 14.8 4.2 14.3 4.1
6h 14.5 5.3 15.0 4.7 14.0 4.3 14.0 5.1
9h 13.9 5.1 133 47 14.4 45 139 4.7
12h 12.6 52 13.2 49 13.0 4.6 13.8 4.8
1600 °C 3h 12 5.2 10.3 5.0 139 4.7 12.1 4.7
6h 11.2 52 10.4 47 13.4 49 12.5 49
9h 9.7 5.2 10.9 4.7 12.0 4.7 12.0 5.1
12h 7.9 52 10.1 49 11.7 4.7 12.0 5.2
1700 °C 3h 8.2 5.2 10.7 53 4.0 5.3 53 5.5
6h 7.3 1.9 9.2 5.0 43 2.1 5.0 5.0
9h 5.8 1.7 9.0 5.2 4.1 1.8 5.1 4.9
12h 6.3 1.7 8.3 45 4.1 1.8 49 45
Table 2
Relative densities of AZ, AZY, AZL AZYL samples sintered at 1500 °C, 1600 °C and 1700 °C for different soaking time periods.
Temperature (°C) 1500 °C 1600 °C 1700 °C
Soaking time (h) 3h 6h 9h 12h 3h 6h 9h 12h 3h 6h 9h 12h
Relative density (%)
AZ 97.3 97.5 98.3 98.3 98.01 98.3 98.5 98.8 98.5 98.0 97.8 97.8
AZY 98.0 98.3 98.3 97.8 99.0 99.3 99.3 99.3 99.0 99.0 98.8 98.8
AZL 97.0 97.3 97.8 98.0 98.5 98.8 98.3 98.5 98.3 98.0 98.0 97.8
AZYL 97.5 97.8 98.0 98.5 98.5 99.0 99.3 99.3 98.5 99.0 98.5 99.0

enhances as compared to the undoped AZ samples. It is further
noticed doping with (1000 ppm) only of La(NO3);-6H,0 in AZ
sample does not enhance the fracture toughness value as
compared to undoped AZ samples. However, La(NOs3);-6H,O
co-doping with Y(NO3);-6H,0 in AZ enhances the fracture
toughness value as compared to undoped AZ samples. On the
other hand XRD patterns along with EDS analyses of the
undoped and doped AZ samples show the evidence of
Zr088Y0.1201.94 and Zr 935Y0.06501.968 compounds formation
in the intergranular regions of AZY and AZYL, respectively.
Though the XRD and the EDS analyses were carried out on the
samples sintered at 1700 °C for a soaking time of 6 h.

4. Conclusions

1. The relative densities of all the samples in five different
systems of AZ, AZY, AZL and AZYL lie between 96.3 and
99.3%.

2. The segregation of the ZrO, at the triple junctions and the
intergranular regions of the Al,O5 grains are observed in the
system AZ.

3. The tendency for Y segregation as compared to La at the
intergranular region is more. This is because the Y forms
compound with ZrO, as established in the AZ system.

4. The compound formations in the intergranular region of the
AZ, AZY, AZL and AZYL samples are Alg 3Zrp8,01.01,
Zr0.88Y0.1201.04, Alp.01Z10.9901.90 and Zrg.935Y0.06501.968
respectively.

5. The rare earth dopants are not present as isolated elements in

the intergranular region. The elements are absorbed in the
compounds formed.

6. The fracture toughness of AZ sintered at 1700 °C for long

sintering time (i.e., for 6, 9 and 12 h) is lower and is found to
increase for the doped AZY and AZYL samples. Such
enhancement in fracture toughness is attributed to the
compound formations of  ZrpgsY0.1201.04 and
710935 Y 0.06501.968, T€SPectively, in the intergranular regions.

7. The fracture toughness of the samples sintered at 1500 °C

and 1600 °C for undoped and doped are nearly same.
However, the samples sintered at 1700 °C show lower
fracture toughness for AZ and AZL sintered for soaking time
periods of 6 h, 9 h and 12 h. There is no decrease in fracture
toughness for the samples AZY and AZYL sintered at
1700 °C for any of the soaking time periods used.
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