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Abstract: In this study, YAIO; (YAP) was produced at low
temperatures by a powder sintering process. Al,O3—Y,0;
powder mixtures were subjected to heat treatment at differ-
ent temperatures. The relationship between the sintering
temperature and the emergence of new phases was investi-
gated via X-ray diffraction, and supported by energy dis-
persive X-ray spectroscopy. The crystallization of the
monoclinic yttrium aluminum oxide (Y4Al,Oq) occurred
at 1000°C, whereas the yttrium aluminum perovskite
(YAIO3) crystallization occurred at 1100°C. Energy dis-
persive X-ray spectroscopy analysis showed yttrium con-
tent in the sample containing Al,0;—YAIO; powder sin-
tered at 1100 °C, associated with the YAIO; phase formed
at this temperature. Brunauer—-Emmett—Teller surface ana-
lysis showed a significant decrease in the pore volume of
the sample sintered at 1 100 °C.
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1 Introduction

Today, the main issue in ceramic production is the develop-
ment of powder properties for a useful final product. The
physical properties of materials can be improved by the pow-
der sintering process [1]. Olmos et al. [2] studied the physical
properties obtained by sintering a powder mixture without

430

forming. It is known that powder properties are important
for densification kinetics [2, 3]. Zhang and Saito character-
ized powder mixtures of Al,O3, AI(OH); and Y,0;, all cal-
cined at high temperatures, identifying Y;Al;0;, (yttrium
aluminum garnet) powders as the final product [4]. Studies
exist in which powders are pre-sintered or calcined at high
temperatures prior to forming. Lin et al. pre-sintered pow-
ders to increase the activity of hexagonal boron nitride
(h-BN) [5]. Similarly, Yu et al. used a pre-sintering process
to produce low-cost, high-performance composites [6]. The
properties of the calcined powders prior to forming can pro-
vide important information on the subsequent compacted fi-
nal product, Al,O;—YAG. There are few studies in which
the Al,O3—Y,0; powder mixture is pre-sintered and charac-
terized prior to forming.

Al,O5 is widely used in industrial applications due to its
high chemical stability and good mechanical properties, such
as fracture behavior and hardness. Various additives are
added to improve these properties of Al,O;. According to
the Y,05 content of these additives, in addition to Al,Os,
YAG, and YAP phases are often obtained [7—11], where
YAP represents yttrium aluminum perovskite YAIO;. It has
been shown that the diffraction patterns of YAG and YAP
phases are identical, and that YAG is the more stable phase
in the Al,05—Y,0j5 phase system [12—14].

Al,O3—YAG eutectic ceramics are used in high tempera-
ture applications, such as turbine blades, due to their super-
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ior mechanical properties and oxidation resistance at high
temperatures [15, 16]. Directionally solidified eutectic
ceramics, such as Al,O;—YAG, do not contain grain bound-
aries and colonies, and therefore, have good strength prop-
erties at high temperatures [17]. Directionally solidified
AL,Os—YAG composites are obtained by crystal growth
techniques, such as micro-pulling-down [18, 19], Bridgman
[20, 21] and laser-heated float zone techniques [22, 23].

Recently, polycrystalline Al,O;—YAG ceramics have
emerged as an alternative to directionally- solidified
AL,O;—YAG ceramics, due to lower production costs, sim-
pler production processes, and larger size of the final pro-
duct [24, 25]. Li and Gao [26] reported that the disadvan-
tages of Al,O3—YAG eutectic composites obtained by the
complex directionally-solidified production method, includ-
ing low strength and fracture toughness at room tempera-
ture, could be turned into an advantage with polycrystalline
Al,05—YAG composites. In recent years, it has been shown
that polycrystalline Al,0;—Y AG eutectic ceramics produced
by sintering, suitable for industrial production, have good
mechanical properties [27—31]. In this study, the traditional
sintering method was used in the production of Al,O;—YAP
powder. As future work, the Al,O;—YAP powder used in
this study will be formed and re-sintered to produce poly-
crystalline Al,O;—YAG materials.

While sintering methods in ceramic powders affect pow-
der characteristics, thus affecting material properties, the
purity and grain size of the powders also affect the sintering
rate and temperature [32—34]. Cinibulk [35] studied the ef-
fects of the Y,05 additive on the density and grain growth
of Al,O5 at high temperatures, especially using direct mix-
ing of the two powders as a sintering method. Cinibulk
etal. [36] showed that YAG addition affected the pore
structure of the Al,O; matrix composite. Lartigue-Korinek
et al. [37] studied the changes in the microstructure of the
Al,O3 matrix composite with the addition of Y, and showed
that the Y dopant affected the homogeneity of the micro-
structure. Egelja et al. [38] showed that compounds con-
taining Al and Y transformed into the YAG phase at
1100°C. In the same study, it was determined that the
amount of Al,Oj3 increased and the amount of YAG de-
creased at higher temperatures, indicating that the proper-
ties of materials obtained by sintering Al,03;—Y,05 powders
change with sintering temperature.

In this study, the phase composition, microstructure, and
surface area analysis of the final powders obtained by sin-
tering high-purity Al,O05—Y,05 powder mixture at different
temperatures were investigated. The effects of sintering

Table 1. Specific features of powders.

Raw materials Al,O4 Y,0,
Supplier Sigma Aldrich Alfa Aesar
Grain size (um) 44" <10
Purity (%) 99.99 99.999

*>149 pm %30, >74 pm %80, >44 um %99
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temperature variation on material properties are discussed.
The aim of this study was to obtain low porosity and uni-
formly microstructured YAP phase at low temperatures, to
be used as a transition phase and sintering activator in the
formation of a YAG structure.

2 Experimental procedure

The Al,03-Y,0; powder mixture containing Y,0;
(33 wt.%) and Al,O5 (67 wt.%) (properties listed in Ta-
ble 1) was ground in a Retsch RS 200 vibratory disc mill
(Haan, Germany) at 800 rpm for 2 min. After grinding, the
powders were granulated for 1 h at 1000 °C using a Ther-
molyne 48000 furnace (Barnstead International, Dubuque,
IA). The powders were then dry-ground in a ball mill with
Macchine Macina Smalto (MMS, Modena, Italy) for 1 h.
The samples were dried at 100°C in an oven (Memmert
UF 55, Germany), and then classified with a 106 pm sieve,
using a Retsch AS 200 sieve shaker (Haan, Germany). The
sieved powders were weighed on a precision balance (Rad-
wag AS 220.R2, Poland) on an electronic scale with an ac-
curacy of 0.1 mg, and then divided into 3 powder samples
(19.5 g each).

The divided powders were loaded into crucibles (Isolab
Laborgerate GmbH, Germany) and sintered in a Protherm
PLF 110/8 model furnace (Alser Teknik, Turkey) at tem-
peratures of 1000, 1050 and 1100 °C, respectively. During
the sintering process, the furnace was brought to the desired
temperatures over 60 min, kept at sintering temperatures for
2 h, and then regressed to room temperature over 65 min.
After repeating the operation for each sintering temperature,
the powder samples were pulverized in a mortar, and then
sieved in a vibratory sieve shaker with a 106 pm sieve for
2 min.

Phase compositions of each sample were examined
using an X-ray diffractometer (XRD, PANalytical Empyr-
ean). For analysis, the powder samples were compressed
into molds without any gaps. The process was carried out
using a diffractometer in the 20 range of 10°—80° using
Cu-K, radiation. Phase quantities of Al,03—Y,053 mixed
powders sintered at different temperatures were obtained
using PANalytical HighScore Plus software, based on the
Rietveld method. Scanning electron microscope (SEM,
JEOL JSM7100F) analysis was performed in order to in-
vestigate the effect of temperature change on phase forma-
tion, homogeneity, grain size change, and crystallization
criteria in the powder samples. Prior to SEM analysis, the
powder samples were mounted onto double-sided carbon
tape. In order to increase conductivity, the samples were
sputter-coated with Au-Pd (80:20 wt.%), under 10 mA
current application and 8 x 10~'m bar atmosphere in a
Quorum coating device (Polaron SC7620, Quorum Tech-
nologies, UK). Elemental analysis of the microstructu-
rally-imaged internal structures was performed using
SEM-EDS (Oxford Instruments X-Max). Surface areas,
micropore size distribution, and pore volumes and sizes
of the sintered powder samples were measured using a
Brunauer-Emmett-Teller (BET) surface area analyzer
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(Quantachrome Instruments, Quadrosorb SI, USA). Phys-
ical absorption measurements were carried out using nitro-
gen gas in a liquid-nitrogen environment (77 K). Prior to
measurement, the samples were degassed using a degas-
sing device (Quantachrome Instruments, Flovac Degasser,
USA) at 400°C for 2 h.

3 Results and discussion

Figure 1 shows XRD patterns of the powders of like com-
position sintered at 1000, 1050 and 1100°C (1000AY,
1050AY and 1100AY, respectively) from the Al,03—Y,0;
starting material. The transformation of the Al and Y con-
taining compounds into the YAP (JCPDS 01-074-1334)
phase takes place at 1 100 °C. Although Wang and Gao [7]
observed the first YAG crystallization in the solid state at
a temperature near 1000 °C, the YAG crystallization was
not observed at any temperature in this study. This may be
due to insufficient YAP phase present for reaction with
Al,O3, an intermediate stage toward the emergence of the
YAG phase at these temperatures. As the sintering tempera-
ture increased up to 1100 °C, the peaks in the XRD pattern

became more frequent, and a new phase was observed.
YAG production from Al,O5-Y,05 powder mixtures takes
place via the reaction processes and temperatures in
Egs. (1-3), as shown in previous works [34, 39].

2Y,03 + Al,03 — Y4AL, Oy (YAN[7 900°C—1 1000(:) (1)
YAM +AlL,O; — 4YAIO; (YAP, 1100°C —1250°C) (2)

3YAP + ALO; — Y3AlsOy; (YAG, 1400°C — 1600°C)
(3)

As shown in Fig. I, an increase in sintering temperature
drives the reactions in Egs. (1-3). The first YAM (yttrium
aluminum monoclinic) structure was formed at 1000°C.
Small peaks corresponding to the YAM (JCPDS 01-083-
0933) phase emerged at 1000 and 1050°C. At 1100°C, the
amount of YAM phase increased, and the YAP phase also
appeared. 1100°C is considered a transition temperature,
where the crystallization rate increases and new phases begin
to emerge. Phase quantifications of the Al,05—Y,03 powder
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Fig. 1. XRD patterns of Al,05—Y,0; powders of like composition, sintered at different temperatures.

Table 2. Phase quantitative results calculated from XRD peaks of samples consisting of Al,0;-Y,053 powders sintered at 1000 °C,

1050°C, and 1100°C.

Temperature (°C)

Phase composition (wt.%)

a-Al,0, Y,0, Y,ALO, (YAM) YAIO; (YAP)
1000 18.2 55.9 25.8 -
1050 54.5 44.8 0.6 -
1100 385 23 31.9 6.6
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samples sintered at different temperatures are shown in Ta-
ble 2. The Y,05 (JCPDS 01-088-2162) phase is significantly
reduced at 1100°C (23 wt.%), compared to samples sintered
at other temperatures. At this temperature, the Y,O; phase
reacted further and new phases emerged. The formation of a
small amount of YAM phase at 1050 °C indicates that alumi-
num diffuses incompletely into Y,05. Although the amount
of YAM phase formed at 1000°C was higher than for the
sample sintered at 1050°C, Al,Oz (corundum JCPDS 00-
010-0173) could not crystallize significantly at 1000 °C.
There was also no significant decrease in the Y,O5 phase, in-
dicating that Y,05 did not significantly react at 1050 °C. In
addition, although the YAM phase was quantitatively high
at 1000°C, the relative peak intensity was low. The YAM
phase, which crystallized sufficiently at 1100°C, began to
transform into the YAP phase. In order for the YAM phase
to convert to YAP, the YAM phase must be well-crystal-
lized, which did not occur at 1000°C. The low amount of
YAM phase observed at 1050 °C may be due to early stages
of this crystallization. Since both the increase in YAM phase
and the formation of the new YAP phase at 1100 °C increase
the amount of reactive Al,O3, while decreasing the amount
of Al,Oj5 that converts to corundum, there was no significant
decrease in corundum, compared to sintering at 1050 °C.
However, this does not mean that Al,O; cannot crystallize
well at 1100°C. At 1100 °C, aluminum continues to diffuse
into the YAM phase, but also begins to diffuse into the new-
ly-crystallized Y AP phase. Although Prnova et al. [40] deter-
mined the crystallization temperature of Al,O3 as 1300°C,
this temperature was reduced under our working conditions,
wherein the first Al,Os;—YAP phase was obtained at
1100°C. Despite previous reports [7, 8, 38, 40] showing de-
creased YAG formation temperatures with according chem-
ical processing of starting materials, Li and Gao [26] showed
that temperatures of 1300°C and higher were required for a
high-quality YAG crystal.

The SEM-EDS analyses of the powders sintered at differ-
ent temperatures are shown in Fig. 2. No elements other than
Al, Y, and O were observed in the powder samples sintered
at all three temperatures. The results support the analysis of
XRD patterns of the samples. Elemental analysis of the
1100AY powder taken from several regions in the SEM
images reveal that the Al and O signals are reduced consider-
ably, compared to the analyses of the 1000AY and 1050AY
powders. This is due to the reaction of both elements to form
new crystal phases (YAP and YAM). The excess Y content is
also an indicator of the presence of such newly-formed
phases. However, when the EDS spectrum of the powder
sample sintered at 1100°C is examined, it is seen that the
a-Al,O3, especially the YAP and YAM phases are formed
clearly. The more distinct phase differences show that
0-Al,O3, YAP and YAM phases are distributed more homo-
geneously in the powder sample sintered at 1100 °C.

Figure 3 shows SEM images of samples 1000AY,
1050AY and 1100AY. Considering the general microstruc-
ture of sample 1100AY, it was observed that crystallization
increased, and that YAP and YAM phases began to segregate
from the corundum phase. In samples 1000AY and 1050AY,
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the YAP and YAM phases did not completely crystallize,
and separate YAP, YAM, and corundum phase regions did
not form. Therefore, samples 1000AY and 1050AY had
non-uniform and inhomogeneous microstructures. In all
samples except 1100AY, the powders are agglomerated and
irregularly-shaped, and although the grain sizes cannot be
clearly defined, coarser grains are noticeable in 1000AY
and 1050AY compared to 1100AY. For powders sintered at
1100°C, spherical particles were observed. The YAP and
YAM particles become embedded in the a-Al,O3 matrix, in-
dicating that the Al,O;~YAM and Al,O;—YAP phases
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Fig. 2. EDS spectra of Al,0;—Y,053 powders sintered at (a) 1000 °C,
(b) 1050°C, and (c) 1100°C.
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formed only at 1100 °C, denoted as the transition tempera-
ture. No amorphous phase regions were observed in any sam-
ple. The high purity of the starting powders and the prepara-
tion of the raw materials without chemical processes are
both effective in eliminating disadvantageous amorphous
phases. Grain formations are observed in the SEM image of
sample 1100AY. Contrary to the expected grain growth with
the increase in temperature, as seen in Fig. 3, a coarse-
grained structure is observed in samples 1000AY and
1050AY, and a fine-grained structure with more uniform
grain sizes in sample 1100AY. This is likely due to strong in-
tergranular bonding in 1100AY, which also causes the devel-
opment of new phases in the sample sintered at 1100 °C.
When the microstructure of sample 1100AY (Fig. 3c and d)
is examined, a transformation at 1 100 °C into a fine particle
network is observed, where the interparticle neck formation
begins. In the microstructure images in Fig. 3, the particles
in samples 1000AY and 1050AY have irregular boundaries
and shapes, while sample 1100AY, sintered at 1100°C,

transforms into a uniform structure with similar grain sizes.
The YAP and YAM particles become embedded in the
0-Al,O; matrix, indicating that the Al,O;~YAM and
Al,O;—YAP phases formed only at 1100 °C, denoted as the
transition temperature. Nagira et al. [41] stated that a desir-
able Al,O3—YAG phase was obtained from the Al,O;—-YAP
particle and that the quality of the Al,O;—YAG phase was de-
pendent on that of the initial Al,O;—YAP phase, emphasizing
the importance of the low amount of porous particles in the
structure. Although Al,O3—YAP was not used as a starting
material in this study, Fig. 3c and d shows the morphological
structure of the Al,O;—YAP phase, which may react to form
the Al,O3—YAG phase. Olmos et al. [2] observed porous
structures as a result of sintering powder materials. Other re-
ports [42, 43] showed that porous structures emerged due
to exceeding the solubility limit of yttrium during formation
of the YAP and YAG phases. The amount of doped Y,0;
in this study does not exceed the solubility limit of yttrium
[9, 44, 45]. When the images in Fig. 3 are examined, no sig-

Fig. 3. SEM microstructural analysis of Al,05-Y,05; powders sintered at (a) 1000°C, (b) 1050 °C, and (c, d) 1 100°C.
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nificant pore formation in any sample after sintering is ob-
served. In samples 1000AY and 1050AY, there is no pore
formation, since YAP formation does not occur. However,
the absence of a significant pore problem in the 1100AY
sample, which we consider as the transition temperature,
shows that there is no excess solubility that will cause block-
ing of the grain boundaries and excessive pore formation.

Towata et al. [43] showed that the formation of Al,O;—YAP
fiber—matrix composite structure prevents grain growth that
causes the emergence of excessive porous structures, which
may explain the results in this report.

BET specific surface areas of the powder samples sin-
tered at all three temperatures are shown in Table 3. With-
in the range tested, pore size is not significantly affected

Table 3. Microstructural surface analysis results of Al,03;—Y,05; powders sintered at different temperatures.

Temperature (°C)

Surface area (m?> g~")

Average pore size (nm)

Pore volume (cm? g~!)

1000 56.84 5.70 0.087
1050 91.29 4.74 0.117
1100 33.29 5.45 0.050
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by temperature. Sample 1100AY has the lowest surface
area and pore volume; therefore, powders sintered at
1100 °C have lower porosity, which is desirable for eutec-
tic ceramic composites. Although sample 1050AY is sin-
tered at higher temperature, there is an increase in the sur-
face area compared to sample 1000AY, and thus, the
temperature at which porosity is eliminated is not reached.
The BET measurements of sample 1100AY are consistent
with the results of Towata et al. [43], which showed that
sufficiently-crystallized composite structures inhibit grain
growth and porosity. However, the low pore volume of
the 1100AY sample prevents the formation of clustered
pores and provides a more uniform structure [46]. This re-
sult is consistent with SEM analysis of sample 1100AY, as
seen in Fig. 3. Figure 4 shows the adsorption isotherms of
the powder samples sintered at all three temperatures.
The adsorption isotherms are type II isotherms, according
to the IUPAC classification [47]. A combination of type
Il and type IV isotherms exists at low relative pres-
sures(P/Py = 0 — 0.70). As both pore volume and spe-
cific surface area of sample 1100AY were lower than
in the other two samples (Table 3), the adsorption rate
in sample 1100AY was lower than for samples 1000AY
and 1050AY. Adsorption is also low at low pressures
in all three samples. Adsorption values within the
P/P, = 0.05 — 0.30 relative pressure range indicate the pre-

sence of micropores [48]. As the pressure increases, the ad-
sorption also increases slowly. When the relative pressure
reaches approximately 0.90, a sudden increase in the rate
of adsorption occurs. Thus, all three samples have micro-
porous and mesoporous structures [49]. The average pore
sizes of all three samples (Table 3) show that the sintered
samples are dominated by mesopores. The adsorption rates
at low pressures in samples 1000AY and 1050AY are
slightly higher than in sample 1100AY. Thus, the micro-
pore volume in sample 1100AY decreased compared to
the other two samples. In addition, the lower adsorption of
sample 1100AY in the micropore regions, where a linear
plot is obtained in the multipoint BET graphs (Fig. 4), con-
firms the presence of fewer micropores. The reason for the
increase in pore size in the high-temperature sample
1100AY, which contributes to mesopore formation with
the decrease in the specific surface area, may be the re-
moval of materials from the convex grain to more concave
necks [50]. Microporous powder structures can cause crack
propagation in rigid structures during the subsequent form-
ing processes [51]. Due to the low open porosity in com-
pact structures formed and sintered from less microporous
powder, the fragility of materials at high temperatures
may decrease. However, the mesoporous structure in sam-
ple 1100AY is another factor which explains its homoge-
neous pore distribution [52]. It is known that the pore struc-
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Fig. 5. BJH pore size distributions of Al,03-Y,0; powders sintered at different temperatures.
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ture in powder materials affects the mechanical properties
of the final product [53, 54]. According to these studies, it
is expected that the rigid structure obtained from the
1100AY powder sample, which has lower microporosity
compared to samples 1000AY and 1050AY, will be more
resistant to microcracks. As seen in Fig. 5, all three sam-
ples give a Barrett—Joyner—Halenda (BJH) pore size distri-
bution compatible with BET average pore sizes and pore
volumes (Table 3). Micropores are not seen in BJH mea-
surements, as the relative pressure range of 0—0.35 is not
probed. As seen in Fig. 5, there is a sharp peak between
5-10 nm for sample 1050AY, while other samples have a
smaller but distinct peak in the same range. A sharp peak
is seen in the 10— 15 nm range in sample 1000AY and in
the 10—18 nm in sample 1100AY. Sample 1100AY con-
tains large mesopores in a wide range of pore sizes. The
wide range of pore sizes seen in sample 1100AY is due to
the difference in the amount of small and large size pores
in its microstructure, compared to samples 1000AY and
1050AY. Pore size distribution graphs show that sample
1100AY has fewer small mesopores or micropores and
more large-sized mesopores, confirming the isotherm
curves. In addition, considering each pore size for the
1100AY sample, there is a unimodal distribution wherein
the difference between decreasing and increasing peaks is
less. A bimodal distribution is observed for 1000AY and
1050AY samples. The minor difference between peak in-
tensities for the 1100AY sample indicates that the distribu-
tion in all pore sizes is homogeneous.

4 Conclusions

The optimum temperature required for the crystallization of
YAP from YAM and Al,O5 processing is 1100 °C, which
occurs as a result of the chemical reactions between Al,O4
and Y,0; powders during sintering. From mineralogical
and microstructural analysis of the powder sintered at
1100°C, it was determined that Al,Os—YAP powder was
produced. The powder sintered at 1100 °C is composed of
a uniform structure, and contains particles with low, homo-
geneously-distributed porosity, and forms a desirable com-
posite material. Al,O;—YAP powder will be used as a raw
material in the future to obtain compact polycrystalline
Al,O;—YAG which is dual-phase at lower temperatures
and more crystallized.

Funding: This study was supported by Canakkale Onsekiz Mart Uni-
versity Science and Technology Application and Research Center
(COBILTUM).
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