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Preparation and phase transition

of Gd4(Al1 – xGax)2O9 solid solutions
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The solid-solution compounds of Gd4(Al1−xGax)2O9 (x = 0.0–1.0) were prepared at 1600◦C
for 5 h in air. The unit cell volume of the compounds increased from 0.853 to 0.878 nm3 with
x. Phase transitions having a temperature hysteresis were observed from 1100◦ to 1400◦C
by calorimetry and dilatometry. The transition temperature increased with x. The volume of
the high-temperature phase was 0.5% smaller than that of the low-temperature phase at
the transition temperature. The volume changes were independent of x. The hysteresis
width observed by the dilatometry was about 300◦C for the Gd4Al2O9 ceramics (grain size:
about 1 µm) and decreased to 50◦C for the Gd4(Al0.2Ga0.8)2O9 ceramics (grain size: over
10 µm). Gd4Ga2O9 was unstable at low temperature and decomposed to Gd3GaO6 and
Gd3Ga5O12 during the thermal analyses. C© 2001 Kluwer Academic Publishers

1. Introduction
The volume of materials usually increases at the phase
transition from a low-temperature phase to a high-
temperature phase. Zirconia (ZrO2) is a well-known ex-
ception in oxides [1, 2]. It has a martensitic phase transi-
tion around 1000◦C with a large temperature hysteresis.
The volume of the high-temperature phase is about 3%
smaller than that of the low-temperature phase. Ceram-
ics having a phase transition toughening mechanism
have been developed by using ZrO2.

Y4Al2O9 is another oxide which exhibits a vol-
ume shrinkage of about 0.5% at the phase transition
around 1370◦C [3–5]. Recently, the crystal structure of
the high-temperature phase was determined by high-
temperature neutron diffraction [6]. The space groups
of the high-temperature and low-temperature phases
are identical,P21/c. The positional parameters of all
the atoms shifted about 1/4 along thea-axis at the
phase transition. Diffusionless, displacive movement
of the atoms on the (010) plane clearly demonstrated
the martensitic phase transition of Y4Al2O9.

Similar phase transitions were reported for rare-earth
aluminates, RE4Al2O9 (RE=Sm, Eu, Gd, Tb, Dy, Ho,
Er, Tm, Yb) and gallates, RE4Ga2O9 (RE= La, Pr, Nd,
Sm, Eu, Gd) [7]. The phase transition temperatures in-
creased with the increasing atomic number of RE (de-
creasing RE3+ ionic radius) from 1044◦ (Sm) to 1300◦C
(Yb) for the aluminates and from 1271◦ (La) to 1412◦C
(Gd) for the gallates. The phase transition temperatures
of the aluminates were about 300◦C lower than those
of the gallates with the same RE.

RE4Al2O9 and RE4Ga2O9 as well as Y4Al2O9 are
isostructural with Ca4Si2O7F2 (cuspidine). The rare-
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earth elements are coordinated by 6 or 7 oxygen atoms.
Oxygen tetrahedra containing Al or Ga form Al2O7 or
Ga2O7, respectively, by sharing the apical oxygen atom.
In the present paper, the phase transition of the solid
solution compounds, Gd4(Al1− xGax)2O9, was inves-
tigated in order to clarify the effect of the Al-Ga sub-
stitution at the tetrahedral sites of the crystal structure
with respect to the phase transition.

2. Experimental
Gd2O3 powder (99.99% purity, Mitsubishi Kasei Co.),
Al2O3 powder (99.99% purity, Sumitomo Chemi-
cal Ind.) and Ga2O3 powder (99.99% purity, Rare
Metallic Co., Ltd.) were used as the starting mate-
rials. These powders were weighed with composi-
tions of Gd : (Al1− xGax)= 2 : 1 molar ratio, where
x= 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0, and then mixed
with an appropriate amount of ethanol in an agate
mortar. The mixed powders were pressed into bars
(8× 4× 30 mm3) at 70 MPa. The bars were heated
on a Pt 70% - Rh 30% plate at 1600◦C for 5 h in air
in a furnace with a molybdenum silicide heater. After
heating, the reaction sintered samples were cooled in
the furnace by shutting off the electric power. The sam-
ples were powdered for X-ray diffraction (XRD) and
differential calorimetry (DSC).

The XRD patterns were measured at room temper-
ature on a diffractometer (Rigaku, RINT 2500) using
Cu Kα radiation with a pyrolitic graphite monochroma-
tor. The intensity data for the Rietveld analysis were col-
lected from 10–80◦ in 2θ with sampling steps of 0.04◦.
The Rietveld analysis was performed using the program

0022–2461 C© 2001 Kluwer Academic Publishers 307



“RIETAN” [8]. The atomic parameters of Y4Al2O9 re-
ported by Christensen and Hazell [9] were used for the
initial values of the Rietveld refinement.

The powdered samples weighing about 50 mg were
characterized using a high-temperature differential
scanning calorimeter (DSC, Mac Science, DSC3300).
The rate of heating and cooling was 20◦C/min. Thermal
expansion was measured in a dilatometer (Shimazu,
TMA-50) using specimens with a length of about
15 mm. An alumina ceramic rod was used as the stan-
dard sample which was calibrated with a sapphire stan-
dard. The specimens were heated and cooled in air at
the rate of 20◦C/min. The fracture surface of the re-
action sintered samples was observed with a scanning
electron microscope (Hitachi, S-1250).

3. Results and discussion
Fig. 1 shows as an example the profile fit and difference
patterns of the Rietveld analysis for the X-ray powder
diffraction data of Gd4(Al0.2Ga0.8)2O9. The solid lines
are calculated intensity profiles, and the dots crossing
the profiles are observed intensities. The short verti-
cal lines show the possible Bragg reflections. The dif-
ferences between the observed and calculated intensi-
ties are plotted below the profiles. The positional pa-
rameters of the Gd atoms were well refined. However,
the parameters of the other lighter atoms could not be
uniquely refined with reasonable interatomic distances
because of the weak X-ray scattering power of these
atoms compared to that of the Gd atoms. The finalR-
factors of the Rietveld analysis for the samples with
x= 0.0–0.8 were 10–13% forRwp, 2–3% for RI and
RF, and 1.2–1.3 forS. Very small diffraction peaks from
Gd3GaO6 and Gd3Ga5O12 were included in the XRD
pattern of the samplex= 1.0. The finalR-factors of
the Rietveld analysis of this XRD pattern without any
data exclusion wereRwp= 17%,Rp= 13.31, S= 1.61
RI = 7.34, andRF= 4.54%.

Figure 1 Rietveld refinement profile of the X-ray diffraction pattern for Gd4(Al0.2Ga0.8)2O9. The dotted line represents the observed intensities.
Difference plots are shown beneath the patterns. Positions of the Bragg reflections are represented by vertical bars.

The lattice parameters of Gd4(Al1− xGax)2O9 are
plotted in Fig. 2. Thea-axis length atx= 0.1, 0.2
and 0.3 dropped about 0.10–0.06% from the length of
x= 0.0. Thea-axis lengths of the other samples in-
creased withx. The parameters of theb andc axes in-
creased monotonously withx. Theβ angles decreased
with x were almost on a straight line. The cell volumes
calculated with these parameters increased withx. The
influence of the drop in thea-axis length atx= 0.1–
0.3 to the cell volume was small. We tried to refine the
crystal structure of Gd4(Al0.8Ga0.2)2O9 with a model
of preferential substitution at one of the two Al sites
for Ga and with a model of statistical substitution at the
two sites. However, we could not conclude any explicit
difference between the results using these two models.
All refinements of the other samples were carried out
with the statistical substitution model.

DSC curves measured for Gd4(Al0.2Ga0.8)2O9 above
1260◦C are shown in Fig. 3 as an example. No calori-
metric change was detected below this temperature.
During the two cycles of heating and cooling, endother-
mic peaks were observed at 1396◦C on heating and
exothermic peaks at 1353◦C on cooling. Similar DSC
curves were obtained for the other samples. Fig. 4 shows
the transition temperatures defined as the average of the
exothermic and endothermic peak temperatures. The
hysteresis widths between these peaks are also shown in
this figure. The transition temperature increased from
1104◦ to 1400◦C and the widths gradually decreased
from 109◦ to 35◦C with increasingx.

Fig. 5 shows the dilatometry of the ceramic samples.
For the sample ofx= 0.0, the volume shrinkage of the
phase transition was observed from 1099◦ to 1230◦C
on heating, and the volume expansion occurred from
1001◦ to 880◦C on cooling. The averages of the mean
temperatures for the start and finish of the volume
change on heating and cooling were plotted in Fig. 4
as the phase transition temperatures from the dilatom-
etry. These transition temperatures deviated from the
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Figure 2 The lattice parameters and cell volume of Gd4(Al1− xGax)2O9 versusx.

Figure 3 DSC curves of Gd4(Al0.2Ga0.8)2O9.

Figure 4 Transition temperature and hysteresis width of Gd4

(Al1− xGax)2O9 measured by DSC (̈) and DLT ( ).

temperatures determined by the DSC for smallx val-
ues. The hysteresis widths of the ceramic samples
are shown in Fig. 4 with the difference between the
mean temperatures on heating and cooling. The hys-
teresis width was 224◦C atx= 0.0 (Gd4Al2O9) and de-
creased to 32◦C atx= 0.8. The difference between the
cell volumes of the high- and low-temperature phases
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Figure 5 Dilatometry curves of the Gd4(Al1− xGax)2O9 ceramics.

at the transition temperatures was about 0.5% for all
samples.

As seen in the SEM photographs of Fig. 6a, the grain
size of the Gd4Al2O9 ceramics was about 1µm. The
grain size of the sample withx= 0.2 was about 3µm. In
the sample withx= 0.8, the grains grew to over 10µm.
The enhancement in the grain growth was related to
the solidification point of Gd4Ga2O9 (1780◦C) [10, 11]
which was lower than that of Gd4Al2O9 (1951◦C) [12].
The large hysteresis of the phase transition was related
to the grain size. A similar grain size dependence was
observed in the previous study for Y4Al2O9 ceramics
[4] as well as in the studies on ZrO2 ceramics [1]. The
samples composed of smaller grains exhibited a larger
hysteresis. The martensitic transition accompanying the
shear stress could be restricted at the boundary of the
grains with a relatively large surface area versus the
volume.

A large shrink was observed for the sample ofx= 1.0
(Fig. 6), in particular, on cooling. After the dilatom-
etry measurement, the intensity of the peaks from
Gd3GaO6 and Gd3Ga5O12 increased in the XRD pat-
tern. This result was in accordance with the phase di-
agram of Gd2O3-Ga2O3 [10]. Ga4Ga2O9 is unstable
below 1400◦C. Gd3Ga5O12 has a garnet-type struc-
ture. The space group of Gd3GaO6 was reported to
be Pnna from the previous studies [10, 13]. How-
ever, the crystal structure of this compound was re-
cently determined to have the space groupCmc21
(a= 0.8993, b= 1.1281, c= 0.54812 nm), isostruc-
tural with Er3GaS6 [14]. No change was observed in

Figure 6 Scanning electron micrographs of Gd4(Al1− xGax)2O9;
x= 0.0 (a), 0.2 (b) and 0.8 (c).

the XRD patterns for the samples withx= 0.0–0.8 af-
ter the dilatometry measurements.

A small hysteresis was observed from room tem-
perature to about 1000◦C for the samplesx= 0.6 and
0.8. A similar thermal hysteresis was observed for the
Y4Al2O9 ceramics with large grains [4]. This hys-
teresis was explained by crack formation on cool-
ing and crack healing at high temperature. The mi-
crocracks were introduced into the ceramics due to
the anisotropic thermal expansion of Y4Al2O9. The
same explanation could be adopted for the hystere-
sis of Gd4(Al1− xGax)2O9 ceramics composed of large
grains.

4. Conclusion
Solid solutions of Gd4(Al1− xGax)2O9 were prepared
by the solid state reaction at 1600◦C for 5 h in air. The
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phase transition of the solid solutions withx= 0.2–0.8
occurred not at the transition temperatures of Gd4Al2O9
and Gd4Ga2O9 but at a temperature between the transi-
tion temperatures of these terminal phases. The tran-
sition temperature increased withx. The unit cell
volumes or probably the size of the two tetrahedra
of (Al,Ga)2O7 in the structure is important to con-
trol the martensitic phase transition temperature of
Gd4(Al1− xGax)2O9.
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