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The crystallization of Gd203 -AI= O 3 glasses 
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Glasses of Gd 203 "xAI2 03 compositions where x represents 5/3, 4 and 6, were prepared 
using a rapid quenching apparatus and a laser beam. The crystallization process of the 
glasses was studied by means of differential thermal analysis (DTA), X-ray diffraction 
analysis and electron microscopy. The crystallizations of Gd203 �9 5/3AI203, 
Gd203 "4AI203 and Gd203 "6AI203 are complex and exhibit one, two and three 
exothermic peaks in DTA measurement with increasing AI203 concentration, 
respectively. The crystallization process of Gd203 "5/3AI203 glass involved the direct 
formation of the gadolinium aluminium garnet, 3Gd203 "5AI203 (GdAG), which is not 
obtained by the ordinary solid phase reaction. After crystallization of Gd203 .4AI203 
and Gd~O3 "6AI203 glass, both phases become a mixture of Gd203 "AI203 (perovskite 
type) and ~-AI203 . 

1. Introduction 
Synthesis of oxide glasses by rapid quenching has 
been studied by many researchers [1 -3 ] .  The 
present authors have previously studied the glass 
formation of high melting-point oxide compounds 
with a lanthanide oxide (Ln203) as the main 
component. In the Ln203-A1203 system 
(Ln = La to Lu, and Y), the composition range 
giving a glassy state was determined. The crystal- 
lization process of the Ln203 "6A1203 glass was 
classified into three groups depending on the 
different Ln elements [2]. 

In the present study, the glassy state of 
Gd203 "xA1203 (x = 5/3, 4 and 6) was prepared. 
The melt of a eutectic composition has a strong 
tendency for glass formation by rapid quenching 
because of the high viscocity [4]. Similar results 
have been obtained at our laboratory [6]. For this 
reason, the compositions of x = 5/3, 4 and 6 in 
the vicinity of the eutectic composition were 
selected. In addition, Gd was chosen from among 
the lanthanides because its atomic number and 
atomic radius rank in the middle of the lantha- 
hides. The crystallization process was examined 
in relation to the phase diagram and the A1203 
concentration of the glass. 

2. Experimental details 
99.9% pure powder Gd203 and 99.995% pure 
powder a-A1203 were mixed in 3:5, 1:4 and 1:6 
molar ratios. The mixture was cold-pressed into 
pellets 5 mm diameter and 1 rrml thick under a 
pressure at 4000 kg cm -2. The pellets were then 
sintered at 1000~ for 5h  in air, and crushed 
into pieces of 1 to 2ram diameter. These pieces 
were melted and quenched at a cooling rate of 

8 x 10 ~~ Csec -1 in a piston-anvil type quench- 
ing apparatus using a. laser beam [5], so that the 
glassy state could be achieved. The crystallization 
process of the glasses was studied by DTA and 
X-ray diffraction as reported previously [6]. A 
diffraction pattern and a light-field image by a 
JEM-200A transmission electron microscope oper- 
ating at an acceleration voltage of 200kV were 
taken to study the details of the crystallization 
process. 

3. Results and discussion 
3.1. Glasses in the Gd203-AI203 system 
The compositions and phase diagram [7] of 
Gd203-Al~03 are shown in Fig. 1. In the phase 
diagram, the eutectic point is at about 78 moI% 
A1203. In the case of the composition with 
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Figure ] Compositions of Gd20 ~ .xA1203 glasses in the 
phase diagram of Gd 20 ~. A12 O 3 -A12 O 3- 

x - - 5 / 3 ,  the A1203 concentration is lower than 
the eutectic composition, while for the cases of 
x = 4  and x = 6 ,  the A1203 concentration is 
higher than the eutectic composition. In trans- 
mission electron microscopy of the glass samples, 
the electron diffraction pattern showed a typical 
halo and the light-field image showed no crystal- 
line phase. 

DTA measurements were made for the glass 
samples of the three different A1203 concen- 
trations. The DTA curves are shown in Fig. 2. 
With increasing A12 Oa concentration, the number 
of exothermic peaks increases, i.e. one, two and 
three peaks for x = 5/3, 4 and 6, respectively. 
None of the compositions showed exothermic or 
endothermic peaks during cooling. From the DTA 
results, the crystallization temperature and the 
crystallization heat were examined and the values 
shown in Table I. It is shown that the crystal- 
lization initiation temperature, i.e. the tempera- 
ture where the first exothermic peak appears in 
DTA, is closely related with the liquidus tempera- 

TAB LE I Thermal propeities'of Gd 2 03 "xA12 03 glasses 

Crystallization Crystallization Liquidus 
initiation tern- heat s e temperature 
perature Tel (kcal mol- 1 ) in phase 
(~ C) diagram T 1 

(~ 
5 937 3.70 1950 

4 910 1.33 
1790 1007 0.71 

6 922 1.74 
1101 0.57 1920 
1248 0.97 
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Figure 2 DTA curves of Od203 -xAl~ 0 3 glass. 
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ture in the phase diagram. An increase in the 
liquidus temperature results in an increase in the 
crystallization initiation temperature. The heats 
of crystallization obtained were 2.04 to 3.70 kcal 
mol-1. 

3. 1.1. Crystallization process of 
Gd2 03 "5/3AI2 03 glass 

Fig. 3a to c shows the results of electron micro- 
scopy for the composition with x = 5/3 (garnet 
composition) in the crystallization process. Fig. 3a 
is for the unheated glass, while Fig. 3b shows the 
sample heated to 950~ after the appearance of 
one exothermic peak. The electron diffraction 
pattern exhibits spots due to the crystalline phase 
and the light-field image indicates precipitated 
crystal grains. The diffraction spots are evidently 
caused by the gadolinium aluminium garnet, 
3Gd2Oa "5A1203 (GdAG), phase. Fig. 3c shows 
the sample heated to 1300 ~ C. Both the electron 
diffraction pattern and the light-field image indi- 
cate crystal growth of the GdAG phase. 

The garnet phase obtained by solid phase 
reaction in the Ln2Oa-A1203 system is reported 
for Ln from Tb, next to Gd in atomic number, to 
Lu and Y [8, 9]. However, GdAG is not obtained 
by solid phase reaction; it is synthesized by the 
flux crystal growth method using PbO-PbF2 as 
the flux [10, 11]. In the present study, it was 
shown that the GdAG phase can be prepared by 
synthesizing the garnet composition glass and then 
heating it at elavated temperatures. Fig. 4 shows 
X-ray powder diffraction patterns for x = 5/3 
in the course of heating. With increasing tempera- 
ture, the peak due to the garnet phase becomes 
more sharp. Crystal structure analysis was made 
for the sample heated at 1300~ for l h using 



Figure 3 Electron micrographs of the crystallization process of Gd203 �9 5/3A12 03 . (a) Without heat-treatment, (b) 
heated to 950 ~ C, (c) heated to 1300 ~ C, (d) heated to 1500 ~ C. 

X-ray powder  diffraction measurements.  The 
GdAG phase formed was of  a cubic system with 
lattice constant a = 12.111 -+ 0.005 A. The value 
was close to a = 1 2 . 1 0 6  -+ 0.005 A [10] and 
a = 1 2 . 1 1 0 A  [11] for the GdAG phases syn- 
thesized by the flux crystal growth method.  The 

values o f  dobs and deale o f  the GdAG phase are 
shown in Table II. The values ofdca le  were calcu- 
lated using the value of  a = 12.111 A. 

3. 1.2. Crystallization process of  
Gd2 0 3 .4ALE Oa glass 

Fig. 5a to c shows the results of  electron micro- 
scopy for x = 4 in the crystallization process. 
Fig. 5a shows the glass before heating, and Fig. 5b 
the sample after heating above the first exothermic 
peak (heated to 950 ~ C). The electron diffraction 
pat tern is similar to that  for the glass, but  the 
light-field image shows very little difference from 
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Figure 4 Variation o f  the X-ray powder  diffraction pattern with heat-treatment of  the Gd~ 03 �9 5/3A12 03 glass. (a)With- 
out  heat-treatment,  (b) 950 ~ C, 1 h heated in air, (c) 1300 ~ C, 1 h heated in air, (d) 1500 ~ C, 1 h heated in air. 
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TABLE II Values of dob s and deale of the GdAG phase 
obtained in heating Gd~ O3 "~ AI2 O3 glass 

h k l dealt (A) dob s (A) lob s 

21 1 4.944 4.950 m 
2 2 0 4.282 4.284 w 
3 2 1 3.237 3.240 w 
4 0 0 3.028 3.029 m 
4 2 0 2.708 2.711 vs 
4 2 2 2.472 2.470 s 
521 2.211 2.213 m 
4 4 0 2.141 2.144 vw 
6 1 1, 5 3 2 1.965 1.966 m 
4 4 4 1.748 1.750 m 
6 4 0 1.679 1.679 m 
7 21, 6 3 3 1.648 1.649 vw 
6 4 2 1.618 1.617 m 
7 3 2, 6 5 1 1.538 1.541 vw 
800 1.514 1.516 w 
8 4 0 1.354 1.352 w 
8 4 2 1.321 1.324 m 
9 21, 7 6 1 1.306 1.307 vw 
6 6 4 1.291 1.290 vw 

103 1 1.155 1.155 w 
1040, 864 1.124 1.124 m 
11 2 1,105 1 1.079 1.080 w 
8 8 0 1.070 1.069 w 

1244 0.9129 0.9127 w 
12 6 O, 10 8 4 0.9027 0.9024 w 
1440,1282 0.8318 0.8318 w 
14 4 2, 12 6 6 0.8240 0.8240 w 

that in the glassy state. This seems to suggest a 
stage of nucleation. Fig. 5c shows the sample 
after the second exothermic peak (heated to 
1300~ Both the electron diffraction pattern 
and the light-field image indicate growth of the 
crystalline phase. Diffraction rings are due to the 
GdA103 and a-Al203 phases. 

3. 1.3. Crystallization process of 
Gd2 03 -6AI2 03 g/ass 

Fig. 6a to d show the results of electron micro- 
scopy. Fig. 6a shows the glass before heating, and 
Fig. 6b the sample after the first exothermic peak 
(heated to 950~ The electron diffraction 
pattern is similar to that for the glass, but spots 
due to precipitated fine grains are slightly visible. 
The light-field image differs tittle from that for 
the glass. Nuclei formation is indicated. Fig. 6c 
shows the sample after the second exothermic 
peak (heated to 1250 ~ C). The electron diffraction 
pattern and the light-field image are of  precipitated 
ultra-fine crystal grains of uniform size. The 
diffraction ring is due to the GdA103 phase. The 

sample after the third exothermic peak (heated to 
1300 ~ C) is shown in Fig. 6d. The electron diffrac- 
tion pattern and the light-field image indicate the 
growth of the crystalline phase. The diffraction 
rings show a phase mixture of the GdA103 and 
a-A12 O3 phase. 

4. Conclusions 
The glassy state of Gd2Oa"xA1203 (x =5 /3 ,  4 
and 6) was prepared with a rapid quenching 
apparatus using the laser beam. The crystallization 
process of  these glasses are summarized in Table 
III. In heating the glass, the crystallization process 
is influenced by the A1203 concentration (x). The 
higher crystallization initiation temperature is 
obtained for the composition with a higher 
liquidus temperature in the phase diagram. The 
crystallization process of  the Gd2Oa.5/3At~O3 
glass with an A12 03 concentration lower than the 
eutectic composition (Gd2 O3-78  reel % A12 O3) 
involves the direct formation of gadolinium 
aluminium garnet, 3Gd203"5A1203 (GdAG), 
without any intermediate metastable phase. Such 
a gadolinium aluminium garnet phase is not 
obtained by the ordinary solid phase reaction. The 
crystallization processes of  Gd~Oa-4Al~O3 and 
Gd2 03" 6A12 03 glasses with AI2 03 concentrations 
higher than the eutectic composition are complex 
and exhibit two and three exothermic peaks by 
DTA, respectively. The phase after the final 
crystallization at 1300~ is a mixture of the 
perovskite and a-A1203 phases in both compo- 
sitions, as shown in Table III. 
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Figure 5 Electron microscope observation in the crystallization process of  Gd20  a .4A1203 glass. (a) Without heat- 
treatment, (b) heated to 925 ~ C, (c) heated to 1300 ~ C. 

TAB LE I I I  Crystallization process of  Gd 20~- xA1203 glasses 

x = ~ Glassy phase - -  Garnet phase 

x = 4 Glassy phase - -  Nuclei formation - -  

x = 6 Glassy phase - -  Nuclei formation - -  

Perovskite phase + ~-A1203 phase 

Perovskite phase 
- -  Perovskite phase + ct-A120 a phase 
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Figure 6 Electron micrographs o f  the crystallization process o f  Gd 20 3 "6AI 203 glass. (a) Without heat-treatment,  
(b) heated to 950 ~ C, (c) heated to 1125 ~ C, (d) heated to 1300 ~ C. 
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