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Sintered specimens of cubic Sc,0;-type structure (C-type, 1a3), 5¢,05, Y,05, Sm,04, and In,0,, and
monoclinic Sm,0;-type structure (B-type, C2/m) Sm,0;, and powdered specimens of C-type Gd,Os
were shock-loaded to 2-50 GPa using flyer plates accelerated by a propellant gun. Recovered specimens
were studied by X-ray powder diffraction analysis at room and high temperature. Y,0; began to
transform to the B-type structure above 12 GPa, and the transformation was completed at 20 GPa.
Gd,0; also transformed to the B-type structure, but residual temperature effects were observed in the
yield and crystallinity of the high pressure phase. In,O; transformed to the corundum structure
(R3c) in the pressure range of 15-25 GPa, although the yield was very small. Shock-induced phase
transition from the C-type to the B-type structure was inferred to proceed via hexagonal La,O;-type

structure (A-type, P3ml), in comparison with static high pressure experiments.

Inc.

Introduction

The rare earth sesquioxides (M,0;) are
known to exist in three polymorphs despite
the similarity in their chemical properties
(1). Goldschmidt et al. denominated them
as A, B, and C, and the designations are still
in use today (2). Their stability at ambient
pressure and temperature is understood on
the basis of cation and anion radius ratios
(3). The oxide of larger size cations,
La’*-Nd**, forms a hexagonal ‘‘A-type”
structure (space group: P3m1), which has
only one cation site surrounded by seven
anions. An intermediate size cation, Sm3*
or Eu**, has the ‘“B-type’’ structure with a
monoclinic cell (C2/m), in which cations are
in two crystallographically nonequivalent
sites coordinated by seven and six anions.
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The *‘C-type’” structure, with a cubic cell
(Ia3) in which cations are coordinated by
six anions, is found for a whole series of
lanthanoid ions as well as the smaller Y?*
and Sc**. Since the molar volume of M,0,
decreases in the transition C — B — A with
increasing cation coordination number, high
pressure should favor the B- and A-type
over the C-type, and the A-type over the B-
type. In fact, several compounds of M,0,
(M = Sc, Y, Ho-Lu) with the C-type struc-
ture were found to transform to the B-type
structure at high pressure and temperature
as recovered by the quenching method
(4-6). Recently, we observed by in situ X-
ray diffraction analysis at room temperature
that the B-type Sm,0; reversibly trans-
formed to the A-type structure under high
pressure (7). On the other hand, German
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et al. (8) reported in their shock recovery
experiments that dynamic compression in-
duced the C-B transformation for several
M,0; compounds (M = Sm, Dy, Er, Yb,
and Y), although detailed information of
these transitions was not elucidated yet. The
oxides of IIIB group elements having the C-
type structure (In,O,, T1,0,) transformed to
the corundum structure under static high
pressure and high temperature, in contrast
to those of IIIA group elements (9-11).
However, dynamic high pressure experi-
ments of these compounds have not been
performed yet.

In the present investigation, the behavior
of the rare earth oxides as well as In,0,
under dynamic high pressure are studied us-
ing shock recovery experiments. Complete
conversion of the C-type to the B-type struc-
ture was observed for Y,0; and Gd,0;,
whereas C-type In,0, partially transformed
to the corundum structure. For the lantha-
noids and IIIA group trivalent cations, tran-
sition pressures of the C to B were plotted
against ionic radius, and we suggest by com-
bining the results of the static high pressure
work that the shock-induced “‘C — B’’ tran-
sitions are intervened with the A-type
structure.

Experimental

Except for Gd,0;, starting materials were
sintered specimens of reagent grade Sc,0,
(99.9%), Y,0; (99.99%), Sm,0; (99.99%),
and In,0; (99.999%). Each powdered speci-
men was pressed into a pellet by applying a
load of 100 kgf/cm?, sintered at 1700°C for
6 hr in a Keramax electric furnace, and
formed into a disk of 10-mm diameter and 1-
mm thickness. By X-ray powder diffraction,
these oxides were confirmed to have the C-
type structure, except for Sm,0;, which has
the B-type structure. Specimens of Gd,0,
could not be sintered because the C — B
transformation occurs at 1200°C at ambient
pressure (I). Therefore, powder of reagent

379

grade (99.9%) Gd,0, was annealed in air at
700°C for 24 hr to remove water and CO,,
and pressed into a pellet of 10-mm diameter
and 1-mm thickness. The specimen was con-
firmed to be a single phase of the C-type
structure by X-ray powder diffraction. Bulk
density was found to be 90% for Y,0, and
Sc,04, 85% for In,0;, 98% for Sm,0,, and
70% for Gd,0O;. To carry out the experi-
ments for different initial density, the sin-
tered specimens were powdered and pellet-
ized into a disk form with a desired density.

The specimen disk was encased in a stain-
less steel container which was protected
from destructive shock effects using a re-
covery assembly consisting of spall rings
and backing plates (/2). Preheating experi-
ments were carried out by heating the whole
recovery assembly using a Ni-Cr heater.
For precooling experiments, the whole re-
covery assembly was cooled by liquid N,.
Temperature of the specimen before shot
was estimated to be about 100 K.

The impact experiments were carried out
using a single stage propellant gun for the
pressure range of 2-50 GPa (12). The speci-
men container was impacted by a flyer plate
made of stainless steel, Al2024, teflon or
Lexan. Peak pressure was estimated from
the measured flyer velocity using the imped-
ance matching method. The shock state in
the specimen was considered to be rapidly
equilibrated with that of the specimen con-
tainer via multiple shock reflection between
specimen and container interfaces (12).
Shock duration time was controlled by
changing the flyer thickness (3—-12 mm).

The recovered specimens were examined
by X-ray diffraction analysis using a diffrac-
tometer with monochromated CuK« radia-
tion. To estimate an amount of high pressure
phase (B-type) semiquantitatively, apparent
yield Y is defined as

Y = IB/(IB + Ic),

in which Iy and I represent X-ray diffrac-
tion intensity of the B-type and the C-type,
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FiG. 1. X-ray diffraction patterns. (a) The C-type
Y,0, (starting material), (b) the B-type Y,0; obtained
by shock-loading to 20 GPa.

respectively. Iy and I are defined as
follows,

Iy = I(111) + I(401) + 1(402) + 1(003)
+ I(310) + I(112),

Ic = 1(222) + I(400).

These diffraction lines were fitted by the
Gaussian function to separate them.

Phase stability of the recovered speci-
mens at ambient pressure was examined by
high temperature X-ray diffraction analysis,
in which the specimens were heated by a Pt
heater which served as a specimen plate and
temperature was measured by a Pt—Pt/13%
Rh thermocouple.

Results
Y,0,

New diffraction lines, other than those of
the C-type Y,0;, were observed in the X-
ray diffraction pattern of the specimens
shocked above 12 GPa. The diffraction lines
of the C-type Y,0; completely disappeared
in the pressure range of 20-25 GPa, and
only new broadened diffraction lines were
observed (Fig. 1). These new lines were suc-
cessfully indexed with the monoclinic cell
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of the B-type structure (Table I) with unit
cell parameters of a = 13.88(1) A, b =
3.5132) A, ¢ = 8.629(6) A, and g8 =
100.09(7)°. These values are in good agree-
ment with those previously measured (5).
The volume decrease of the C— B transition
was calculated to be 7.2%.

In the diffraction pattern of recovered
specimens for pressure above 30 GPa, lines
of C-type structure were again observed to-
gether with those of the B-type. The amount
of the C-type phase increased with increas-
ing pressure (Fig. 2). This phenomenon was
explained by the fact that shock-induced re-
sidual temperature increased with increas-
ing pressure, resulting in a reverse conver-
sion of the B-type phase to the C-type phase.
High temperature X-ray diffraction analysis
of the B-type Y,0,, obtained by shock-load-

TABLE I

OBSERVED AND CALCULATED ¢-SPACINGS OF THE
B-TYPE Y,0; OBTAINED BY SHOCK-LOADING TO
20 GPa

hkl s/ A degre/ A I
202 3.37 3.35 w
111 3.12 3.11 s
401 3.00 2.99 s
402 2.936 2.924 s
003 2.836 2.832 m
310 2.789 2.782 s
112 2.721 2.714 s
600 2.279 2.277 w
113 2.228 2.225 w
511 2.163 2.163 w
313 2.103 2.100 m
313 1.887 1.886 m
020 1.754 1.756 m
801 1.734 1.734 w
712 1.674 1.675 m
405 1.638 1.640 m
711 1.628 1.626 m
115 1.547 1.547 w
421 1.514 1.515 m
422 1.506 1.506 m
802 1.495 1.497 w

Note. a = 13.88(1) A, b = 3.513(2) A, ¢ = 8.629(6)
A, B = 100.09(7)°.
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Fi1G. 2. Apparent yield of the B-type Y,0; plotted
as a function of pressure. Circle, square, and triangle
represent porosity of 10, 30, and 50%, respectively.

ing to 20 GPa, shows that the rapid B —
C conversion takes place in the range of
400-500°C, though the B-type structure is
stable below 400°C. From these observa-
tions, the residual temperature is estimated
to be below 400°C at 25 GPa.

The effects of the porosity of specimens
on the conversion rate were examined at a
pressure of 20 GPa. A decrease in initial
specimen density caused the decrease in the
yield of the B-type Y,0;, as shown in Fig. 2,
in accordance with the increase of residual
temperature with decreasing initial density
(13).

Preheating shock experiment to 100, 200,
and 300°C at 12 GPa resulted in no signifi-
cant change in the yield of the B-type Y,0,
compared to normal experiments. This re-
sult could be explained if thermal activation
is less important to this shock induced
C — B transition of Y,0; than the pressure
effects.

Gd,0,

Figure 3 shows the X-ray diffraction pat-
terns of unshocked and shocked Gd,0;. Dif-
fraction lines of the B-type Gd,0; were ob-
served for pressures above 4 GPa, and those
of the C-type Gd,0; nearly disappeared at a
pressure of 8 GPa. Unit cell parameters of
the B-type Gd,O, obtained by shock-loading
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FiG. 3. X-ray diffraction patterns of unshocked and
shocked Gd,O,. (a) Starting material (the C-type struc-
ture), (b) shock-loading to 8 GPa, (¢) shock-loading to
11 GPa, (d) shock-loading to 14 GPa, (e) shock-loading
to 19 GPa.

to 8 GPa were determined tobe ¢ = 14.11(1)
A, b =3.57702) A, ¢ = 8.766(3) A, and 8
= 100.02(5)°, which were in agreement with
those of previous work (14).

The pressure dependence of the yield of
the B-type phase was anomalous (Fig. 4).
The amount of the B-type phase decreased
in the pressure range of 9-13 GPa, but again
increased above 14 GPa, and the B-type sin-
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FiG. 4. Apparent yield of the B-type Gd,0, plotted
as a function of pressure.
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gle phase was observed in the pressure
range of 20-45 GPa. The diffraction line
width of the B-type Gd,0; showed marked
difference between those obtained above 14
GPa and those obtained below 11 GPa.
(Figs. 3b and 3d) The former was much
sharper than the latter, indicating that the
residual strain in the former was larger than
that of the latter.

High temperature X-ray diffraction analy-
sis of the B-type Gd,0, obtained by shock-
loading to 8 GPa showed that the B-type
phase transformed to the C-type phase by
heating at 900°C for 2 hr, though the B-type
phase was stable to 800°C. The rapid B —
C conversion seemed to occur above
1000°C. On the other hand, the C-type
Gd,0, transformed to the B-type structure
above 1200°C at ambient pressure (I). If the
residual temperature became 1000-1200°C
in the pressure range of 9-13 GPa, the de-
crease in the yield of the B-type phase in
these pressure range could be explained by
thermal effects. For pressure above 14 GPa,
the B-type structure induced by shock-load-
ing would be maintained, and high tempera-
ture would release the residual stress in it.
These would make the rate of the B - C
conversion small and the quenching of the
B-type Gd,O; possible.

According to approximate estimates
based on the porosity, the residual tempera-
ture does not exceed 900°C at 9 GPa and
1200°C at 14 GPa. These were reasonable
values for explaining experimental results.

SC203

Recovered specimens shocked at 20 and
40 GPa showed very slight broadening of
the X-ray diffraction lines compared with
the initial C-type materials. There would be
two explanations: the C — B phase transi-
tion did not occur in this pressure range,
or residual temperature caused the reverse
conversion from the B-type to the C-type
even if the C — B transition had occurred.
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Sm,0,

Recovered specimens shocked at 30 and
50 GPa maintained the B-type structure of
the starting phase, and no appreciable
change was observed except for broadening
of diffraction lines. If the B-type Sm,0O,
transformed to the A-type within the shock
duration time, the A-type Sm,0; would re-
vert to the B-type structure after pressure
release, because the A-type Sm,0; is not
stable at ambient pressure, as we reported
previously (7).

In,0,

In the X-ray diffraction patterns of the
specimens recovered from shock-loading at
15 to 25 GPa, new weak diffraction lines
other than those of the C-type phase ap-
peared at 26 = 22.4° and 35.7° (CuKa).
These were identified with the (012) and
(110) diffraction lines of In,O; with the co-
rundum structure reported by Shannon et
al., revealing that the C-type — corundum
transition was partially induced by shock-
loading (15). Corundum In,0; was not ob-
served above a pressure of 30 GPa.

Precooling experiments carried out at 20
GPa showed no appreciable change com-
pared with normal experiments. Low initial
density (50%) specimens shocked to 20 GPa
showed no corundum phase in both normal
and precooling conditions. The variation of
shock duration time (1-4 us) caused no ef-
fect in the yield of the corundum In,0O;. The
result of precooling experiments suggests
that the small yield of the corundum phase
is not caused by a reverse conversion of
corundum — C-type due to high residual
temperature at ambient pressure, and may
be ascribed to slow Kinetics of the transition
of the C-type to the corundum structure.

Discussion

The shock-induced C — B phase transi-
tion of Gd,0; and Y,0; was observed above
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Fi1G. 5. The phase transition pressures are plotted
against ionic radii of rare earth ions. Circle, C to B
transition by shock-loading; triangle, B to A transition
by static compression; cross, C to A transition by static
compression. Solid line represents ‘‘B-A’ phase
boundary, and broken line represents a virtual ‘‘C-B”’
phase boundary at room temperature.

4 and 12 GPa, respectively. These transition
pressures were higher than those known
from the static high pressure experiments
4, 5), which were carried out at high tem-
perature (550-1450°C) conditions. If ther-
mal activation is required to induce these
phase transitions, temperature achieved in
shock compression to this pressure regime
would be too low. However, the preheating
experiments carried out for Y,0; definitely
exclude this possibility.

Fujimura et al. reported in their in situ X-
ray diffraction experiments that the C-type
Y,0; and Yb,O, transformed to a high pres-
sure phase with the A-type structure at 12
and 15 GPa, respectively, at room tempera-
ture in the static condition (16). We also
reported that the B-type Sm,0, reversibly
transformed to the A-type structure at 3 GPa
at room temperature (7). In Fig. 5, the tran-
sition pressure of the ““Cto A’’ or “Bto A”
transition is plotted against ionic radius (7).
A linear relationship between the stabilizing
pressure of the A-type phase with respect to
the C-type or B-type phase and the cationic
radius was clearly seen. Figure 5 also indi-
cates a virtual phase boundary (broken line)
between the B-type and the C-type phase at
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room temperature which was obtained by
extrapolation of the ‘‘C—B’’ phase boundary
at 550, 1000, and 1450°C determined by
Hoeckstra (5). According to Fig. 5, the sta-
ble region of the A-type structure at ambient
pressure and temperature is found for
La’*—Nd**, while cations smaller than
Sm?** are stabilized in the B- or C-type struc-
ture, These phase stabilities are consistent
with those actually known.

The pressure-induced ‘‘C-B’’ transition
by shock-loading of Gd,0; and Y,0; (circle)
seems to correspond to the ‘‘B-A’" phase
boundary rather than ‘‘C-B’’ phase bound-
ary. These strongly suggest that the A-type
phase intervenes between the shock-in-
duced ‘“C — B’ transition. A very short
period of shock duration (1 us) would pre-
vent the ‘““C to B”’ transition from occurring.
This is consistent with the experimental re-
sults of the static ““C to A’ transition re-
ported by Fujimura et al., in which the B-
type phase has not been observed even in
the stable region of the B-type phase at room
temperature.

If the rate of the ““C to A’ transition is
much higher than that of the “‘C to B*’ transi-
tion, the former transition would prevail
over the latter within shock duration time;
hence the A-type structure was realized un-
der high pressure. After pressure is released
by rarefaction wave, the A-type phase,
which is not stable at ambient pressure ex-
cept for La**~Nd**, will transform to the
B-type structure, which can exist metasta-
bly at ambient pressure. Hyde and Ander-
son showed that the A-type structure resem-
bles very closely the B-type structure and
the very small amount of anion shuffling
would convert the A-type to the B-type (18).
Salem et al. observed the B-type structure,
which appeared in epitaxial growth on the
A-type crystal on cooling, and interpreted
the cooperative A-B transition in terms of
the group theory (19, 20). Such “*A to B”
transition has been also demonstrated in
Sm,0; at static high pressure (7). From
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these considerations, we propose a mecha-
nism that the shock-induced *“‘C — B’ tran-
sition is brought about through a route like
““C - A — B’’. A phase transition mecha-
nism similar to that mentioned above has
already been reported by Kusaba ef al. on
a “‘rutile — fluorite — a-PbO,-type’’ transi-
tion induced by shock waves (21, 22).

B-type Sc,0; was not observed in this
work. According to the consideration that
the shock-induced ‘‘C — B’’ transition pro-
ceeds by way of “C - A — B”’, the transi-
tion to the A-type structure is to be expected
above 35 GPa from extrapolation of the
‘““B—-A’" phase boundary in Fig. 5. If such a
transition was induced, the residual temper-
ature, which was estimated to be about
400°C in a 10% porosity sample at 35 GPa,
was found to be high enough for the reverse
conversion from the B-type to the C-type at
ambient pressure.
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