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A reversible phase transformation (RPT) process is observed
that converts fully dense polycrystalline Y2O3 directly into the
nanocrystalline state. The process involves a forward transfor-
mation from cubic-to-monoclinic symmetry under a high pres-
sure and a reverse transformation from monoclinic-to-cubic
symmetry under a lower pressure. An example is given of a re-
duction in grain size of cubic-Y2O3 from 300 to 0.1 lm in a
single pressure-induced RPT at 10001C.

I. Introduction

YTTRIUM OXIDE (Y2O3) displays excellent optical transmit-
tance in the mid-IR range,1 representing a potential re-

placement for aluminum oxide (Al2O3) in key applications.
However, there is a need to increase the hardness of Y2O3

without comprising optical transmittance, which should be
possible by reducing the grain size of the material to nanoscale
dimensions.2

Attempts to obtain fully dense nanocrystalline (single com-
ponent) oxide ceramics by hot pressing of nanopowder com-
pacts have been met with limited success, owing to the difficulty
of mitigating grain growth during sintering. In general, little
grain growth is experienced during the early stages of nano-
powder consolidation, due to the presence of a uniform distri-
bution of growth-limiting nanopores. However, when the pores
begin to disappear, typically at490% theoretical density, rapid
grain growth sets in, resulting in a micrograined sintered prod-
uct. To circumvent this problem, we investigate the potential for
conversion of coarse-grained polycrystalline Y2O3 directly into
the nanocrystalline state, utilizing a reversible phase transfor-
mation (RPT) process.

The RPT process involves two steps: (i) a forward phase
transformation from cubic symmetry to monoclinic symmetry
under a high pressure followed by a (ii) reverse phase transfor-
mation from monoclinic symmetry to cubic symmetry under a
lower pressure, with both steps performed at the same temper-
ature. An example is given of a reduction in grain size of cubic
system-Y2O3 from 300 to 0.1 mm in a single pressure-induced
RPT at 10001C. Previous work3–6 has shown that nanocrystal-

line oxide ceramics can be produced by high pressure sintering
of metastable nanopowders, taking advantage of metastable-to-
stable phase transformations during sintering to mitigate grain
growth. However, there exists concern that the properties of the
final consolidated ceramics may be compromised by impurities
introduced during processing and handling of the high surface
area nanopowders. The present approach should mitigate this
problem, particularly when the starting material is produced by
a melt-processing technique, such as plasma or laser melting
under a reduced pressure. Conceivably, the grain refinement
effect should also occur in a single phase crystalline oxide, pro-
vided that the material is susceptible to a pressure-induced phase
transformation.

An on-going investigation examines mechanisms and kinetics
involved, with a view toward establishing the optimal parame-
ters (i.e., pressure, temperature, and time) to achieve the finest
possible nanograin size for Y2O3.

II. Experimental Procedure

Disk-shaped samples (4 mm� 4 mm) of coarse-grained (B300
mm) polycrystalline Y2O3, prepared by sinter-HIP of powder
compacts, are obtained from Raytheon. The samples are sub-
jected to various high pressure–high temperature (HPHT) treat-
ments using a HPHT device.7 Prestressed 4340-steel rings
encasing WC/6%Co anvils enable pressures up to 8 GPa to be
achieved, without causing anvil cracking. Resistive heating of a
graphite crucible, which contains the sample, allows heating up
to the desired temperature. Pressure is calibrated via known data
for pressure-induced phase transitions in Ce, Bi, and PbSe.
Temperature is calibrated via known values of melting points
of Sn, Al, and Cu under high pressure. In a typical experiment,
the sample is placed in the graphite crucible, subjected to high
pressure, heated to high temperature, held for a specific time,
and cooled under pressure. Heating and cooling rates are set at
B651C/min.

The RPT processing is performed in two steps. First, each
sample is subjected to a forward phase transformation under a
specified set of HPHT conditions, cooled down under pressure,
unloaded at ambient temperature, removed from its graphite
crucible, and investigated. Second, the sample is placed again in
a graphite crucible and subjected to a reverse phase transfor-
mation, using a similar procedure. Each sample is examined be-
fore and after RPT processing for dimensional, structural, and
properties changes. For example, from the observed changes in
sample dimensions at the same weight, an estimate can be made
of changes in sample density.

I. Reimanis—contributing editor

This work is supported by a grant (N00014-08-1-1029) from the Office of Naval
Research, for which the authors are deeply grateful.

wAuthor to whom correspondence should be addressed. e-mail: jafarhan@rci.rutgers.
edu

Manuscript No. 27650. Received March 29, 2010; approved November 18, 2010.

Journal

J. Am. Ceram. Soc., 94 [6] 1744–1746 (2011)

DOI: 10.1111/j.1551-2916.2010.04333.x

r 2011 The American Ceramic Society

1744

mailto:jafarhan@rci.rutgers.edu
mailto:jafarhan@rci.rutgers.edu


Samples are characterized using conventional analytical elec-
tron microscopy techniques. Samples for SEM observation are
fractured just before insertion into the microscope to minimize
surface reaction with the environment. Thin foils for TEM ex-
amination are prepared by the wedge technique. EDS spectral
analysis is used to determine the concentrations of elements
present. Hardness is measured using both Vickers and nano-
indentation methods. Density measurements are made using the
standard Archimedes technique.

III. Results and Discussion

(1) Grain Size Reduction

When subjected to HPHT treatments in the 5–8 GPa range, the
initial coarse-grained polycrystalline Y2O3 invariably experi-
ences a cubic-to-monoclinic phase transformation, accompanied
by a significant reduction in grain size. An example is presented
in Fig. 1, where such a transformation at 10001C/8 GPa/15 min
reduces the grain size from 300 mm to o100 nm. Moreover,
when the pressure is relaxed to 1.0 GPa at the same temperature,
a transformation back to cubic symmetry occurs, yielding a final
grain size ofo100 nm. In other words, a single pressure-induced
RPT reduces the grain size of the original micrograined Y2O3 by
a factor of at least 3000. Note that in Fig. 1(a) all the expected
peaks for cubic-Y2O3 are present, but their relative intensities do
not match that of a standard powder pattern because only a few
surface grains are in favorable orientations for diffraction. On
the other hand, Fig. 1(c) shows all the characteristics of a pow-
der pattern, indicating that the final nanocrystalline c-Y2O3 has
no preferred orientation. Apparently, this is a consequence of
random nucleation of c-Y2O3 nanoparticles within the interme-
diate nanograined m-Y2O3 structure (Fig. 1(b)), during the re-
verse phase transformation.

In agreement with the XRD data, SEM micrographs of frac-
tured samples before and after RPT processing (Figs. 2(a)–(c)),
show a large decrease in grain size accompanying the forward

transformation, but little further change upon the reverse trans-
formation. The forward transformed material consists of fully-
transformed m-Y2O3, formed by the pressure-induced forward
phase transformation. Confirmation is provided by TEM anal-
ysis (Fig. 2(d)), which shows an HRTEM image and an electron
diffraction pattern, (Fig. 2(d), inset) that indexes as the mono-
clinic phase.

A TEM analysis of the reversible transformed material also
confirms that the grain size of the transformed cubic phase is
o100 nm as can be observed from the HRTEM micrograph
(Fig. 2(e)). On closer examination, however, it appears that there
is a thin transition layer (arrow) between the well-defined
c-Y2O3 nanograins where the transformation is incomplete. In
addition, the electron diffraction pattern (Fig. 2(e) inset) con-
firms the presence of randomly oriented c-Y2O3 nanograins in
the reverse transformed material. The spotty ring pattern, while
displaying all major reflections for c-Y2O3, also shows a weak
(310) ring for m-Y2O3. A rough estimate of the retainedm-Y2O3

phase is 1–3%.

(2) Materials Properties

Measured changes in sample dimensions during RPT processing
showed that the forward transformation is accompanied by
B6% decrease in volume, whereas the reverse transformation
is accompanied byB6% increase in volume. Measured densities
of transformed monoclinic system- and cubic system-Y2O3

samples, Table I, gave values that are comparable to the
theoretical densities of 5.03 and 5.41 g/cm3, respectively. Data
also show that the forward transformation from cubic-to-
monoclinic symmetry increases hardness by B35%, whereas
the reverse transformation from monoclinic-to-cubic symmetry
reduces hardness by B15%. Hence, the net resultant increase
in Vickers microhardness (1 kg load) of c-Y2O3 by reducing
its grain size from 300 to 0.1 mm is about 20%. This is indicative
of a trend of increase in hardness with decrease in grain size
for c-Y2O3.

30.0 (a)

25.0

20.0

15.0
In

te
ns

ity
 (

C
ou

nt
s)

10.0

5.0

20 30 40 50

00-047-1274> Y203 - Yttrium Oxide

Two-Theta (deg)
60

00-041-1105> Y203-Yttria

70

x10^3

(c)

In
te

ns
ity

 (
C

ou
nt

s)

14.0

12.0

10.0

8.0

6.0

4.0

2.0

00-047-1274> Y203 - Yttrium Oxide

00-041-1105> Y203 - Yttria

20 30 40 50
Two-Theta (deg)

60 70

x10^3

(b)

In
te

ns
ity

 (
%

)

Two-Theta (deg)

60

50

40

30

20

10

0

20

(1) Y203 - Yttria

(2) Y203 - Yttrium Oxide

30 40 50 60 70

70

100

1000°C/8GPa/15min

1000°C/8GPa/15min

90

80

Fig. 1. XRD spectra showing a significant reduction in grain size (300–0.1 mm) for Y2O3, when subjected to a pressure-induced reversible phase
transformation (cubic system-monoclinic system-cubic system).
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IV. Summary

A pressure-induced RPT (i.e., a combination of forward and
reverse transformations) in bulk polycrystalline Y2O3 accompa-
nied by reduction in grain size from micro- to nanoscale dimen-
sions has been demonstrated. Accompanying the forward
transformation from cubic-to-monoclinic symmetry, the micro
hardness increases by B35%, whereas the reverse transforma-
tion decreases hardness by B15%.

Based on observations made to date, we conclude that it
should be possible to generate even finer nanograined structures
by reducing the reverse transformation temperature and increas-
ing time, while maintaining 1.0 GPa pressure. Without the ap-
plication of pressure during the reverse phase transformation,
the sample disintegrates. This is attributed to the large internal
strains developed when the material experiences B6% volume
increase. A similar effect is observed in polycrystalline ZrO2

when cooled from a high temperature, where a transformation
from tetragonal-to-monoclinic symmetry, involving a significant

volume increase, causes disintegration of the material. As is well
known,8 this effect can be avoided by the use of additives to
stabilize or partially stabilize the tetragonal phase, or its high
temperature cubic polymorph. There may be similar alloying
consequences that apply to RPT processing, which are being
investigated in the Y2O3–MgO system.
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Fig. 2. SEM and TEM micrographs of fractured Y2O3 samples, showing significant reduction in grain size due to RPT processing: (a) coarse-grained
starting material; (b) nanograined monoclinic phase after forward phase transformation at 10001C/8 GPa/15 min; and (c) nanograined cubic phase after a
reversible phase transformation at 10001C/1 GPa/15 min; (d) HRTEM micrograph and diffraction pattern (inset) of Y2O3 material after forward trans-
formation showing nanograined m-Y2O3; (e) HRTEMmicrograph, and diffraction pattern (inset) of nanograined c-Y2O3 after reversible transformation.

Table I. Density, Hardness, and Grain Size of As-Received,
Nanograined m-Y2O3, and Nanograined c-Y2O3 after Forward

and Reverse Phase Transformations

Hardness (GPa) Density (gm/cm3) Grain size (nm)

As-received 6.3570.15 5.0370.001 300 0007500
Forward
transformation

8.670.45 5.3870.03 9878

Reverse
transformation

7.4570.55 4.98570.015 9178
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