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Abstract

Sintering of Cr,03 was performed at 1530°C under
low pO; close to the Cr—Cr,03 equilibrium gener-
ated by H,/H>O gas mixtures. Addition of
Iwt%ZrO, and 0-1wt% MgO increases the density
of Cr,0;3 from 97% TD to nearly full density. Rapid
densification and the higher density are attributed to
the appearance of a transient CrO liquid phase as a
result of the presence of ZrO, and MgO under the
sintering conditions. A grain size reduction is also
achieved owing to the presence of ZrO, particles and
the possible formation of a MgCr,0, spinel at grain
boundaries. There is no connection between densifi-
cation and loss of material due to evaporation.
© 1999 Elsevier Science Limited. All rights reserved
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1 Introduction

Sintering of Cr,0O3 at atmospheric or near-atmo-
spheric oxygen pressure yields a highly porous and
partially sintered structure with little densification.
Hagel er al! used an argon atmosphere with
p0O,x1072 Torr or 10~* atm to study initial sin-
tering but were unable to obtain a high density
product. However, Ownby et al> have demon-
strated that, when oxygen pressures are near the
Cr/Cr,05 stability boundary, considerable densifi-
cation takes place with specimens reaching almost
theoretical density. These results have been con-
firmed by Halloran et al.?, who studied the depen-
dence of the initial sintering of chromia on oxygen
partial pressure.

In an oxidizing atmosphere, Cr,O3; becomes
unstable and vaporizes to form higher oxides of
chromium, such as CrOs. Promoting vapour phase
transport, a high vapour pressure increases neck
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growth and coarsens particles but does not con-
tribute to densification>*3, while reducing the
driving force for densification. Hench® concluded
that both evaporation-condensation and volume-
diffusion mechanisms were responsible for the sin-
tering of Cr,Os in air. Since the only non-volatile
oxide species for chromium is Cr,Os, it has been
proposed that, for densification by sintering to
occur, virtually all of the chromium must be main-
tained in a 3+ oxidation state which is the case
when oxygen pressures are near the Cr/Cr,03 sta-
bility boundary.? Roy et al.,” in their study of iso-
thermal sintering kinetics of Cr,O; in the presence
of varying amounts of MgO at temperatures up to
1500°C in C powder, found that sintering was pre-
dominantly a grain boundary diffusion process
with parallel vapour transport to varying extents,
with an activation energy for densification between
140 and 158 kJmol~'.7:8

Under low oxygen partial pressures, doping
Cr,O3; with 0.1wt% MgO leads to a further
increase in density to 99% theoretical density (TD)
or 96% TD when sintered in CO/CO, gas mixtures
or carbon powder, respectively. This effect is
attributed to the nucleation of MgCr,O4 second-
phase particles along the grain boundaries, inhibiting
abnormal grain growth. However, MgO doping is
effective only if the oxygen partial pressure of the
sintering atmosphere is sufficiently reduced to
maintain the Cr,O; phase and if the undoped
powder itself is sinterable to high density. Addi-
tions of La,O3® and TiO,’ have also been found to
promote sintering of Cr,O3;. The sintering
mechanisms of Cr,O; have been the subject of
many studies. It is proposed that densification of
Cr,05 is controlled by oxygen vacancy diffusion.!?
However, there has been no single conclusive
interpretation of the atmosphere dependent densi-
fication behaviour of Cr,0s5.

In order to control the sintering atmosphere, two
approaches are generally used: (1) immersing the
sample in a carbon powder bed”%!! or mixing car-
bon powder with the sample powder before shap-
ing'? and (2) sintering in a controlled CO/CO, gas
mixture.>>!3 Sintering in a carbon powder bed is
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commonly used for its simplicity and convenience
in terms of equipment. The problems associated
include: (a) the existence of a reaction layer
between carbon and Cr,Os,'! (b) too low a pO,
(10~'—10~'8 atm) which can result in limited den-
sification (up to 96% TD); and (c) possible con-
tamination from the carbon source powder. On the
other hand, for the CO/CO, buffer system, the pO,
can be readily adjusted. However, deposition of car-
bon due to the high CO/CO, ratio necessary to gen-
erate a low pO, still casts doubt on results because
of possible carbon contamination of samples.

To avoid contamination associated with using a
CO/CO; gas mixture or carbon powder, the present
study involves sintering Cr,0O3 in low pO, atmo-
spheres generated by using H,O/H, gas mixtures;
the effects of MgO and ZrO, additions on densifi-
cation and the mechanisms involved have also been
investigated.

2 Experimental Procedure

The starting materials were 99-9 wt% pure Cr,03
powder (Aldrich Co.) with an average particle size
~ 0-4 um, 99-9% pure MgO powder (Aldrich Co.)
with an average particle size of ~ 0-2 um was used
as an additive. These powders were wet ball-milled
for 4h in ethyl alcohol (> 99-7 vol%) with 3 wt%
MgO stabilized tetragonal-ZrO, balls (/10 mm),
so as to homogenize the powder mixture. The mass
ratio of the milling media to the material was 10 to
1. ZrO, balls became worn in the milling process,
acting as a source of ZrO, addition. The amount of
Zr0O, added was controlled by adjusting the ball-
milling intensity. After ball-milling, the slurry was
dried under an infrared lamp for 12h. Next, the
powder mixture was crushed with a mortar and
pestle before passing through a 65 um sieve. Green
compacts of Cr,O; and Cr,O5;+0-1wt% MgO+
lwt% ZrO, in the form of cylindrical pellets
(~ J11-0x3-0mm) with densities between 62 and
65% TD were formed by pressing uniaxially in
hard steel dies at ~300 MPa.

Cr,03 or Cr,O3+0.1wt% MgO+1wt% ZrO,
green compacts was sintered under controlled
atmosphere conditions. At temperatures below
1400°C, flowing Ar was used. When the tempera-
ture was increased further, a controlled atmosphere
generated by adjusting the ratio of H,/H,O vapor
was introduced. The flow rates for both Ar and H,/
H,O were 20-40 ml min—!. Cooling was conducted
in flowing Ar at a rate of 8°C min—!. Oxygen par-
tial pressure inside the furnace was continuously
monitored in situ with an oxygen sensor based on
Swt% CaO stabilized ZrO,. Sintered densities were
measured using the immersion method (water).

The dimensions of the green bodies were obtained
by direct measurment. A computerized pushrod
dilatometer (Dilatronic® IIRDP) was employed to
measure the dimensional changes of the powder
compacts during oxidation with an accuracy of
0-5%. Element content, phase and microstructure
were characterized using X-ray diffraction (XRD)
(Philips 1310 with copper Ko radiation at 40 kV,
20mA), scanning electron microscopy (SEM)
(PHILIPS 501) coupled with microanalysis using
energy dispersive spectroscopy (EDS) and by elec-
tron probe microanalysis (EPMA) (CAMECA
SEMPROBE Model SU30 in conjunction with a
wavelength dispersive spectrometer).

3 Results and Discussion

3.1 Oxygen partial pressure dependence

To avoid possible problems of carbon deposition
involved in the use of a CO/CO, gas mixture, a H,/
H,O buffer was used in this investigation to estab-
lish a series of controlled oxygen partial pressures.
The effects of oxygen partial pressure on final den-
sity and weight loss for both Cr,O; and
CryO3+ 1wt% ZrO,+0-1wt% MgO samples sin-
tered at 1530°C for 1h are displayed in Figs 1 and
2, respectively. Maximum densification is achieved
for both samples when the oxygen partial pressure
is around the Cr—Cr,O3 equilibrium pressure. The
final densities of Cr,Oz+1wt% ZrO, +0-1wt%
MgO samples are always a few percent higher than
those of Cr,O; samples. This supports the results
of Ownby et al.? and Roy et al.,” who conducted
their sintering experiments in CO/CO, and a carbon
powder bed, respectively.
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Fig. 1. Effect of pO2 on final density. Oxygen partial pressures

are established in various gas mixtures as indicated in the

figure. Sintering condition: 1530°C for 1h. Green density:
62-66%TD.
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There are a number of volatile species that may
exist over Cr,Oj3 at high temperatures from Cr(g),
CrO(g) at low oxygen partial pressures to CrOs(g)
at high oxygen partial pressures. Under atmo-
spheric or near atmospheric oxygen partial pres-
sures, weight loss occurs because of the volatile
CrO;. At high temperatures and low oxygen partial
pressures close to the Cr—Cr,O5; equilibrium, Cr
and CrO may be formed. The subsequent eva-
poration of these species may account for most of
the observed weight loss. Experimentally, many
factors affect the percentage weight loss of Cr,Os,
such as processing temperature, soaking time,
oxygen partial pressure, total gas pressure, flow
rate and the ratio of total surface to weight. Under
identical experimental conditions, the dependence of
weight loss on the oxygen partial pressure is shown
in Fig. 2. The general trend is for the weight loss to
increase with a decrease in oxygen partial pressure.
CryO5+ 1 wt% ZrO, +0-1 wt% MgO samples show
larger weight loss than undoped samples at low
oxygen partial pressures.

3.2 Dilatometry

Dilatometric studies of the densification behaviour
of Cr,O3+ 1 wt% ZrO,+0-1wt% MgO and Cr,0;
are displayed in Fig. 3. During the experiment, Ar
was used at temperatures below 1350°C followed
by the introduction of H,/H,O at temperatures up
to 1530°C for 1 h. The sudden decrease in volume
of the Cr,O3+1wt% ZrO,+0-1 wt% MgO sample
at the beginning of the experiment is due to eva-
poration of volatile species such as water, H,, CO,
CO,, C,H, and alcohols from wet ball-milling in
ethyl alcohol. The Cr,05 sample underwent only a
little shrinkage due to the evaporation of absorbed
water and other volatile impurities, because no ball
milling processing stage was involved.
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Fig. 2. Effect of pO, on weight loss after sintering at 1530°C
for 1 h. Green density: 62-66% TD.

With an increase in temperature to over 1000°C,
both samples started to shrink. Sintering of the
Cr,O5; sample is always slower than that of the
Cry053+1wt% ZrO,+0-1wt% MgO sample.
Under an oxygen partial pressure of 3-4x10~13
atm, the samples achieved final densities of 96 and
99% TD, respectively. When cooling in Ar, the
Cr,0O3+ 1wt% ZrO,+0-1wt% MgO sample
underwent a 0-5% linear expansion.

3.3 Microstructure
Figure 4 shows backscattered SEM micrographs of
thermally etched samples of Cr,O;+1wt%
710, +0-1 wt% MgO and Cr,0;. It can be seen that
the Cr,O5; sample exhibits a ‘clean’ microstructure,
whereas a second phase exists in the Cr,O5; samples
doped with 1wt% ZrO, and 0-1 wt% MgO as indi-
cated by the presence of a white phase inside grains
and along grain boundaries. This contrast in back-
scattered imaging indicates a greater mean atomic
number for the second phase than for the Cr,O;
grains. EDS results have revealed that this white
phase always contains Zr and in some instances Mg,
apart from Cr. EPMA analysis has also shown
strips of a Mg-containing grey phase are present
mainly along grain boundaries. The amount of the
grey phase (larger than 0-1 wt%) suggests that it is
the spinel MgCr,04,>7 due to the reaction of MgO
with Cr,O; under the sintering conditions.*!4

A second phase peak was detected by XRD as
shown in Fig. 5, which has not been identified. The
distribution of the intergranular white phase
observed on a free surface of the doped sample
after 8 h at the sintering temperature (Fig. 6), sug-
gests that a transient liquid phase might be formed
during the densification stage.
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Fig. 3. Dilatometer measurement of sintering behaviour of
Cr,03 and Cr,O5+ 1 wt% ZrO,+0-1wt% MgO powder com-

pacts. Green density: 65 % TD. The broken line represents the
temperature profile during the experiment.
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For both types of samples with densities between
95 and 99% TD, the change of mean grain size with
sintering time is displayed in Fig. 7. The grain sizes
of Cr,0O5 samples are found to be consistently bigger
than those of Cr,Oz+1wt% ZrO,+0-1wt% MgO
samples. Grain growth in the Cr,O3 samples was
approximately proportional to the square root of
time, as is typical for grain growth in pure, single
phase solids.

3.4 Sintering mechanisms

Sintering governed by lattice diffusion is dependent
upon point defects. Densification can be optimised
by close control of impurities and the ambient
partial pressure of oxygen. Based on the defect
structure model where Cr interstitials and O
vacancies are the important defects near the Cr/
Cr,05; boundary, Kofstad has proposed that the
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Fig. 5. XRD patterns of a CryOz+1wt% ZrO,+0-1wt% Fig. 7. Mean grain size of Cr,O;+1wt% ZrO,+0-1wt%
MgO sample before and after sintering. The indices are those MgO and Cr,03 versus sintering time. Error bars indicate the
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sintering of Cr,O; is governed by oxygen vacancy
diffusion.!?

As illustrated in Fig. 3, Cr,O5 sinters faster in the
presence of 1wt% ZrO,+0-1wt% MgO, com-
pared with undoped Cr,05. From the phase dia-
gram of the Cr,O;—ZrO, system as shown in
Fig. 8,15 there is very little solubility between Cr,O5
and ZrO, in the solid state. However, the two oxides
are miscible in the liquid state, and the eutectic
point (1850 10°C) is much lower than the melt-
ing points of the two pure oxides. If a regular
solution model is assumed for the liquid phase in
the Cr,0O5—ZrO, system (see the Appendix), the
analysis indicates that there is a strong tendency for
Cr,0;5 and ZrO, to form a liquid Cr—Zr—O phase.

Toker’s work on the Cr-Cr,05 phase diagram!
shows the stability range for liquid CrO extending
to lower temperatures in the presence of dissolved
impurity phases. Mg and Fe impurities are also
known to extend the stability range of oxides con-
taining Cr’> " ions.

Using the Gibbs free energy data for CrO, Cr;Oy4
and Cr,O; formation given by Toker,'¢ the stabi-
lity ranges in terms of temperature and oxygen
partial pressure for different phases at unit activity
have been calculated and are shown schematically
in Fig. 9. For pure materials, the liquid phase CrO
is stable over a narrow region at high temperatures
and low oxygen partial pressures. When liquid CrO
is not pure but mixed with impurities, e.g. ZrO,,
the formation of a liquid Cr-Zr-O phase is
favoured. Figure 10 displays a temperature—oxygen
partial pressure relationship when the activity of
CrO is 0-8 and all the other phases are at unit
activity. The domain where a liquid CrO phase is
stable is extended to temperatures as low as 1450°C
and to a great range of oxygen partial pressures. In
this investigation, the optimum sintering condition
(at 1530°C under an oxygen partial pressure of
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Fig. 9. Diagram showing the regimes of temperature and pO2
in which various chromium oxides are stable. All components
are in unit activity.

10125 atm) lies in this domain, giving further evi-
dence for the possible existence of a transient liquid
CrO phase during densifilcation of Cr,O5;+ 1 wt%

710, +0-1 wt% MgO.

Factors affecting solid solution formation
include relative ionic radius, valence, chemical affi-
nity and structural similarity. To form wide ranges
of solid solubility, both components must have
comparable properties, i.e., similar ionic radii, iso-
valence, similar structures and a low chemical affi-
nity (i.e., they do not form compounds).!” Cr,0O4
and ZrO, do not react to form a compound. Zr#*
has an ionic radius of 0-081 nm.!'® For chromium
oxides, the ionic radius of Cr?™" is 0-085nm for its
high spin configuration and 0-076 nm for its low
spin configuration, whereas Cr’* has an ionic
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Fig. 10. Diagram showing the stability ranges of chromium
and its oxides assuming unit activity for all except CrO, which
is given as 0-8.
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radius of 0-066 mn.'® A possible sequence of events
is accordingly as follows. From size similarity,
more Zr** ions should dissolve in CrO than in
Cr,03. Since the chromium oxide adjacent to grain
boundaries is more susceptible to the atmosphere,
CrO is formed initially in these areas. On cooling
under Ar, Cr>" ions become oxidized to Cr3*.
Due to a decrease in solubility of Zr** with this
change, Zr* " precipitates during cooling, the white
Zr-containing phase being mainly distributed in
areas near the grain boundaries (Fig. 4).
Experimental results show that weight loss
increases when densification is at a maximum (cf.
Figures 1 and 2) and the weight loss of
Cr,O5+ 1 wt% ZrO, +0-1 wt% MgO is higher than
that of Cr,O5 (Fig. 2). This phenomenon can be
explained by the evaporation of Cr(g) and CrO(g),
especially CrO(g) in the case of Cr,O;+1wt%
7105+ 0-1 wt% MgO due to the presence of a tran-
sient liquid CrO. Therefore, there is no inverse con-
nection between weight loss and the sintering rate.

4 Conclusions

1. Cr,0O; has been sintered to high density (up to
97% TD) at 1530°C in atmospheres with oxygen
partial pressures close to the Cr—Cr,03 equili-
brium, controlled by H,/H,O gas mixtures.

2. The grain sizes of Cr,O3+1wt%
ZrO,+0-1 wt% MgO samples are consistently
smaller than those of Cr,O; samples. The
presence of a Zr-containing phase and possi-
ble formation of a MgCr,O4 spinel at grain
boundaries are associated with the reduction
in grain growth.

3. Under the same sintering conditions, addition of
1wt% ZrO, and 0-1wt% MgO increases the
density of Cr,O; to nearly full density in a shorter
period of time. The rapid densification and higher
final density are attributed to the appearance of a
transient CrO liquid phase whose activity was
lowered by the presence of ZrO, and MgO under
low oxygen partial pressures and high tempera-
tures. Loss of material due to evaporation does
not prevent densification.
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Appendix

Application of a regular solution model to the liquid
phase in the Cr,O03-ZrQO, system
Cr,0; is taken as component 1, and ZrO, as com-
ponent 2. For a liquid phase rich in Cr,O3, the
formula relating the interaction parameter, «,, to
the activity coefficient, y{ , of Cr,O3 in a liquid state
is given by:

RTIny! = apy(1 — x})? (A1)

where x| the fraction of component 1 (Cr,03) in
the liquid.

The chemical potential of Cr,Oj3 in a liquid phase
can be expressed as:

= p + RTInd, = Y + RTIny| + RTn x|
(A2)
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where u{’ is the chemical potential of the pure
liquid component 1 and & is the activity of com-
ponent 1 in the liquid.

At the melting temperature (77,,) of Cr,O3, the
equilibrium condition requires that

I'L(I]S(Tlm) = /L(I)I(Tlm) (A3)
At the eutectic point where 7= 1850°C,

u(T) = py(T) =3 (T) =)'+ RT Iny+ RTIn x|
(Ad)

The above equation can also be rewritten as:

p (D) — (1)

T = RIny| + Rln x| (AS)

According to the Gibbs—Helmholtz equation:

1 =t P (Tim) = p(Tim)
T Tlm
T (A6)
AH]]/” ] 1 1
Tn

Combining eqns (1), (3), (5) and (6), the interaction
parameter o, can be calculated by the following
equation:

1 1 o
—AH], [ﬁ—?] Z%(l — x>+ Rlnx; (A7)

Likewise, following the same procedure, the inter-
action parameter for a liquid solute rich in ZrO»,,
o571, can also be derived:

1 1 o
—AHY,, [ﬁ—?] :%(1 — x5+ Rlnx, (A8)

The data used to calculated the interaction par-
ameter are listed in Table Al along with the calcu-
lated o results.

From Table Al, it can be seen that the two
interaction parameters, o> and ay;, are very nega-
tive and comparable with each other, indicating
that there is a strong tendency for Cr,O3 and ZrO,
to form a liquid Cr-Zr—O phase.

Table Al. Interaction parameters and the data used to calcu-

late them
Items Cr,03 ZrO;
Melting point (7,,), (°C) 2266 2700
Eutectic temperature (7), (°C) 1850 1850
Concentration at eutectic (x'), (mol%) 53 47
AH,,, (kJmol™") —1140 —1100
Interaction Parameter (), (kJ mol~1) —795 —1072




