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(57) ABSTRACT 
A sintered, fine grained, polycrystalline, essentially 
fully dense, essentially single phase CrO body is pre 
pared by sintering Chromium Sesquioxide (CrO) at 
essentially the equilibrium oxygen partial pressure (Po) 
for the formation of CrO3 from its elements at the sin 
tering temperature. To achieve optimum theoretical 
density a second metal oxide dopant such as MgO, 
capable of controlling the grain size, is added. 
In addition, CrO bodies are rendered more stable, and 
thus have a longer life, by maintaining over the body an 
atmosphere which is essentially equilibrium Po, for the 
formation of CrO, from its elements at that tempera 
ture, 

2 Claims, 4 Drawing Figures 
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DENSE CHROMUM SESQUIOXIDE 
Chromium sesquioxide (CrO) is a potentially attrac 

tive refractory material having a melting point in excess 
of 2200 C. However, chromium has many oxidation 
states and readily changes at elevated temperatures 
from one to the other depending on the environment. In 
an oxidizing atmosphere the sesquioxide has a strong 
tendency to react with oxygen to form more volatile 
oxides such as CrO3 whose rapid vaporization prevents 
sintering of the powders to high density. In a reducing 
atmosphere it is known to reduce to metallic chromium. 
In a powder or highly porous form these reactions 
readily occur because of the large surface area exposed 
to the environment. The high porosity of chromium 
oxide and chromium oxide-containing bodies has lim 
ited their usefulness because the ever-present and ever 
increasing high surface area of these materials makes 
them more reactive to both gaseous and condensed 
phase environments. The inability to control the oxida 
tion state of the chromium ion both during fabrication 
and use of chromium oxide ceramics constitutes a signif 
icant drawback to their use. 
A second drawback is related to control of the grain 

size of the fired or sintered body. Several factors con 
tribute to the desirability of grain size control. A few of 
the more important considerations are as follows: 

1. Abnormal or excessively large grains reduce the 
mechanical strength of the body by introducing 
excessive local stresses and cracks. 

2. These cracks act as pores reducing the density and 
in the case of some oxides the electromagnetic 
transmittance of the ceramic body because of their 
scattering capacity. 

3. Rapid grain growth leading to discontinuous or 
abnormal grain growth leaves internal pores iso 
lated in the large grains preventing final densifica 
tion. 

4. Without preventing the formation of volatile gase 
ous species with the resulting rapid loss of material, 
grain size control by means of grain growth inhibi 
tors is useless and ineffective. 

Thus, CrO3 has two drawbacks. On sintering it tends 
to: 

1. Change oxidation state and volatilize away. 
2. Undergo discontinuous grain growth. 
Because of oxidation or reduction and discontinuous 

grain growth, sintered CrO has less than the theoreti 
cal density, reduced mechanical strength and is more 
subject to chemical attack from the environment be 
cause more surface area is exposed. 

I have now discovered a method for producing sin 
tered CrOs of enhanced mechanical strength and essen 
tially theoretical density which comprises preventing 
oxidation state changes and discontinuous grain growth 
of CrO, during sintering. 
Two main, important features of the method of pro 

ducing high density chromium oxide ceramics of this 
invention include: 

1. The oxidation state of the chromium ion is con 
trolled by maintaining the equilibrium partial pres 
sure of oxygen over the body during sintering so as 
to stabilize the sesquioxide. 

2. The grain growth rate is controlled by adding a 
small but effective amount of a second metal oxide 
dopant, such as MgO, intimately mixed in the high 
purity powder compact. During sintering the dop 
ant migrates to the grain boundaries controlling the 

s 

O 

2 
grain growth rate and thereby allowing the inter 
granular pores to be eliminated and hence final or 
theoretical densification to occur. 

The high, essentially theoretically dense CrO3 of this 
invention opens up many new uses for chromium oxide 
in addition to improving its present use such as in basic 
refractories. This stems from the fact that dense CrOis 
a unique ceramic material previously unavailable by 
sintering. The absence of grain boundary cracks and 
porosity eliminates the large internal surface area ex 
posed to the environment in previous chromium oxide 
containing ceramics and therefore greatly reduces dete 
rioration from oxidizing and reducing atmospheres and 
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other chemical reactions with the service environment. 
The high density and absence of internal surface and 
discontinuous grain growth also makes the body me 
chanically stronger. For example, the fine grained, 
dense, CrO refractory body of this invention can be 
used in the fiberglass industry as well as in other glass 
melting applications. 
In addition, I have discovered that Cr2O3-containing 

bodies can be rendered more stable, and thus of ex 
tended life, at elevated temperatures, such as at sinter 
ing temperatures, by preventing the oxidation state 
changes of chromium. This is achieved by maintaining 
during sintering the oxygen partial pressure (Po) over 
the body at essentially the equilibrium partial pressure 
of oxygen at that temperature. The particular Po, will 
vary with the particular sintering temperature. Thus, 
equilibrium Po, is not only important in the fabrication 
of dense CrO3 but it also extends the life of CrO3 bod 
ies. For example, by operation at equilibrium Po, the 
life of CrO bodies such as CrO-containing refracto 
ries can be extended. Stated another way, an equilib 
rium Patmosphere over the CrOsbody, whether pure 
or impure, enhances the stability and life of the CrO. 

In summary, equilibrium oxygen partial pressure at 
sintering temperature is required to obtain a CrOden 
sity within about 1% of theoretical. To obtain maximum 
or optimum theoretic density, i.e. 99- to 100%, a sec 
ond metal oxide, such as magnesium oxide, capable of 
controlling grain size, is employed in conjunction with 
equilibrium oxygen partial pressure. 

In addition, CrO3 bodies are rendered more stable 
and thus have a longer life, by maintaining the equilib 
rium oxygen partial pressure over the body during sin 
tering and/or use. Stated another way, the use of equi 
librium oxygen partial pressure is essential to this inven 
tion. The use of the dopant in conjunction with the 
equilibrium partial pressure optimizes density. 
The following examples are presented for purposes of 

illustration and not of limitation. 

EXAMPLES 
99.99% CrO3 was employed in order to distinguish 

the effect of small amounts of second oxide dopants. 
Electron microscopy revealed that the particle size was 
< 1 um. Reagent-grade Mg(NO3) was used as the 
source of MgO. For the doped samples, the nitrate was 
dissolved in water and mixed with the CrO3 in a blen 
dor for 10 min. The mixture was stirred continuously 
with a magnetic stirrer while the water evaporated. The 
powders were then calcined at 600 C. for 2 h in air. All 
samples were pressed into discs at 0.5 in. in diameter and 
0.25 in. thick. The green density was 60 to 65% of the 
theoretical density of CrOs. The specimens were 
placed in high-purity AlOsboats and introduced slowly 
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into an Mo-wound controlled-atmosphere tube furnace 
at 1600' C. for 1 h. 
The Po was controlled using a CO/CO, buffer sys 

tem. Because of the small amount of CO required at 
low Po N, mixed with 5% CO, was used. The presence 
or absence of N, proved to be unimportant as the same 
results were obtained with or without N if the CO/- 
CO, ratios were equal. Success could also be obtained 
using the H/HO buffer system or any other effective 
means of controlling the oxygen partial pressure. The 
gases were passed through a mixing chamber consisting 
of a glass tube filled with glass beads before they were 
admitted into the furnace. The total linear gas-flow rate 
through the furnace tube to maintain equilibrium with 
the sample was 1 cm/s. 
Fractured surfaces of selected specimens were exam 

ined by scanning electron microscopy. 
The results are presented in FIGS. 1, 2, 3 and 4. 
The density and the weight loss of CrO depend 

strongly on Po (FIGS. 1 and 2). The maximum density 
was obtained at the equilibrium Po (2x10-12 atm) for 
the reaction: 

at 1600' C. The density decreased at both higher P 
(where CrO3 and other chromium oxides are this 
and lower P (where Cr metal is stable). To ascertain 
the effect of the N used in the buffer atmosphere to 
achieve Po accuracy at very low pressures, pressures 
down to Pos=10-ll atm were repeated using undiluted 
CO, and CO mixtures to achieve the desired Po. The 
densities achieved by the two methods did not deviate 
significantly. 
Scanning electron micrographs of fractured surfaces 

of the undoped sintered specimens showed the fine 
grained, highly porous, partially sintered structure 
which resulted when the Po was too high, (2x 10-10), 
the very dense, essentially void-free structure of CrOs. 
(99.4% of theoretical density) sintered at the equilib 
rium Po (2x 10-12) and the intragranular pores at a 
lower Po (9x10-14). 
The experimental weight-loss dependence of pure 

CrO3 on the Pois shown in FIG. 1. The general form 
of this dependence can be explained by considering the 
vapor-pressure dependence of the most volatile species 
on Po. Using the vapor pressure and mass spectromet 
ric data available for Cr, CrO, CrO, and CrO at 1600' 
C. and the mass-action law, a theoretical weight-loss 
vs-Po, curve similar to the experimental one was ob 
tained and is also shown in FIG.1. The high weight loss 
at Po < 10-atm is associated with Cr-metal volatiliza 
tion, whereas the high volatilization above 10-2 atm can 
be attributed to CrOs. The level region between can be 
accounted for by the sum of the losses from these spe 
cies plus that resulting from the volatilization of CrO 
and CrO2. 
The general density and weight loss dependence on 

Po, is not limited to the high purity CrO used in this 
example but applies also to relatively impure CrO and 

O 

15 

20 

25 

30 

45 

55 

CrO3-containing bodies. However, the enhancement of 60 
sintering by the addition of a small amount of a second 
oxide would not be expected to be seen in impure 
CrO where possibly many "second oxides' already 
exist. 
The addition of MgO aided in the densification of the 

high purity CrO. The porosity data for CrO3 with 0.1 
wit% (0.37 mol%) and 1.0 wit?% (3.7 mol%) MgO added 
as a function of Po are shown in FIGS. 3 and 4. The 

65 

4 
addition of only 0.1 wt.% MgO enabled the CrO to 
sinter to nearly theoretical density (99.8%) at the equi 
librium Po. A fracture surface typical of CrO, with 0.1 
wit% MgO sintered at the equilibrium Po revealed a 
relatively uniform grain size. Fracture occurred mostly 
through the grains, whereas the pure CrO, fractured 
mostly along grain boundaries. This appeared to be due 
to a locking together of the grains by second phase 
spinel nuclei which formed on the boundaries after the 
MgO segregated there. A lower density resulted when 
as much as 1.0 wit% MgO was added as shown in FIG. 
4. 

In summary, control of the Po, near the equilibrium 
P0. for the reaction 4./3Cr--O=2/3CrO at the 
sintering temperature is essential to the sintering of 
CrOs to densities approaching theoretical. This equilib 
rium oxygen pressure is a function of temperature ac 
cording to the relationship Po=exp(AG"/RT) where 
AG" is the standard free energy for the reaction shown 
at temperature and R is the gas content and T is the 
absolute temperature. The equilibrium Pocan be main 
tained in any possible way. Two examples using the 
CO/CO and the H/HO buffer systems were cited but 
any method of maintaining the equilibrium oxygen pres 
sure during sintering would suffice. The presence of N, 
in the sintering atmosphere does not appear to have a 
deleterious effect on the final sintering. 
Addition of MgO produces a smaller, more uniform 

grain size compared to that of pure CrO3 sintered under 
the same conditions. The addition of only 0.1 wit% 
MgO to CrO, increases the sintered density at 
Po=2x10-12 atm to essentially the theoretical value in 
1 h. at 1600' C. 
Sintering or firing is carried out at any temperature 

capable of producing the desired product such as above 
about 1100' C., for example from about 1100' C. to 
2200 C., but preferably from about 1500 C. to 1800 C. 
The dopant employed is any component which in 

minor amounts, such as below about 15%, for example 
below about 1% and preferably about 0.01 - 0.8%, with 
an optimum of about 0.1%, which is capable of control 
ling the grain growth of the sintered CrOsso as to yield 
an essentially fully dense, essentially single phase CO 
body. In practice a second oxide such as MgO or its 
equivalent is employed. A soluble salt can be used for 
optimum mixing which on sintering would yield the 
desired second oxide. 

It has been shown that a small addition of a second 
oxide can be effective in enhancing sintering by a vari 
ety of mechanisms including the formation of a liquid 
phase, by controlling grain growth and/or by modify 
ing the defect structure of the host material. Grain 
growth control by second oxide additions can in turn 
take place in a variety of ways including solute segrega 
tion at the grain boundaries, second phase precipitation 
on the grain boundaries, etc. However, none of these 
mechanisms can be effective unless the oxidation state is 
first controlled by first fixing the equilibrium oxygen 
pressure for the formation of the sesquioxide from its 
elements at the sintering temperature. A number of 
different choices of second oxides could then be added 
to control grain growth and achieve the additional 
- 1% of final densification needed to achieve theoreti 
cal density. 
The product of this invention is a sintered, fine 

grained, polycrystalline, essentially fully dense, essen 
tially single phase CrO3 body. Essentially theoretical 
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density means that the final product has or approaches 
essentially the same density as a single crystal of CrOs. 
Although this invention has been described primarily 

in relation to CrO3, the oxidation state control feature 
of it can also be applied to CrO-containing bodies, 
Although the results have been maximized with CrOs 
itself, improvements can be obtained with CrO3-con 
taining bodies even though the presence of other com 
ponents contained therein may prevent optimum in 
provement. 

Likewise this invention has emphasized oxidation 
state control in fabrication of a dense chromium sesqui 
oxide bodies, however this novel feature is also of value 
in extending the life of chromium sesquioxide refracto 
ries in use. By maintaining the oxygen partial pressure at 
the equilibrium pressure for the sesquioxide formation 
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6 
reaction at the use temperature, where possible, volatil 
ization losses will be minimized. 
The scope of this invention is meant to include the 

improvement in and maintenance of Cr2O3 and Cr2O3 
containing bodies in accord with this invention which 
would not be obtainable without the teachings of this 
invention and the claims should be read in this spirit. 

I claim: 
1. A process for producing a sintered body consisting 

substantially of CrO3 up to within about 1% of theoreti 
cal density, which comprises, sintering a Cr2O3 body at 
essentially the equilibrium oxygen partial pressure for 
the formation of CrO3 from its elements at the sintering 
temperature. 

2. The process of claim 1 where the body contains in 
intimate mixture therewith a small but effective amount 
of MgO as a dopant for controlling grain growth. 

s 
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