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' SINTERING OF REFRACTORY MATERIALS AT ROOM TEMPERATURE BY

HIGH PRESSURES

Peter W. Montgomery, Harold,Stromberg,‘and Geofge_JUra

Department of Chemistry and Lawrence Radiation Laborsatory

University of California, Berkeley, California
ABSTRACT

?he process of sintefing‘refractory solids at roem
teméerature by hiéh pressures is described. - The effect
of ﬁurity, particle size,'and calcining temperature is
‘discussed. A possible mechaniem er the sintefing is
discussedo Two aﬁplicationebare presented: First, the
determination'ef spectra ofvsolids whichvih general cannot
be obtained bécause they are available only as powders;
.end second, sqneeiing out the pores of a catalyst support

which permitted determination ef the rate of growth of

 platinum particles on an alumina support as a function of

temperature.
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~ The primary objective of our high pressure program is the- study 95‘ the

glectr ic_a}_?ﬁ? m?@e;‘?écg.,l?rﬁ?P‘??t?SS'.IOf:SOlif?.?s.:.._;‘?'%FE._?‘;‘r pregent. apparatus
we: ‘?afl,..,???“h.?”?ss}%??’? as high as 500,000 atmospheres, In pursuing the |
main objective we have stumbled on & phenomerion that we wish to describe
in this peper, nemely, the compaction of finely divided solids into
I ?FSPér?_nt,. disgs which must have. i?njs?ﬂ?;s very glose to the theoretical
density of the solid. _Fi??‘-i.w?n? of & better-term we have called thls
pressure sintering.  In the ordinary sintering process the material 1s
temperatureov'ln.the present process, a similar resuit is obtained at ro&m
temperature bﬁt at‘very"high pressﬁres, the pressure required being a
functidn of the material. This process isionly partially understood at the
present time; hdwever; a reasonable explanation can be .given for‘the results,
obtained. | |

The compfession of a solid to trahsparency is really npt new. A
standard fechnique in infrared spectroscopy is the use of mulls made bf the
heavier alkali ﬁélide3w These materials are squeezed transpé?ent at
- relatively low preésureso Bowever; When these low presSures are used;
e?acuation of the.sample is essential. .In our work; evacuation is not"
necessary. A reasonable review of the alkali halide work is given by Ford,
Wilkinson, and Price.’

Ouf aftenﬁion was first called to the possibility of_sintering at‘roém
temperature some five or six years_ago when we fqundfthat lithium aiuminwﬁ
hydride was as traﬁsparent as gléss after having been subjected to a

pressure of 100,000 atm. With the passage of time we also have been able

to squeeze many oxides to the transparent state. The discs remained
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transparent e?en afté; several years aging. Some of the discs developed
cracks; but this was not'unéxpeéted dué to the strain that wgs»inﬁroduced»i
by subjeéting.the materials to stresses beyond their elastic limits. :

The criterion that we use for the approach to theoretical density is
~ that of optical transparency. This criterion limits the work at the
presenﬁ time to materials that are trahsparent in the visible or have
vabsorption bands that do not extend over the entire visible region. In
géneral, and for mechanical reasons glone, the size of theusample is sbout
10 mg. We are not equipped to measure directly the densities’of such small
‘sa@ples with high‘preqiéiono..However, if we étart‘with_particles'that are
as small as 100 A on edge,.and.thé final sample is t:ansparent, itlis
reasonable to suppose that the number of scatteringvgenters is very small.
The very small number of scattering interfaces indicates that the particles
have come into intimate contact with each other, ioéo, the large number of
solid-air interfaces havgﬂbeeg replaced by solid-solld interfaces. On this
basis we assume that the samples have approached theoretical density; For
exemple, after appliqation of 60,000 atm pressure, a 0.02 cm thick sample
of maénesium oxide showéd 85%_light transmission’.

In order fo understand_the pressure sintering process, first, cénsider
the behavior of a singlevcrystai placed in a pressure chambef whose volume
! is greater than that of the crystaia In this case, the course of events as’
pressure is applied to and'incurréd on phe_samplebcan be easily predicted.
At the lowest applied pressure, the crystal would deform elasticaily@ At
a8 pressure ;bove'the strength of the material, the crystal would flow until
the pressure chamber is entirely filled by the crystal. Further appli-

cation of pressure would merely compress the materiels.
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"In our studies, we start with'finely divided powder. This complicates
the.é.na'lysis to the point where it is not possible to present more than a-
- simple qualitative'explanationvof the pressure sinteriné‘proeess. In
general, the apparent density of a powder is about So%lof‘thaf of a single
crystal. Furthermore, the particles are randomlyforiented. When pressure
: is applied to this conglomeration, particles certainly can move with respect
to each other to £ill the space more completely. Also, it appears
reasonable that a certain number of particles are orlented so that they can
undergo plastic flow. What is certain is that at some pressure, the total
force wigi be sufficiently great so that plastic flow will occur in all
particles. When this‘pressure is reached,'in.the_absence of any gases,.the
particles would flow untii_they ceme into contact and the flow would continue
until rno void space remained within the sampleo

i ’ s
. Bridgman a’?,

! has found in his. studles of" the compress1on of nitrogen
and argon that these gases dlffused through steel containers so rapidly at
pressures above 30, OOO atmospheres that equation of state work could not be
extended above this pressure at room tempefature. It is reasonable to’ -
assumelthat ordinary air wonldlbehave>in a similar manner. Thus, one
would.expectrthat at a pressure.ef aSOut 50;00@ atmospheres that the-air
surrounding the powder particles would start diffusing out of the sample;
and that the flow of the material would not be restricted by the gas that
originally was present. In short, at pressures above B0,000 atmospheres,
one would not expect the atmosphere to impede the fiew of the individual
particles due to the.formatien of an air pocket. For this reason, if the

compactlon is done at the very high pressures we use, it is not necessary to

evacuate the sample before s1nter1ng.
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"Théré'is-one fuf£her'condition that is neceésary thatzhéé not been ’
diséuésed) Iﬁ thé foregoing discussion it was tacitly éssumed fhét’the
defofmétion and flow_of the container was small compared to that of the
éaﬁpléof If the material in the pressure cavity is harder or stronger than
the appéréfus,_then the flow will occur in the appératuS»and not in the
- gample. However, when we_amten@ted to pressure sinter diamond dust, it was
the apparétug that flowed and not the diamond'particleso Besides the high
pressure; it'is essential that the semple is softer than the material of the
apparatusu This last limitation precludes very few materials from study,
since the parts of the apparétus in contact with the sample aré'édmpécted'
tungsten carbides, such as G. E. Carboloy 999, which is extremelyfhérd;” h
| The'pfessu:e vessel used.in these experimenﬁs wes & set of envils
similar to thet described by Bridgman ?,}a 'Thé necessary‘thfust wast'
developed wi%h e hydraulic press of 100, 200 or 500 ton capacity, depending
on the total forcé needed; The topgl;forcg required depends on the nétﬁre
and diametef of the saﬁplef _ | ’
Before the actual éinte:ing; the powder was pelleted in a small‘die;
The fellets varied from 7/16 to 3/16 in. in dismeter and were qbou£v0;006
ipo thick° After pelletization;rthe sample was placed between the fécés of
thg anvils. A ferric oxide coated pyrophylite ring was used to contain the
sample. Pressure was increased in 10,000 atm increments. About two
minutes wefe allowed for thevdissipation of the heat generated by each
compression. The sample was maintained at the maximum pressure for about
ten minutes, after which pressure was reduced continuously until the press
rams opened, pernitting withdrawai of anvils.

Three generallobservations have been made which seem to influence the
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pressure;at which transparéncy for a given solid was obtéined. In general |
higher pressure was required when (a) the particle size increased, (b) the ;
purity of ‘the sample'lowered;;and (c) the éalcining temperature of the o ¢
soiid before application of pressure was raised. The first two factors are |
in accord with témperature sintering. The latter seems to have no
cdunterpart;‘and it seems difficult to aécount’for this behavior. However,
this behavibr has been observed repeatedly. For example, eta~alumihﬁm
oxide calcined to 600°C beceame transparent at a pressure of 100,000
atmospheres. If-the same samplé wasbcalcined to 8OOOC, a preésure of
hO0,000 gﬁmosphéres ﬁas nécessary_beforelsintering was accomplished. This
observation gives rise tQ a great deal of ﬁpeculatién, but no one argument
leads.to.a'reasonable explanation at the present tiqe.
Earlier it was stated that the transparency of the sample was
maintained at_foom tempefature for séveral years. If the sample of an
oxide is annealed at a. sufficiently low temﬁeratufe, nd.change in
transpafency or structure of the’sgmple was aﬁparent to_the human senses.
However, as thé énnealing tem@erature was increased, 0paquéness and
mechanical weakness set in at a temperature characteristic of the solid. -
At about 100 tOvQOOO after this degeneration sets in, the sample crumbled
and appeared to revert to its initial condition.
A plausible explanation for this\beﬁavior_is based on the existence of
hydroxide én‘the surface of the individual particles. It is known that thé
surfaces of most oxides are hydroxide rather than oxide. In some oxides-
tﬁis’is true of the surface alone; while for others, the complete sample .

can be converted to hydroxide on prolonged contact
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with the atmosphere. When the température is raised sufficiently; the -
hydroxide decomposeé to water and oxide. Gaseous water is certainly formed
at the grain boundary. At a sufficiently high temperature the.preééufe éf
the water Qépqr probably becqmes greé? enough to separate the éafticles
from each other.

:A partial X~ray stu&y of magnesiumjoxide gave some ipéight to the
details of the internal changes. The$e measurements wefe made 5vao
_Grossman. The magnesiﬁm oxide wésugbtéined from Professor. Norman Phillips
of this'departﬁent{ The specific area as measured by,nitrogen'adsofption
was such tﬁat if the particlgg were in the shape of cubes, thé'cubes would
be lOO/A'on edge. This sample showed transparency when pressed at‘30,000 :
atﬁoépheres or higher. Figure 1 exhibits the half-width of the 200-line as
a"function of the pressure to which the oxide had been subjec?ed. Due to
the very large line width, this was the only line that could be studied.'
The half width increases by neafly ﬁwo between 30,000, and QOO,QOO
axmosphere3=  N . |

Figure 2 'shows the effect of annealing'on the half width of the 200

line for a sample thét had béen originally compacted at 60,000 atmosphéresb
The disc was heated to BSOOC:for %S minutes,.its half width measured. The
same sample was then annealed for the same length of time, inéreasing the
temperature at 500 intervals until the sample crumbled. For éeference,'the
same treatment and measurement was made on the original powder. These
results are shown in the same graph-.

' The initial anneal to 3500 showed a very marked narrowing of the half

width of the line. Further heat treatment to 55000 showed a small decrease

in the half width of the line. Above this temperature, where crystal growth
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sets in, the two become indistinguishable, indicating that crystal growth
ﬁaé»the most important factor.in the determination of the X-ra& line width
when heated above this temperature. |

The'x-ray experiment is not conclﬁsive because_ohly a single line
could be‘stﬁdied. The increase in line widfh could have been dué to a
decrease in thé particie size or to the'introduction of strain. If the
increase in line width was caused by'the diminuation of the size of the

' particles, then the half width coﬁld have beenvpr0portional to tan2 6 if
.the increase in width waé due to the introduction of'stfain in the sample.
The fapid decrease in line width at temperaturés below that at which
erystal growth normally occurs~indicates that a iarge paft of the line
width increase was due ﬁo strain. The remaininé increase in line width .
indicated that there also has beén a decrease in the size of the particles.

'Copsidering the manner in which the compaction occurs,'this appears to'be
a foregbne‘conclusion without thé X-ray evidence. -

Aparf from the intrinsic interést ih the process, there'are‘a number
of’applicationskof pressure’ sintering. We would like to mention twos
First, this compaction permits the determination of‘the spedtra of solids
which cannot be obtained when the sample is in.its usuval form. For example;
éonwayh'of the Lawrenée Radiation Laboratory, Berkeley, has determined the.
adsorption spectrum of gadolinium oxide down to 2000 A. A similar study is

P

- being made on europium oxide by Nathans of the same laboratory at
Livermore.
The second application has a direct bearing on catalysis. Powell,

. 6 '
~Somerjai, and Montgomery ~ have used this pressure sintering process to

determine the rate of growth oflplatinum particles on‘a’catalyst support.



~9- | UCRL-9796

A sﬁmmary of their ekperiments and results follow.

The basiébexperimehtal problem was the determinatioﬁ‘of the rate of
:érowth of platinum particles. on an eta-alumina sypport{ The'méfhod‘that
these authors wished to use to detect the growth was low engle X-ray
scattéringe The diffiéulty in this experiment is the,scattering from the
'alumina-éir inferface,vwhich is large. When the metal is introduced; the
scattefing is c£anged,.but the observed scatfering is now due to alﬁmina-air,
ané alumina-~platinum. There is no way in which the scattering'can be corre~.
lated directly_to‘the platinum size; since no way can be found for the
Qoffeétiéﬁ of the background scéttering.v _

A péssible,solution is to fill the ppfeé_with a materigl%that is
leumetricaily isoelectroniq’with alumina. ”These authors, however, foqnd
it more cqnvenient.to squeeie the pores out of the aluﬁina. The
scattering of thé alumina couid_be reduced to thé point where it was
negligible. FigurQVB shows the lbw angle,x-ray scattering through‘pressed
alumina>as a function of the'preésure to,Which the sample had been
sub,jected° _At lOQ,OOO étmospheres,vthe{difference between air and,alumiha
scattering is negligibly smell and measurable only at the lowest angles.
At-a pressure. of 300,000 atmospheres, thelpresence of the alumina in the
Beam is undetectable at any angle measured by these investigators. By
using this teghnique, it thug becomes possible to look at the platiﬁum‘
scattering completely uncomplicated by any other scattering process.

Figure 4 shows the effect of platinum concentration . on the
écattefing° From data such as this the authors were able to study the
growth rate of platinum as a function of temperature and atmosphere. They

were able to obtain sufficient data to formulate a theory for the growth
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rate. Their forthcoming paper yhould be consulted for the details of their
~ experiments. Obviously this technique is‘not‘reétrictea'to.ﬁlatinum and
alumina. This technique should be applicable to the study of the growth of
any metal on any support as long as the scattering from the metal is
different from thab of the support. |

In conclusion, our experiments, which are truly only preliminary,
indicate that much is yét to be learned concerning the ménner in which the
compaction occurs. It appears that much information can be obtained from
this approach‘that cannot be conveniently obtained by more standard

methods
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