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Resistance heating of the gasket strip in a gem-anvil high pressure cell was successful in obtaining
sample temperatures up to 1100 °C, under pressures up to 4.0 GPa. The heating capabilities, as well
as the mechanical and chemical stability, of several different gasket @iipNi-based alloys, Ta,

Pt/Rh, and a Re/Mo allgywith different design shapes, and two different single-crystal anvil
materials(diamond and cubic zirconiavere investigated. Two gasket-strip designs were found to
provide optimum uniform heating conditions while decreasing the required current needed to
achieve 1100 °C. Two anvil systems were investigated to reduce the temperature increase of the
pressure cell body. Cubic zirconia anvils reduced the cell-body temperature to 100 °C at sample
temperatures up to 1100 °C. However, zirconia anvils often failed during heating and almost always
failed during cooling. Diamond anvils with cubic zirconia mounting plates also permitted
temperatures up to 1100 °C to be reached without anvil failure. However, the cell-body temperature
increased to 300 °C. A sealed vacuum-type chamber was employed to eliminate the problem with
gasket and anvil oxidation. The optimized operating parameters reported here provide a routine
method for high temperature-high pressure studies. The method was used to densify and sinter
nanosize amorphous silicon nitride apdlumina powders at high temperatures and high pressures.
[S0034-67489)03610-2

I. INTRODUCTION nealing points. This could lead to sample-pressure loss and
possible anvil failure for two reasongl) the anvils could
The diamond anvil ceDAC) and the ruby fluorescence nonuniformly indent their softened metal supporting surfaces
pressure measurement technique enable high pressure studigsising misalignment of the anvil faces; g@iithe softened
in several areas of scientific and technological interests. Ongasket could flow radially unsymmetrically leading to a pos-
main advantage of this apparatus, besides the ability to gemsible rupture of the gasket. Finally, the pressure cell metal
erate extremely high pressures, is the optical window thatomponents as well as the gasket are subject to surface cor-
permits in situ analyses of samples by ultraviolet visible rosion at high temperatures, and, in the case of metal com-
spectroscopy, infrared spectroscopy, Raman spectroscopyonents with close tolerances, this corrosion often results in
x-ray diffraction, etc. An up-to-date list of references pertain-the binding of moving parts.
ing to these applications of the DAC can be found in Ref. 1.  There are three primary heating methods for anvil-type
Parallel to the development of new materials and methodpressure cells found in the literature. Each method takes into
for DAC application, high temperature-high pressiff—  account the earlier mentioned limitations. The most common
HP) experiments have been carried dldowever, the rela- method uses a cylindrical resistance coil heating furnace po-
tively low thermal stability of diamond in air and its high sitioned either internally around the anvils or around the en-
thermal conductivity, make it difficult to sustain static high tire anvil-piston assembl7.°> This heating method was the
temperature conditions in the 1000 °C regime. first developed for high pressure cells and is limited to rou-
Thus, any method for simultaneous HT—HP conditionstine temperatures around 500 °C with occasional excursions
in the DAC must take into account limitations caused byto 600 °C* The method is practical for the study of materials
material selection(anvils and high pressure cell compo- at temperatures below 500 °C. However, it is not recom-
nents. Diamonds heated in air will begin to oxidize at ap- mended for applications at higher temperatures, since the
proximately 800 °C, and at 1500 °C will begin to graphitfze. anvils and several metallic cell components, including the
Also, under high load conditions and high temperaturespiston-anvil assembly, are directly subjected to the high tem-
anvil-gasket welding can occur. Significant reductions in theperatures.
strength and hardness of all metal components including the The second method consists of heating the entire pres-

gasket will occur when the cell temperature exceeds the argure cell in a high temperature furnace under a controlled
inert environment to protect against oxidation of the dia-

dpermanent address: Instituto de Fisica - UFRGS - Porto Alegre, RS mond anv!ls and the me.tal cell com.ponents. ThIS m_ethOd has

Brazil. been applied to many different anvil cell designs with a rou-

PElectronic mail: trussell@ccf.navy.mil tine temperature of 500—600 9Clhe maximum temperature
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achieved by this method has been accomplished with a DAGcribed a resistance heating technique for the diamond cell
fabricated from a rhenium-molybdenum alloy. Such diamondwhich utilized a sandwiched stainless steel gasket arrange-
cells permit heating excursions up to 900®Eowever, the ment (insulated from each other by an alumina cemeint
prohibitively high cost of the rare alloy required for the cell conjunction with an iron wire as the heating element and also
fabrication has discouraged its wide use. as the sample. Alumina was used as the pressure transmitting
The third method utilizes laser heating techniques tomedium. The technique was used to determine the phase
generate high sample temperatures. A variety of differentiagram and P-V-T data of iron. Mao, Bell, and
laser systems have been used with this technique. The moadiadidiaco$® described a similar, but not identical technique,
common laser systems used for heating pressure cells aret@study polymorphism in iron at high pressures and elevated
CO, laser and Nd:yttrium—aluminum—garnet laser. Twotemperatures. Dubrovinsky, Saxena, and L&zobtained
sample heating methods are used. The sample is eitharray diffraction data on iron at elevated pressures and tem-
heated through a single anvil or the laser beam is split angeratures utilizing a DAC internal heating device. Adopting
the sample is heated through both anvils. Both methods arée basic ideas presented in Ref. 13, these authors sand-
employed to produce reported temperatures above 2000 °Qviched a thin iron foil between two gaskets using argon or
The main advantage of this technique is that the cell bodgorundum as a pressure transmitting medium. Variations of
itself remains at room temperature. The heat is localized ahe original technique, with added refinements and improve-
the sample and is dissipated by rapid thermal diffusionments, have been used successfully in x-ray diffraction stud-
through the diamond anvils into the large cell body massies of the melting point and phase transitions of itdf
However, a large thermal gradient across the sample occufdthough these methods are specific to the study of iron,
due to the small laser spot size and high thermal conductivit@ther metals could be substituted and studied in place of iron
of the diamond anvils, and maintaining a uniform high tem-provided they exhibited appropriately high resistivities. A
perature is virtually impossible. One final difficulty encoun- recent publication by LeToulleet al.*’ describes a heating
tered with this technique is that transparent samples must B&chnique which uses two miniature resistance @énta)
coated or doped in order to increase the absorption of thBirnaces in series with a Re metal gasket strip. The two
laser energy to achieve high temperatures. miniature furnaces supply heat to the Re gasket and sample
As described earlier, the temperatures below 500 °C anfnainly by thermal conduction because of the very low resis-
above 2000 °C are routinely achieved in a DAC. Howeverlivity and high thermal conductivity of the Re. Our heating
the temperature regime between 600 and 2000 °C is muct¢chnique described in this report is based on purely ohmic
more difficult to achieve routinely and still presents a majorresistive heating of the gasket strip and no miniature furnaces
challenge for DAC desigh.The pressure and temperature @re required. Also, our method can be used routinely without
regime up to 10.0 GPa and2000 °C is important for indus- the need. for so_p.histicated ancillary equipment. The a_pplica—
trial applications, i.e., where studies concerning phase diaion of this modified gem-anvil cell is demonstrated with the
grams, crystallographic structures, compressibility, sinteringSintering of nanosize particlessilicon nitride andy alu-
etc., need to be carried out. Materials processing representé”%lna)-
recent and exciting area of high pressure research and also

requires the application of simultaneous HT-HP | DEVELOPMENT OF THE EXPERIMENTAL
conditions®~10 EQUIPMENT

This article describes the development and implementa-
tion of a modified gem-anvil high pressure cell capable ofA'
statically heating gasketed samples to 1100 °C at pressures The gasket strip is employed both as the sample confin-
up to 4.0 GPa. The temperature is achieved through the réng material to maintain a uniform pressure, and as the ohmic
sistance heating of a metallic strip simultaneously used as theeating element. The strip dimensions are important to both
gasket in a DAC-type pressure cell. This method of heating @urposes. For optimum sample heating, the width and thick-
diamond pressure cell was first reported in 1970 by Mooreness of the central part of the strip containing the sample,
Sorensen, and DeVriéd.However, in that report only Pt pressed between the opposed anvil faces, should be mini-
metal was used as the gasket material; no other gasket metalszed to maximize electrical resistangehmic heating
were investigated. The authors also stated that it may bElowever, to minimize gasket distortion and possible gasket-
difficult to reach temperatures in the 300 °C range by theimwall rupture, the central part of the strip should be dimen-
technique owing to the high thermal conductivity of the dia-sionally maximized to support the necessary loads and to
monds. The method described in the present report reprgrovide a practical sample thickness. Thus, an optimized
sents a significant extension of this earlier work by Moore,compromise between these two extremes had to be found.
Sorensen, and DeVriés. Several gasket heating element designs were investi-

Other internal resistance heating techniques have beegated. Initially, a gasket strip of uniform width was used.
reported. For example, to study the phase diagram of iron although this design localized heating at the center of the
elevated temperatures and pressures, L. Lui and W. Agasket strip, it required very high electrical currents and pro-
Bassett’ heated a fine iron wire in a mixture of alumina, duced significant temperature rises in the gasket mounting
periclase and Forsterite pressed between two opposed digterfaces. Therefore, modifications, of the gasket strip shape
mond anvils by passing a direct current through it. Buildingwere attempted to focus the resistance increase near the cen-
on that original idea, Boehler, Nicol, and Johnddrde- ter of the strip where the gasket hole is located. From several

Gasket strip: material and design
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FIG. 1. Schematic diagrams of two gasket strip heating elements that were__ 6 P160/Rha0 (3b) L ) Y
a

developed for heating the sample in the pressure cell. 800

ature (C

shapes investigated, two that performed well are shown inj
Fig. 1. Both designs maximized the localized heating of the%
gasket strip center in the vicinity of the gasket hole while &
reducing the temperature increase at the mounting interface
The two designs differ mainly in the length of the narrow
portion of the strip. A gasket hole is drilled in the center of 200 ~
the narrow portion of the strip to permit sample confinement.

The two designs shown in Fig. 1 provided the most uniform

400 —

and controllable heating of all strip shapes investigated. 0 -} ; : : : : :
Besides the strip shape, the material’'s mechanical stabil- 0 5 10 15 20 25 30 35
ity under HT—HP conditions is critical to the gasket perfor- Current (A)

mance. Mechanical properties, such as high yield strength

and cold working hardenability as well as low creep rates aflG. 2. Temperature increase at the center of the strip as a function of the

high temperatures, are important. Resistance to oxidation &lectrical current for different metallic strips and different designs, tested
. ! . . ...outside the pressure cell. In the legen@sand(b) are the designs of Fig. 1.

high temperatures and to anvil-gasket welding are also CrltlI'n the case of Inconel X750, the designatighm and thick correspond to

cal. Therefore, a number of metals and alloys were tested fQrickness of 254 and 38am, respectively.

optimized ohmic heating, with reduced oxidation properties.
Rhenium and rhenium/molybdenum alloys are excellent metgjgnificantly higher temperature for a given electrical cur-

als for use as gaskets at HT-RP. These materials are re- rent. The rhenium/molybdenum alloy results were intermedi-
ported to eliminate anvil-gasket welding, while they retain5e for all gasket materials studied. The highest temperatures
their mechanical properties. However, rhenium and its Moy ere attained with the gasket design shown in Fig), with
lybdenum alloys are not readily available and, thereforeine maximum temperature for any given current achieved
other gasket materials were also considered. The differeq}sing Inconel X750. However, temperature measurements on
refractory metals and alloys tested were Inconel 600, '”Coneéasket strips of the design shown in Figb)ltypically gave
X750, platinum/rhodium 60/40, rhenium/molybdenum alloy 3 more uniform and stable high temperature z¢a® evi-

47.5/52.5, and tantaIL_lm. The gaskgt thickness for all materigepced by uniform coloecause its shape provided a larger
als was 2543 um prior to indentation. For Inconel X750, 555 of alloy metal in the region of the hot zone.

gaskets 381 3-um-thick were also investigated.

Initially, the heating tests were made outside the Presy il
sure cell. The gasket strips were mounted at opposite ends by
screws attached to two ceramic towers on an insulator plate. The behavior of alternative gem anvils for HT-HP stud-
The electrical terminals of the power supply were connectedes has been investigated. J. Xu and E. Hd&pgeviously
to the gasket by the same screws. The current and tempergeported a similar resistance heating technique using yttria
ture were monitored, while the voltage was manually in-stabilized cubic zirconia anvils in a Mao—Bell-type pressure
creased in steps of 0.1 V. cell. During that work a sample of graphite was pressurized

The power supply used to heat the strips was a Poweto 6.0 GPa and heated. Raman spectroscopy of the recovered
Ten Inc. 2500 W direct currerftic) power supply, designed sample showed that the graphite transformed to diamond,
specifically for systems requiring a variable dc source withindicating that the temperature achieved was in excess of
good ripple and regulation characteristics. It features con1000 °C, the temperature necessary to observe the graphite-
stant current/constant voltage operations with automatidiamond phase transition at 6.0 G¥a\o in situ tempera-
crossover and provides a wide range of voltage and curreriire measurements were reported and the actual temperature
levels, i.e.(0-7.5 V and(0—300 A dc with a 10 mV ripple. is only inferred by the observed phase transition. Further-
The current and voltage were measured using the meters protore, despite the experimental success of achieving 1000 °C
vided on the power supply. at 6.0 GPa, there was no description of the experimental

The temperature was measured by a type K thermodetails of the method used, and no subsequent published
couple (wire diam 0.254 mmin physical contact with the work was found concerning the applicability of their method
high resistance region of the gasket. Figure 2 shows the tente routinely generate HT—HP conditions in the cubic zirconia
perature increase as a function of the electrical current for atnvil cell.
materials tested and for both designs shown in Fig. 1. The In the present work, the HT-HP studies using a cubic
much higher electrical resistivity of the Inconel alloys com- zirconia anvil cell were done with samples of amorphous
pared with tantalum and platinum/rhodium translated into ananosize silicon nitride powder, processed using-254.m-
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1200 ~ Despite the minimal success accomplished using cubic zir-
] 2 conia anvils for HT-HP studies, their use as a thermal bar-
1000 - Pyrometer Data rier was the basis of the development of the current HT—HP
] 9 design.
The second anvil design involved a sandwich of dia-
mond anvil and cubic zirconia platéBig. 4). In this design
the diamond anvils are mounted on cubic zirconia plates that
act as thermal insulators to reduce the heat loss to the metal-
lic pressure cell components. To further reduce heat loss, the
cubic zirconia plates and the diamond anvils were fastened in
place utilizing a ceramic cemefAREMCO 552. Using this
] configuration, typical cell component temperatures were
0 1T T maintained at approximately 300 °C when the sample tem-
6 2 4 6 8 10 12 14 16 perature was higher than 1000 °C. These results indicate that
Current (A) this configuration provides adequate thermal isolation of the
" . . . diamond anvils from the metal cell components, eliminating
FIG. 3. Temperature of silicon nitride sample as a function of the electric S . .
current applied to the strip in a cubic zirconia anvil pressure cell. the oxidation and metal softening problems often associated
with high temperature studies.
The diamond anvil mounted over cubic zirconia plates

thick Inconel X750 gasket strip with the design shown in ) ) -
. was tested under pressure to investigate anvil alignment and
Fig. 1(@. The samples were loaded to pressures between o o
ress distribution. Distilled water was compressed and rou-

O'.5 2.0 GPa. and heathg apd cooling rates as low as 5 (é e pressures of 4.0 GPa were obtained with the diamond/

min and as high as 20 °C/min were used. The advantages of .~ _: . X . . .
: o . . : Cubic zirconia configuration, without failure of the plates and

using cubic zirconia anvils were observed in the low power "~ ) .

- . : anvils. HT—HP compaction experiments were also conducted

required to heat the gasket strip to high temperatures and in . . " o : ;

e . sing nanosize silicon nitride andalumina to determine the

the low temperature rise in the cell components. Figure 3 = . s . : :

i viability of the diamond/cubic zirconia configuration. These

shows the obtained thermocouple and pyrometer measure-

ments of a silicon nitride sample pressed to 0.5 GPa anaamples were also compacted routinely under HT—HP con-

heated using the gasket strip heater. A maximum sampleItlons (1100 °C and 4.0 GRawithout degradation of the

temperature of 1100 °C was achieved while the cell tempera(EeII components and anvil failure.

ture never exceeded 100 °C, indicating that the low thermal

conductivity of the cubic zirconia anvils relative to diamond

anvils is effective in isolating sample heating from the cellC. High temperature pressure cell
body. However, besides this clear benefit of zirconia anvils,

a number of experimental difficulties were encountered dur- .
. . 1. Gasket heating
ing HT—HP runs. For example, slow heating rates were re-
quired to achieve maximum temperature without anvil fail-  The National Institute of Standards and Technology
ure. Furthermore, the anvils were never recovered from @NIST)-type high pressure cell needed to be modified to per-
high temperature experiment because they always crackadit the insertion of the gasket heating system. In addition,
during cooling. Finally, when attempts to retrieve the samplehe cell needed to be electrically isolated from the metal
were made at the end of the experiment, one or often both ajasket and all electrical components of the circuit. This was
the anvils separated near their culet tip with some zirconiaccomplished by modifying the basic diamond anvil cell de-
material adhering both to the sample and gasket indent walkign that utilizes a resistance coil heater. The main modifi-

800

600

Temperature (°C)

400

]
]
200

ceramic
cement

ceramic
cement

mica FIG. 4. Schematic view of the mount
configuration with the cubic zirconia
plate at the bottom of the diamond an-
vil.

mica diamond anvil

zirconia plate

metallic seat
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Cubic Zirconia
Anvils

(Fig. 6). The copper block are T’ shaped and were fas-
tened with two brass screws which thread into helicoil inserts
in the ceramic piece that pressed the block against the heat-
ing strip. The copper block has two primary functiofib: to
make electrical contact with the gasket, af@l to fix the
gasket position to maintain its alignment with the anvils. A
central brass screw provided the fastening post for the power
= supply input wires in the copper block. For even better elec-
W SAS 7 trical contact, the gasket ends were folded over and fastened
g:;ttf:mded /7 to the copper block by the terminal screws. The insert ring,

' the AREMCO Cerama-Dip 538 adhesive and the mica sheets
Pressure completely isolate the gasket from all metallic cell compo-
Plate scate: —] nents, while providing a highly efficient circuit so that most

1om of the thermal energy is localized to the central portion of the
o _ gasket. This permitted the application of large currents
FIG. 5. A schematic diagram of the pressure cell used for heating th

sample. The cell is less massive than the original design and there iseg40—50 A for ohmic gasket heating.
cylindrical cavity around the piston/anvil assembly to accommodate an in-
sert that contains the electrical terminals for the gasket.

Translating
Zirconia
Mount Plate

Tilting
Hemisphere
Mount

Gasket Strip

2. Temperature measurements

cations are depicted in Fig. 5. Two small orifices, 180° apart  The article by LeToulleet al’ utilized a novel fluores-
through the cylinder wall, provide exit/entrance slots for thecence method for internal measurement of temperature while
gasket. simultaneously measuring pressure utilizing two sources of

The cylindrical cavity designed to accommodate a cylin-fluorescence, ruby and Si8,:Sn?*. The pressure is deter-
drical resistance coil heater, is used in the present design @ined from the SrBO,:Snt* shift, which, to a first approxi-
accept an electrical and thermal insulator insert. Figure 6nation, is independent of temperature. The temperature is
shows a schematic of the press-fit cylindrical insert. Threextracted from the ruby Rline shift that is composed of a
mounting screws are used to simultaneously mount the gagombination of both pressure and temperature shifts. In the
ket and the power supply terminal posts. The insert is maderiginal article describing the particular $i®,:Sn?" fluo-
of a high temperature machinable cerami®ACOR). rescence method of concern here, Datchi, Letoullec, and
MACOR is an excellent thermal insulator which significantly aubeyré® point out that the technique is useful for measur-
reduces the amount of thermal energy transferred from thing pressuresonly below 900 K(627 °C because of a dras-
gasket strip to the surroundings. Furthermore, MACOR isiic fluorescence intensity decrease with increasing tempera-
also a good electrical insulator. Thus, the insert effectivelyture. The ruby R lines have a similar problem with intensity
isolated the gasket from the pressure cell cylinder and bodyecrease, in addition to a coalescence of the two initially
The rectangular grooves in the ceramic insert are positionegesolved R and R peaks, but these problems initiate at
on axis with the two orifices. The interior wall surfaces of the somewhat lower temperatures. They start to become signifi-
two orifices were coated with a durable ceramic adhesivgant at around 300 °C, possibly 350 °C. Certainly at 500 °C,
(AREMCO Cerama-Dip 538to electrically insulate the gas- the two peaks are completely unresolved and the temperature
ket from the metallic cylinder wall. Furthermore, the gasketcomponent to the shift as well as the pressure component are
was electrically isolated from the metal surfaces of the transenly very rough approximations. In any case, use of this
lating plate and rocking hemisphere, by using circular cuthovel fluorescence technique, which permits extracting the
outs of high quality mica sheet fastened in place with cetemperature component from the ruby R-line shifts is lim-
ramic cemen{AREMCO 552. The gasket was fastened in jted, at most to 450—500 °C and, therefore, is of no value for
position by two copper blocks, mounted in the ceramic inserthe temperature range of concern in our experiments.

From our own research experience with anvil-type pres-

Copper sure cells, we are aware of the importance of internal sen-
“T'Block ™ ) sors, not only for temperature measurement, but also for
[l ] Side View pressure measurement, where the problem was first identified
Inconel with the introduction of the ruby gaugen internal sensor
Heating Strip B In our gasket-heating method, we chose to measure tempera-

ture by utilizing an optical micropyrometer, specifically an
instrument enhanced for temperature measurement in the
TOp View 1000 °C range and also calibrated for that range, in conjunc-
tion with a standard thermocouple technique. Utilizing these
techniques we have obtained both a temperature measure-
_ ment for the gasketexternal to the sampleand a tempera-
ture measurement for the samglieternal-spectral emission
from mainly the sampleand have attempted to evaluate the
FIG. 6. Circular insert for terminal mounts and power supply hook up. Observed differences between them. The temperature differ-

50 mm
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ence increases with increasing temperature as illustrated i K
Fig. 3, an observation we anticipated based on our earliel A l;' >
work with thermocouples. aD aD

In our experiments, the bead of a type K thermocouple e=—__ A =3

entering through one cylinder wall orifice was positioned in

contact with one lateral facet of the diamond anvil. It is

assumed that the measured diamond anvil temperature prc
vided an accurate measure of the average sample temper
ture, due to the high thermal conductivity of diamond. Inside
the cell, the thermocouple wires were covered with adhesive
cement{AREMCO 552 to hold them in place over the mica

sheet and to isolate them from the heating strip. Inside the
cylinder wall orifice, a small mica sheet was used to isolate
the thermocouple wires from the gasket strip. The uncer-
tainty in the temperature measurement is estimated to b
+50 at 1000 °C. A second type K thermocouple was placed
outside the cell, inside an external hole in the cylinder, to
measure the temperature of the anvil mounting assembly
This provided a measurement of how much heat was con-
ducted away from the hot zone. FIG. 7. Schematic view of the heating chamb@). Plexiglas cover;b)

A micro-optical pyrometer with enhanced Sensitivity in glass cylinder(c) stainless steel tabléd) stainless steel block welded to the
table to hold the pressure cell using two threaded holes, Conax

the 700_1209 C rar_lge was also used to measure the Sampigdthrough fittings used to make the electrical contact between the power
temperature in the higher end of the temperature range studapply, from outside, and the gasket strip in the pressure(&efiyo Conax
ied. The sample and the gasket strip surrounding the sampfeedthrough fittings for the thermocouple wirdg) two Swagelock-type
were imaged through an objective lens with a 147 mm focaf€edthrough for input and exhaust gas fldty, three threaded rods used for

. . sealing the chambefi) high pressure diamond celj) 45° viewing mirror,
length adapted to the pyrometer. Thg uncertainty in the meag,q i optical pyrometer
sured pyrometer temperature is estimated toH&® °C at

1000 °C. In the low temperature range of the pyrometer

. a%asket, and the other metal cell components at high tempera-
(700 °O, the temperature measurements were less accuraifas The isolation chamber consists of three main parts, as

when diamond anvils were used because the transmissiQloyn in a simplified schematic in Fig. 7: a stainless steel
efficiency of diamond is relatively low and reduces the in-g 5y circular table, a glass cylinder body, and a transparent
tensity of the radiation detected by the pyrometer. This répesigias circular cover. O-ring seals are used at the table/
duction in intensity is compounded by the low emissivity of o jinqer and at the cover/cylinder body interfaces to seal the
the gasket strip in this temperature range. Thus, the UnCegyamher. Swagelok-type connectors are used in the stainless
tamtyo in the teomperature measurement is estimated 10 bgeg taple for feedthrough lines for gas input and exhaust.
+75°C at 700 °C. Conax connectors were used for electrical feed throughs and

special thermocouple feedthrough were also faddetails,
3. Pressure measurements see Fig. 7 caption

The ruby fluorescence technique was used to measure The temperature measurement made with the pyrometer
the pressure inside the cell using a microscope system dérough the Plexiglas top slightly underestimates the tem-
scribed earlief? The pressure measurements have a standarerature because the Plexiglas window can absorb some of
uncertainty of+=0.05 GPa when made in a hydrostatic envi_the visible radiation emitted by the hot sample. A similar
ronment at room temperature. Line broadening and reduce®ffect was observed when a glass window was used. How-
intensity of the R lines at elevated temperatures contribute tgver, based on calibration measurements using both window
an increase in the pressure measurement uncertainty whichfaterials, the relative standard uncertainty in the temperature
approximately+0.1 GPa at 300 °C. The standard uncertaintymeasurement is increased by less than 5% in the range of
in the pressure measurement in the absence of strictly hydr@00—-1200 °C, and is considered negligible for the experi-
static conditions is estimated to be0.15 GPa. Pressures Ments of concern here.
were measured before and after sample heating. No pressure
measurements were made at elevated temperatures becallséRESULTS AND DISCUSSION
of significant loss in fluorescence intensity and the coalesa performance of the cell design

cence of the two R-line peaks. Sample pressures after heat ) ) )
treatment were typically higher by about 1.0 GPa. The cell configuration used here permitted temperatures
up to 1100 °C and pressures up to 4.0 GPa to be reached. In

earlier experiments conducted in air at this temperature, the
diamond anvils were slightly etched and the gaskets uni-
A special isolation chamber was designed and conformly oxidized on that part of the strip located inside the
structed to run the experiments in a controlled inert atmopressure cell up to the region of the copper blocks. In some
sphere to minimize oxidation of the diamond anvils, metallicexperiments, the Inconel gaskets welded to the diamond an-

D. Isolation chamber
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1200 gasket is still the limiting parameter of the maximum tem-
° perature achieved, even when the oxidation problem is mini-
1000 Pyrometer | mized.
o 88? . .
5 800 3 8/ B. Processing experiments
§ 600 - 8998/ The newly developed technique was used to hot press
g Sample 8098/ nanosize particles oy alumina and amorphous silicon ni-
g 200 - Qgggy tride nanosize powders at temperatures up to 1000-1100 °C
= 0999 .. and pressures of 1.5-3.0 GPa. The gasket strips used for
200 4 9999999 Cell o these experiments were made of Inconel X7284 um
g o thick) and shaped as in Fig(ld). Figure 8 shows the sample
0 o2 [ and cell temperature rise for a precompactg@lumina
40 50 sample where the voltage was increased in steps of 0.05 V at

intervals of about 30 s. The pyrometer reading indicated a
higher temperature than the internal thermocouple. The final
FIG. 8. Temperature of-alumina sample and cell body as a function of the sample temperaturd 4 V and 44 A was between 1000 and

electric current applied to the strip. The open circles correspond to the casg10Q °C according to the pyrometer, while the cell body re-

where a thin layer of sample covered both anvil surfaces, the dashed Iinersnained at a relatively low temperatuf@00 °Q. The recov-

correspond to the case where the strip was coated with a thin film of yttria-

stabilized cubic zirconia, about 1@m thick. Open squares are the pyrom- €red samples were generally very tt80—-50 um) and had

eter measurements with the dotted lines referring to the case where the strpery smooth mirror-like surfaces. These results demonstrate

was coated with the thin film of zirconia. that the technique can be used successfully to hot press ce-
ramic powders. A discussion of these experiments will be

) o _ ) ) published elsewhere.

vils surfaces. To minimize this welding process, a thin layer
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