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ABSTRACT

The microstructure and physical properties of dense oxides prepared at ultra-
high pressure and low temperature have been studied, Completely dense,
transparent magnesium oxide has been prepared in submicron grain sizes with
hardness values twice that of single crystal material and 30 to 50 percent
greater than that of hot pressed material, A new modification of samarium
oxyhydroxide has been found and characterized, X=-ray determinations of the
compressibility of alkali halides (RbC1l, RbBr) are reported.

Unclassified report

EDITED BY:
EDITORIAL SERVICES SECTION
R. L. TUCKER
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I. INTRODUCTION AND HISTORICAL SUMMARY

The advent of man-made diamonds has greatly stimulated interest in high
pressure as a research tool. James Hannay, Henri Moissan, and others had
investigated high pressures in the hope of making diamonds. 1 However, not
until Professor P. Bridgman began his studies in the early 1900's was high
pressure systematically studied. 2 He investigated the effects of high pressure
on chemical reactions, ° densities, synthesis of new materials, ° and com-
pressibilities. 6,7 These classic studies, which culminated in the development
of the "belt" apparatus8 and the synthesis of diamonds, 9 have led to greatly
expanded programs of high-pressure research both in this country and abroad.

It is not appropriate here to review all of these studies, but excellent reviews
have been provided by K. L. DeVries, et al, 10 L, Berg, 11 and A. Zeitlen. 12
Continuing bibliographic coverage has been undertaken by H. T. Hall;

It is worth noting that the studies have fallen into several broad categories.
First, after the disclosure of the belt apparatus, the synthesis of new com-
pounds and the formation of new, denser phases was extensively studied.
Second, physical measurements at high pressure for clarifying the problems
associated with solid-state physics and geology have been made. At present,
this is the broadest field. Third, the application of high-pressure techniques
to the fabrication of ceramics with improved properties resulting from the con-
trol of the microstructure has been actively studied at Avco.

The purpose of this work was the exploration of the realm of ultrahigh pressures
and temperatures in synthesizing new solid-state materials, the study of pres-
sure andtemperature effects on possible phase transitions, the investigation of
high pressure densification on such materials such as MgO, NiO, Cr;03,

Yé:)3, lanthanide and actinide oxides, cubic BN, and possible combinations of
these materials, and the study of the resulting structures and physical prop-
erties of newly obtained substances. In addition, measurements of the com -
pressibility of metal halides, as well as sound velocities through various oxide
materials, were made.




II. EXPERIMENTAL DEVELOPMENT OF APPARATUS

T

A, INTRODUCTION

To achieve the high pressures necessary for the effort, an apparatus had to be

designed capable of providing pressures in the range of tens to hundreds of
kilobars.

It is well known from elastic analysis that in a thick-walled cylinder subjected
to hydrostatic pressure from the inside, the stresses are greater on the inner
wall., However, it has been observed repeatedly that plastic flow on the inner
wall results in a transference of the load to the outer wall which fails first. In
order to overcome this tendency for the failure to originate at the outer wall,

a series of concentric rings may be fitted together such that one ring is in com-
pression and the other is in tension. The stress distribution throughout the

rings can be arranged so that the proportional limit of the sustaining rings is
not exceeded. '

B. APPARATUS

1. Apparatus Design

In the design used, the die body proper was prepared from cobalt-bonded
tungsten carbide, a composite which exhibits essentially no plastic flow.
Similarly, the steel supporting rings used were unusually hard. With such
materials it was possible to employ a classical elastic apalysisM and treat-
ment. In order to reduce the tensile stress at the interior wall of the die
body, the die was.put under initial compression by means of a series of
surrounding steel rings. The interferences between these rings were so
calculated that:

a. at the highest pressure of operation, the tensile stress on the inside
~wall of the die body did not exceed the proportional limit for such ma-
terial,

b. in the unloaded condition, the compressive stress at the same
place did not exceed the proportional limit,

c. conditions a. and b. were observed at each interface in the die
proper after assembly, and .

d. during assembly, the proportional limit was not exceeded in any
subassembly.

.




2. Design Calculations

Two design approaches are appropriate. In the first case, the stresses at
each interface may be preset and the interferences required to achieve these
stresses may be calculated. In the other case, interferences may be esti-
mated, the stresses calculated and the interferences adjusted as necessary
in successive iterations. The 1 x 106psi die body was calculated in this

way on the basis of previous experience with similar designs. The stresses
were acceptable on the first try and no iterations were necessary. A second
apparatus was designed to provide a maximum working pressure of 3 x 106
psi (200 kilobar). In this case, the calculations after four iterations gave
acceptable stresses which are shown below. Both the die body itself and

the punches required this support and calculations were made for both.

The quantities calculated are contact pressure p (radial) and tensile and
compressive stress f, and f. (circumferential) at each interface. These
quantities are given by

ES (% -a?) (2 -b?) (1)
P = —
b2 p 2 (2)
ft = 1 + —
2 _p2 2
2 2
| 14 —
3
€ p2oa? 2 (3)
where
p = contact pressure at ring
E = Young's Modulus
6 = interference between rings
¢ = outside radius of assembly
b = outside radius of ring being pushed in
a = inside radius of ring being pushed in

tensile stress
compressive stress

-~
~
1]

0

3. Assembly and Test

The geometry is shown in Figure 1. Typical calculations for the 1 X 106
psi cell are given in Appendix A. The results for a punch assembly are
summarized in Table I for the 1 x 106 psi and Table II for the die assembly
of the 3 x 106 psi apparatus which shows the stresses in the final assembly
in both the loaded and unloaded condition.

5
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TABLE |

STRESS DISTRIBUTION FOR 1 x 106 psi PUNCH ASSEMBLY

Total Assembly

Total Assembly

Position Rings ABC Rings ABCD Unloaded Loaded
(psi) (psi) (psi) (psi)
o.d. A £, = 28,000 f = 67,600 £ = 76,900 ft = 98,700
AB interface p = 23,000 p = 126,000 p = 254,000 p = 554,000
o.ds B ft = 33,050 ft = 80,050 fy = 91,050 fy = 116,750
id. B fc = 57,000 fy = 15,700 fy = 141, 250 fy = 181,250
BC interface p = 23,000 p = 126,000 p= 254,000 p = 554,000
o.d. C f = 51,100 fy = 124,200 fy = 32,750 fy = 73,000
i.d, C f. = 80,000 ft = 15,700 ft = 98,000 ft =178,000
CD interface p = 103,000 p = 231,000 p = 531,000
o.d: D fc = 163,000 fe = 128,000 fo = 49,000
i:ds D fo = 264,000 f. = 128,000 fc = 164,000‘
D Vega interface p = 128,000 p = 428,000
o.d. Vega fo = 128,000 fc = 428,000
Punch (center) f. = 256,000 f. = 821,000

= ————




TABLE 1l

STRESS DISTRIBUTION FOR 1 x 10° psi DIE ASSEMBLY

Position

Rings ABC
(psi)

Rings ABCD'

(psi)

Total Assembly
Unloaded
(psi)

Total Assembly
Loaded

(psi)

o.d. A

AB interface

o.d. B
i.d. B

BC interface

o.d. €
i.d. 'C

CD interface

o.d. D
Jude D

D-Vega interface

o.d. Vega
i.d. Vega

Vega-Die interface

i.d. Die

£, = 12,564

p=11,458

£ = 13,714
fe = 37,780

p=11,458

f, = 24,029

fo = 49,240

33,060

55, 307

36,068
1,387

55,307

63,196
15,096

43, 849

fc = 101,980

fe = 145,830

£, = 47,563

p = 144,037

51, 886
29,103

144,037

91,912
60,535

132,579

56, 541
42,576

88,730

92,400
93,000

88,730

181,000

50,063

924,037

54,613
33,880

= 924,037

96,689
68,385

912,579

48,691
24,776

= 868,730

74,600
70,050

868,730

fc = 599. 000




In order to compare the theoretical calculations with the actual stresses,
strain gages were mounted on the outermost ring of the assembly. As
each ring was assembled, the stresses were recorded and compared to
the theoretical results. As indicated in the appendix, a 7.63-percent
difference exists between the actual stresses and the calculated values
on the average. These values are within specifications. On completion
of the assembly of the apparatus, it was installed in the 400 -ton press.
Figure 2 shows the apparatus in place.

EXPERIMENTAL PR‘OCE DURES

1. Pressure Calibration

The actual pressure in the apparatus had to be determined before any
pressure runs could be made. The pressure calibration of the apparatus
was accomplished by measuring the load required to convert Bi-I to Bi-II
and Bi-II to BI-III. The bismuth wire in this instance was enclosed by
previously melted and cast AgCl. The AgCl acted as a nearly hydrostatic
pressure transmitting medium,

The mean transition pressure for Bi I-Bi II is 24, 410+95 bars (1 bar= )
14. 5 psi) and for Bi II-Bi III is 26, 975+100 bars as determined by Kennedy
and Lamori~~. These transitions were determined by observing the
discontinuity in resistance of the bismuth wire when it was placed in a
sample of AgCl, as shown in Figure 3, A typical calibration curve is
given in Figure 4 which shows a sharp change at the transition point

when E /I is plotted versus load. At the point where BiI-Bi II the pressure
required is 25, 410+ 95 bars.

2. Temperature Measurement

After the apparatus was calibrated for pressure versus load, it was nec-
essary to measure the temperature of the sample versus electrical power
input, This was accomplished by placing a thermocouple in the sample
as shown in Figure 5. The couple was placed in the center of the sample
and insulated from the resistance heater with Al,03 tubes which extended
out to the pyrophyllite gasket material. The couples were connected to

a strip chart recorder, *

There were various types of thermocouples that could be used for these
temperature measurements, H.M. Strong and R. E. Hanneman!6 have
shown, however, that at low pressures one could use Pt-Pt+10 percent
Rh couples without any large temperature correction.

*
Leeds and Northrop type G,Speedomax.




e e

Figure 2 APPARATUS AND PLACE
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The temperature observed was plotted against the power input, This
curve gave a direct relationship of power versus temperature within 20°
C, which was useful in the event the thermocouple opened during sub-
sequent runs, In all cases where a thermocouple was used, a curve was
obtained for the power input versus temperature.

3 Samzle De sign

The majority of experiments conducted in the 1 x 106 psi apparatus con-
tained samples whichwere 0, 500~inch in diameter by 1. 000=-inch long.

The sample was placed inside of a tube which was either metal or graphite
for resistance-heating purposes. The sample was enclosed by electrically
conducting materials at each end of the sample. The remaining part of the
sample was enclosed by pyrophyllite. The pyrophyllite, sometimes called
""lava'', is a fairly inert and stable material which acts as a pressure trans-
mitting medium as well as an electrical insulator, and served as a gasket
to maintain the sample under load. A schematic diagram of the sample

is shown in Figure 5.

D, TECHNIQUES--TYPICAL RUN

A typical run containing MgO, NiO or Cr03 was set up as follows. The oxide '
was preheated to at least 600° C for 8 hours to drive off any volatiles that

might be present, The powder was then placed into a polyvinyl chloride bag

and pressedisostatically to 22, 000 psi. The piece was removed, crushed,

and prepressed at 35,000 psi. After removal from the isostatic press, it was
then machined to fit the resistance heater, The sample was placed into the
pyrophyllite gasket and loaded into the die body. With the previously aligned
punches in place in the 400-ton press, the die was put in place on the lower
punch, Thermocouple and strain gage loads were attached as required. Al-
though the specific program varied with the sample and experiment, typically
the sample was brought to the desired pressure by adjusting the press load to
that indicated by the calibration runs, The temperature was then raised to the
desired value by resistance heating of the metal or graphite sleeve. The
attainment of the desired temperature was judged either by direct indication
from internal thermocouples or by matching power-temperature curves with
previous runs. In those runs, where new phases, possibly only metastable .=
at lower temperature and pressure were sought, the sample was '"quenched" by
simultaneous removal of pressure and electrical power. In other cases where
dense ceramic pieces were desired, a programed reduction of both pressure and
temperature was followed to minimize mechanical and thermal shock.

Upon completion of the run, the sample along with the metal or graphite heater,
was removed from the apparatus. The resistance heater was removed and the
sample was exposed, The sample was examined by electron microscopy, X-ray
diffraction or metallography.

|
|




III, EXPERIMENTAL INVESTIGATIONS

TRANSFORMATION OF PREVIOUSLY KNOWN HIGH-PRESSURE PHASES
1. Cubic BN

Anaother new material which has been synthesized since the advent of man-
made diamonds is the cubic form of boron nitride,

Boron nitride, isoelectronic with carbon, is known to exist in two modi-
fications. 17 The hexagonal modification which has many properties

similar to those of graphite is well known. A metastable modification is
cubic and has the sphalerite structure of the diamond and many of the
properties of the diamond including high hardness. At high pressure and
temperature, this modification becomes stable relative to the hexagonal
modification. The transformation is slow, however, except in the presence
of some catalyst. The best catalyst appears to be Li3N.

Lithium nitride was prepared by reacting metallic lithium with ammonia
gas or dry nitrogen according to the following schemes:

3 Li + NH3 == LigN +1-1/2 Hp
or

3Li+ 1/2N2->Li3N
Both of these reactions go readily at moderate temperature, and both
reactions were used to prepare catalyst for these runs. It was observed,
however, that the material prepared by the second reaction was more stable
in air atmosphere and did not appear to react as rapidly with the moisture
in the air. Only this second material was used for the synthesis runs.

Samples were prepared by packing a layer of powdered hexagonal boron
nitride in a graphite heater tube (rather than nickel which is attacked by
the lithium nitride) sprinkling in crushed lithium nitride, adding another
layer of boron nitride, packing and adding catalyst and repeating about
five times. Molybdenum end discs closed the system., The sample was
placed in the die with the usual pyrophyllite insulator.

Since these samples were not prepressed, the packed density was relatively
low. This gave a large compression ratio at synthesis pressures which
would have resulted in thermocouple failure, and thermocouples were
therefore not installed, The temperature of reaction was not measured,

but was estimated from the power input,

Five runs are summarized in Table III, After run No. 3, at an estimated
pressure of 7 x 105 psi, examination of the sample revealed amber colored
crystals which resembled boron cubic nitride. These crystals were too
small to isolate for X-ray diffraction,

-13-




TABLE |11

CUBIC BORON NITRIDE PR\EPARATIONS

Run No. Pressure Power Results °
: (psi) (watts)
1 7 x 105 No heat Die cracked
2 7x 105 1028 . Too iow temperature
3 7 x 10° 1428 Amber colored crystals formed
4 7 x 10 1506 No change in hex BN
5 7 x 10° No heat Die cracked




Zs

tube.

Coesite

a. Introduction

Although silicon is one of the most abundant elements of the earth and
quartz or silicon dioxide is one of the most common rock-forming
minerals, not until 1953 did anyone realize that a high-pressure modi-
fication of silica existed.

In 1953 a dense polymorph was synthesized by Dr. L. Coes, Jr. 18 o
Norton Co. This new dense form was named Coesite or silica C. This
material was made at pressures of about 35 kilobars in the temperature
range of 500° to 800° C. This same material was later found in nature
at Meteor Crater, Arizona.

Another dense form of SiO, was synthesized by Stishov and Popova19
(1961) at 1200° to 1400° C at pressures above 160 kilobars. The
material has been found in the Coesite bearing Coconino Sandstone??
of Meteor Crater, Arizona. This dense form made at very high pres-
sures was named Stishovite in honor of the discoverers,

b. Experimental Investigation

Fused silica was pressed at a pressure of 35 kilobars at a maximum w
temperature of 640° C for 5 to 10 minutes. Preliminary examination
by the Becke method of determining refractive indices revealed the
possible presence of Coesite which is a denser form of SiOp. To con-
firm this result, a Debye-Scherrer X-ray pattern was obtained

for analysis.

Natural a-quartz was crushed and subjected to high pressure of 40
kilobars and temperature of 550° C for 20 to 65 minutes. Debye-
Scherrer X-ray powder patterns were again taken of this pressed
material. The '"d'" values obtained indicated the presence of a-quartz
with two strong lines (d values of 3.10 and 3.45), corresponding to

the strongest lines of Coesite. The amount of Coesite present was very
small, The Coesite was formed in these experiments at the minimum
pressure and temperature necessary for direct conversion of the low -
density silica to the high-density silica.

B. HALIDES

Nal powder obtained from Fisher Chemicals was melted and cast into a nickel
After placing the sample into the high-pressure apparatus, the Nal was
subjected to a pressure of 25 x 104 psi and a constant power input of 550 watts.
The sample had compressed 36 percent of its original volume. The volume
change caused the thermocouple to open .

1B




These initial experiments indicated no metastable phase present as deter-
mined by X-ray diffraction.

C. RARE EARTHS

The rare earths, that is the sesquioxides, are found in three distinct structural
forms. The first of these is the hexagonal or A-R70; structure which is typified
by Lap03. The second is the monoclinic or B-R203 structure and the third is the
cubic or C-R203 structure which is the same as that of Mn;03. In general, the .
rare earth metal ions with the largest radii; e.g., lanthanum, form the hexagonal
oxide, and those with the smallest radii form the cubic oxide. Many of the rare
earths can be obtained in two modifications. Thus, samarium oxide is found in
both the cubic=C and monoclinic-B forms.

Investigations of the stability limits of the various structural modifications have
been carried out for a number of years. The range of stability of the three
modifications as a function of cation-radius and temperature as proposed by
Shafer and Roy is shown in Figure 6. It is evident from this figure that samarium
oxide lies near the border between the A -.and B- type fields at high temperatures,
However, the A-type oxide of samarium has not been observed either in high-
temperature X-ray studies nor in room-temperature examination of material
quenched from high-temperatures.

In the hexagonal oxide each cation has seven nearest oxygen neighbors compared
with six such neighbors in the other structures. This results in a greater density
in the hexagonal modification compared with the other two forms. Thus, in the
case of neodymium oxide, the relative volumes are A:B:C = 75,5:77,7:84.6
(A3/FW). It seemed that if the A-modification of Sm,03 could be formed that
both high-temperature and high pressure would be required. Accordingly, the
material quenched from high temperatures at pressures to 30 kilobars was ex-
amined. In no case was any trace of an hexagonal modification observed.

Experimentally, C-form (cubic) oxide (a, = 10.89A) obtained from Research
Chemicals Corporation was prepressed in a steel die to approximately 50 per-
cent of theoretical density. This compact was loaded into a nickel tube and into
the high-pressure apparatus described previously. Some samples were instru-
mented with thermocouples, others were not. In the absence of such instrument-
ation the temperature of the run was estimated from the power settings as
calibrated in the instrumented runs.

In eight runs (shown in Table IV) at 30 kilobars and temperatures between 575°
and 925° C the C-form was converted to the more dense B-form. At the lowest
temperature the conversion was incomplete. In two runs, one at 580° C and one
at 925° C the monoclinic form was used as the starting material, No conversion
of this oxide was observed. ) '
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TABLE IV

SMaO3 RUNS

Pressure Time Starting Oxide Results
(psi) (min) Material

450,000 15 C-form No analysis

450,000 15 C-form B-form + C-form + "old"
SmOOH

450,000 C-form B-form + little '""new' SmOOH
450,000 C-form B-form + little "new'" SmOOH
450,000 C-form B-form + ""new' SmOOH
450,000 C-form B-form + "old" SmOOH

450,000 C-form Little B-form, mostly '""new"
SmOOH

450,000 C-form B-form + '""new'" SmOOH

450,000 B-form B-form + "old" SmOOH +
"new' SmOOH + Sm(OH)3
B-form

73 450,000 715 B-form
92 450,000 550 C-form
93 450,000 475 C-form

95 450,000 510% C-form Runs made to determine
optimum conditions of
96 450,000 920 C-form formation of B -SmOOH

97 450,000 900 C-form
99 450,000 930 C-form
101 500,000 770 2 C-form
103 500,000 690 13 C-form

104 460,000 690 15 C-form Runs made to prepare single
phase B SmOOH and search for
107 500, 000 650% 30 C-form single crystals. Product used.
X-ray diffraction confirms new
161 500,000 630% 60 C-form phase present in IR and X-ray
studies. No single crystals
162 500, 000 665% 92 C-form isolated. X-ray diffraction
confirms B-SmOOH present.
163 480,000 670% 61 C-form

164 480,000 670% 60 C-form

*Temperature determined from power versus temperature cur-e.
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X -ray diffraction analysis of the products of the high-pressure runs revealed,

in addition to the two oxides, various hydroxides and oxyhydroxides. The water
for the formation of these compounds comes from the decomposition at elevated
temperature of the pyrophyllite gasket material. We have observed both of the
previously reported hydroxides and the previously reported oxyhydroxide SmOOH.
In addition, we have found a new phase which we callg -SmOOH.

Weight loss versus temperature curves from preparations showing only the X-ray
diffraction lines of the new phase were obtained. These are shown in Figure 7.
In each case the sample was heated in air for 1 hour at the indicated temperature,
cooled, weighed and reheated to the next higher temperature. The weight loss
begins above 300° C and constant weight is observed above 700° C.

In one case a small aliquot was taken for X-ray diffraction analysis after heating
to 500° C. The curve shows this as a weight loss. The curve has not been
renormalized for this loss since the displacement of the curve is small, Shown
in the same figure is the expected weight loss assuming the starting material to
be SmpO03-H>O. In a separate experiment a SmOOH was heated in vaccum to-
700° C, The evolved gases were condensible at the temperature of liquid nitrogen
and the weight loss was comparable to that reported above. Therefore, it is
assumed that the new phase has the composition SmOOH.

Infrared measurements were made with a Perkin Elmer Model 221 spectrometer.
The sample was scanned in the wavelength range from 2.5 to 16 microns using

both KBr pellet and petrolatum mull techniques. The OH stretching vibration

at 2.93 microns was observed together with the bending vibration at 6.8 microns.
In addition, unassigned absorption peaks between 11 and 15 microns were observed,

Beta -SmOOH is light yellow in color. Since no single crystals could be isolated,
optical properties could not be determined. It was, however, determined to be
optically anisotropic with an average index of refraction of approximately 1,93,

The X-ray diffraction results are shown in Table V. These have been indexed on
a tetragonal unit cell with ag = 8.102, c5 = 11.212., The observed density, 6.62
grams per cc, gives 15,9 formula weights per unit cell. This is reasonable

for a tetragonal structure., A structure with 16 formula units per unit cell and

a theoretical density of 6.66 can therefore be assumed. As indicated above,

no single crystals could be isolated and no more detailed studies could be
performed.

However, it should be noted that by a 45-degree rotation around the C -axis, a
nearly cubic cell can be obtained with sides averaging about 11.3 A which con-
tains 32 formula units, that is H32S8m3,0¢4. This cube is only slightly larger
than that of the defect fluorite lattice of cubic Smp0, and contains just enough
excess oxygen ions to fill the vacancies in that structure. In fact, a fair fit of
the stronger lines to a cube with aj = 5,70 expedited the determination of the

-19-
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TABLE V

X-ray DIFFRACTION RESULTS SSmOOH
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tetragonal unit cell given above. It is reasonable then to postulate a structure
based on the fluorite structure and to ascribe the shortening of the C -axis,
relative to the A-axis to hydrogen bonding.

Beta -SmOOH is easily converted to the hydroxide by boiling in water for 15
minutes. After air drying at 110° C, the weight loss on ignition to 1100° C is
12.6 percent, corresponding to the loss of 1.49 moles of HO per mole of starting
SmOOH. X-ray diffraction examination of this hydroxide gave the results shown
in Table VI. These d-values have not been indexed and do not correspond to ‘
either of the two reported hydroxides as shown in the same table. Note that this
hydroxide is not the same as the high pressure modification prepared by Shafer
and Roy.

D. DENSIFICATION OF QXIDE CERAMICS
1. Introduction

The importance of microstructure (average grain size,grain size distribution,
pore distribution, orientation, etc.) upon physical properties has become
increasingly apparent., Typically, high density is achieved in ceramic
.materials ‘sintering at high temperature. However, the employment

of high temperature often leads to excessive grain growth with a sub-
sequent deterioration in mechanical properties. Control of the densification
process by void elimination mechanism and/or by small amounts of second
phase additions have in some instances allowed the achievement of high
density with small grain size. These techniques, however, are quite specific
and applicable to a limited number of materials. In preliminary studies at
Avco/SSD, fully dense magnesium oxide was produced by high-pressure
techniques at relatively low temperatures resulting in an extremely fine
grain size and high hardness number. In further effort, a program con-
cerned with the densification processes was undertaken. For this study,

two classes of materials were chosen, e.g., 1) nearly isotropic face centered
cubic (rock-salt structure) oxides MgO and NiO and 2) anisotropic hexagonal
oxides, Al,03 and Cr203.

2. Experimental

a. Starting Materials

1) MgO -- exceptas otherwise noted, all the MgO employed was
Fisher electronics grade with an average particle size of 300A°

as determined by X-ray diffraction line broadening or 500A as
determined by electron microscopy. Before use, the material

was preheated to 600° C in air atmosphere to decompose any brucite
present and drive off any volatiles,
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2. Experimental

a, Starting Materials

1) MgO -- Except as otherwise noted, all the MgO employed was
Fisher electronics grade with an average particle size of 300A as
determined by X-ray diffraction line broadening or 500A as deter-
mined by electron microscopy. Before use, the material was pre-
heated to 600° C in air atmosphere to decompose any brucite
present and drive off any volatiles.

2) NiO -- Nickel oxide was prepared by the calcination at 1000° C
for 24 hours of NiSO4+6H20 obtained from Allied Chemical, After
calcination the average particle size was 2000 A”as determined by
electron microscopy examination

3) Cr203-- Chromium oxide was prepared by calcination at
1000° C of chromium ammonium sulfate. After calcination, the
average particle size was 3800A as determined by electron micro-
scopy examination, ;

4) A1,03 -- The aluminum used was Linde B, a mixture of y
alumina, with a grain size of 0,02 micron, and a -alumina with a
grain size of 0.20 micron, These grain sizes were determined
by electron microscopy.

b. Sample Preparation

The 1 x 106 psi apparatus with a 0, 750~-inch internal diameter provides
for a sample diameter of 0,500 inch and a length of approximately 1
inch.,

The starting material was formed into cylinders and isostatically pre-
pressed to approximately 50 percent of theoretical density. After this
prepressing, the sample was machined to the size indicated above,
inserted into the heater casing and assembled with the pyrophyllite
gaskets in the apparatus. When thermocouples were to be used, they
were installed as described previously.

Results

a., MgO

The fabrication runs made in this program are summarized in
Appendix C, Samples from runs 20 and 21 for example, were submitted
to metallographic and electron microscopy determination of hardness,
grain size and density. Both had been pressed at 250, 000 psi at
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approximately 1000° G, Sample 21A did not show any grains which
could be measured. '"Pores', however, were observed with an average
size of approximately 500A, that is, of the same order as the starting
powder. The shape of the '"pores' suggested to the microscopist that
they were pull-outs rather than real pores. Sample 20 showed better
definition of the grains with some being extracted with the replica.

The hardness measurements were 1187 and 1095 KHN (average of 5
each) with a 100 gram load. Electron micrographs of these two speci~
mens are shown in Figure 8 and 9. A thin chip of sample 21 was
chemically thinned for transmission electron microscopy. This is
shown in Figures 10a& b at 240, 000X showing an average grain size of
approximately 500A,

The early experiments with MgO, runs 10B and 12B had shown that
essentially complete densification would be achieved with a minimum
of grain growth and the development of high hardness, A study of the
processing variables was madein runs 45C and 53C to 77C. The relation
between temperature and time under pressure as independent variables
and grain size and hardness as dependent variables was investigated.
In this series, the pressure was kept constant at 110, 000 psi (7.5
kilobars). In Figure 11, the grain size as determined by X-ray line
broadening is plotted against the temperature of the run. Above about
900° C considerable grain growth is evident although run 74C shows no
appreciable grain growth, even at 1025° C, There is very little effect
of time; most of the grain growth appears to develop within the first

10 minutes at temperature.

The results of Knoop hardness measurements are shown in Figure 12,
Although the results are not conclusive, there is a definite evidence of
a maximum at about 900° C. Above this temperature grain growth
occurs, below this temperature insufficient densification is obtained.
In Figure 13 the hardness is plotted against the grain size. The con-
siderable scatter at small grain size reflects the differing degrees

of densification in the various samples. Thus, the high values
represent those specimens which had density without appreciable
grain growth while the low values represent those specimens run

at lower temperature which had not densified as much.

The extremely high hardness observed in these preparations suggested
possible connections between hardness and optical properties, as
suggested by the contract monitor. To evaluate this, a number of runs
were made to prepare specimens exhibiting the high hardness ob-
served in these experiments and these specimens were submitted to
AFCRL for further study. They are listed in Table VII,

_25.
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TABLE VII

MgO SAMPLES SENT TO AFCRL

Knoop
Sample No, Pressure Temperature Heater Hardness
(psi) (°C)
82 110, 000 800 Ni tube 759
83 110, 000 : 800 Ni tube 825
87 110, 000 990 Ni tube --
88 110, 000 1105' Ni tube --
735 6, 000 1150 Graphite die 636
2 6, 000 1300 to 1400 Graphite die --
45 ~ 250, 000 A 845 Ni tube --

Some of the MgO specimens which were densified at temperatures
below 800° C were dark blue, almost black., X-ray diffraction indicated
that the blue specimens were mostly brucite (Mg(OH);) with minimum
amounts of the starting material MgO, It is possible that the decom-
position of the pyrophyllite gasket material yields considerable amounts
of water vapor which could cause the observed hydration. Samples
were examined by infrared spectroscopy* in the range 2.5 to 16
microns and showed strong evidence of (OH) in both the stretching and
bending ranges.

By raising the temperature to 850° C this reaction was prevented and
completely transparent pieces were obtained. One such piece is shown
in Figure 14, Infrared analysis showed no evidence of (OH). -

b. NiO

Nickel oxide preparations are listed in Table VIII. The most interest-
ing sample was sample 32 which contained many single crystals of NiO,

Some of these crystals were isolated and transmitted light photomicro-
graphs were taken of the crystal (Figure 15a and b), Some crystals

*
Perkin Elmer Model 221 Infrared Spectrometer, Perkin Elmer Mfg., Norwalk, Conn.

w3 L=
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Figure 14 TRANSPARENT MgO




TABLE VIII

NiO PREPARATIONS

Run Pressure Temperature Power Time
No. (psi) {(°C) (watts) (min) Results
17 250, 000 910 1271 10 Very poor
14 250,000 890 1316 12 Good
11 250, 000 940 1390 8 Good
- 27 250, 000 980% 1586 9 Good 728
&r‘w KHN 100
gram load
23 250, 000 980 1592 10 Good (A1,04
contamination)
22 250,000 (1300)3* 1785 10 KHN of 800
for 100 gram
load
18 | 500, 000 (1000)%* 1656 2 Very poor
32 500, 000 1000 1664 10 NiO crystals

*Open thermocouple, temperature obtained by interpolation of power versus
temperature plots of other runs.
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had growth pits which resembled herring bone (Figure 15b). Some of
the crystals were octahedra several tenths of a millimeter in size.

Most, however, were of the order of 10 to 50 microns on an edge.

X -ray diffraction of one of the octahedra showed it to be a single crystal.
Electron diffraction showed the presence of a surface layer of nickel
hyroxide resulting probably either from exposure to air or from water
pickup during preparation for the diffraction studies.

Samples 27 and 22 pressed at 250, 000 psi at temperatures of 1300° C
and 1000° C respectively, showed Knoop hardness values of 728 and
800, respectively. Single crystal NiO has a hardness of 500 KHN,

C. Cr203

Six runs were made with Cr203 as shown in Table IX. In general, these
did not yield as good specimens as had the other materials., The
specimens were very friable and had low density. Often, upon opening
the chamber a pronounced odor of HS was noticed. This indicated that
the decomposition of the sulfate left sulfur as an impurity which reacted
with the water from the pyrophyllite to give a vapor phase of H3S during
pressing. One specimen, however, pressed at 1400° C and 250, 000

psi had a fair structure and gave a Knoop hardness of 1570 under a 500
gram load., Upon retest with a 100 gram load the hardness was 1100,

d. Al,04

Linde B alumina is a mixture of y ~alumina, 0,02 micron grain size,

and a -alumina, 0,20 micron grain size. The as-received material
was preheated to 1000° C to drive off any volatiles and then isostatically
cold pressed at approximately 20, 000 psi and again at 38, 000 psi to a
green density of about 58 percent theoretical density.

The prepressed Linde B alumina was placed into the high-pressure
apparatus with a Pt-Pt+10 percent Rh thermocouple, and pressed at
12.5 kilobars for approximately 30 minutes at temperatures of 500°
to 1950° C,

The lower temperature experiments yielded a sample containing two
distinct areas (Figure 16). The dark area formed almost a perfect
cylinder inside of the deformed area. The deformed area next to the
heater was white and porous as compared to the grey area which was
more dense, The white area contained y and « alumina, The grey
contained only « =-alumina. The higher temperature experiments
conducted near 1000° C yielded samples which were very dense and had

a Knoop hardness of 2200 to 2300 with a 100-gram load (Figure 17).

The resulting grain size was approximately 1 micron for these conditions,
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TABLE IX

CrpOg PREPARATION'S

Run Pressure Temperature Power Time
No. (psi) (= G) (watts) (min) Results
29 250, 000 1230% 1584 6 Fair-good
28 250, 000 (1260)%* 1607 4 Fair
12 250, 000 1400 1680 10 KHN 1571 (500) Fair
structure
16 250, 000 1580% 1776 3 Poor
15 500, 000 940% 1554 10 Very poor
30 500, 000 1250 1757 4 Very éoor

*Open thermocouple, tmeperature obtained in interpolation of power versus
temperature calibration curves.
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4, Delamination of Pressed Specimens

It has been observed that many of the MgO specimens have been severely
laminated, giving thindisks from 0,030 to 0, 125-inch thick upon removal

of the nickel heater sleeve. It is believed that this delamination resulted
from elastic recovery during the unloading from the high-pressure condition.
The lower elastic limit of the nickel sleeve resulted in its being under axial
compression and the MgO under axial tension after the release of pressure.
An approximate calculation of the tension on the MgO may be made. Before.
unloading,the system is in equilibrium at some pressure Pp,,. Upon
unloading, with no restraints, the nickel sleeve will expand by an amount

1

Aln L = —
E

>
| &

(4)
where:

L  is the length

E is Young's modulus

AF is the change in force on the sleeve

A is the cross-sectional area of the sleeve.

Using the subscript 1 for MgO and 2 for the nickel sleeve we have, since
upon unloading both the sleeve and MgO expand by the same amount,

1
AlnL c— — = — —= (5)
E A B, Ay
but,
AF,
Aq = Prax = P1, final Pmax_Pl' final ke) (6)
and,
AF,
5 " Paax = P3, final : Prax = Py, final (b)

However, after unloading, the force on the nickel must be equal and opposite
to that on the MgO so that

Ay Py final = —Ap, Py, final (7)

Substituting Equations (6) and (7)) into (5) we obtain
(Ey - Ep) .
P1, final = Prmax W (8)
42

1

=39=




P; final Will be negative (that is the MgO will be under tension) if E; is
greater than E;. Typical values of E are 45 x 106 psi for MgO21 and 30 x
106 psi for nickel?Z, ;

At the end of the run, the diameter of the sample is about 0,375 inch and
the nickel sleeve has a thickness of at least 0.010 inch, The area then is
given by '

I A 2
1 m (0-187) J (9)

A,  2m(0.187) (0.010)

|

Substituting these values and Pp,55 = 250, 000 psi into Equation (5) we
obtain

(30 — 45)

Py pe = 250,000 ——M——
1, final 30 + (9 x 45)

15
— x 250,000
435

—8600 psi

The ultimate tensile strength of a typical dense fine-grain MgO is of the
order of 15, 000 to 18, 000 psi.23 Thus this simple calculation shows a
tensile force of about one-half of the strength of the material. The nickel
tube deforms severely during the pressing operation, developing transverse
wrinkles which (1) provide good contact with the MgO for the transmission
of axial forces, (2) possibly introduce stress risers in the MgO at these
wrinkles, and (3) may, by changing the area ratio, lead to higher local
stresses.

If this model represents correctly the reason for delamination of the speci-
mens, such delarninations may be avoided by:

a. choosing a sleeve material with a higher Young's modulus,

b. using a thinner or weaker sleeve, and/or
c. controlling the delamination by the introduction of shims.

Using the second suggestion a graphite sleeve was used as a heater. The
resultant load applied to this graphite sleeve compresses the sleeve as well
as the sample without breaking the electrical current. The collapsing of
the tube did not increase the internal stresses as was the case for the nickel
tubes. This was later proven when large intact pieces were obtained using
the graphite sleeve, '




IV, COMPRESSIBILITY MEASUREMENTS AT HIGH PRESSURE

DYNAMICS MEASUREMENTS -- SOUND VELOCITY STUDIES
1. Introduction

Newton showed that the velocity, v, of a compressional wave in a fluid
(sustaining no shear traction) could be expressed as

- (11)

d
where K is the bulk modulus —v(;%) and p is the density, Laplace showed
E) ' ]
that the partial % was at constant entropy (%) rather than at constant ‘
temperature ﬁz as assumed by Newton. The difference between the two,

av /T
although significant in the case of gases, is small for liquids and solids

given by
2
a VT (12)

Br - Bs = —
where
1 [fav av 1 [/av
e e [ e , A (el is the expansibility, — [ — , V is th 1
Br = (&p)T Bs (ap>s a pansibility V(&T>‘p is the volume

and ¢, is the specific heat at constant volume.

In a solid (or any material sustaining shear traction) where both the bulk
compressibility B=1/K and the shear modulus ; are finite, both compressional
and shear modes of vibration may be propagated with different velocities v,
and v, respectively given by

K +4/3 p
e TV T : (a) o

ve = Vu/p . (b)

and

In this case, determination of the two velocities v, and v, allows the
determination of K, and hence very nearly K. Thenif v is known, the
equations of state may be known to at least two terms the pressure, If
the pressure dependance of K is known, then more terms in the equation of
state are available,

Birch24 25,26 has determined the velocity of compressional waves at
pressures to 100 kilobars in a large number of minerals and rocks. His two
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papers in 1960 and 196126 give perhaps the best summary of the information
available at that time in addition to his own measurements of some tens
of rocks including granites, basalts, dunite, sandstones, linestones, etc.

His measurements were made in an essentially ideal hydrostatic environ-
ment, The sample was enclosed in a soft metallic or elastiomeric jacket
to exclude the hydraulic fluid. Two transducers, a transmitter and a re-
ceiver, were used at opposite ends of a cylindrical specimen, operating
through the jacket, for determination of the velocity of the compressional
wave,

Simmons27s 28 modified Birch's apparatus by enclosing the transducer within
the jacket and was able thus to generate with AC-cut quartz crystals essentially
pure shear waves with a minimum of compressional component., He has
reported both compressional and shear velocities for 20 minerals and rocks.

In addition Hughes 29,30 using a similar apparatus has measured the

velocity of sound in a number of rocks and minerals,

McSkimmin on the other hand, has an essentially interferometric method. 31, 32
Actually, it is a phase comparison method. An oscillator running at about

10 MHz is gated for pulses and a higher harmonic (about 60 MHz) is used

to drive a quartz transducer sealed to the specimen. Phase contract is achiev-
ed by overlapping successive reflected pulses on an oscilloscope and observ-
ing the frequencies at which addition (or cancellation) occurs, Anderson has

used this apparatus for the study of fused silica to 10 kilobars. 33

Katz used essentially the same technique for measurement, but he achieved
higher pressures up to 40 kilobars by pressing the sample between Bridgman
anvils, He kept his transducers outside of the high-pressure environment
by mounting them in a recess of the piston cap at the other end of the carbide
punch,

2. Experimental Methods Proposed

a. Sample Configuration

An attempt was made to extend the pressure range by making measure-
ments within the belt-type apparatus, shown in Figure 1, Initial
experiments were to be performed with the 1 x 100 psi (66 kilobars)
apparatus and the die-body dimensions used in the previous work,

This die body can be opened up to allow the use off larger specimens
(1.75 -inch pressure) at lower pressures (30 kilobars), The 3 x 106

psi (200kilobars)apparatus described above provides a sample diameter
of 0.5 inch, but, can similarly be opened up to allow operation to 50
kilobars in a volume of approximately 1 inch in diameter and 1 inch in
length.
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Figure 18 shows the sample configuration in more detail. The quartz
tranducer, either X or Y (or AC) cut for compressional or shear excit~
ation, respectively, is mounted on the face of the punch. Lateral sup-
port is given by rings of hot-pressed MgO or Al,03. An evaporated
coating of platinum or gold on the face of the transducer allows electrical
contact to the punch face (RF ground) on one side and to the RF lead on
the other side. The sample, either jacketed or unjacketed is located
between the punches. Lava (pyrophyllite) gasketing completes the cell.

b. Modes of Operation
Several modes of operation are available as detailed in the next section,

The primary method for obtaining shear and bulk data for materials is
by measuring ultrasonic shear and longitudinal wave velocities in the
materials when they are in the prescribed environments. There are
several method used to accurately measure the ultrasonic shear and
longitudinal wave velocities in small specimens. This is because no
one method is satisfactory for all cases. Among the factors which
affect the selection of a method for any particular case are the accuracy
desired; the ultrasonic attenuation of the material; the configuration of
the material, and the associated equipment used to cause the desired
environmental conditions; and the ingenuity of the investigator,

Some of the standard methods used for measuring ultrasonic velocities
in test specimens are described herein along with their limitations.
Most of these techniques are either the work of, or derived from, the
work of H,J. McSkimmin, of the Bell Telephone Laboratories. Each of
the methods described requires an accurate measurement of the speci-
men thickness which may be done mechanically and the time required
for an ultrasonic wave to propagate through the specimen.,

1) Method 1 -- Pulse-Echo, Phase Comparison -- This method
may be used for either X~ or Y= cut crystals when the material
being evaluated does not attenuate the ultrasonic wave rapidly.
The block diagram is shown as Figure 19.

The oscillator operates continuously and some harmonic, for
example the fifth, is selected from each of the harmonic generators.
The transducer is driven by short pulses from the gated harmonic
generator, If the attenuation of the ultrasonic wave in the specimen
is low enough many reflections of the wave will take place. A

short pulse length will allow each of these reflections to be clearly
distinguished after the initial driving has dissipated. These
reflected signals are then fed through some associated circuitry

and into an oscilloscope and the time between successive reflections
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may be determined directly. A low level continuous wave from

the other harmonic generator can be superimposed on the reflected
pulses, Then the frequency can be varied until the reflected pulses
can be varied until the reflected pulses move up and down in unison
when the phase (delay) of the low level continuous wave is varied.
This will mean that the path is an integral number of wavelengths
at the frequency being employed. A measurement of this frequency
will give an accurate measure of the velocity of wave propagation.

2) Method 2 -- Phase Comparison -- A second method is a special
phase comparison technique for relatively high attenuating materials
where only two or three echoes of the ultrasonic signal can be
observed. The block diagram is shown as Figure 20.

For this method, two similar pulses are propagated in the material
through an appropriate delay so that the driving signals will not
interfere with the reflected signals, Initially, both signals are
applied simultaneously, then the phase of amplitude of one is adjusted
slightly for complete cancellation of the first echo reflected from

the back of the test specimen, Gate 2 is opened later than

gate 1 so that the first reflection from the second gate lines up
with the second echo from the first gate. The frequency is then
adjusted until phase cancellation takes place between these two
reflections and each of the subsequent pairs. At this frequency, the
path length will be an odd number of half wavelengths and an accurate
velocity determination can be obtained when the frequency is known.,

3) - Method 3 -=- Modified Phase Cancellation == The third method

is a modification of the first technique discussed, It appears that

it would be easier to implement than the first technique for materials
which do not attenuate the ultrasonic signal excessively, The block
diagram is shown as Figure 21.

The transducer is placed on the test specimen and driven by a
wave train which is approximately three times the length of the
test specimen in that material, This causes the last one third

of any given wave train to be adjusted until phase cancellation or
addition takes place for each of these successive reflections where
the signals overlap. The time between reflections which can be
obtained from the oscilloscope display and knowledge of frequency
being used permit an accurate determination of the transit time of
the ultrasonic pulse,
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4) Method 4--Through Transmission Technique -- There are
several variations of this technique. They all require that two
crystals can be used, one on each side of the specimen and in
addition a comparison signal may or may not be sent through a delay
network parallel to the specimen under test. The particular pro-
cedure being used depends on the attenuation of the ultrasonic signal
in the specimen at the frequency being employed. If the attenuation
is low, then the setup shown below may be employed. (See Figure
22.)

A long wave train is used to drive the transmitting transducer.

The frequency of the oscillator is varied until each reflection in the
test specimen either constructively or destructively interfered with
the subsequent reflection. A measurement of the frequency will
then allow an accurate measurement of transit time.

If the attenuation in the material is very high, an accurate measure-
ment of transit time can be made by coupling two transducers
directly to the material and transmitting an ultrasonic signal directly
through it. The accuracy of this method for velocity measurement
increases with the length of the specimen and may be improved by
comparing with the transit time in some well-known standards.

5) Method 5--Resonance Techniques -- Another method that may

be used when the material being evaluated does not attenuate the
ultrasonic signal excessively is the resonance method, as shown in
Figure 23. For this method, the crystal is driven by a continuous
wave and the frequency of this wave is varied. At the resonant
frequency of the test specimen, or harmonics of this frequency,
there will be an increase in the amplitude of the waves in the mater -
rial that is, when the wave reflected from the back surface of the
test specimen arrives at the crystal with the same phase as the
transmittal signal. A measurement of the plate current of the out-
put tube will allow one to determine when the resonant condition

and its associated change in crystal loading occurs. The frequencies
at which resonance occurs is accurately measured with a frequency
counter. The resonant frequency may be used to determine the
velocity of the wave in the material by using any of several methods
for determining which harmonic a given resonant frequency
represents.

3. Experiments

In preparation of the sound velocity measurements that were conducted in
the high-pressure apparatus, feasibility studies were initiated using a quartz
crystal.
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This quartz crystal was placed between the punch and the sample as shown

in Figure 18. Only one crystal was used in our preliminary investigation.
The first experiment conducted using one crystal was quite successful. Very
little cracking occurred in the quartz crystal. The cracks that formed were
due to the collapse of the pyrophyllite disc which was located at the other

end of the sample as shown in Figure 18. When the pyrophyllite collapsed,

a shock wave traveled through the sample and cracked the crystal.

The sample mounting was modified, as shown in Figure 24, so that the load
was on the crystal and the sample and not in the pyrophyllite. The punches
were broken and the quartz transducer was crushed. It is believed that this
failure was initiated by undetected cracks in the punches and/or in the sample.
Additional punches used for these measurements were plated with nickel to
decrease the contact resistance between the transducer and the punches.

The assembly of the sample was modified and the transducers were modified
as shown in Figure 25. The transducers were placed between the punch and
a piece of aluminum foil. Silicone grease or Vaseline was rubbed on both
sides of the aluminum disc. This was done to assure coupling of the trans-
ducer with the sample. The sample used in this experiment was Stupalox;
doped alumina.

In the first attempt, at atmospheric pressure, quartz crystals, vapor

plated with gold, were used as the transducers. Using a 3-MHz pulse gen-
erator, no signal was detected in the sample. Another attempt was made
with X-cut 3-MHz quartz crystals, and again, no signal was detected. There-
fore, a dummy assembly was made using the same sample material and
quartz crystals. It was found that with the 3-MHz pulse generator, the quartz
crystals could not be activated, and lead zirconate crystals (silver plated

on each side) were substituted for quartz. Electrical contact was made at
one side directly to the tungsten carbide punch and at the other side to the
aluminum foil which was brought out through the pyrophyllite insulation.

Mica rings surrounded the transducer crystal provided lateral support as
shown in Figure 25.

The instrumentation used for this assembly is illustrated in Figure 26. A
piece of copper 0.750 inch x 0,750 inch x 0,500 inch was used as a velocity
standard. The velocity of sound thfough this reference standard was deter.-
mined to be 0.128 inch per p sec, while the sound velocity for the Stupalox
specimen was 0,401 inch per p sec, at 1 atmosphere pressure. As the
pressure was increased very slowly on the specimen, the signal through the
crystals was lost. The signal could neither be received nor transmitted into
the Stupalox. The reference standard was operating properly, but a resis-
tance check of the sample indicated a short between punch face and the
aluminum disk. Therefore, the press was opened and transducer examined
in place. The mica insulation rings had compressed so badly that the full
load was on the crystal. This shattered the crystals and shorted the aluminum
leads to the punch assembly.
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STATIC MEASUREMENTS -- X-ray STUDIES
1. Introduction

High pressure X-ray diffraction studies have been performed with a camera
similar to that described by Mariano. In this camera, high pressure is
achieved between diamond anvils. A collimated beam is brought through one
diamond. The diffracted rays fan out through the other diamond and infringe
on a flat photographic plate of film. The apparatus is shown in Figure 27
and in Figure 28,

With powder specimens, Debye rings are formed and the interplanar spacing
d may be calculated from the formula

o A | (14)

w27

where A is the wavelength of the radiation employed and x is the ratio of the
measured radius of the Debye ring to the sample-to-film distance.

The compressibility Br is defined as —-(1/V)(dV/3P) ¢ where y is the
volumen, P, is the pressure and T is the temperature, but this is just three
times the linear dilatation(1/d) (dd/dp) where d is an interplanar spacing.
Differentiating the expression given earlier we can obtain

B - 3x (dx/dp) (a)
2(1+x2)[(1+x2)1/2—1]
or for finite changes (15)
Ax/ A
Bay = Ak (b)

2(1 +x2) [(1 +x2)l/2—1]

2. Experimental Techniques

To measure the compressibility we measure the line shift observed between
exposure at different pressures. By superinforcing exposures at different
pressures on the same film, errors due to changes in the sample-to-film
distance or film shrinkage, etc. are avoided., The line displacement which
is proportional to the compressibility is easily estimated to one -twentieth
of a millimeter. Attempts have been made to resolve the shifted lines with
a densitometer in order to achieve even greater precision. However, at
convenient exposure levels this could not be done.
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Extrusion of the sample from between the faces of the diamond anvils results
in a loss in intensity of the diffraction rings and, if extensive, in a reduction

" in pressure under the anvils by filling the space around the anvils, and ab-
sorbing some of the load. Powder samples have been prepared in several
ways to avoid this difficulty. The best samples have been prepared by pre-
pressing at about 1000 psi either dry powders or powders which have been
infiltrated with parlodion.

Before pressing, a copper specimen support 2-1/2 mm in diameter with a
0.8-mm central hole is placed on the powder. During pressing the powder
is forced into this hole. The excess powder is trimmed away and the sample
is mounted between the diamond anvils. This copper ring gives lateral
support to the sample.

Typical photographs are shown in Figures 29 and 30. This sample material
is rubidium chloride. The first figure showns two exposures at 25 kilobars
and at 1 atmosphere. Lines are observed of both the high-pressure form
with the cesium chloride and the low-pressure form with the rock salt
structure. Also visible are Laue’spots from the two diamond crystals.

A complete list of the exposures made to data are given in Appendix B.

The X-ray camera furnished by the manufacturer was supplied with two
pistons. On one of these the punch diamond was rigidly fixed to the face of
the piston. On the other the punch diamond was mounted on an insert which
swiveled on a spherical bearing attached to the piston. In theory, this would
facilitate the alignment of the diamond faces. However, in practice this
mounting allowed the punch diamond to contact the anvil diamond at random
positions. At the conclusion of a run, the punch diamond was found completely
off the anvil diamond in at least one case. Although in each case initial
contact between the diamonds was made with the axis vertical and a slight
holding pressure was maintained after rotation to the horizontal, the weight
of the self-aligning mount allowed the punch to drop out of position, There-
fore, in all runs after No, 15, the fixed mount was used.

Diamond failures in this program have been infrequent although replacement
deliveries have occasionally slowed the program. Only one failure of the
punch diamond was observed. After preliminary runs, it was found that the
height of the original punch diamond was less than the thickness of its mount-
ing plate. On the first application of pressure, this diamond was pushed

out of its mount. A new mounting plate was fabricated to allow 0,007-inch
clearance. On the run subsequent toNo. 17, a crack was heard as the
pressure was being raised. Upon examination the punch diamond was found
cracked on (lll)planes with a small pyramidal piece broken out of the center.
The replacement diamond was used as received until run 4l. To allow
more room around the diamonds and prevent transference of the load through
the sample to the mounting plate, the diamond was remounted with the
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Figure 29 X-RAY PATTERN OF RbC1 at 1 BAR AND 25 KIL OBARS

Figure 30 X-RAY PATTERN OF RbC1 AT 40 AND 60 KILOBARS

BT



retaining plate flush against the piston face. After run .133, this diamond .
was removed and inspected for alignment of the core axis with the pressing
direction in hopes that it might be substituted for the anvil diamond. How -
ever, the alignment was not good and it was replaced in position on the piston.

The punch diamond, being supported over the whole area of its surface by

the piston face except for the beam hole, is subjected to much less severe
stresses than the anvil diamond which is supported only on its conical surface
More failures have been observed in this diamond.

The first anvil diamond was used without change for 71 runs. Upon raising
the pressure for run 72, a noise was heard in the. cell. Upon inspection,
it was found that the anvil diamond had not been mounted in the plate itself,
but had been mounted in an approximately 0,0250-inch-diameter steel insert
which had slipped about 1 mm under load. The plate was pressed out and

the plate containing a spare mounted diamond was pressed in, On the first
application of pressure this diamond cracked. The original unbroken diamond
was sent back to be remounted in a new plate. This, after remounting, broke
after three runs, The third diamond was removed after five runs because

of low table clearance. That is, the height of the table above the mounting
plate was insufficient to prevent extruded sample material from assuming
part of the load. After remounting in a new plate, this diamond broke on

the first application of load. The fourth diamond was used for 14 runs.
However, it may have been broken after about 11 of these, judging from the

appearance of the films. The fifth diamond was found broken in its mounting
plate before use. :

The next diamond was used for 19 runs without failure. However, experi-
ments in other laboratories had indicated that brilliant cut gem diamonds,
which are actually less expensive than those ground to the conical shape of
the original design, were suitable. In the use of brilliant-cut stones, the
culet is used as the loading surface, For this application, the culet is made
somewhat larger than is normal for a gem. The diamond is supported on
its table face. Since the sample is raised above the apex of the 45-degree
cone machined in the anvil insert plate, a slot was machined in that plate

to allow observation of the diffracted X-~ray out to the full angle 2 9= 45
degrees originally available. A brilliant-cut diamond in this configuration
was used for 20 runs. However, the small size of the culet which was
advantageous in achieving high pressure at low load introduced large stress
gradients in the volume illuminated by the X-ray beam. The culet diameter
was only slightly larger than the X-ray beam itself and the pressure fell
nearly to zero within the illuminated volume,

For runs subsequent to No. 133, a brilliant-cut stone has been used mounted
in the normal fashion, that is, with the punch diamond bearing on the table
of the anvil diamond which in turn is supported by the faces below the girdle.
No failures have yet occured with this mounting,
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Samples were originally prepared in three ways:
a. By binding with a solution of cellulose acetate in'amyl acetate
b. By pressing such a compact at about 8000 psi
c. By pressing dry powders at the same pressure.

Without lateral support of the sample, however, plastic flow during the
application of pressure results in such extensive extrusion that little samplev
thickness is left between the diamond faces. This typically is of the order

of a fraction of a mil, Only after very long exposures then an the Debye

lines of X-ray photograph clearly visible, Lateral support of the sample

was, however, achieved by the use of copper discs approxiamtely 2.3 mm

in diameter with a 0, 8-mm hole. Such discs are prepared by electrodeposi-
tion for use in electron-microscopy sample preparation and are commercially
available. Similar discs with a copper grid across the center hole were
tested, but were not as effective.

In addition to the loss of sample, the extrusion which occurred in the absence
of any lateral support allowed the sample material outside the face of the
smaller diamond to take part of the load. This reduced the load on the dia-
mond and hence the pressure achieved in the indicated volume of the sample.

3. Results
a. Rubidium Chloride

Rubidium chloride was mixed 50 percent by volume with MgO. The
sample preparation technique was the same as described above for
KC1-NaCl, An initial run with a gas pressure of 100 psi was made to
check the completeness of the conversion to the high pressure form at
the load represented by that gas pressure and to determine exposure
time. Run 60 was then made at two values of the gas pressure,
150 psig and 100 psig. Two values ot the compressibility product were
obtained from the splitting of the (110) and (200) lines of RbC1-II, These
were 0,126 and 0,150 with a mean of 0.138, The MgO with a much
lower scattering cross section gave no observable diffraction lines and
hence no internal pressure calibration was obtained. After observing
the completeness of the reconversion to RbC1-I in run 61, run

62 .was made with gas pressures of 60 and 0 psig. Both RbCl-I
and RbC1-II lines were observed with no splitting of either indicating
that at the higher load only the high-pressure form was present and at
the lower load only the low-pressure form.
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Run 63 at gas pressures of 40 and.0 psig showed only RbC1-I,
Four values of the compressibility product with a mean of 0.124 were
obtained. Assuming that the pressure is proportional to the load, the
compressibility of the high-pressure form is 5.6 x 10-3 kbar-1.

b. Rubidium Bromide

Internal pressure calibration in the rubidium bromides system was
difficult. The use of rubidium chloride which had previously been studied
was not practicable because the two rubidium salts form a solid solution.
Sodium iodide and rubidium bromide metathesize to give sodium bromide
and rubidium iodide with the most intense X-ray diffraction from the
latter because of its high average Z, Silver gives interferences with
both the low -and high-pressure forms. Platinum has a much lower
compressibility and splitting could not be observed.

Since internal calibration was difficult, the pressure ratio was calculated
from geometry. This indicated an average pressure over the anvils
equal to 0,071 kilobar per psi gas pressure. However, a number of
runs indicated that the transition previously determined to occur at 6.0
kilobars was observed at a pressure of approximately 10 psi giving a
pressure ratio of 0.6 kilobar per psi gas pressure. This gives a ratio
of peak-to-average pressure of about 8.5 which is higher than previously
observed., Using this calibration, however, and the observed sphttmg
runs 138 and 139 an average .value of B equal to 7.1 x 107;

kilobar™ or 7.1 x 10712 cm? dyne-1 was obtained for the high-pressure
phase (CsC1 structure) of rubidium bromide.




V. CONCLUSIONS AND RECOMMENDATIONS

The high-pressure research studies conducted under this program have been
four varieties: Densification of oxides; synthesis of new materials; compress-
ibility measurements, and sound velocity measurements.

The densification studies have shown that completely dense transparent oxides
with extremely fine grain size can be prepared at relatively low temperature ‘
under ultrahigh pressure. 34, 35, 36 Along with the fine grain size, high hardness
values have been obtained, 37 e.g., the hardness of magnesium oxide produced
by these techniques was twice that of single crystals of the same oxide and 30 to
50 percent greater than that of hot-pressed material. The processing variables
have been studied and optimum conditions found. A series of samples have been
prepared and submitted to the Air Force Cambridge Laboratories for further
study, in-house, of the relations between hardness and other physical properties.
Similar studies of the densification at ultrahigh pressure may lead to improved
values of other properties e.g., magnetic permeability or coercive force, or
dielectric permittivity or coercive force in appropriate materials. Such studies
proposed earlier, but deferred in favor of others should be resumed now.

In experiments with the high-pressure apparatus, the synthesis of the high-
pressure modifications of boron nitride (cubic BN) and silica (Coesite) have been
duplicated. In addition in studies of the rare earths, a new form of the oxyhydr-
oxide of samarium has been dixcovered and characterized.38 The systematic
study of the oxides and oxyhydroxides of only the rare earth elements would
constitute an extensive program of itself. No recommendations are made at this
time for continued work along these lines,

X-ray diffraction studies have been performed in a camera in which the high
pressure is achieved between diamond anvils., This camera is best suited to the
study of phase transformation at high pressure. It has been used for the measure-
ment of the compressibility of the high-pressure modification of alkali halides
above their transition pressures. Results have been obtained for the high-pressure
forms (cesium chloride structure) of rubidium bromide and rubidium chloride.
These studies of compressibility should be continued. In addition, studies of

phase transformation per se in compounds of interest to the Electronic Material
Sciences Laboratory should be undertaken.

-
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APPENDIX A

STRESS ANALYSIS FOR 1 x 106 psi APPARATUS




PUNCH ASSEMBLY

A. INSTALLATION OF RING
C INTO A AND B (Figure
A-1)

During the assembly of A-B,
no appreciable stresses are
induced since a very small
force, if any, is required
during its installation. (Ref.
Figure A-10.)

Interference between Ring C
and Ring A-B assembly is
0.008 inch on the radius. Its
contact pressure is given by

ES (b2 -ad) (c2-1b2)
P 3 —
b (2 b2) (c2 - az)

29%100%0.008 (2.152 — 1.402) (3.50% - 2.152)

2.15 (2) (2.15)% (3.50% - 1.40)?
= 23,000 psi

1. Stresses

At o.d. of Ring A:

-~

P b 2 3502 -2.152

= 14,000 (2) = 28,000 psi

At A-B Interface:

-

3.502 )
f = 14,000 {1 + = 33,050 psi
3.00

At B-C Interface:

3.502 ,
£ - 14,000 (1+ = 51,100 psi
2.152

[ad

b2 p 2\ 215%(23,000)
i = B s | e 1,

—»=|— ¢= 3.50inches

. . b= 2 |5inches

3— o= |.40inches
,l

- R .
BlC
%/ //
&1l
33,050,
o] ’
(b) R200
57,000
-80,000
37)2)
3:—5-(‘)2
86-11265

Figure A~1 STRESS DISTRIBUTION DURING INSTALLATION
OF RING CINTO A AND B

b




2.152 (23,000) ' 1.402
il S el " .
(2.152 - 1.40%) 2152 )

= 57,000 psi

At i.d. of Ring C:

1.402
f, = 40,000 (1 +
1.402

= 80,000 psi

These stresses are plotted as shown in Figure A-1(b).

2. Strain Gage Data

From Table A-I an average reading of 30, 300 psi was recorded. (Readings
indicate that strain gage No. 4 yielded higher values than the other three
gages and showed up especially when Ring D was installed. Therefore, it
was not included in the average value.) A 7.6 percent difference existed
between the calculated (28, 000 psi) and test (30, 300 psi) values. It was
concluded that these values are close enough for our intents and purposes.

3. Radial Displacement of i, d. Of Ring C Due To Ring C Installation
(Figure A-2

2 (b2 p)(a) i 3 (2.152 x 23,000 (1.40)
E(b2-a2) 29 x10° (2.15% - 1.40%)

0.0038 inch

This deflection is added to the existing interference (before assembly)
of Ring D,

p = 23,000 psi

Figure A-2 RADIAL DISPLACEMENT OF i.d. OF RING C DUE TO RING C INSTALLATION
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TABLE A-1
RECORDED STRAIN AND STRESSES

Die Gage No. 1 Gage No. 2 Gage No. 3 Gage No, 4
Load Strain Stress Strain Stress Strain Stress Strain Stress
(tons) (pin/in) (psi) (#in/in) (psi) (pin/in) (psi) (nin/in) (psi)

Ring C 36 240 6, 960 225 6, 530 255 7,400 220 6,380

Ring D 120 915 26, 550 940 27,250 925 26, 800 905 26,250

Punch No. 1

Ring C 70 1, 050 30, 500 1, 050 30, 600 1, 025 29, 700 1, 075 31,200

Ring D 130 2,520 73, 000 2, 520 73, 000 2,480 71, 900 2, 640 76, 500

Punch No. 2

Ring B 0+ 70 2,030 60 1, 740 65 1, 885 65 1, 885

Ring C 65 1, 125 32,625 1, 130 32, 770 1, 090 31,610 1, 100 31, 900

Ring D 135 2, 640 76, 560 2,605 75, 545 2, 585 74, 965 2,630 76,270

FINAL ASSEMBLY OF VEGA AND CENTERPIECE
Die
60 210 6090 180 5220
Punch No, 1
79 280 8120 280 8120
Punch No. 2
70 340 9860 340 9860 320 9280 280 8120
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B, INSTALLATION OF RING
D INTO A, B, AND C
(Figure A-3{a))

Total interference between ¢ = 3.50 inches
Ring D and combination rings
A, B, C is equal to existing
interference (Table A-II) before a = 0.66 inches
assembly plus deflection due to - '
radial displacement of i.d. of
ring C during its installation
into combination rings A, B.
(Figure A-2)

—b =z 1.4 inches

dtotal = 0.011 + 0.0038 = 0.0148 inch

Therefore

T T )
T 0 il it S

b(2b2) (% - a2)

29108 (0.0148) (17412 - 0.662) (3.50%~1.412)
1.41 x 2 x 1412 (3.50% - 0.66°)

= 103,000 psi

1., Stresses

At o.d. of Ring A:

b2 p (1 cz) 1.412 (103,000)
+ _—

€17 Ty 2] 3.50% - 1.412

f

<02
.50 3
(1 + fi = 19800 (2) = 39,600 psi
3.502 :
At A-B Interface:
86-11267
3.502
£, = 19800 (1 +

ﬁZ Figure A~3 STRESS DISTRIBUTION DURING INSTALLATION

OF RING D INTO A, B AND C

) = 47,000 psi

At B-C Interface:

T

3.50 .
f, = 12800‘(1 + )= 72,700 psi

o A

2.15




TABLE A-lI
FINAL DIMENSIONS BEFORE ASSEMBLY

Ring C Ring D
Min Max

Ring D
After Assy.

Vega
o.d.

11.5005
7. 483

No. 1 3.5005%
No. 2 3.5010%
No. 3 3.5020%

Punch No, 1

7.005
6.000

1.325%

1.375%

Punch No. 2

6.9995 4.3752
6.0001 2.8533

4,2552 2,8752%
2.7335 1.354

The measurements of the die and punch No. 1 are all within 0.0005-inch. Those of punch No. 2 are as listed.

Final o.d. of Die A-Ring after assembly = 12.517 inches.
Final o.d. of Punch No. 1 A-Ring after assembly = 7.020 inches.
Final o.d. of Punch No. 2 A-Ring after assembly = 7.020 inches.

*These dimensions were not final before final assembly.




T.412

1.41 2 (103,000) 662
1.412 - 0.662 1.412

At C-D Interface: ft = 19,800 (1 + 3.502 = 144,000 psi
0.
1+

= 163,000 psi

At i,d. of Ring D:
0.662

— ) = 264,000 psi
0.662

f. = 132,000 (1 +

These stresses are plotted as shown in Figure A-3(b) and added to Figure
A-1(b) values, the summation being shown as Figure A-3(c).

2. Strain Gage Data

From Table A-I an average reading of 72,600 psi was recorded. (Gage
No. 4 was not averaged in for reasons outlined in Subsection A, 2). A
6.9-percent difference exists between the calculated (67, 600 psi) and test
(72, 600 psi) values, These values agree close enough for our intents and
purposes,

C. INSTALLATION OF CENTER ASSEMBLY. INTO A, B, C, AND D.
(Figure A-4) '

The i.d., of Ring D was machined so that a 0, 006-inch radial interference
exists between the center assembly and combination rings A, B, C, and D.

It was assumed that no appreciable stresses were induced by the punch on
the Vega since no interference or taper were built into its design.

For & = 0.006 inch

BB 5 e 29 %105 (0.006) (5302 — 0.6582)
p TR, =S ST =
2be? 2 % 0.658 x 3.502

= 128,000 psi




1. Stresses

At o. d. of Ring A:

0.6582 (128,000) ! 3.502 >
= B e ————— + —_—
(3.50% - 0.6582) 3.50

Il

9340 psi

At A-B Interface: f, = 11,000 psi

At B-C Interface: f = 17,050 psi

At C-D Interface: f, = 34,000 psi

At D-Center Assembly Interface:

f, = 137,000 psi

P bz a2
fC = — 1 3 ==
b2 — a2 2

— 128,000 psi

At Center of Assembly:

f. "= 2p = 256,000 psi

a=0
b= 0.658
c=3.50
(b)
- 256,000 i
(c)
141,250 1,050
96,000 @, #as

76,700

- 256,000

86-11268

Figure A—4 STRESSES ENCOUNTERED DURING
INSTALLATION OF CENTER ASSEMBLY
INTO A, B, CAND D

*
From the test data, there was a scatter of this value varying from 8120 to 9860 psi. Therefore, based on this test data,
it is reasonable to assume that the calculated value closely approximates the test data.

- TS




Assuming Poisson's Ratio of 0. 30 and a downward developed pressure of 1 x
106 psi, the internal radial pressure is calculated by p = 0,30 (1, 000, 000) =
300,000 psi. This yields Figure A-5 (a) which is %times Figure A-4 (b).

The final stress distribution is shown by Figure A-5 (b). The effect of the
taper is negligible as compared to stresses caused by the interference fits,

/ 178,000

/l!l, 250

86-11269
Figure A=5 (a) STRESS DISTRIBUTION DUE TO 300,000 psi INTERNAL RADIAL PRESSURE;
(b) FINAL STRESS DISTRIBUTION
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DIE ASSEMBLY

The correlation between test data and calculated values did not agree as well
as that of the punch assembly. Because of this, two final stress distributions
are presented, the first being that calculated from given interferences using
the same formula and procedures as outlined for the punch assembly (Subsection
A and B) and the second, using strain gage data presented in Table A-II and
calculating final stress distributions by extrapolating computed values with
test values. ‘

From a study of Reference 14 it is not difficult to reason that a slight variation
of the interference fit adversely affects our load parameters while slight geo-
metry changes have negligible effects on the final stresses. It is not unreason-
able to assume, therefore, that the given interference is slightly lower than
recorded. ' However the overall effect on the magnitude of stresses of the two
curves is not critical. This is shown on Figure A-6 (c) and (d).

Presented below are plots of stresses using Reference 14 and extrapolated
strain gage data. (See Figures A-6 and A-7.)

ASSEMBLY

It is recommended that the outside surface of the die and punch be strain-gage
tested and recordings taken during the use of the punch and die. There are
two reasons for this request,

1. Comparison of the strain gage readings with the predicted stress values
will provide an estimate of the magnitude of stresses throughout the punch
and die assemblies and an impending failure could be predicted.

2. From the total load applied and the stresses recorded, and estimation
of Poisson's ratio of the oxide can be computed.

Starting with zero stress reading (at room temperature) on the outside circurp-
ferential strain gages, the limiting stresses, during use of the punch and die,
should be 2, 270 psi for the die and 20, 000 psi for the punch.

A summary diagram of the complete assembly together with the material
property requirements is shown in Figure A-8, Figure A-9 shows the
location of the strain gages applied during assembly and the location of minor
scratches observed at that time, Figure A-10 through A-12 show 1) the axial
displacement of the rings,. prior to assembly, due to the interference required
for preloading, and 2) press loads required for assembly.

T




(b) DISTRIBUTION OF STRESS

DUE TO PRESS FIT OF
RING C INTO RING A, B.

-==e=e===-- CALCULATED

EXTRAPOLATED
STRAIN DATA

(c) DISTRIBUTION OF STRESS
DUE TO PRESS FIT OF

RING D INTO RING A, B, C.

~==CALCULATED

EXTRAPOLATED
STRAIN DATA

(d) DISTRIBUTION OF STRESS
DUE TO PRESS FIT OF

DIE - VEGA INTO RING

o ' A,8,C,D.

INTERFERENCE * 0.006
-39,200 “i““l’ 7240 ;
-40p00 5700 ~CALCULATED

-49
To4) p\.&g ————————EXTRAPOLATED

18,000

86-11270

Figure A6 FINAL STRESS ANALYSIS OF DIE ASSEMBLY
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-

VEGA

=
. A

........ STRESS DISTRIBUTIONDUE TO
0.003 inch INTERFERENCE
BETWEEN VEGA & DIE

STRESS DISTRIBUTION DUE
TO 300,000 INTERNAL

RADIAL PRESSURE

FINAL CALCULATED
STRESS DISTRIBUTION BASED
ON RECORDED TOLERANCES

FINAL STRESS DISTRIBUTION
BASED ON STRAIN DATA
EXTRAPOLAT|ON 8 CALCULATION

(d)

86- 11271

Figure A-7 FINAL STRESS ANALYSIS OF DIE ASSEMBLY WITH 300,000 psi
INTERNAL RADIAL PRESSURE

ST
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Figure A-8 SCHEMATIC OF HIGH-PRESSURE APPARATUS AND RELATIVE HARDNESS
OF RINGS

!
s

Punch Assembly

Ring A: 4340 steel, RC 32-36

Ring B: 4340 steel, RC 40-45

Ring C: 4340 steel, RC 48-52

Ring D: 4340 steel, RC 48-52

Back Up: At least as hard as punch, RC 60-61

Vega: Vega steel, RC 55-58 .

Punch: 0, 7500" Diameter with 5 degree taper, nondeforming steel

Containing 0.90 to 1.10 percent Carbon, 5 percent Cr, RC 58-60.

Die Assembly

Ring A: 4340 steel, RC 32-36

Ring B: 4340 steel, RC 40-45

Ring C: 4340 steel, RC 48-52

Ring D: 4340 steel, RC 48-52

Vega: Vega steel, RC 55-58

Die: 0.7500'" i.d, with 5degree taper, nondeforming steel containing
0.90 to 1,10 percent Carbon, 5 percent Cr, RC 58-60.
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90° < oo

-3
PUNCH | PUNCH 2

DIE

86- 11273

Figure A-9 VISUALLY OBSERVED RING IMPERFECTIONS

Die Outer Ring (A)

At 0 degrees the deep notch is approximately 3/32 of an inch wide by 1/8
of an inch long by 1/64 of an inch deep. The other two notches are small
and not deep enough to measure.

All three were stoned and the edges smoothed out before assembly.

No. 1 strain gage was mounted at the 0-degree point. No. 2, 3, 4 gages
were placed at 90, 180, 270 degrees respectively in a clockwise direction
looking in the top.

Ring B was mounted into Ring A before the strain gages were installed on
the latter.

Punch No. 1 Outer Ring (A)

This ring has two fine lines as shown by arrows 1 and 2. These lines,

as well as the spot No, 3, are not scratches or notches made after machining.
They appear to have been there before machining. However No. 1 is a fine
line 5/16 inch long, No. 2 is 1/32 inch wide and 7/32 inch long, and

No. 3 is 1/32 inch wide by 3/8 inch long.

Punch No. 2 Outer Ring (A)

The outer ring has a notch at approximately 45 degrees from its axis. The
notch measures 7/16 inch long, 1/4 inch wide, and no more than 0. 003
inch deep. A strain gage was mounted at 0 degrees near the notch and
three others at 90, 180, and 270 degrees from the first one.

All other rings were visually inspected and no apparent nicks or notches
were detected.

All strain gages were mounted 1 inch from either edge to read circumfer-

_ ential tensile stresses,
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.2135" 79 TONS
.50 130 TONS
ug" 60 TONS
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86-11274

Figure A-10 PUNCH ASSEMBLY NUMBER 1

2155 70 TONS-93 TONS
.506" 135 TONS
295" 65 TONS
2.000" O+ TONS

8611275

~ Figure A-11 PUNCH ASSEMBLY NUMBER 2

Note: The above diagrams show (schematically) the interference between each of the Punch elements, and
the corresponding force required to assemble each element.
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Figure A—12 DIE ASSEMBLY INTERFACE DIAGRAM

Note: The above shows (schematically) the interference between each of the Die elements, and the corresponding force
required to assemble each element.




APPENDIX B

COMPRESSIBILITY MEASUREMENTS PERFORMED
WITH THE HIGH-PRESSURE CAMERA




APPENDIX B

Nominal
Pressure Time Results and
Sample Radiation | (kilobars) (hours) Comments

Checked out Ag 0 8 Blank test run,
diamonds

Checked out Ag Blank test run,
diamonds

Checked out Ag Blank test run,
diamonds

Checked out Ag Blank test run,
diamonds

Ag Blank test run,
only

Ag

Ag

Ag | 4 Al lines

Ag 5 Al lines, no splitting
observed

Ag

Cu No rings diamonds found
out of mount

Cu Punch diamond found
loose

Ag | 1 half-line

Ag Sample extruded

Ag Insert way out of line
Started using ''fixed"
piston

Ag
Ag Diamond found broken
Ag
Ag 6 lines very faint
Rhodium lines from filter

near sample

Lower background but poor
penetration by Cu radiation

Lower background but poor
penetration by Cu radiation




APPENDIX B (Cont'd)

Nominal
- | Pressure i Results and
Sample Radiation | (kilobars) Comments

KNO, Cu/Ni 0 Lower background but poor
penetration by Cu radiation

KI-Duco Ag/Rh
KI-Duco Ag
KI-Parlodion Ag/Rh
KI-Parlodion Ag
KI-Parlodion Ag/Rh

KI-Parlodion Ag/Rh

KI-Parlodion Ag/Rh

KI-Parlodion
KI-Parlodion
KI-Parlodion

K 6 splits KI
‘KI + NaCl

KI + NaCl + First grid mount
Cu grid

KI + NaCl +
Cu grid

KI + NaCl + Cu
RbCl + NaCl
+ Cu

RbC1-NaCl

RbCl-NaCl

RbCl1-NaCl

RbCl-NaCl




APPENDIX B (Cont'd)

Sample

Radiation

Nominal
Pressure
(kilobars)

Results and
Comments

RbC1-NaCl

MgO

MgO

MgO

MgO + RbCl

MgO + RbCl

RbCl + MgO

RbC1 + MgO

RbCl + MgO

RbCI + MgO

BN (cubic)
Cu grids

BN (cubic)
Cu grids

Ag/Rh

Ag/Rh

Ag/Rh

Ag/Rh

Ag/Rh

Ag/Rh

Ag/Rh

Ag/Rh

Ag/Rh

Ag/Rh

Ag/Rh

Ag/Rh

Ag/Rh

Ag/Rh

Ag/Rh

Ag/Rh

Ag/Rh

Ag/Rh

Ag

No observable splitting |

1 line of KCI-II

No KCI-II
Alignment check
Good line splitting,
see text

Good line splitting,
see text

Good line splitting,
see text

Good line splitting,
see text

Alignment check
No observable split

1 split = 0.1277

Alignment check

Good line splitting,
RbCl1-II

See text

See text

See text

See text

7 lines
Hex BN shown

Cu interference
with cubic BN




APPENDIX B (Cont'd)

Sample

Radiation

Nominal
Pressure
(kilobars)

Time
(hours)

Results and
Comments

BN (cubic)
Cu grids

BN (cubic)
Cu grids

Al grids

Al grids

Al grids

Al grids
RbCl1

BN NaCl
Cu grids

Cu grids
Cu grids
Cu grids

Cu grids

Cu grids
Cu grids

BN - NaCl

Ag/Rh
Ag/Rh
Ag/Rh

Mo/Zr

Mo/Zr

Mo/Zr
Ag/Rh

Ag/Rh

Ag/Rh
Ag/Rh
Ag/Rh

Mo/ Zx

Mo/Zr
Mo/Zr

Mo/Zr

45
40

20
46

41
46

46

44
44

90

15

20

20

44

42

40
48

48
17
24
24
40
40
40
52

52
44

45

43

26
25

New diamond, check run

NaCl lines only

Diamonds broken
NaCl lines

An interference

Good NaCl, spotty BN
Good NaCl, spotty BN
no splitting

RbCl-I, RbCl-II,
RbBr Observed

Low intensity

Cu retaining ring extruded
over X-ray beam

Very weak, sample
extruded

Single phase RbBr-II




APPENDIX B (Cont'd)

Nominal
Pressure Time Results and
Sample Radiation (kilobars) (hours) Comments
= e = e
88 RbBr Mo/ Zr 0 211 Two phases equally intense,
4 46 RbBr-I strong
= 89 RbBr Mo/ Zr 0 44 RbBr-II weak
3 47
90 RbBr Mo/ Zr 0 44 RbBr-II weak
91 RbBr Mo/ Zr 9 44 RbBr-II weak
5 . 45
92 RbBr Mo/Zr 5 20 Single phase RbBr-I
93 RbBr Mo/Zr 0 20 Single phase RbBr-I
94 RbBr Mo/Zr 5 22 Two phase,
8 24 RbBr-I weak
95 RbBr Mo/Zr 5 24 RbBr-II strong
96 RbBr Mo/ Zr 4 23 Two phase
97 RbBr Mo/Zr 3.5 24 Two phase
98 RbBr Mo/ Zr 3 23 Two phase
99 RbBr Mo/Zr 5 22 Two phase
]
100 RbBr Mo/ Zr 5 40 Two phase,
0 30 no splitting
¥ 101 RbBr Mo/Zr 0 63 | Single phase
0 30 RbBr-I
102 RbBr Mo/ Zx 5 41 Two phase; both
0 32 apparently split
103 RbBr Mo/Zr 5 41 Two phase,
10 26 RbBr-II split
104 RbBr Mo/Zr 5 23 Two phase,
10 275 RbBr-II split
105 RbBr Mo/ Zr 5 26 Single phase,
8 25 RbBr-II split
106 RbBr Mo/Zr 5 28 Single phase,
10 23 RbBr-II split
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APPENDIX B (Cont'd)

Nominal
Pressure Time Results and
Radiation (kilobars) (hours) Comments

Mo/Zr 5 24 Single phase, RbBr-II
8 24 split

Mo/ Zr 5 23 Single phase, RbBr-II
split

Mo/Zr Single phase, RbBr-II
split

Mo/Zr Single phase, RbBr-IL
split

Mo/ Zr Single phase, RbBr-I
only

Mo/ Zr First with Parson diamond
in inserted mount, see
text

RbBr Two phase

RbBr Two phase

RbBr + RbBr; NaCl interferes
NaCl with RbBr-II

RbBr + RbBr; NaCl interferes
NaCl ) with RbBr-II

RbBr + RbBr; NaCl interferes
NaCl with RbBr-II

RbBr + RbBr; NaCl interferes
NaCl with RbBr-II

RbBr + RbBr; NaCl interferes
NaCl with RbBr-II

RbBr + Single phase = 7. 23,
Nal see text

RbBr + g Single phase = 7. 23,
Nal see text

RbBr + Single phase = 7,23,
Nal see text

RbBr + Ag RbBr-I, RbBr-II + Ag
RbBr + Ag Ag interferences with
both RbBr

RbBr + Ag

RbBr + Ag

RbBr + Ag

RbBr + NaCl
+ Ag




APPENDIX B (Concl'd)

Sample

Radiation

Nominal
Pressure
(kilobars)

Time
(hours)

Results and
Comments

RbBr +
NaCl + Ag
NaCl + Ag

NaCl + Ag
NaCl + Ag

RbBr + Pt

RbBr + Pt

RbBr + Pt

RbBr + Pt

RbBr + Pt

RbBr + Pt

RbBr + Pt
RbBr + Pt

RbBr + Pt

RbBr + Pt

RbBr + Pt

Mo/Zr

Mo/Zr

Mo/Zr
Mo/Zr

Mo/Zr

Mo/Zr

Mo/Zr

Mo/Zr

Mo/Zr

Mo/Zr

Mo/Zr
Mo/Zr

Mo/ Zr

Mo/ Zr

Mo/Zr

0

22

Parson diamond in
standard mount

After prepress at 5 kilobars




APPENDIX C

HIGH-PREPARE RUNS MADE WITH THE
"BELT"-TYPE APPARATUS




MgO
Run No. Temp. Pressure Time Results
(°C) (psi) (min)

9A 350% 250, 000 13 0.092 micron, bluish color, small grain.

10A 150% 250, 000 10 Not dense, poor sample,

11A 280% 250, 000 12 Not dense, low power.

15A 790% 250, 000 13 Laminated,high density, bluish, 0.379 micron.

20A 800% 250, 000 5 Laminated, dark blue sample, 0. 114 micron.

21A 620% 250, 000 10 Laminated,high density, slightly blue.

22A 720% 250, 000 8 Laminated, high density, almost black.

24A 1190 250, 000 3 Four pieces white except at ends (blue), 0.314 micron.

25A 725% 250, 000 6 Dense, bluish, white.

26A 800% 250, 000 3 Disks, transparent and milky pieces.

30A 800% 250, 000 5 Disks, delaminated, transparent, translucent thick
pieces.

31A 620% 250, 000 4 Delaminated, disks 1/16 inch approx. All disks trans-
lucent. Some were transparent,

32A 725% 250, 000 5 Two phases, present in MgO translucent and opaque.

1B 1060 23,970 12 No delamination present--cracked during cutting.

2B 640 57, 900 8 Leak in vacuum., Sample collapsed, very porous.

3B 730 57, 900 8 Sample very porous.

4B 1220 15, 000 5 Circuit broke.

5B 1050 30,000 5 Sample began to densify. Not held long enough at
temperature.

6B 1180 31, 000 3 No results.

7B 1530 31, 000 4 Pieces of samples scratched .Rc57 tool steel.

8B 796 45, 000 10 Sample didn't densify. Thermocouple shorted.

9B 350% 63, 000 2 Thermocouple shorted 63, 000 psi. Punch crack,
Porous sample.

10B 1600 45, 000 9 1047KHN, density of sample was determined H,O
93% dense, pore open.

11B 725% 72, 000 9 70KHN, MgO translucent. Some stuck to Ni, Dense
90% of 10.

12B 920 31, 000 2 1128 KHN MgO translucent. Top was opaque. It
was fully dense.

13B 1100 31, 000 3 MgO pieces were obtained. Seemed dense. Not hard
enough to scratch Rc57 steel,

14B 1015 31, 000 L Sample very hard., Scratch Rc57,steel pieces were small,

15B 850% 31, 000 3 Sample looked denser. Pieces were grey, some white.

17B 1100 31, 000 5 Majority of samples dense. Quite porous.

18B 990%* 70, 000 4 97%. Dense.

19B 875 75, 000 2 Pressed 50% of its length, Smoky quartz,scratch Rc57.

20B 1000 75, 000 5 Large pieces MgO obtained were dense, translucent,

21B 1000 75, 000 4 Sample 45°. Sample dense--not as hard as others.

22B 900 60, 000 3 450KHN, two large pieces obtained. One sent to metallog-

) raphy to polish.

% Temperature estimated for power.

-95.




MgO (Concl'd)

Pressure
(psi)

250, 000 Black specks of graphite. Very porous.
250, 000 Many delaminated transparent disks formed.
250, 000 Many small pieces of transparent MgO.
250, 000 Temperature too low. Black MgO--unreacted MgO.
250, 000 Poor run, very porous, not prepressed.
500, 000 5 Black MgO obtained. Temperature too low.
500, 000 Black material formed. Very porous, poor.
250, 000 Given to AFCRL.
250, 000
250, 000
250, 000
250, 000
250, 000
110, 000 Bend specimen, modulus of rupture 26, 000 psi.
110, 000
110, 000 Modulus rupture 29, 600 psi and 8000 (crazed piece).
110, 000
110, 000
110, 000
110, 000
110, 000
110, 000
110, 000
110, 000
110, 000
110, 000 Modulus rupture 9670 psi (crazed piece).

45, 000 Vacuum chamber short circuit, sample very porous.
110, 000 Cracked, sent to AFCRL for IR spectra.
110, 000 Submitted, AFCRL for IR spectra.
110, 000 Cracked.
110, 000 Cracked.
110, 000 . Cracked.
110, 000 Sent to AFCRL for IR Spectra.
110, 000 Sent to AFCRL for IR Spectra.
110, 000 Cracked.
110, 000 Cracked.

*Temperature estimated for power.




Grain
Temp Pressure Size
(°c) (psi) (microns) i < Results

940 250, 000 0.55 Good sample, very brittle, delaminated.
890 (1360) 250, 000 2 Good sample.

17C 910 (1271) 500, 000 Very poor.

18C 1000% (1656) 500, 000 Highly delaminated.

22C 1300% (1788) 250, 000 8 Two large pieces,did not delaminate.

23C 990 (1591) 250, 000 | Delaminated 6 large pieces. Green on end,
middle black,

27C 980%* (1586) 250, 000 Delaminated, large disks.

32C 1000 (1664) 500, 000 Delaminated large porous disks (single
crystals).

34C 960% (1439) 500, 000 Delaminated,porous.

*Temperature estimated from power in parenthesis.

CI’203

Temp. Pressure Grain Size Results
(°C). (psi)

1400 250, 000 116KHN, fair structure, fibrous structure

940% 500, 000 Very poor, crumbled piece,dense in middle
1580% 250, 000 1364KHN, poor disk sent to metallography.
1260% 250, 000 s Fair, too porous to test.

1230% 250, 000 ‘ 91KHN, delaminated, very porous.

1350 500, 000 Very poor, reacted with heater.

* Temperature estimated for power.




Al03

Grain
Run No., | Temp. Pressure Size Hardness | Time Results
(°C) (psi) (mm) (KHN) (misc.)

12A NA 250, 000 10 Temperature too low, powder

13A NA 250, 000 9 No densification

14A NA 250, 000 14 No densification

16A NA 250, 000 10 Slightly dense, no strength

17A NA 250, 000 5 Dense, Al0; formed

1C 320 250, 000 10 Sample cut longwise, many cracks.
Two distinct areas.

2C NA 250, 000 3 High hardness, different grain sizes.

3C NA 250, 000 7/ Sample cut long, distinct areas (2).

4C NA 250, 000 3 Sample broke in many pieces, opaque.
Not hard.

6C 1380 250, 000 4 Disk obtained, large grain size and high
temperature

7C NA 250, 000 0.0005 10 Sample cut lengthwise.

8C NA 250, 000 0. 025 1600 3] Sample delaminated

9C NA 45, 000 2000 10 ; Melted Ni sleeve 1453° C, punch oxidized.
No samples.

10C 1500 250, 000 0.015 2000 4 Delaminated large disk.

98B 1000 31,000 5

100B 1050 45, 000 18 Al,0O3 separated from Ni tube. Some
spinel formed on periphery

102B 1300 31,000 1

105B 1055 7
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