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NOTICE

The project which is the subject of this report was
approved by the Governing Board of the National Research
Council, acting in behalf of the National Academy of Sciences.
Such approval reflects the Board's judgment that the project
is of national importance and appropriate with respect to
both the purposes and resources of the National Research
Council.

The members of the committee selected to undertake this
project and prepare this report were chosen for recognized
scholarly competence and with due consideration for the
balance cf disciplines appropriate to the project. Respon-
sibility for the detailed aspects of this report rests with
that committee.

Each report issuing from a study committee of the
National Research Council is reviewed by an independent group
of qualified individvais according to procedures established
and monitored by the Report Review Committee of the National
Academy of Sciences. Distribution of the report is approved
by the President of the Academy, upon satisfactory completion
of the review process.

This study by the National Materials Advisory Board was con-
ducted under Contract No. DA-49-083 0SA-3131 with the Depart-
ment of Defense.

The quantitative data published in this report are intended
only to illustrate the scope and substance of information
considered in the study and should not be used for any other
purpose, such as in specifications or in design, unless soO
stated.

Requests for permission to reproduce this report
in whole or in part should be addressed to the
National Materials Advisory Board.

For sale by the National Technical Information Service (NTIS),
Springfield, Virginia 22151
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I. INTRODUCTION

In this report those aspects of high-pressure tech-
nology likely to have expanding impact on materials research
and development, and those aspects of high-pressure research
most likely to lead to significant cpplications in the near

future are discussed.

The original charge to the committee was toc investi-
gate the opportunities of "ultra-high-pressure technology,"
with some emphasis on the interests of the Department of .
Defense (DoD). In the early stages of consultation, certain
modifications appeared necessary. It was found impossible .
to fit potentially fruitful areas into any satisfactory range
of pressure clearly defined as "ultra high.” The committee,
therefore, proceeded to consider high-pressure technology in
terms of work distinctly above one kilobar but extending to
the highest available pressures. Major emphasis is placed cn
applications of static high pressure, although shock-wave
work is discussed briefly. Contents of this report are large-
ly limited to technology and to research directly applicable
to current problems, as was indicated in the committee's
charge. However, a brief discussion of the present situation
in high-pressure science is included, and several of the

appendixes focus on primarilv scientific topics.

The report contains a short section on high-pressure
science, longer sections on syntheses, sintering and densifica-
tion, and shorter sections on devices, polymer properties and
morphology, dynamic high-pressure processes, and development

of high-pressure equipment. Metal forming and extrusion are

-scanmn, e Ytrr—yery, .
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not discussed becausc it was explicitly excluded from the
committce's charge; however, it is clear that significant
developments in high-pressure technology will occur in this
area. Also included are appendices, signed rcports by in-
dividual members of the committec and by outside experts

invited to present material, on specific topics.

The material and conclusions presented in the main
body of the report have been reviewed and approved by the
entire committee. Much of the material presented in the
appendices 1s used in the main body of the report; however,
the appendices have not been reviewed in their entirety by
the whole committee and do not necessarily have the endorse-
ment of the committee as a whole. Nevertheless, even though
there may be individual differences of opinion about some
aspects of the appendices, the latter, as personal reports,
represent the opinions of individuals with considerable back-
ground and should be useful in planning high-pressure applied

research and development.
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IT HIGH-PRESSURE SCIENCE

The theme of this report is potential high-pressure
technology. However, a brief outline of the current situation
in basic high-pressure research is not inappropriate in that
this research ultimately forms the basis of future technology
-- a technology, in most cases, farther in the future than

that described in much of this report.

Most of the work done in high-pressure science falls
in one of four categories: (1) studies of cohesive energy and
the equation of state; (2) studies of structure and morphology,
including phase diagrams and synthesis of new phases; (3) studies
of atomic and ionic motion in solids (and liquids); and (4)

studies of electronic phenomena, including cooperative effects.

While work in the first category has been done for
many years, it is still very active. Developments of importance
include: the introduction of new techniques (e.g., ultrasonic
velocity and x-ray diffraction); extension of the low-tempera-
ture, high-pressure range to a few degrees Kelvin at pressures
of over 50 kilobars; extension of the static-pressure range
plus the refinement of shock measurements; and improvements

in theoretical analysis of cohesive energy.

Between 1930 and 1945 Bridgman demonstrated that
polymorphic transitions in solids were a common phenomenon.
The measurement of equilibrium phase diagrams over an extend-
ed range of pressure and temperature has been and is an actlve
field. The development of high-pressure x-ray crystallography
has aided in identifying high-pressure phases. The "quenching
in" of these phases is widely practiced for both scientific

(e.g., geophysical) and practical purposes -~ the synthesis
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of diamond and cubic boron nitride (BN) being outstanding
examples. Recent work by Phillips and Varn Vechten raises
the exciting possibility that one may be able to predict
such transitions, at least for limited classes of materials.
Research areas offering a high potential in terms of both
basic interest and application include metastability, the
rates of first order phase transitions, and the rates of

crystal growth at high pressure.

The study of atomic and ionic motion by tracer
methods has revealed important and useful information concern-
ing the bonding in ionic and metallic crystals and the nature
of impurity sites. The use of nuclear magnetic resonance
(NMR) to study rotational as well as translational motion in
solids, and also in liquids and polymers, is an important
aspect of modern chemistry. The high-pressure applications
have been impressive, and a significant increase in such
applications is to be expected. The study of polymers, in

particular, has important practical applications.

Pressure has been used to study electronic behavior
in solids for about 25 years. Essentially all of the measure-
ments of solid state physics can be carried out in the hydro-
static range to 12 kilobars. During the past 15 years it
has been demonstrated that the quasistatic range to several
hundred kilobars is of great .mportance. Techniques like
optical absorption and emission, NMR, and Mossbauer resonance

can be applied over an extended range of pressures,

High-pressure studies have been important in the
delineation of the band structure of practical semiconductors

like Si, Ge, and the III-V compounds; in providing an under-




standing of the electronic energy states of a variety of
luminescent materials, and irn the study of ferromagne-
tism and anti-ferromagnetism, ferroelectricity, and
superconductivity. High-pressure research has been ex-
tensively used in the study of insulator-metal transitions.
The practical aspects of a number of these studies are
mentioned in other parts of the report.

From the viewpoint of electronic structure, the
basic effect of pressure is to shift one type of orbital
in energy with respect to another. A possible consequence
of this shift is the establishment of a new ground state
for a system, or a ground state greatly modified by con-
figuration interaction. In the past decade it has been
shown that these "electronic transitions" are common
phenomena and that they have chemical as well as physical
consequences. One of the more active branches of high-
pressure science involves the prediction, discovery, and
explanation of electronic transitions. Chemists have been
relatively slow to use high pressure as a variable in
studies of electronic behavior, but the next decade will
probably see a large increase in such workin a chemical
(and biochemic:l) framework.

Recently, scientific progress has been made in
the understanding o~ Ieformation and the effect of defects
on mechanical propertica. One can expect considerable pro-
gress in this aspect of nigh-pressure research in the next

decade.
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III. SYNTHESIS

One of the most important applications of high-
pressure technology is to the synthesis of new materials.
Usually this has involved the establishment of a new crystal
structure that possesses advantageous mechanical, electronic,
magnetic, optical, etc., properties and can be retained
stably or metastably at one atmosphere,

Hydrothermal syntheses typically are done at
between 1 and 3 kilobars pressure and are used for a variety
of practical materials. Diamond and cubic boron nitride
are synthesized in the 50 to 100 kilobar range at elevated
temperature. Considerable work is being done in solid-
state synthesis in the U.S, and abroad, especially in France,
Sweden, Japan, and the U.S.S.R. A great deal of new and
exciting chemistry undoubtedly will result from these
efforts. There are, however, severe boundary conditions on
the syntheses of practically useful materials at very high
pressure, the most general of these being that materials
synthesized in the 50 to 100 kilobar region at elevated
temperature cost several thousand dollars per pound. This
limits practical materials to those that can be used in
small quantities and offer considerable durabhility or a

high unit value.

K8l AN 0

A number of the Appendices (including those by
Goodenough, Swenson, Samara, Strong, Turnbull, and

Drickamer) touch on various aspects of synthesis at high ‘%




pressure. Only those materials that may most profitably

be synthesized at high pressure and the possibilities, limi-
tations, and problems of each are discussed here. Also
listed are some areas of study that could contribute signi-
ficantly to more efficient and imaginative high-pressure
synthesis for a broader range of materials.

"Electronic materials" constitute a class with
potentially high value per unit mass. This definition en-
compasses not only devices for electronic circuits, but
also magnetic, luminescent, and ferroelectric materials.
Typical materials include hard magnets like CrO; and ortho-
ferrites (LaFeO3). One problem with electronic devices is
that they usually must be single-crystal material with a
minimum of strains and with carefully controlled impurity
levels. These ccnditionsg can frequently be met in hydro-
thermal synthesis, and diamonds have been grown with con-
trolled impurities. However, the technique of "quenching
in" high-pressure phases has not been conducive to the
growth of single crystals, strain-free material, or material
of controlled impurity content in the parts-per-million
range. An importan% aspect of further work would be to
develop more general methods for growth of single crystals
with controlled properties in the higher pressure range.
(See Appendix F)

There has so far been very little work done on
developing high-pressure luminescent or photochromic

materials. These applications could involve small amounts

SO
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of high-unit-value materials. High-pressure phases of
phosphors could involve higher luminescent efficiencies
and different lifetimes, as well as more stable photo-
chromic states, than the corresponding low-pressure phases.
In this regard, more crystalline polymers, especially in-
organic polymers, offer the possibility of luminescent
material of stability over a large range of temperature.
High-pressure experiments have been important in
understanding the phenomenon of superconductivity, and a
number of high-pressure phases have proved to be super-
conducting where the low-pressure phases are not. Since, in
a number of cases, superconductivity is associated
with metastability, the possibility of quenching in high-
temperature superconductors is intriguing. The econ-
omic potential of electrical transport by high-temperature
superconductors is enormous. Much of the discussion has
centered around the possibilities of the metallic phase
of hydrogen, but it is difficult to give any prognosis
which is more than a guess. According to various cal-
culations, hydrogen will become metallic at a pressure
which is variously estimated between 0.8 and 6 megabars—--
most caiculations give a range of 1.5 to 3.0 megabars,
A number of analyses indicate that the high-pressure
phase would be a high-temperature superconductor Y.
(T, 60-200°C), although this conclusion is by no means
universally accepted. Grave doubts arise concerning
the probability of retaining the high-pressure phase meta-
stably. (See Appendix F) It would appear that even if
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bulk metastability were a possibility, the material would
decompose by surface instability. With the present statc of
knowledge it is difficult to offer even tentative ccnclusions,
and a number of investigations would be helpful. One dia-
tomic molecular crystal, iodine, has been shown to be metallic
above the 130 to 170 kilobar range. An investigation of its
superconducting properties would be very helpful. Also,
aromatic hydrocarbons like pentacene and hexacene become
metals or semi-metals above 200 kilobars. Investigation of
the metallic transitions (and ultimately the superconducting
properties) of solid Br,, Clz, Fp, and hydrogen-containing
materials such as methane (CH4) and ammonia (NH3) would
advance both the art and the understanding of high~-tempera-
ture supercondﬁctivity. It is known that at moderate hydro-
gen pressures materials like palladium take up atomic hy-
drogen in a ratio of several atoms of hydrogen per palladium
atom. It would be of interest to know the superconducting
properties of these materials at sufficiently high pressure
and hydrogen concentration.

The synthesis cf diamond, and later of cubic boron
nitride, has been a tremendous incentive to high-pressure
work. Currently, much research is devoted to making
diamond (or BN) with particular characteristics or to
making it more cheaply. There have been, of course, strong
incentives for making a harder material, but the possibilities

(discussed in Appendix D) for such a material seem slight.
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It is, however, possible that high;pressdre phases which
are not as strong as diamond may have either chemical or
high-temperature propertier of technological significance.
It has not so far been possible to form solid solutions of
diamond with BN, SiC, or other hard materials. At szuffi-
ciently high temperature and pressurz it might be done, and
the resulting materials could be of considerable interest.
Strong discusses in some detail (Appendix D) the variety
of new phases of inorganic solids that have been observed.
The sintering of diamond and other materials is discussed
elsewhere in the report.

A relatively uninvestigated field is that of
using very high pressure to produce new catalysts. These
materials satisfy the requirements of high value per unit
mass and repetitive usage. It is clear that the form and
structure of a material, as well as the chemical composition,
is impcrtant in its catalytic activity; e.g., it has recently
been demonstrated that 10 to 20 angstrom metallic alloy
particles have very different catalytic (and electronic)
properties than do larger particles. It would appear that
high-pressure phases of many materials such as oxides
could have different, and possibly better, catalytic
properties than their low-pressure counterparts. It may be
possible to produce materials with unusual oxidation states
at high pressure, and these may have considerable potential .
as catalysts. 1Involving different stoichiometries and

different degrees of doping in the high-pressure products

"
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micht also be feasible. People working in catalysis are
generally unfamiliar with solid-state chemistry at high
pressure, and vice versa. It would be desirable to en-
courage interaction.

The usual high-pressure polymerization from the
gas phase or in solution occurs in a pressure range generally
below that considered here. While the possibility of forma-
tion of polymers in the solid state at relative high pressure
exists, the expense involved would eliminate these materials
for most practical applications. However, as mentioned
earlier, it may be possible to prepare polymers for special
electronic or luminescent applications. In this regard, the
field of inorganic polymerization appears to have special
relevance.

Traditionally, solid-staté synthesis at high
pressure generally has meant the preparation at high pressure
of a new crystal structure that can be retained metastably
at one atmosphere. In general there are changes in chemical
bonding, but the electronic effects usually have been sub-
ordinated to the structural effects. As discussed by
Drickamer (Appendix M), pressure has a profound effect on
electronic energy levels. Under many circumstances the
relative shift in energy levels with pressure is sufficient
to give a new ground state, or a ground state greatly modi-
fied by configuration interaction. It has recently been

demonstrated that these new ground states may have very
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different chemical as well as physical properties. The
chemistry of these new ground states has been very little
explored to date. It has, however, been shown that for many
systems it is possible to estimate the possibility of a
thermal electron transfer (an electronic transition) from
the change of location and shape of appropriate optical
absorption peaks. This area deserves further exploration
and systemization for its potential practical applications.

Thus far in this report the synthesis of materials
at high pressure for practical applications has been em-
phasized. There is, however, another aspect of high-
pressure solid-state chemistry which has considerable
practical potential: this lies in the area of the analogy
between the effects of pressure and of composition changes
on physical and electronic properties.

An interesting example of potentials in this
area lies in the studies of metal-insulator transitions in
solid solutions of Cry03-V,03 conducted by McWhan and his
colleagues at Bell Laboratories. They have demonstrated
that changing the amount of Crp03 in the material is in
many ways analogous to changing the pressure insofar as
electronic properties are concerned. A second example
involves studies of prototypes of hemoglobin such as hemin
and hematin which demonstrated that the effects of pressure
are in many ways closely analogous to the effects of adding

electrophillic groups to the periphery of the molecule.
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The study by Goodenough and his co-workers of the high-
spin tc low-spin transition in the MnAs-MnP system, where
1 kbar pressure was shown to be equivalent to 1 percent P
is another striking example. However, there may also be
important differences between pressure and composition
effects, as has been emphasized by Goodenough and demon-
strated by Kafalas,et al for the system CaxSrl_anO3. For
many systems, properties which could be practically advan-
tageous but which cannot be quenched in may be observed

at high pressure. If the analogy between pressure effects
and composition effects for the type of system involved is
clearly understood, it may e possible to prepare a material
with the relevant properties at lower pressure, Or even

at one atmosphere.

The practical use of high-pressure synthesis
would be greatly increased by more thorough understanding
of a number of problems. These include the causes and
control of metastability, the rates of first-order phase
transitions, the rate of crystal growth, the probable
pressure range of first-order phase transitions in various
categories of materials, the probable pressure associated
with electronic transitions of various types, and the re-
lationships between various types of chemical doping and
of pressure on various properties. In many of the above
cases a significant start has been made on the solutions.
An improvement in our predictive,power could greatly
reduce the time and expense involved in searching for

practical materials.
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IV, SINTERING AND DENSIFICATION

High pressure sintering and densification 1is an
important aspect of high pressure technology, and one
which will probably increase in significance in the
immediate future. (Appendices A, B and D deal with
various aspects oi sintering.) Densification to theoreti-
cal or near theoretical density depends in part on the
ability of particles to deform plastically by glide or
creep to give more intimate contact between adjacent parti-
cles., The relevant operating variables are temperature,
pressure, and time, with the first the most important and
the last probably the least significant. The degree of
success depends also on internal variables such as parti-~
cle size and size distribution, purity of material, the
initial stress condition of the particles, their surface
condition (presence of surface impurities or absorbed
gases), and the possible use of sintering aids or binders.

Most sintering to date has taken place at one
atmosphere or under modest pressures,up to 1 to 2 kilobars.
(see, however, the discussion of diamond below.)

Pressure may act to add to the interfacial energy

as a driving force for densification and tend to induce

plastic flow as a mechanism for densification. For relative-

ly low pressures with specific materials in which diffusion
provides the mechanism of densification it is probable that
the diffusivities will be decreased by the applied pressure.
However, this effect appears to be 2condary.

The advantages of using pre sure include:

1. The possibility of using lower temperature and

thus preserving a finer grain sized microstructure,
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e.g., preventing grain growth which is

accelerated by temperature.

2. The ability to produce higher density mater-
ials with less binder.

3. The possibility of staying within the stability
range of a high-pressure phase while sintering
--e.g., diamond vs. graphite.

4. The possibility of achieving densification in

single-phase covalent-bonded materials which

do not undergo densification under pressureless

sintering. Fine-grained high-density hot
pressed éhapes of sic, Si3N4, and B,C are

commercially available.

There are, however, definite limitations to the
use of pressure in the sintering process. Besides the
expense of high-pressure equipment, there are limitations
on the size and shape of pieces which can be sintered,
especially at the higher pressures, as well as problems
in pressure uniformity. High-pressure sintering is a
batch process and is therefore more expensive than
processes which can be operated continuously. Frequently
the economics involve a trade-off between temperature
and pressure.

We mention below a few of the types of material
for which high-pressure sintering and compaction have
proven to be practical.

Most metal powders can be consolidated at 1

to 5 kilobars pressure at temperatures less than 0.5Tm.

An example of this pressure-temperature trade-off is
beryllium powder which may be consolidated at 900° C

and 10,000 psi or 1100° C and 2000 psi. High pressure

7 BT
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is especially advantageous for very high melting materials
which at the highest available temperatures still have
considerable resistance to flow.

A second practical application involves dielectric
materials where pressure consolidation can give materials
with low dielectric loss, high dielectric strength, high
dielectric constant, non-linear response, a stronger
piezoelectric response, etc.

Fully dense optical quality ceramics have been
made from a wide variety of substances. Such materials
are used as optical windows, radiation detectors, laser
hosts, and electro-optic devices. Materials which are
sintered below 1 kilobar include Mg0, Y¥,03, Al;03, MgAl;04,
and the family of ferroelectrics consisting of lanthanum-
doped lead zirconate-titanate. These materials were all
first made by pressure sintering and still are being made
by this process, although pressureless processes have also
been developed for all except Y,03. Y203 is an excellent
host for rare earth ions and is transparent from 0.3 to 8
microns. Sinagle cry-tals can only be grown in small sizes
not suitable for applications. The sintered material can
be made fully dense with transmission characteristics which
closely resemble the single crystal in sizes up to approxi-

mately 1 inch in diameter.
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It is possible to sinter electronic materials
to give better mechanical properties as well as improved
electrical and thermal properties which result in longer
lifetimes. A recent development is the sintering of doped
silicon-germanium alloys for thermoelectric applications.
It is of interest that, for this material, a moderate in-
creace in sintering pressure from 28,000 to 32,000 psi
gives marked improvement in alloy homogeneity, mechanical
strength, and electrical and thermal properties. It seems
probable that there will be a variety of other thermoelectrics
and semiconductors produced by similar processes.

Structure sensitive magnetic properties such as
initial permeability, B-H characteristics, and lossiness
are affected by grain size, grain boundaries, and inhomo-
genieties. Thus, pressure sintering offers a possible
method of controlling density and texture, and therefore
the magnetic properties of polycrystalline materials.
The method has been applied commercially for ferrites
(MeO+Fe,03) and garnets (3Me,03-5Fe,0,5). The fact that
pressure sintering can reduce the required temperature is
an important advantage here, as it is frequently necessary
to control closely the valence state of the transition
metal ions in ferrites and garnets, and this can best be
done at lower temperatures.

The most significant development in sintering of

useful materials in the higher pressure range (50 to 100
kilobars) is that of diamond (and possibly also cubic BN).

There have been a number of reports of successful sintering
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both in the U.S. and Russia. The details are only poorly
known at present, but it apparently usually involves a
binder in significant quantities. (Strong, in his chapter
in the Appendix, discusses a sintered diamond-tungsten
carbide product which appears very useful for machining.)

H. T. Hall at Brigham Young University has prxepared sintered
diamond with a variety of binders. Some of these products
have undergone fairly extensive tests in potentially prac-
tical service. Sintered diamond could have a wide variety
of applications in machining, rock cutting, wire drawing,
etc. There have been a number of reports that Vereschagin's
group in the U.S.S.R. have developed sintered diamond cutting
tools with impressive characteristics. The requirements for
commercial application in competition with single-crystal
diamond are rather severe in terms of friability, cutting
ability, durability, etc. It would appear probable that
techniques can be perfected to make sintered diamond oom-
petitive for many, if not all, such applications.

A possible application of interest is the manu-
facture of pistons and vessels for high-pressure work to
extend the pressure range. This probiem is discussed
briefly in a later section.

Many of the problems encountered with diamond
are also present with refractory materials and solutions
of the diamond problem will be applicakle in a high degree

to oxides, carbides, borides, and nitrides.
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It seems very probable that high-pressure compac-
tion methods will be applicable in the growing field of
composites which are finding an increasing variety of

applications.

A process related to compaction and sintering
is high-pressure bonding in metal-metal, metal-ceramic,
and ceramic-ceramic systems. A good example is the bond-
ing of fine-grain alumina discs to each other and to metals.

The isostatic process has great potential in this operation.

The application of shock techniques to these

processes is discussed briefly in a later section.

There are a number of aspects of sintering and
densification where a better understanding of the variakles
would increase the practical possibilities. These include:
the effect of surface morphology and surface cleanliness on
bonding; the function of the bonding and/or binder (indeed
different binders may have quite different functions), and
a more quantitative understanding of the tradeoff between
temperature, pressure, and time for various categories of

materials.
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V. DEVICES

In a previous section we discussed the high-
pressure synthezis of materials that could be recovered
for avplication at one atmosphere. Here we discuss
ma*terarals with properties directly useful at high pressure.
Perhaps the most obvious application is the pressure gauges,
Techniques are well known for measuring static pressure
at equilikrium, The usual standards are the resistance
of manganin for hydrnsta“ic precsures to 30 kilobars and
electrical iresistance disccneinuities or maxima or changes
in lattice parameter for highar pressures. While these
techniques are not completely satisfactory we shall not
concern ourselves with them here.

It is, in principle, possible to make use of
phase transitions (e.g., insulator-metal transitiouns) or
changes in energy of optical absorption or emission peaks
to measure impact pressures on rapidly oscillating
pressures. Optical transitions have the advantage of high
speed ( 10"10_ ;0-12 seconds) and require only small
samples. The technological problems involved in develop-
ment of truly practical devices are severe.

In several places in this report it has been
mentioned that a general effect of pressure is to shift the

energy of one type of electronic orbital with respect to

another., This relative shift could have a number of applica-

tions besides pressure detection. One such possibility is

the pressure tuning of lasers. A second application is the
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change of the absorption edge of photocell detectors to
shift the region of maximum sensitivity to lower or higher
energy. The application of uniaxial stress might also be
useful in these applications.

A different high-pressure application would
involve the absorption of shock or impact. The obvious
mechanism would be to make use of the latent heat and/or
volume change at a first order transition. One would like
transitions which occur at modest pressures if the idea is
to protect a material from high-pressure shock. The
rubidium halides have transitions near 4 or 5 kilobars with
large volume changes, but small latent heats. qpey have
low mechanical strength. Melting or vaporization at high
pressure would supply large latent heat. The actual develop-
ment of a practical device would require a detailed knowledge

of the particular application.
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VI. POLYMER PROPERTIES AND MORPHOLOGY

Moderate pressures have been widely used to
synthesize polymers in the gaseous and liquid phases.
We make no attempt to review this area in the report.
Solid-state polymerizations at high pressure have been re-
ported but they are without apparent direct application at
this time, Pressure has, however, an important potential
role in understanding better the structure and properties
of commercially useful polymers. The situation is reviewed
in the Appendix by W. P. Slichter. We summarize his comments
briefly here. There are three categories of structural or-
ganization for bulk polymers: (1) crystalline regions; (2)
rubbery structures, and 8) glassy arrays. The relative
stability of these different arrays depends on the molecular
structure, on the temperature, and on pressure. There are
two temperatures which characterize the material, T, the
melting temperature, and Tq. the glass point, which possibly
is related to the point at which the free volume disappears.
Measurements of the effect of pressure on Tg have been made.
It would be most useful if these could be related to other
pressure sensitive parameters such as heat capacity, thermal
expansion coefficient, and molar volume.

Partially crystalline polymers have a morphology
that is pressure dependent. Crystallization at pressures

in the order of 10 kilobars leads to morpholocgies in which

e
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the crystalline lamellae are 103 ; thick or more and consist
of chains in extended conformations. Crystallization at one
atmosphere leads to lamellae of folded chains with a fold
length of ~ 100 i. The work to date has been largely on
polyethylene; it is not entirely clear whether the modified

forms have properties which would be commercially attractive.

An important aspect of high-pressure studies of
polymers involves following the motion of molecular sub-
groups in all three regimes by nuclear magnetic resonance
relaxation. Relative to the study of ordinary crystalline
materials, high pressure studies on polymers are sparse,
but they have yielded enough information to indicate that

they should be pursued with some vigor.

The use of polymers in composites and the develop-
ment of pclymers carpable of high-temperature, high-pressure
applications (including inorganic polymers) make this an

area of great potential importance.
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VII. DYNAMIC HIGH-PRESSURE PROCESSES

In this report we have confined ourselves
largely to static high-pressure processes for a number
of reasons. However, it seems advisable to outline the
potential impact of dynamic processes on technology. These
matters are touched upon in a report by Samara in the
Appendix, and also in the discussion of Gelles.

Shock measurements have long been important in
high-pressure science in establishing equations of state
over a very large range of compression and in locating phase
transitions. Recent advances in shock-wave science in the
understanding of dynamic yielding and elastic- plastic
phenomena, in material strength and fracture, and in
measuring the electrical and magnetic response in solids
like quartz, germanium, and iron alloys have extended the
usefulness of shock studies. These new developments are in
their early stages and with proper support should add con-
siderably to the possible usefulness of the technique.

There at present are a number of areas where
dynamic techniques are commerciallv feasible or clearly
potentially so. These include:

1. Explosives bonding

2. Explosives forming,

3. Shockwave hardening,
4

. Dynamic synthesis,

e mitiss oo
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The first three techniques are primarily applied
to metals and, although metal forming was specifically ex-
cluded from the committee's charge, a few sentences on
these techniques would not be inappropriate. (See *rpendix
C for a more extensive discussion,)

Successful explosive welding and cladding has
been performed on a number of combinations like bismuth-
steel, aluminum-titanium, aluminum steel, and copper-
molybdenum, where there are large differences in melting
point so that conventional methods are unsuccessful. This
can occur since melting is not necessary, and is ir fact
undesirable because of grain growth. Clean surfaces are
essential. Explosive cladding is now used for material for
coins. It holds promise for wear, erosion, and corrosion
resistant applications and possibly for metal composites.
Plates up to 300 £t2 and cylindrical shapes of various
sizes have been explosively clad. Explosive welding also
has been used in joining dissimilar metals for marine appli-
cations and for welding tubes to plates in heat exchangers
and boilers.

In the above processes, pressures of tens to
hundreds of kilobars are required. 1In explosive forming,
on the other hand, pressures of several kilobars are ample.
The possible advantaées of thetechnique include: meeting
close tolerances on objects of all sizes; forming unsymmetri - |
cal and unusual shapes; forming large work pieces; utilizing ‘
cheap materials; utilizing a short response time; and forming

metals difficult to form by conventional means.
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Shock-wave hardening has been employed in the
surface hardening of rails and crusher jaws. Pressures
ranging from 10 to 100 kbars are used, and the hardness
decreases with increasing depth. Both stress amplitude
and duration of the shock wave affect the hardening --

a longer pulse of lower amplitude can be as effective as

a short high-amplitude pulse. Recent studies on Hadfield
steel over the range to 500 kbars indicate that it is the
dislocation density and not the specific microstructure
which controls the hardness of the steel. It is not yet
clear whether this conclusion is general. An increase of
hardness by a factor of four in 200 kbars has been observed.
The field is not well developed, but holds considerable

promise.

The field of shock synthesis is relatively new
and comparatively unexplored. A number of groups have
synthesized diamond by this technique. Du Pont has
demonstrated the capability of applying high shock pressure
to a relatively large volume with good product recovery.
Information is not available to the committee on the
properties of the recovered diamond or its usefulness on
various applications. The economics compared with other
pProcesses are not known to this committee. It would
appear that the technique would apply primarily to materials

of high unit value.
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Explosive compaction and sintering have received
relatively little attention to date. It has attractive
possibilities where very high pressure and temperature
are involved. These variables can be controlled somwhat
independently by changing the packing of the initial charge.
There may be problems with stored strain and cracking of
the resultant product. It is an area which deserves con-
siderable further investigation.

A final application related to shock work in-
volves the use of high-power lasers to generate an implosion.
Investigations of this possibility are under way in several

laboratories.
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VIII. DEVELOPMENT OF HIGH-PRESSURE EQUIPMENT

A problem of at least potentially practical
interest is the development of equipment to permit research
at higher pressures. There is no agreement within the
committee concerning the pressure limitations on existing
equipment of various types. (See Appendix D for one set
of opiniors.) While there is a divergence of opinion, it
appears that among techniques which have been in use for
some time, it is certainly not possible to make any static
measurements even on the smallest samples at pressures
approaching the megabar region. For shock-wave work
pressures of several megabars are not uncommon and 30 mega-
bars has been reported in Russia. However, the temperatures
in these experiments are too high and the times too short
to permit many important experiments. Also, such pressures

are obtained in only very stiff materials.

A significant extension of the pressure range
could certainly yield important new scientific information
and could influence technology, although the unit expense
of the product would probably be very high. A number of
laboratories are involved in efforts to extend the static
pressure range. Two which have aroused considerable general

interest are briefly mentioned here.

N. Kawai in Osaka, Japan, has developed and

worked extensively with the "collepsing sphere" technique
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A

first proposed by von Platen. He estimates that pressureé
of several megabars have been obtained. The data published
in his papers do not permit an accurate evaluation of his
estimates. The technique could, in principle, yield very
high pressures if the problems of carbide deformation

under these conditions are overcome. Further tests and
much more detailed data would be of considerable interest.

At the Institute for High Pressure Physics of
the Academy of Scienzes of Moscow, under the leadership
of L. Vereschagin, development of a device in which it is
hoped to reach 2 megabars or higher has been underway for
at least seven or eight years. The features of this
development, as far as can be ascertained, include multiple
staging, the employment of sintered diamond pistons and
cylinders, and the use of a 50,000-ton press which has
been the subject of considerable discussion.

The use of sintered diamond for high-pressure
'é@uipment has much to offer and has been discussed in
various phases for a decade or more. There is no reason
why it could not be tested in simpler smaller scale devices
like the supported taper cell. Multiple staging or equi-
valent internal support in some form will almost certainly
be essential in any extension of the pressure range. It
would appear, however, that most forms of multiple staging
as well as the use of new materials like sintered diamond
could be tested in at least the initial stages without

-

extraordinarily large presses.
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Since one of the most important reasons, if
not the prime objective, of the extension of the pressure
range is to obtain metallic hydrogen and to test its
properties, including superconductivity, operation at
relatively low temperatures will be required. Thus, it
would seem very desirable to keep the apparatus reasonably
small in scale,

A development of particular interest is the
high-pressure apparatus developed by R. S. Hawke and
his colleagues at Livermore. Using magnetic flux com-
pression, they have obtained pressures of one to several
megabar.” in ccuapressible materials like lucite. The
compression is isentropic so that the temperatures, while
elevated, are very much lower than those encountered in
shock experiments at comparable compressions. The appar-
atus has very interesting possibilities. In particular,
it may be possible, using this device, to establish rela-
tively quickly, at least the dimensions and boundary
conditions on the problem of making metallic hydrogen.

It would be useful to have materials such as
sintered diamond and various support and multiple-staging
devices tested in this country, preferably at a place
(or at places) with appropriate experience in development.
It would be important that the information be immediately
accessible to the high-pressure community. In the opinion
of the committee, pending further analysis, it is not clear
that, at this stage, an effort built around a very large

press is required.

.
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IX. CLOSING REMARKS

Each section of the report contains suggestions
and prognosis for future work, as do many of the individual
reports in the Appendix. It would therefore be redundant
and difficult to repeat recommendations about specific sub-
stances, techniques, or applications.

It may be worth emphasizing one general aspect,
however. Both high-pressure technology and many aspects of
high-pressure research have been very empirical to date--
more so perhaps than many other fields. Not only have new
phenomena been uncovered largely by serendipidy, but it has
not generally been possible to predict from one example
(or a few exampleé) of a new phenomenon under what conditions
and for which substances one might observe related results.

There are distinct signs that in a number of
areas (e.g., first-order phase transitions, electronic
transitions, metastability) some rudimentary predictive
capacity is developing. One can reasonably hope that
similar developments in areas like sintering, rates of
phase transitions, etc., will soon appear. The develop-
ment of predictive capacity centers on the availability
of a sufficient amount of the right kind of selective
data plus some imaginative and broad-gauge analysis.

The development of this predictive capacity constitutes §
a very "high leverage" situation in terms of introducing i
new applications. The strong support of interaction

between experimentalists with a sound understanding of
principles and theorists or analytical engineers with

broad interests is a very wise and ecoromical investment.
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APPENDIXES

The following reports have been written by
individual committee members and consultants. While
they have not been reviewed by the committee as a whole,
they contain information and opinions by experts in various

aspects of high-pressure research and developments.
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APPENDIX A
HIGH-PRESSURE SINTERING

by G. A. Samara
Sandia Laboratories, Albuquerque, New Mexico

1. INTRODUCTIG#?

One area of high~-pressure work that is becoming
an important fabrication process for consolidated poly-
crystalline materials and ceramics and that is bound to
be of added future importance in materials technology
is high-pressure sintering or hot pressing. This process
has been limited almost exclusively to rather low pressures
(< 1-2 kbar), and the higher pressure potential remains
largely unexplored. Although the pressure range currently
used is so low as to be outside the present committee's
charter, this area has been and undoubtedly will continue
to be one of the most promising for the utilization of
pressure in materials technology. In particular, pressure
sintering techniques hold promise for solving some of
DOD's pacing materials problems. Thus, it is worthwhile
to comment briefly on this area. A description of early
work and the current state-of-the-art can be found in the
first two references cited.

Pressure sintering is not a cure for all material
compaction and densification problems. Rather, while the
process has both adaantages and severe limitations, it is
occasionally the only means available for producing cer-
tain properties and, in this situation, is most useful

and advantageous. Among the strong advantages of pressure
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sintering are its ability to: a. produce uniform high
density (up to theoretical) materials, and b. control
the microstructure (grain and pore size), thereby yielding
high-strength materials often with improved mechanical
and physical properties. Control of microstructure 1is
achieve@ through the lowering of the sintering temperature
and tiﬁe at temperature over that needed in the conventional
(pressureless) sintering prccess. The lower temperatures
and times needed make it possible to sinter materials
that cannot be sintered by conventional means (e.g.,
materials with high vapor pressures and low melting
points and those that decompose at normal sintering
temperatures).

The present limitations of the process are
those imposed by apparatus and relate to the size and
shape of sintered bodies that can be produced and to
the pressure range that can be covered. The process
also is largely a batch operation and, therefore, rela-
tively costly. The added cost has to be justified by the
nature of the application since pressure sintering is
not merely a substitute for conventional methods. 1In
fact, the use of pressure (other than in research efforts)
will generally be avoided if desired properties can be
achieved by other means such as the use of sintering
aids when such aids can be tolerated.
2. THE PROCESS

Pressure sintering is commonly accomplished
through the application of uniaxial pressure using a

piston and cylinder (die) apparatus. The sample
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(powder or powder compact) is sometimes encapsulated in a
refractory material to prevent sample contamination.

Heating is by electrical resistance or electrical induction
means. The sintering can be done under vacuum or 1n a
neutral or reactive (e.g., reducing or oxidizing) atmosphere.
Graphite is the refractory material most commonly used at
low pressures (< 1 kbar). Oxides such as Zro, and carbides
such as SiC have also been used at these and higher pressures.
Metals such as T2M, a titanium-zirconium—molybdenuﬁ alloy,
are also commonly used in vacuum pressure sintering.
Pressures have been largely limited to less than 2 kbar,

and temperatures as high as 2000 - 3000° C have been used.
These high temperatures present severe, but not unsurmount-
able, apparatus limitations for extending the process to

much higher pressures, especially for producing large bodies.

Another important variation of the process that
allows unigue fabrications features is hydrostatic- (or
isostatic-) pressure sintering. In this method the powder
is encapsulated in thin metal formed to the desired shape,
evacuated and sealed, placed in a pressure vessel, and then
pressurized by a fluid and heated. It is possible to pro-
duce shapes that clearly cannot be produced by the uniaxial
process. Pressures as high as 3 kbar at temperatures to
2200° ¢ have been employed by workers at Battelle while
apparatus size and cost as well as safety present important
process limitations, the process offers capabilitieg unique

enough to justify it for certain applications. j
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3. MECHANISMS FOR PRESSURE SINTERING

Among the limitations of conventional sintering
techniques are the difficulty in achieving full or
sufficiently high density in some substances, and in
restricting the grain growth that occurs at the high temper-
atures and the long times needed. Additives (aids) are
sometimes used to help achi2ve densification and control
grain growth. The additive often forms a liquid phase
surrounding the grains and enhances diffusion during
sintering. The control of grain size is important because
1t influences both the mechanical strength and the physical
properties,(e.g., electrical and optical); generally the

iarger the grain size, the lower the strength.

Pressure affords an important variable for con-
trolling the sintering process. By adjusting the pressure,
temperature, time, and initial particle size, it is
possible to control the final density and grain size to
desirable levels. Fully dense, optically clear bodies
have been produced from a wide range of different materials
and often possess excellent mechanical and physical proper-

ties.

There has been considerable discussion of and
speculation about the mechanisms involved in pressure sin-
tering. It is doubtful that there is a single controlling
mechanism. Rather, several phenomena come into play,
including (a) diffusion, (b) plastic flow, and (c) atomic
motion due to fracture and slip at grain boundaries.

Particle rearrangement and packing is, of course, also
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important in the initial stayes.

It is generally agreed that diffusion is probably
the controlling phenonmenon at low pressures. Some diffu-
sion is always necessary to achieve some grain growth and
bonding for material strength, but a balance between
strength and grain size is often sought. Plastic flow
aids in densification by removing voids and creates new
"clean" surfaces for better bonding between grains. It
becomes important, however, only after a critical pressure
(different for each material) is reached. Fracture and

slip also aid in achieving densification and creating new

surfaces.

None of the above phenomena or the interrelation-
ships betwzen the various process variables (pressure,
temperature, time, particle size, etc.) avre fully understood
at present. Undoubtedly there will be differences between
different classes of materials and the nature of the problem
is such that many of these differences have to be sorted

out experimentally.
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4. AFPLICATIONS

Present and potential applications of pressure
sintering span a broad gamut of materials technology.
Examples range from the familiar sintering of metal-metal
carbides such as cobalt-bonded tungsten carbide to the more
recent and much higher pressure sintering of diamonds.
Some specific areas for which the potential of pressure
sintering either has been demonstrated or appears

promising are listed below.

a. Improved Dielectrics

These include materials with low dielectric loss,
high dielectric strength, high dielectric constant, nonlinear

response, stronger piezoelectric response, etc.

b. Optical Quality Ceramics

Fully dense, transparent ceramics have been made
from a wide variety of substances. Such materials are
finding applications as optical windows, radiétion detectors,
laser hosts, and electro-optic devices. Examples include
Mgo, Y303, CaF2, Al303, MgAl204, and the more recently
developed family of ferroelectrics consisting of lanthanum-
doped lead zirconate-titanate (PLZT).3 All of these have
been produced with sintering pressures < 1 kbar. A1203
(Lucalox), ThOz~-doped Y203(Yttralox) and MgAl,04 (Spinel)
can also be produced by pressureless techniques. It now
appears possible to make the PLZT's by conventional
sintering also. These materiéls, however, were made first
and are still being made by pressure sintering. Optical
quality, undoped Y,03 has been produced by pressure

sintering only.4 It is an excellent host for rare earth
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ions and is transparent from 0.3 to 8u. Single crystals can
be grown only in small sizes not suitable -for many applica-
tions. The fully dense transparent material has transmission
characteristics which closely resemble those for the single

crystal and can be produced in relatively large (inch) sizes.

c. Electronic Materials

In addition to improving mechanical properties,
pressure sintering can be utilized to improve electrical
and thermal transport properties resulting in increased
lifetimes. An important recent development is the pressure
sintering of doped silicon~germanium alloys for thermo-
electric applications. Particularly pertinent is the obser-
vation that a modest increase in the sintering pressure
from 26000 psi to 28000 psi has resulted in marked improve-
ments in alloy homogeneity, mechanical strength, and
electrical and thermal properties.5 The process, which may
also have important potential for other thermoelectrics
and for semiconductors, serves to illustrate that higher

pressures may be quite important for some materials.

d. Magnetic Materials

Structure-sensitive magnetic properties such as
the initial permeability, B-H characteristics, and lossiness i
are affected by porosity, grain size, grain boundaries,
and inhomogeneity. Pressure sintering offers a means of
controlling the density and texture, and thereby the
properties, of polycrystalline and ceramic magnetic
materials. The procesé is particularly useful for
MeO-Fe03 (ferrites) and 3Me203°5Fe203 (garnets), where

Me = transition metal, and, in fact, hot pressed ferrites ;
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have been produced commercially. Furthermore, the lowering
of the sintering temperature in pressure sintering can

also be used to great advantage. 1In ferrites and garnets
it is sometimes necessary to control the valence state of
the transition metal ion to obtain desired properties

and for some oxides and reactions this can be done only

at relatively low temperatures, hence the advantage of

pressure sintering.

e. Diamonds and Other Hard Materials

Recent work in the United States and Kussia
indicates that diamond powders can be sintered at high
pressures. The process requires pressures up to ~ 60 kbar
and temperature v to 2000° C and, in addition, the use of
a sintering aid or binder. Many of the details have not
been published and the best binders are not known, although
small amounts (~ 1 mole %) of silicon, beryllium, or boron
are known to help. This development has great technological
implications for the machining and grinding industries in
the making of pistons, dies, and cutting tools, etc. It is
most likely that cubic boron nitride and other future super-

hard materials can be sintered in a similar manner.

f. Refractory Materials

Many substances including oxides, carhides, borides,
and nitrides cannot be sintered by conventional means,
presumably due to the low atomic mobilities for diffusion "y
even at high temperatures. Pressure sintering techniques
have, however, been successful in yielding high-density
compacts. Here higher pressures are generally needed be-

cause of the higher intrinsic strength of these materials.
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g. Pressure Bonding

Pressure sintering can be used to bond similar
and dissimilar materials such as metal-metal, metal-ceramic,
and ceramic-ceramic. The strength and microstructure of
the bond can be made comparable to those of the parent
material. The isostatic process has much potential in
| connection with bonding dissimilar materials and in
cladding and forming structural shapes. A good example is
| the successful bonding of fine -grain alumina discs and tubes
to each other and to metal.

f h. Composites

This is an area that can be expected to become
increasingly more important. It is becoming possible to
tailor-make fiber (wire) reinforced ceramic and metal com-
posites to meet certain strength and thermal expansion
requirements that cannot be met with the unreinforced
materials. Present techniques employ very modest pressures
(few thousand psi). Increasing the pressure range will un-
doubtedly open this area to a wider range of materials. Such
composites have applications as structural elements, and as

heat, radiation, and oxidation resistant materials.

) 5. IMPORTANT RESEARCH AREAS
Pressure sintering can benefit substantially from

further scientific and technological advances in the

following areas:

a. The Mechanisms for Sintering and Densification

Basic studies are needed, and emphasis should be

given to the interrelationships among the process variables

H
pressure, temperature, time, and particle size. i
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b. Processes of Plastic Deformation, Flow, and
Diffusion Under Pressure in Particular Solids.

The elementary question of why pressure lowers the
sintering temperature, involving these processes, has not been
answered broadly, although diffusion models have been developed6
for surface energy and applied pressure as simultaneous driving
forces. wWhen diffusion transport is operative, these models
can account for the lowering of the necessary processing tem-

perature with applied pressure.

c. The Role of Inert Additivies (Sintering Aids,
Catalysts, etc.) and possibly Phase Transitions
on Contentional and High-Pressure Sintering.

More work is needed to understand the mechanisms
involved.

d. The Effects of Higher Pressure on the akove
variables and Mechanisms.,

The recent observation that raising the sintering
pressure by < 10% greatly enhances the properties of thermo-
electric silicon-germanium alloys strongly emphasizes the
point. Extending the pressure range should open new possibil-
ities for sintering heretofore untried and difficult materials.
The recent successful sintering of d’amond powders at ressures
in the 50~ to 60-kbar range illustrates the point.

e. The Scale-up Problems associated with going to

Higher Pressures in both the Uniaxial and Isostatic
Pressure Sintering Processes,

Emphasis should be placed on finding suitable re-

fractory encapsulating materials and developing ..ew and clever

recovery techniques. Present very-high-pressure apparatus

suffers from difficulty in recovering samples and the resulting

sample damage in the form of cracks and laminations. Early

results on materials sintered at very high pressures have
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yielded low apparent mechanical strength, most likely result-
ing because of this damage. Thus, it is felt that the true
strength has not been measured.

f. The Use of the Isostatic Process to Fabricate

Structures, Parts, and Components of a Single
Material or a Composite of Materials

This process offers much promise and more effort
chould be devoted to it and to extending its pressure
range. The possibility of forming complicated shapes by

this method also needs to be studied.

g. Automating or Semi-automating the Low-pressure
Sintering Process

It is very doubtful that this could be done at

very high pressures.
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APPENDIX B
J POWDER CONSOLIDATION
by S. H. Gelles
Battelle Memorial Institute

1. THE PROCESS

The consolidation of powder, whether metal or
refractory compound, is usually accomplished in one of
three basic ways. The first method is a cold-pressing
operation usually involving a shaped die and high pressures
‘normally <100 ksi). This initial step is followed by a
high~temperature sintering treatment which decreases the
residual porosity in the compact and improves the mechanical
and/or physical properties of the consolidated body. 1In
the second method (hot pressing), pressure and heat are ap-
plied simultaneously to produce a body which usually has lower
residual porosity than that from the cold-press sinter
method. A combination of the two techniques (i.e., cold
pressing followed by hot pressing) is also often used. The
third technique, still in early stages of development, is
that of explosive compaction. This process makes use of
high explosives to produce the pressure for cold and,

potentially for warm compaction.

The production of fully dense bodies from powders
is dependent upon the ability of the powder particles to
deform plastically by either glide or creep processes soO
that near intimate contact between adjacent particles is
achieved. The degree of plastic deformation and, thus,
the degree of interparticle contact is dependent on the

powder particle-size distribution, purity, and the pressing
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conditions of time, temperature, and pressure. Residaal
porosity is reduced or eliminated during heat treatment
subsequent to cold pressing as a result of the operation
of diffusion-controlled sintering processes. Such
processes also occur during consolidation by hot pressing
during which plastic deformation and sintering occur

simultaneously.

Since it is thermally activated, the sintering
operation depends on the time-temperature consolidation
history with higher temperatures and longer times favoring
the elimination of porosity and the strengthening of inter-
particle bonds. The driving force for the sintering process
is the reduction of surface energy and, therefore, is highly
dependent on powder surface morphology, surface chemistry,
and surface-~defect structure. Certain impurities or additions
to the powder surface sometimes contribute to enhanced or
"activated" sintering (e.g., Ni or Pd additions to W) and
provide fully dense bodies without pressure and at tempera-
tures that are appreciably lower than those used in the hot-

Pressing process.

In conventional hot-pressing operations, pressure
is generally not as sensitive a processing parameter as
temperature with time at temperature and pressure being the
least sensitive parameter. Hot-pressing pressures must be
of about the same magnitude as the material-flow stresses
at the processing temperature in order to produce the plastic
deformation necessary for the intimate contact desired between
powder particles. Pressure requirements can normally be

reduced by increasing temperature. Thus, most metal powders
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can be consolidated at pressures of about 1 to 5 kbars with
temperatures >0.5p. There is an inherent trade-off be-
tween temperature and pressure with the usual result that it
is more economical to increase temperature and thus reduce
the flow stresses than it is to increas= the pressure.
Increasing temperature also has the advantage of promoting
the sintering processes required for complete densification
and increased interparticle bonding. As an example of the
temperature-pressure trade-off, consolidation of beryllium
powder may be accomplished at 1100° C and 2000 psi or at
900° ¢ and 10,000 psi.

Increased processing pressures would have an
advantage in the consolidation of very-high-melting-point
compounds whose flow stresses are very high even at
relatively high temperature. For these materials increases
in both temperature and pressure may provide a practical ,
solution to their processing. Explosive compaction coupled
with moderate temperatures may also offer a reasonable
alternative for the consolidation of hard refractory

materials.

Very high pressures are necessary in the consoli-
dation of materials such as diamond powder which is unstable
at low pressures and elevated temperature. Even in this
case it is usually possible to take advantage of the
sluggishness of the decomposition which allows consolidation

to be effected at pressures somewhat lower than the trans-

formation pressure if processing is sufficiently rapid.
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Cold consolidation of powders at very high pres-
sures might also provide sufficient energy to the structure
to produce recrystallization in the consolidated powder
during a subsequent sintering operation. The resulting

fine-grain size could lead to stronger more ductile products.

2. IMPORTANCE

Consolidation of powder materials into usable
final shapes and into preforms for subsequent operations such
as forging is steadily growing in importance. It has been
found to be an economical process for producing complex
small parts directly to final shape and dimensions. Gears,
sprockets, etc., produced from iron and iron-alloy powders
are examples of this type of part. More than J,000
tons of iron powder are consumed per year in such applica-
tions. The number of parts from copper- and aluminum-base
metals is also growing, and growth is expected in the pro-

cessing of titanium alloy and superalloy powders.

When produced by consolidation from powders,
certain materials such as beryllium and some types of tool
steel have mechanical or physical properties which are
superior to those produced by the more conventional cast
and wrought route. Cylindrical pressings of these materi-

als as large as a few feet have been produced.

For refractory materials such as high-melting-
point metals, ceramics, and the so-called hard metal
compounds such as the metallic carbides, nitrides, and
borides, the most practical method of producing usable

bodies is often through powder-consolidation techniques.

s e,
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Processing of these materials requires relatively high
temperatures because of their high melting points and
relatively low diffusion coefficients and, in the case of
the compounds, their lack of adequate low-temperature
deformation systems. In spite of the high temperatures
used, full density often is not achieved in these high
melting materials. Application of higher pressure to this

problem may achieve noteworthy results.

3. STATUS AND LIMITATIONS OF PROCESSES AND EQUIPMENT

The techniques and equipment used in the
consolidation of powders by cold pressing and sintering or
by hot-pressing operations have developed rapidly during
the past few years. For example, manufacturing presses
used in the cold compaction of powders have grown in
capacity from the 100~ton to the 1500~ton range. The size

and complexity of parts have also increased.

The cold~isostatic-pressing technique in which
powder is packed into an elastomer container, sealed,
and subjected to a fluid pressure has also developed
significantly. Batch processes are conducted in autoclaves
as large as 5 ft in diameter by ten ft long. Blocks of ceramic
17-in by 23-in x 116-in have been pressed in such equipment.
Other cold isostatic equipment 2 ft in diameter by 8-ft long
exists and is capable of pressures to 80,000 psi. This unit
has been used for the green pressing of large beryllium
bodies in preparation for hot-~isostatic pressing. Research

is now underway in automating such equipment so that it may

be used for large production items. Experimental equipment
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is also available (approximately 6" in diameter and 6" long)
for cold isostatic pressing of powders in the 10 to 15 kbar
range. Insufficient work has been done, however, to deter-
mine whether cold pressing with this apparatus at these
pressure levels offers meaningful advantages. Theoretically,
more intimate interparticle contact would be possible and
would be accompanied by larger amounts of plastic deforma-
tion. The resulting increase in internal energy would
enhance the sintering process and promote recrystallization
during the post-pressing heat treatment thus leading to

a fine~grain product.

Conventional hot pressing, usually carried out
with graphite tooling, has been used to consolidate various
intermetallics, refractory carbides, oxides, and metals.
The technique is limited in operating pressure range to
22000 to 12,000 psi depending on the hot pressing size, by
the tooling material, and it is often difficult to achieve

full density under these conditions.

Hot-isostatic-pressing techniques in which a cold
consolidated mass of powder is sheathed in a metallic
container and subjected to a high gas pressure and elevated
temperature have rapidly developed in the last few years.
The process has produced large and complex shapes up to
2 ft in diameter and 5 ft long. The largest autoclave unit
presently in operation has a 3-ft inside diameter and
9-ft inside length and can operate at pressures up to
15,000 psi. An autoclave 5 ft in diameter and 15 ft long

+

operating in the same pressure range is now on the drawing

board. Smaller autoclaves operating at higher pressures

s S ot
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(up to 150,000 psi) are available but only limited work has
been performed especially at the higher pressures. The
application of higher pressures in the consolidation of
refractory compounds and metals would offer some advantages,
but temperature limitations are presently imposed by the
requirement for a ductile nonreactive sheathing material.
Very little work has been performe? on extending the pressure
and temperature range of this process to consolidate
refractory compounds to full density.

Some work has been conducted in the 20-to-70-kbar
pressure range, and refractory borides, SmCO5 and diamond
powder are examples of the powders consolidated. Powder
compaction at these very high pressures is still experimental
and the amount of material that can be processed at a given
time 1is very limited. Because of limited experience in
this area, evaluation of the properties of the consolidated
material has been largely neglected to date.

Explosie compaction of powders is another area
that has received only limited attention in spite of the
potentials of the process in regard to size and economy.

The major problem area is the cracked compacts that often
result from the process. Research efforts in sample design
and in charge fixturing and detonation configuration
coupled with the application of elevated temperature pro-
cessing should lead to progress in the development of the
process. The sintering of explogively compacted powder
should be accelerated due to the relatively high energy

imparted to the powder particles during compaction. Once d

again recrystallization could lead to a fine-grain structure
having superior properties.




Finally it should be noted that relatively little
work has been done in the area of surface morphology and
chemistry and their effects on consolidation of powder.
This is a very important field since these surface charac-
teristics sensitively affect interparticle bonding and
sintering processes. They are especially important in
closed systems at high pressure where gas evolution as a
result of adsorbed layers or impurity reactions involving
gaseous products lead to high interparticle gas pressure
and prevent full compaction. The problem can often be
solved by hot outgassing and sealing in a closed container.
Efforts to consolidate powders at high pressure must be
concerned with these effects. Similarly, sintering
aids (alloying elements added to the powder) can activate
powder surfaces so that sintering reactions that occur
after cold pressing or during hot-pressing operations would
take place at lower temperatures. The reactions involved,

however, are not too well understood.

4. RESEARCH RECOMMENDATIONS

Listed below are areas relating to the application
of high-pressure technology to powder consolidation and
visa versa that show promise of leading to scientific or
technological advances in both areas.

a. Explosive Compaction of Powders |

This area of our technology has not received much

i e

support although the potential benefits include economical

.
-

powder compaction and consolidation of powders heretofore

difficult or impossible to compact by other means. Explora-

tion of warm or hot explosive compaction or cold compaction




-55=

followed by hot pressing or sintering are some of the areas

that appear fruitful.

b. Diamond and Hard Refractory Compound Powder
consolidation

The successful consolidation of diamond powder
and other refractory and wear-resistant materials could
contribute significantly to technology. These materials
could be used effectively in grinding or drilling tools and
in dies such as those used in the drawing of fine wire.
Diamond powder consolidation and fabrication into ultra-
high-pressure (megabar range) chambers would allow the
exploration of new forms of matter such as metallic hydro-
gen, Here again the use of explosive compaction might be
of benefit although other techniques such as the use of
sintering aids or special powder-surface preparations may

help in the consolidation and powder-bonding processes.

c. Intermediate Pressure Consolidation

It is within the present state-of-the-art to build
relatively large hydrostatic equipment (1 ft. in diameter
and several feet long) capable of operating in the 10- to
l5-kbar pressure range. Such equipment would greatly
extend the present usual range of operating pressures for
powder compaction and would be useful in the consolidation
of refractory metals and ceramic materials. The higher
pressure levels should allow compaction at lower tempera-
tures and should produce materials with higher densities
and improved properties. The materials thus produced would
be of practical size and could in some cases be pressed to

near-finished shape and dimensions. Solid-state bonding of

-
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difficult-to~-join materials may also be feasible by the
application of the increased pressure. Research efforts

in this area should be fruitful.

d. Material Deformation at High Pressure

Studies of the deformation of materials under high
pressure would be helpful in determining the desired
temperature and pressure conditions for powder compaction.
Information on the temperature and pressure dependencies
of flow characteristics and their variation with crystal

structure is the type of information that would be useful.
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APPENDIX C
DYNAMIC HIGH-PRESSURE APPLICATIONS

by George A. Samara
Sandia Laboratories, Albuguergue. New Mexico

A great deal of progress has been made during
the past 20 years in studying the response of solids (and
some fluids) to shock-wave compression. Much of the work
has been motivated by military needs, but the results Lave
been of scientific as well as applied interest. The shock
method has many unigue capabilities, very important among
which are the ability to attain very high-pressure high-
temperature states of matter not possible by present static
high pressure means and the ability to study the elastic
properties of solids over a large range of strain.
For example, germanium has a Hugoniot elastic limit of over
40 kvar and that of sapphire can be over 2C0 kbar along

certain crystallographic orientations.

Shock-wave research has made important contribu-
tions, particularly noteworthy are those in areas of
high-pressure equation of state and polymorphism of solids.
In addition, advances have been made in a number of other
areas: including (1) dynamic yielding and the interpretation
of elastic~plastic phenomena in terms of dislocation
dynamics, (2) material strength and fracture (spallation),
and (3) the electrical and magnetic response of certain
classes of solids (e.g., quartz, germanium, and iron alloys).
In most of the above areas results of carefully planned

and detailed experiments are just beginning to appear and
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much more work needs to be done before sufficiently

quantitative models of the phenomena can be devised.

The objective of this brief appendix is not to
deal with the above aspects of shock-wave (or dynamic)
high-pressure research but rather to focus on a few specific

applied areas.

Certain aspects of dynamic high-pressure work are
finding important applicaticns in and hold substantial
further potential for metals and metals fabrication
technologies. These are explosives operations and can be
divided into (1) explosives bonding, (2) explosives forming,

and (3) shock-wave hardening.

These operations have proven to be useful
in metals work, and in some instances, for example the
bonding of incompatible metals, they are the only means
feasible for performing the job. This is not to say,
however, that these are a cure for all difficult metals
operations; rather, they complement and/or compete with
existing fabrication methods. Such operaticns are most
advantageously exploited in applications not economical
using conventional means and in applications requiring the

production of limited quantities.

A body of information on these operations exists
in the literature and a fairly up-to-date review of the
field can be found in the references cited at the conclu-
sion of this appendix. Only general remarks on these
operations, their potential, and problem areas that need

further investigation will be made here.
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1. EXPLOSIVE BONDING: WELDING AND CLADDING

These are commercial operations used to bond metals

together. Many different combinations of metals such as bismuth-

steel, aluminum-titanium, aluminum-steel, copper-molybdenum,
and zinc-zinc have been successfully bonded with this technique
and it should be applicable to most combinations of metals.

By conventional methods it is often difficult or impossible to
bond dissimilar metals, such as metals with widely different
melting points (e.g., bismuth-steel and lead-tungsten). 1In
explosive bonding melting is not a requirement, and further-
more, the process does not appear to be strongly influenced

by large differences in the elastic and plastic properties of
the metals. 1In fact, melting is not desirable since recrystal-
lization and the possibility of formation of compounds and
alloys at the interface between the two metals can lead to a
weaker bond. Clearly then, explosive bonding is an important
process. It generally has been applied for bonding simple
geometrical shapes such as flat plates and cylindrical sur-
faces; more complicated shapes are more difficult but may b~

possible.

The process is illustrated schematically as shown:
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The two metals to be bonded are placed a small stand-off
distance apart. On detonating the explosive charge the upper
metal plate is driven downward at high velocity to collide
with the lower plate at a small angle. An explosive is
usually selected that detonates at a velocity which is lower
than the sound velocities in the metals. The collision point
will then traverse the metal surface at a subsonic speed and
permit jet formation upon collision. The colliding surfaces
contain oxide layers and other contaminants which are peeled
off by the jet which scours and exposes clean metal surfaces
as it moves forward. The clean surfaces behind the jet are
then forced together by explosive pressures in the tens to
hundreds of kilobars forming a bond (or weld). The forma-
tion of clean surfaces is an essential step in the bonding
process. If properly done, the resulting bond is mechanically
stronger than the weaker of the two metals. The strength of
the bond depends on a number of factors such as the pressure
and temperature conditions, crystallographic misorientation,
and the possible occurrence of melting at the interface.
Desirable conditions have to be determined for different

combinations of metals. -

The mechanism by which explosive bonding is
achieved is not fully understood. Most hypotheses to date
are based on results of post-mortem analyses with no in-
situ data. Some of the mechanisms that have been postulated
include (a) fusion bonding, (b) cold pressure friction
bonding resulting from the relative sliding motion of the
two interfaces, and (c) bonding due to the jetting action
that occurs under oblique high velocity impact. Most

workers in the field favor the latter and this is
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supported by post-mortem metallurgical examinations of
interfaces which often reveal strong evidence for jetting.
The two types of interfaces observed are (a) a straight

interface resulting from the direct bonding of the two

clean surfaces produced by collisions at large angles of
incidence, and (b) a wavy interface resulting from oscillation
in the jet flow and produced by collisions at small angles
of incidence. The details of the wave formation are alsc
not understood, but a qualitative explanation has been
advanced by Crossland and co-workers. It is speculated
that after detonation of the explosive the metal in contact
with the explosive moves ahead of the other and a metal
“tongue" from it penetrates the slower metal. This raises
a tongue in the second metal ahead of the collision point
and this tongue penetrates the first metal and the process
continues. In the absence of any direct in-situ observa-
tions it is difficult to be sure how closely this descrip-
tion reflects the actual phenomenon. Evidence for small
pockets of melting and solidification near the vortices of
the waves has been noted. Under conditions of very-high-
pressure collisions, these pockets coalesce to form a
continuous cast interface -- often an undesirable situation

resulting in a weaker bond.

Explosive cladding has been used to bond
metals to make coins and holds considerable promise for
forming speciality composites for wear-, erosion-, and
corrosion-resistant applications and, possibly, metal
composites suitable for high-temperature applications.
Plates up to ~300 £t and cylindrical shapes of various
sizes have been successfully clad. The welding process

has been used for joining difficult dissimilar metals such
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as aluminum-steel for marine applications and for welding

tubes to tube plates in heat exchangers, condensers, and

boilers, particularly in nuclear power generators. It has
been speculated that the latter process may replace the

conventional tube-expansion methods.

2. EXPLOSIVE FORMING

As opposed to explosive bonding in which dynamic
pressures of tens to hundreds of kbar are needed, explosive
forming is a relatively low-pressure process requiring
pressures on the order of only several thousand psi. The
pressure is generated by an explosive charge set off some
distance away from the metal-form die combination and trans-
mitted to the metal via an inert medium, generally water.

The metal flows (stretches) to the desired form.

Explosive forming has proven to be economically
sound and competitive for certain metal fabrications and,
in some instances, is superior to conventional processes.
Among its strong features are its ability:

a. To meet close dimensional tolerance require-
ments on both small and large objects;

b. To form nonsymmetric and unusual siapes (such

shapes are often very difficult to produce by conventional

means, but become easy by the explosive method after a form
die 1is made):;

c. To form large workpieces:;

d. To utilize dies of low-cost materials when
production quantities will be small;

e. To allow quick response time; and

f. To form metals that are difficult to form by

conventional means.,

The formability (ultimate elongation) of most metals is not
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markedly changed by the high strain rates involved in
explosive working, and the residual metallurgical properties
usually are comparable to those following cold working to

a similar level of deformation.

3. SHOCK-WAVE HARDENING

This has long been recognized as a useful metal-
working process and has been employed in the surface
hardening of rails and crusher jaws. Conventional processes
require large plastic deformatiors to achieve needed hard-
ness, while, on the other hand, the same results can be
achieved with very littl:z deformation under the very-high-
strain-rate conditions of the dynamic process. Pressures
in the 10 to 100-kbar fange are involved and the hardness
decreases with increasing depth into the object. The pro-
cess does not appear to be widely used at present but it i
may have potential applications in wear-resistant and

structural materials.

Both the shock-wave~stress amplitude and duration
affect the residual hardness and microstructure of the
material. A low-amplitude pulse of long duration can be as
effective as a higher-amplitude pulse of shorter duration.
The hardness of metal is thought to be determined by such
factors as the density of dislocations, stacking faults,
and deformation twinning. Recent investigations of the
shock hardening of Hadfield steel from O to 500 kbar have
indicated that it is the dislocation density and not the
specific microstructure that controls the hardness of this
material.4 Detailed studies of other materials are needed

to establish if this is a general conclusion. Hadfield
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steel, an austenitic manganese steel, exhibits an unusually
large shock hardening effect. An increase in its hardness

by as much as a factor of four in 200 kbar has been noted.

4. CONCLUSIONS AND RECOMMENDATIONS

Much technological progress has been made in
recent years in explosive operations described above,
and they are now recognized as competitive or unigue
metalworking processes. However, the mechanisms and nature
of the phenomena involved are not sufficiently well under-
stood. The energetics of explosive detonation and energy
transfer to metal are reasonably well understood for
high-density military explosives, but solution of such pro-
blems requires utilization of complex computer codes. Few
industrial firms actively using explosive metalworking
have the capability to perform such computations and, in
fact, there has been no clear demonstration that such
codes can indeed solve the design problems involved.
Furthermore, performance data required by the codes are
not available on the low-density, commercial explosive
formulations most commonly used in metalworking applications.
The rates, pressures, and temperatures achieved are impor-
tant process parameters. All present knowledge about explo-
sive bonding is based on post-mortem analyses. Direct
observations and measurements are very difficult but sorely
needed. Other important areas in need of research include
those of metal plasticity and dislocation mechanics (as
they affect flow and hardening) under conditions of very
high strain rates. Some progress in these latter areas

has been achieved in recent years but more remains to be done.
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APPENDIX D
HIGH-PRESSURE TECHNOLOGY

by H. M. Strong
General Electric Research & Development Center

1. INTRODUCTION

Since 1955, pressure has become a readily
available and powerful thermodynamic variable in the hands
of possibly 2,000 to 3,090 workers throughout the world.
That so many should be thus engaged when so few profitable
products, only two in fact, have been discovered may seem
surprising until one realizes that an incentive even more
powerful than product is curiosity. High pressure has
served well in this respect; as a newly available thermo-
dynamic variable it has offered many answers, many surprises,
and many new questions. In addition, it has resulted in
some metal working at 10 to 20 kbar, some sintered things,
a couple of hard abrasives and interesting organic reac-
tions, but no polymer products. At 60 kbar, the volume
available is still much too small for superalloy or polymer

parts.

Not many technologically important products can be
expected in view of the present state of the art. The
volume 1is tco small, and only a few pressure-generated
materials have any permanence after pressure is removed.
Thus, what can be made or modified and does have permanence
must find its place in technology in the form of small
pieces--a few cubic centimeters. For the rest, pressure
remains a pry for opening mysteries, such far-off mysteries

perhaps as where lies metallic carbon, metallic hydrogen,
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and metallic some other things. These are problems of
the greatest technical difficulty and may demand static
pressures of 1 to 6 megabars which severely strains

pressure capabilities.

In this appendix an attempt is made to illustrate
how pressure is achieved and to describe its principle
effects on matter. To enumerate all its effects is an
impossible undertaking; however, it is possible that from
the vast literature on the subject, an imaginative person
might find a few resources for generating novel sol-tions
to specific problems. Most of the work accomplished to
date seems to have been an effort to add to the expanding
list of new forms of matter, new phase lines, new resistance
phenomena, new curie points, new superconductors, etc.
There might be virtue now in trying to discover whether
there are useful properties for specific needs among all
these stored treasures. The sort key may be an imaginative

theoretical scan of what already exists.

2, APPARATUS

The real-life facts about high-pressure appara-
tuses are that they are expensive, their useful lives are
relatively short, a<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>