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U. S. ARMY MATERIALS RESEARCH AGENCY
ULTRAHIGH PRESSURE RESEARCH - 1TS PROGRESS AND PROMISE

ABSTRACT

Ultrahigh pressure, how it is produced, the kind of machinery required,
the "massive support" principle and its evolution, together with the effect
of extreme pressure on the basic structure of some materials are discussed.
A bibliography is attached.

INTRODUCTION

One of the major concerns of the materials scientist 1s the relation
between the basic structure of an element or an alloy and the properties
it exhibits. Changes in basic structure can bring with them favorable
alterations in both the physical and mechanical properties of metals,
alloys, and nonmetallic compounds. By applying extreme pressures to some
materials we are able to change their lattice structure or to actually
alter the natural alignment of the atoms within their crystals. When
this happens in such a manner that the new alignment does not revert to
its former undisturbed condition, we have an entirely different, in fact,
a new material before us. A known and rather striking example of a
transformation of this kind is the conversion, under very high static
pressure and temperature, of graphite into diamond. This conversion is
really a change of phase in the material, and the transformation usually
results in increased strength and hardness, different physical properties,
and very significant differences in response to electricity and other
forms of activating energy. It seems possible that materials with
greater resistance to cosmic and solar radiations will be developed.
Perhaps even the ionizing Van Allen radiations, which cause so much dis-
turbance in the electronic devices of flying space vehicles, may be soon
overcome (G. C. Kennedy Lecture, University of California, Los Angeles,
March 1964). Thus, ultrahigh pressure research holds the promise of
developing materials with electronic properties far superior to those
presently available. Moreover, the unfolding and rapidly deepening
knowledge of high pressure physics will as a matter of natural consequence
lead to the emergence of ultrahigh pressure and temperature techniques.
These may bring with them the extension of solid-solid transitions to a
number of tactically important high-strength materials - which would then
have hitherto unknown mechanical properties.

While these hopes are enticing, it behooves us to examine on what
foundations they have grown. In other words, what is the state of the art
of ultrahigh pressure research? What is meant by "ultrahigh pressure",
how is it produced, and what has to date been accomplished with it?




DEVELOPMENTS [N ULTRAHIGH PRESSURE

There are several ways of producing ultrahigh pressures. Working
with shock tubes or with high explosives used as shaped charges, or yet,
with plane-wave generators and driver plates, extremely high transient
pressures can be achieved. The magnitude of the pressure that can be
attained is function of the shock velocity and also of the inertia of
the material exposed to shock. The greater the apathy of the material,
the higher the dynamic pressure induced. A few random examples will
illustrate the point. The highest pressure produced by shock in Cu is
9550 kilobars (1 kb = 1000 atm or roughly 15,000 1b/sq in.), in uranium
it is 6450 kilobars, while in plexiglass it is only 2000 kilobars and,
Jjust as a matter of reference, gun pressure is around 100 kilobars
(George E. Duvall, Lecture on Ultrahigh Pressures, University of
California, March 1965).

The duration of a shock wave is about 2 microseconds with the most
commonly used explosives, which are TNT, RDX, Composition B, Cyclotol
77/23 and, of course, PEIN, and primacord.

It may be noted here that if the target of a high-explosive-induced
shock wave is a near theoretically rigid wall, the shock wave is re-
flected. The pressure produced by the reflected shock wave is much
higher than the pressure generated by the shock wave itself, and it can
be higher by as much as a factor of 10.

One of the most noteworthy effects of shock on metals and alloys is
hardening. Apparently even carbides are hardenable by shock, but tech-
niques for doing it are still in the development stage. The greatest
advance in the application of shock energy has been made in the domain of
explosive forming.

Besides explosive hardening and forming, remarkable results have been
achieved in explosive welding, especially in cladding a number of dis-
similar materials into composites made up of several strata whose differ-
ent properties combine into an astonishing synthesis - or symphony, if one
prefers - of new physical and mechanical characteristics.

This is, in a cursory appraisal, the picture of ultrahigh pressure
produced by explosives. The situation is an entirely different one with
nondynamic or, putting it positively, static extremely high pressure.

First of all, static pressure is supposed to be of infinite duration,
and producing the pressure requires mechanical equipment and pressure-
transmitting and confining media. The transmitter can be a gas, a liquid,
or a solid. When liquids are used, the pressure cannot be higher than
about 35 kilobars, because most liquids freeze at 30 or 35 kilobars. For
this reason there is apparently a tacit agreement to use the term "ultra-
high pressure" (UHP) for the range above 30 kilobars. Another great
difference between dynamic and static UPH i1s that the maximum static



pressure produced is approximately 500 kilobars, as opposed to the awesome
dynamic pressure of 9550 kilobars, or, in round figures, 10,000 kilobars
mentioned earlier.

The outstanding work in static ultrahigh pressure research is that of
the late Professor Bridgman of Harvard University. Between 1909 and 1960
Bridgman wrote 199 papers dealing with "High Pressure Effects". His
"Collected Experimental Papers" alone, published by Harvard University
Press in 1964, fill seven respect-commanding volumes. There is hardly an
investigator interested in the high pressure field who could forego study-
ing the fundamentals set down by Bridgman. His principles of massive
support for compression anvils and for pistons is still valid and used
with some modification all over the world.

The Bridgman Anvils

Bridgman anvils are laboratory equipment consisting of two broad-
angle chamfered, flat-faced compression dies made of a tough grade of
tungsten carbide which is buttressed against lateral flow by tight-fitting
steel rings. They are used in experiments with specimens of small volume
and surface area. While they can withstand fairly high pressures (up to
CCA L0O kilobars), the size of the sample is too small for comprehensive
information in high temperature work (Figure 1).

Yet it is generally recognized that it is the Bridgman technique of
"magsive support" which initiated the development of two improvements
enabling today's investigators to apply ultrahigh pressures to larger
areas and greater volumes of material specimens.

The two improvements are the use of multiple binding rings around the
compressing anvils, and the embedding of the specimen into a self-gasketing
material.

Figure 2 is a somewhat more sophisticated application of the massive
support principle. Two cylinders, one large and one small, are bored along
the same axis in a block of steel subsequently heat treated and ground.
The large piston ends in an obtuse angle truncated cone, which offers the
area of massive support, while a plasticized collar acts as gasket and
provides the radial restraining forces around the upper end of the unat-
tached or floating high pressure piston. The pressure distribution
(measured by Zeitlin) deserves our attention. The press supplies 170 tons
to the truncated anvil which, by reason of area difference, translates to
the high pressure piston 146 kilobars. The resultant lateral pressure on
the generatrix of the small piston is 10.5 kilobars, while at the contact
face of the specimen cell the pressure reads 103 kilobars, ending at the
face of the closing anvil in 72 kilobars.

A simple version of a compression cell is presented in Figure 3. The
massive support idea is the same as in Figure 1, except for the cylinder
block which with the piston and anvil constitute a closed die type of
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design. Lava is used in the form of a conical ring as a self-gasketing
material.

In Figure 4 the laterally-buttressed massive support of Figure 2
evolves into a clear-cut and creatively designed lateral support principle.
A steel band is the constraining chamber in which two opposed rams heading
toward one another compress the pyrophillite-embedded specimen. On both
sides of the lateral support ring, a shaped steel ring is placed.

During pressing action the pyrophillite will flow into and freeze
solid in the rings, acting there as a selfsealing gasket. The three
internal rings are surrounded by three concentric outer steel binding
rings of which the inner one has a tapered OD, the central one is tapered
both on the inside and on its OD, while the outer band has a matching
taper on its ID.

Massive Support

What is assumed to be the ultimate in the application of the concept
of massive support is represented in Figure 5. This has become known as
the "belt apparatus". It was developed by Hall for General Electric.

In it, both the anvils and the constraining die benefit from the
massive support principle. Two heavy rings surround each anvil. These
binding rings are made of heat-treated steel, prestressed almost to their
yield point by tapered interference fits, and girded by a soft, mild steel
safety ring. The role of the soft ring is to prevent injury to personnel
from fragments, should the binding rings fail under pressure.

The apparatus is water cooled, and can hold the specimen steadily at
2000 C under a pressure of 150 kilobars.

The specimen cell of the belt apparatus is quite complicated both in
conception and execution. One of its prominent features is the sandwich
gasket. 1In it one component relates to the next one with the logical
concatenation of a stacked syllogism.

That the belt apparatus has merit is shown by the reproducibility of
the sharp electrical resistance in bismuth, thallium, cesium, and barium.
Measured in a Bridgman anvil these transitions, according to the old scale,
were reported to occur at 24.9 kilobars for Bi, L4 for T1, 54 for Cs, and
78 for Ba. A new scale was established with the belt apparatus. It reads
25.4 kilobars for Bi, 37 for T1l, 42 kilobars (instead of 54) for Cs, and
59 in the case Ba (instead of 78).

The tetrahedral arrangement shown in Figure 6 is a skeletal represen-
tation of four converging pistons. Their flat ends are chamfered as
shown. The three lands of the chamfers at 109.47 degrees leave a flat
area on each piston, forming an equilateral triangle. When the four pis-
tons converge, their truncated cone ends leave an empty space in the shape
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of a tetrahedron. The piston ends are the anvils in this case. They are
made of tungsten carbide.

The National Bureau of Standards designed a tetrahedral fixture as
shown in Figure 7. Basically it is a hydraulic cylinder similar to a
dashpot with a free floating piston in it. In the piston there is a
tapered bore. Three of the tetrahedral anvils have their outer ends ground
to conform to the tapered bore of the piston. The end of the fourth
plunger is flat and butts against the upper closure of the cylinder when
fluid under pressure forces the piston upward.

Figure 8 is a photograph of the fixture. On first sight such a device
is attractive, but in usage the loss of force through friction posed severe
problems. Teflon plugs in the anvil ends helped, yet as a whole it has
been recognized that the limitations of the fixture are too great to
replace effectively a tetrahedral press.

The Tetrahedral Press

With a regime pressure of 13,000 psi, the tetrahedral press repre-
sented in Figure 9 can produce a total pressure of 400 kilobars (400,000
atm) on the specimen. The design of the press is worth noting: simple
flat links held in place by high strength pins Jjoin the three forged steel
cylinder blocks. The function of the laterally mounted device is to take
X-ray diffraction pictures of specimens under pressure.

The Hexahedral Arrangement

Figure 10 illustrates the principle of exerting UHP on a cube instead
of a tetrahedron. Six converging pistons have their extremity so shaped
as to leave, when all six meet, a cubic space for the compression of a
specimen embedded in pyrophillite.

A drawing of a hinged hexahedral apparatus is presented in Figure 11.
The complexity of such a press and its higher cost weighed against its
lower efficiency cause the tetrahedral press to be preferred. In favor of
the hexahedral press is the very much easier preparation of specimens, as
can readily be seen from an examination of Figure 12. Here the tetrahe-
dral specimen cell is compared to the hexahedral one.

No. 1 - The specimen.

No. 2 and 4 respectively -.The heating sleeve and two tabs surrounding
the specimen.

No. 3 - Tetrahedron made of grade A lava or pyrophillite (Tennessee
Lava Corporation, Chattanooga, Tennessee.

No. 4 - Inner tab for heat transmission to sleeve No. 2.

No. 5 - Intermediate tab.
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Figure 9. THE TETRAHEDRAL PRESS
Reprinted through courtesy of BAROGENICS, INC.
19-066—366/AMC—65
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Reprinted through courtesy of BAROGENICS, INC.

1. SPECIMEN 2. HEATING SLEEVE 3. CHARGE CONTAINER
4, INNER TAB 5. INTERMEDIATE TAB 6. CAP
7. OUTER TAB

Lo Womcy 7000y

TETRAHEDRAL CONFIGURATION

7 4 2 | 3 49 7
CUBIC CONFIGURATION

19-066-11/AMC—65
Figure 12. EXPLODED VIEW OF CAVITY ASSEMBLIES

Reprinted through courtesy of U. S. AIR FORCE CAMBRIDGE RESEARCH LABORATORIES

11



No. 6 - Cap, or pyrophillite space filler between intermediate and
outer tab.

No. 7 - Outer tab for contact with WC anvil.

The cubic sample holder shown at the bottom of Figure 12 is quite
obviously much simpler, easier, and much less costly to machine and to
provide with current transmitting metallic parts.

Heating Arrangement for a Pyrophillite Tetrahedron Enclosed Specimen

There is an absolute minimum of two factors which must be known in
ultrahigh pressure research - pressure and heat. To know the tempera-
tures at which the experiment is carried out presents no difficulty. A
thermocouple leading from the specimen toa classical galvanometer will be
satisfactory. Pressure measurements require a more thought-demanding
approach - calibration is necessary. For this, metals with known points
of phase transition, indicated by a change of electrical resistance while
under pressure, are used. Wires, 0,015- to 0.025-inch diameter, of such
metals are placed into a small quantity of silver chloride and the whole
is introduced into the tetrahedral cavity of the press. The silver
chloride tetrahedron is prepared exactly as if it were a pyrophillite
specimen holder. The electrical current flowing through the metal wires
will encounter sharp changes in resistance at the already known points of
transition. These are the points that will serve as yardsticks of
calibration. The change or changes in resistance will be indicated by an
outside bridge circuit connected to a recorder (Figure 13).

An exposé (even a very brief one) which deals with ultrahigh pres-
sures and their effects must evoke, in support of fundamental notions,
Le Chatelier's law: "If a stress - heat or pressure or both - is applied
to a system in equilibrium, the equilibrium is disturbed in a direction
which tends to cancel the effect of the stress."” It is a major aspect of
Le Chatelier's principle that materials will generally respond to pressure
by a tendency to contract, to become smaller in volume.

Assuming that we are dealing with a stable system, this contractive
trend can be expressed by a relation based on the second law of thermo-
dynamics, namely

ov
= < O.
oP T
Defining two commonly used terms for expressing the amount of con-
traction of a substance under pressure we have on the one hand:

compressibility
1 <3V
k== (=
V \oP T




and on the other hand compression where V is the volume at pressure P and
Vo 1s the volume at pressure Po. Compressibility indicates the rate of
partial contraction of the material while compression gives the total
volume alteration due to pressure.

It is interesting to note that compressibility is idiosyncratic in
character; it varies from one substance to another. The variance is very
great between gases and liquids and of lesser magnitude between ligquids and
solids. Accordingly, a volume change of 5 percent can be brought about in
solid helium by a pressure of 50 bars (atmospheres), in cesium by 1400 bars
(atmospheres), and in beryllium by as much as 100,000 bars or 100 kilobars.

The effect of extreme pressures on solids and more specifically on a
single crystal has been under study of increasing intensity in the last
four or five years. The number of university professors and other high
caliber names in high pressure physics is toc great to be enumerated here.
A bibliography, courtesy of U. S. Bureau of Weapons and Defense Metals
Information Center, is to be found in the appendix.

Single crystals are made up of atoms or combinations of atoms disposed
in space in a three-dimensional periodic structure. The forces governing
the spatial relationship between atoms depend on the kind of element we are
dealing with. The atoms of crystals can be brought closer together by
adequate pressure (see Figure 14). They can also be distorted, inducing
a rearrangement of the atoms' electron shells (Figure 15). By extreme
pressure nonmetallic atoms can be stripped of some of their electrons,
changing the nonmetal into a metallic conductor. For example, iodine,
phosphorus, and tellurium are materials which can be forced to act as
metallic conductors. Over 100 kilobars of pressure is necessary to pro-
duce such changes.

The changes produced in a periodic lattice when it is forced into
another pattern is referred to as a polymorphic transition, and it is actu-
ally a new, different phase of the material. It has been observed that
with each phase change goes a reduction of compressibility.

The presently producible pressures are not sufficient to bring about
phase changes in all materials. Nor are all phase changes stable; most
materials will not retain the new form they have assumed while under pres-
sure. An outstanding example of nonreversing phase change is that of the
mutation of graphite into the purest form of carbon - diamond.

Quite incidentally, diamonds from graphite are now produced for indus-
trial applications. Their size is usually about one-half millimeter sides
(0.020 inch). The largest diamond ever produced from graphite measures
about 4 carats. By direct association, diamond leads us to carbon and
thence to the effect of UHP on the iron-carbon diagram (Figures 16 and 17).
Pressure lowers the eutectic temperature and the eutectic gets shifted to a
lower carbon content. Most materials will also have their melting points
affected one way or another by UHP. Figure 18 is an example of the influ-
ence of UHP on the melting point of some elements.

13




. CONTAINER ASSEMBLED WITH TEST SPECIMEN AND TABS
. TETRAHEDRAL ANVIL

. STUD FOR ELECTRICAL CABLE CONNECTION

CABLE

. VARIABLE TRANSFORMER

~~ T—

FAR SIDE ANVIL

(NOT SHOWN)
1
3
|
% :
SRS
/_'C

5

Figure 13. HEATING ARRANGEMENT FOR TETRAHEDRAL CAVITY ASSEMBLY
Reprinted through courtesy of BAROGENICS, INC.
19-066-12/AMC—65

[ R

107°

1
100 Kb
2
Li Na Sr Ba
: . . Ca sg sof | TI
A B AT Vet
o As |zr TeCs ‘Th
7. = Si Ce
g u
10-7
> 10-4
L Nel A Kr % I Kb
= ]
a
7 S |
7] _slLi Se
® 108 \d ?
x o k
a x
g - DN d Hl
ok ‘\? Th
< 10-6 Y Hf Q‘
» Pd
Si 1)
Rh Ir
072

O 10 20 30 40 50 60 70 80 90 100
ATOMIC NUMBER

Figure (4. COMPRESSIBILITY OF ELEMENTS
Reprinted through courtesy of U. S. AIR FORCE CAMBRIDGE RESEARCH LABORATORIES
19-066—23 /AMC-65

1k



Rb|Sr | Y |Zr |Cb|Mo|{Ma|Ru|[Rh|Pd |Ag|Cd|iIn |Sn |Sb|Te | | |Xe

Cs|Ba|La|Hf |Ta|W |[Re|Os|Ir | Pt E

Fr |Ra]Ac|Th|[Pa| V |[Np|Pu|]AmjCm

Ce|Pr|Nd|Pm|Sm|Eu|Gd| Tb|Dy|Ho|Er | Tm]Yb|Lu

UNAFFECTED ELEMENTS

Figure |5. TABLE OF ELEMENTS THAT COULD HAVE OUTER ELECTRONS INWARD
Reprinted through courtesy of MATERIALS IN DESIGN ENGINEERING
19-066~8 /AMC—65

1700

a+y Carbon,wt %
Figure 16. Fe - C PHASE DIAGRAM
Reprinted through courtesy of MATERIALS IN DESIGN ENGINEERING
19-066-21/AMC-65

15



\ ay
\ To (Fg) Calcuiated
1100 = \,/ -
A Initial Slope of Tg vs P
\ from Clousius - Clapeyron
1000 @= \ Equation —
‘\ \
~
=
2 /
¢ 900 }— -
31 TE (F.'C)
° Calculated
g
2 800 - Measurement  of
g Eutectoid Temperature (Tg)
o
E
i Hilliard and Cahbn O
Schatz
700 |— Radcliffe , [ ] —
and Kulin
Hilliord A
soob—1L 1 1 1 1 1 1 1 |

o] 10 20 30 40 50 60 70 80 90 100
Pressure Kilobars

Figure 17. EFFECT OF PRESSURE ON THE EUTECTOID
TEMPERATURE IN THE IRON-CARBON SYSTEM
Reprinted through courtesy of MANLABS, INC.

19-066—25/AMC-65

3000

Rh

2000 jupmmmme== Pt
Fe

— Ni
1000
800 -
\

600 B p———

\Ge

MELTING POINT, degrees C

\
\
\
ﬁ\

200 /

100

0 20 4o 60 80 100 120
PRESSURE, KILOBARS

Figure 18. MELTING CURVES OF VARIOUS MATERIALS
Reprinted through courtesy of U. S. AIR FORCE CAMBRIDGE RESEARCH LABORATORIES
19-066—2U/AMC—65

16



Returning to the most vital effect of UHP, the phase change, the sta-
bility or irreversibility of a transition appears to depend very much on
the character, magnitude, and distribution of the cohesive forces that
hold the atoms in their respective positions in their lattice. These
cohesive forces constitute the internal pressure of the material. When a
material is subjected to unusually high pressure, its atoms are forced
toward one another: the material is compressed and, because the atoms
repel each other when they come closer together, the internal pressure
decreases. At first look, the opposite effect would seem to be true;
namely, that on application of external pressure the internal pressure
would increase. However, it must be borne in mind that it is the internal
pressure that holds the material in its solid condition, while the external
pressure tends to destroy it precisely by weakening, that is to say, by
actually decreasing the internal pressure of the material.

In a crystal the internal pressure can be negative, but the sum of
internal and external pressures must be positive and of great magnitude,
or no stable system could be had. At ultrahigh pressure the internal and
external pressures may approach equal values as 1s shown by the fact that
compressibility decreases with additional pressure.

If a phase change comes about, the magnitude of the internal pressure
will indicate whether the new phase will be irreversible. The greater the
internal pressure, the better the prospect of a stable new phase or a new
material. Conversely, a negative internal pressure will have for concomi-
tant the return of the material to its original condition as soon as the
externally applied pressure is taken off.

A telling comparison between materials of high and low internal pres-
sure is the one made between carbon and bismuth (Figure 19). Bismuth has
a very low, in fact, a negative internal pressure, and reverses to its
original condition when the pressure that causes the phase change is
released. Carbon on the other hand changes toc diamond, and diamond remains
stable; we say it is irreversible at atmospheric pressure.

THE SITUATION AS OF NOW

Great progress has been made in the last five years in the development
of pressure-producing equipment, of interdisciplinary studies, of measure-
ment techniques, methods and areas of investigation.

In equipment, machinery for pressures up to about 30 kilobars is
relatively easily obtained, or available within short periods of delivery.
When 1t comes to higher pressure, special presses have to be built and
delivery will take a year or more. The attainable static pressure cannot
as of now exceed 500 kilobars, and an immediate breakthrough that would
raise this value by several factors is not hoped for.

17



As to interdisciplinary work, the Universities of Washington State,
of Illinois, and principally of California (Los Angeles) have been con-
ducting intensive research in UHP correlated with other disciplines such
as geology, dynamic UHP and ultrahigh pressure chemistry. In this latter
field new reactions were induced and new compounds were achieved.

It is in the area of measurement techniques that the most interesting
and reward-promising achievements have been made. Differential thermal
analysis is one of them. Others are techniques for low temperature meas-
urement, infrared spectroscopy, X-ray diffraction, optical observation,
and electron and nuclear resonance. Some investigators are now working on
improved techniques of differential thermal analysis, on the application
of X-ray diffraction at high temperatures, on metheds for ferromagnetic
resonance measurements, and the determination of index of refraction at
UHP.

Anvil materials capable of withstanding higher pressures than 500
kilobars are also being sought, together with better anvil concepts. Per-
haps better anvils could be made by shock hardening some of the tougher
grades of tungsten carbide, or by surrounding the best available anvil
materials with a constraining high pressure environment which would
balance or even exceed the UHP of the specimen cell.

Although much remains to be done in UHP research and the challenge is
great, the rewards are equally great and intensely stimulating. One of
the most exciting results of the new techniques is what happened in exper-
iments with boron nitride. As it normally occurs, boron nitride has a
structure similar to that of graphite, except that the lattice is composed
of boron and nitrogen atoms. It further resembles graphite by its low
coefficient of friction, its slipperiness. Some people actually call it
"white graphite". R. H. Wentorff of General Electric, proceeding on a
hunch, applied ultrahigh pressure and high temperature to this intriguing
material. It was a rewarding experiment. It had for spectacular result
an entirely new material which Dr. Wentorff and associates promptly named
"Borazon". It is a man-made material in the hardness range of diamond, in
fact, the only material capable of scratching diamond. As Figure 20 shows,
no other mineral is as hard as diamond. Borazon (not shown) is the only
one that reaches up to the top of Mohs' scale. Another valuable quality
of Borazon is that it is more oxidation-resistant than diamond.

In conclusion, it seems warranted to state that the general result of
each particular research endeavor in this new field will be better equip-
ment, better methods of investigation via newly developed measurement
techniques, and, ultimately, a growing number of improved old materials as
well as new materials which will have hitherto unachieved properties and
capabilities. Clearly, in the not-toc-distant future, UHP research will
make valuable contributions to both science and technology.
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APPENDIX

EFFECTS OF PRESSURE ON PROPERTIES OF METALS*

At the request of the Bureau of Weapons, the Defense Metals Informa-
tion Center collected the attached information for the Committee on
"Metalworking Processes and Equipment Program".

The material enclosed consists of:

(1) A bibliography of pertinent articles dealing with the effects
of high pressure on metals, equipment for processing materials in high-
pressure environments, and precautions for instrumentation of high-
pressure investigations.

(2) Abstracts of some of the articles available at Battelle are
included in the bibliography. These abstracts convey the opinions of the
authors or describe the contents of the articles. For these reasons,
they should be considered as unevaluated.

Part |. Selected References on Effects of Pressure
on Properties of Metals

la.. AIDER, B. J. State of Matter at High Pressure. Progress in Very
High Pressure Research, John Wiley and Sons, Inc., New York,

p. 152-164 (1961).

1b. ANDERSON, O. L. An Accurate Determination of the Equation of State
by Ultrasonic Measurements. Loc. cit., p. 225-255.

lc. BUNDY, F, P. Effect of Pressure on EMF of Thermocouples. Loc. cit.,
p. 256-265.

ld. DANIELS, W. B. The Pressure Variation of the Elastic Constants of
Sodium. Loec. cit., p. 203-215.

le. HALL, H. T. High Pressure Apparatus. Loc. cit., p. 1-9.

1f. HILLIARD, J. E., and CAHN, J. W. The Effect of High Pressures on
Transformation Rates. Loc. cit., p. 109-125.

lg. KAUFMANN, L., LEYENAAR, A., and HARVEY, J. S. The Effect of Hydro-
static Pressure on the ¥.C.C. <---> B,C.C. Reactions in-~Iron-Base
Alloys. Loc. cit., p. 90-108.

*This material was collected by P, H. Abramowitz and F, W. Boulger,
Reprinted through courtesy of Defense Metals Information Center,
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1h.

1i.

13.

1k.

11.

KEYES, R. W. The Thermodynamics of Activated Processes at High
Pressures. Loc. cit., p. T70-81.

KOUVEL, J. S., and WILSON, R. H. Effects of Pressure on Magnetic
Interactions in Metals. Loc. cit., p. 271-286.

LAZARUS, D. Mobility of Vacancies and Interstitials at High
Pressures. Loc. cit., p. 46-57.

STRONG, H. M. Melting and Other Phase Transformations at High
Pressures. Loc. cit., p. 182-19k.

SWENSON, C. A. Some Experiments at High Pressures and Low Temper-
atures. Loc. cit., p. 195-202.

TOMIZUKA, C. T. Effect of Hydrostatic Pressure up to 8000 atm on
the Self-Diffusion Rate in Silver Single Crystals. Loc. cit.,
p. 266-270.

VERESHCHAGIN, L. F. Investigations (in USSR) in the Area of the
Physics of High Pressures. Loc. cit., p. 290-303.

ANON. Ultra High Pressure Effects on Solids. Engineering, 191,
p. 614-615 (28 April 1961).

AL'TSHULER, L. V., ET AL. Dynamic Compressibility of Metals at Pres-
sures from 400,000 to 4,000,000 Atmospheres. Zhur. Eksper. i Teoret.
Fiz. 34, p. 886-893 (1958); Soviet Physics JETP, 34, p. 61Lk-619
(October 1958).

AL'TSHULER, L. V., ET AL. Dynamic Compressibility and the Equation
of State for Iron at High Pressures. Zhur. Eksper. i Teoret. Fiz.,

34, 874=875 (1958).

BASS, J., and LAZARUS, P. Effect of Pressure on Mobility of Inter-
stitial Carbon in Iron. Physics and Chemistry of Solids, 23,
p. 1820-1821 (December 1962).

BEECROFT, R. I., and SWENSON, C, A. Behavior of Polytetrafluorethyl-
ene (Teflon) under High Pressures. Journal of Applied Physics, 30,
p. 1793-1799 (November 1959).

BERESENEV, B.I., BULYCHEV, D. K., and ROCHIONOV, K. P. Character-
istics of Extruding Metal by High-Pressure Liquid at Elevated Temper-
atures. TFizika Metallov I Metallovedeniye, 11 (1), p. 115-122
(1961).

BERESENEV, B. I., VERESHCHAGIN, L. F., and RYABININ, YU. N. Apparatus
for Drawing of Metals and Rolling Them with Free-Running Rollers in a

Liguid under High Hydrostatic Pressure. Brutcher Translation No. 4488
from Tsvetnye Metally, 31 (8), p. 61-63 (1958).
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10.

11.

12.

13.

1k,

15.

16.

1T7.

18.

19.

20.

21.

BERESENEV, B. I., VERESHCHAGIN, L. F., and RYABININ, YU. N.
Rheological Behavior Characteristics of Liquid-Pressed Metals.
Izvestiya Akademii Nauk SSSR Otdeleniye Zekhnicheskikh Nauk, no. 5
(1957).

BERESENEV, B. I., VERESHCHAGIN, L. F., and RYABININ, YU. N. The
Role of Medium in the Extrusion of Metals by High Pressure Fluids.
Izvestiya Akademii Nauk SSSR, Otdeleniye Tekhnicheskikh Nauk, no. 1
no. 10, p. 144-146 (1958).

BERESENEV, B. I., VERESHCHAGIN, L. F,, RYABININ, YU. N., and
LWSHITS, L. D. Some Problems of Great Plastic Deformation in Metals
under High Pressure. Akademii Nauk, SSSR, Institut Fiziki Vysokikh
Daviniy, Moscow (1960).

BERG, L., and HERMAN, H. Literature Survey on Research and Develop-
ment on High Pressure Technology. WADC TR 59-730 on United States
Air Force Contract AF 33(616)-6T729 (March 1960).

BOBROWSKY, A., and STACK, E. A. Deformation of Metals Under High
Pressure. Presented at the Dallas Meeting of AIME, February 1963;
to be published as part of Symposium Proceedings.

BRIDGMAN, P. W. High Pressure Polymorphism of Iron. J. Appl. Phys.
27 (3), p. 656 (June 1956).

BRIDGMAN, P. W. The Electrical Resistance of T2 Elements, Alloys,
snd Compounds at 100,000 kg/cm®. Proc. Am. Acad. Arts and Sci. 81,
p. 165-251 (March 1952).

BRIDGMAN, P. W. The Physics of High Pressures. G. Bell and Souns,
Ltd., London (1952).

BRIDGMAN, P. W. Recent Work in the Field of High Pressures. Rev.
Modern Phys. 18 (1), p. 1-93 (January 19L46).

BRIDGMAN, P. W. Studies in lLarge Plastic Flow and Fracture.
McGraw-Hill Book Company, Inc., New York (1952).

BUTUZOV, V. P. Study of Phase Transformations at Very High Pres-
sures. Soviet Physics, Crystallography 2 (4), p. 533-543 (July-
August 195T).

BUTUZOV, V. P., ET AL. Measurement of the Melting Temperature of
Metals at Very High Pressures. Akad. Nauk SSSR Doklady 89 (k4),
p. 651-654 (1953); English Translation, AEC NSF-tr-76, p. 1-3 (1953).

CHERNYKH, N. P., and MIL, M. I. Effect of Soaking in Hydrogen

Atmosphere, at High Pressure and Temperatures. Khimichiskoe
Mashinostroenie, no. 4, p. 28-30 (July-August 1962).
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35.

36.

37.

38.

39.

Lo.

b1,

Lo,

L3,

L,

R

L6,

L.

HALL, H. T. High Pressure Methods. International Symposium on High
Temperature Technology, Stanford Research Institute, p. 235-249
(October 1959).

HALL, H. T. Some High Pressure-High Temperature Apparatus Design
Considerations: Equipment for Use at 100,000 Atmospheres and
3000 C. Rev. Sci. Instr. 29 (k), p. 267-75 (1958).

HALL, H. T. Ultra High Pressures. Scientific American, 201 (5),
p. 61-67 (November 1959).

HARVEY, J. S., ET AL. Research and Development on the Effects of
High Pressure and Temperature on Various Elements and Binary Alloys.
WADC TR 59-655, ASTIA No. AD 240,794 (April 1960).

HAUSNER, H. H., and FRIEDMAN, H. C. Effects of High Pressures on
Materials (A Bibliography and Date Sheets). Ilikon Corporation,
Natick, Massachusetts, 112 References (publication date not stated,
probably May 1962; latest reference was published in October 1961).

HILLIARD, J. E. High Pressure Research in Metallurgy. ASME Paper
60-WA-2T71.

HOFFMAN, B. E., ET AL. High Pressure Research in Metals and Ceramics.
Air Force Report ARL TR 60-321 (September 1960).

IVANOV, V. YE., VERESHCHAGIN, L. F., and DERIYASHKEVICH, B. P. High-
Pressure Hydraulic Compressor Employing Oil and Water. Pribory i
Tekhnika Eksperimenta (1), p. 126-128 (1960).

JAMIESON, J. C. Crystal Structures of Titanium, Zirconium, and
Hafnium at High Pressures. Science, 140, p. 72-73 (5 April 1963).

JAYERAMAN, I. A., KLEMENT, W., JR., NEWION, R. C., and KENNEDY, G. C.
High-Pressure Investigation of Group III Elements. I. Fusion Curves
and Polymorphic Transitions of Aluminum, Gallium, Indium, and Thal-
lium at High Pressure. II. Phase Transformation in Uranium at High
Pressure. U. S. Atomic Energy Commission, UCRL-T7128 (1 November 1962).

KAUFMAN, L., CLOUGHERTY, E. V., and WEISS, R. J. The Lattice Sta-
bility of Metals. III. Iron. Acta Metallurgica, 11, p. 323-325,
Contract Nonr 2600(00)-NR0O31-627 (May 1963).

KAUFMAN, L., ET AL. Research and Development on High Pressure-High
Temperature Metallurgy. WADC TR 60-893 on United States Air Force
Contract AF 33(616)-6837 (August 1961).

KAUFMAN, L. Solids Under Pressure. McGraw-Hill Book Company, New
York, in press.
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L8.

L9,

50.

51.

52.

53.

54.

55.

56 .

o7

58.

29.

60.

KORNEEVA, N, I., and SKUGAREVA, I. G. The Working of Alloys by
Pressure. Moskva, Oborongiz (1958).

KRUPNIKOV, K. K., BAKANOVA, A. A., BRAZHNIK, M. I., and TRUNIN, P. F.
Issledovanie Udarnoi Szhemaemosti Titana, Molebdena, Tantala, I
Zhelza (Investigation of the Impact Compressibility of Titanium,
Molybdenum, Tantalum, and Iron). Akademiia Nauk, SSSR, Doklady,

148, p. 1302-1305 (21 February 1963).

KULIN, S. A., ET AL. Research and Development on High Pressure-
High Temperature Metallurgy. Final WADD TR 60-893, Part II, on
United States Air Force Contract AF 33(616)-6837 (August 1962).

LANE, Z. D. The State of Matter at High Pressure - A Bibliography,
1950. University of California Report UCRL 5926 (1 April 1960).

MANUFACTURING LABORATORIES, INC. Research and Development on High
Pressure-High Temperature Metallurgy. Report to Air Force
(1 November 1959-8 April 1961).

MEINIKOV, L. A., SOKOLOV, B. K., and STREGULIN, A. I. Influence of
Pressure from All Sides on Transformation in Fe-Ni Alloy. Fizika
Metallov i Metallovdenie, Akademiya Nauk, SSSR, 15 (3), p. 357-361
(1963).

MURRELL, S. A. F. The Effect of High Pressure on Brittle Fracture.
The Physics and Chemistry of High Pressure, Society of Chemical
Industry, London, p. 150-163 (1963).

Now It's Fluid to Fluid Cold Extrusion. American Machinist, 106,
p. 86 (26 November 1962).

OGIBALOV, P. M., and KITKO, I. A. Behavior of Matter Under Pressure
(Povedenie veshchestaa pod dovleniem). Moskva Izd-vo Mosk. Univer-
sity, p. 153 (1962).

PAUL, WILLIAM. Solids Under Pressure. McGraw-Hill Book Company,
New York, QC176-V28s (1963).

PHILLIPS, V. A. The Effect of Pressure on the Age-Hardening Charac-
teristics of a Copper-Beryllium-Nickel Alloy. Report No. 59-GC-6T
of General Electric Research Laboratory, Schenectady, New York.

PRESSURE TECHNOLOGY CORPORATION OF AMERICA. A Study to Determine
the Deformation Characteristics of Beryllium and Tungsten Under Con-
ditions of High Hydrostatic Pressure. Interim Report No. 2 prepared
under Navy Bureau of Weapons Contract N600(19)59430, Woodbridge,

New Jersey (April 1963).

PUGH, H. L. D., ET AL. High Pressure Research at National Engineer-
ing Laboratory. Engineer, 212, p. 258-262 (18 August 1961).
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61.

62.

63.

6L.

65.

66.

67.

68.

69.

T0.

T1.

T2.

T3.

PUGH, H. L. D., and GREEN, D. Progress Report on the Behavior of
Materials Under High Hydrostatic Pressure. Report 103 by Mechanical
Engineering Research Laboratory, Plasticity Division, East Kilbride,
Glasgow (December 1954).

PUGH, H. L. D., and GREEN, D. The Behavior »f Metals Under High
Hydrostatic Pressure, Part II. Tensile and Torsion Tests. Report
128 by Mechanical Engineering Research Laboratory, Plasticity
Division, East Kilbride, Glasgow (October 1956).

RADCLIFFE, S. V., SCHATZ, M., and KULIN, S. A. The Effect of High
Pressure on the Isothermal Transformation of Austenite in Iron-Carbon
Alloys. Iron and Steel Institute Journal, 201 (Part 2), p. 143-153
(February 1963).

Research on Strengthening Mechanisms Produced by High Dynamic Pres-
sures in Iron Base Alloys. DNorth American Aviation, Inc., Air Force
Contract (work in progress).

RYABININ, YU. N. Causes of the Increase in Plasticity under the
Action of High Hydrostatic Pressure. Fiz. Tverdogo Tela, 1 (6),
p. 960-962 (1959); Soviet Physics-Solid State, 1 (6), p. 878-880
(1959) (English).

RYABININ, YU. N. Influence of Pressure on Periodic Properties of
Elements. Doklady An. SSSR, 104 (5), p. 721-724 (1955).

RYABININ, YU. N., ET AL. Plasticity of Certain Alloys at High
Pressures. Soviet Physics, Solid State, 1 (3), p. 429-433 (March
1959).

RYABININ, YU. N., IWSHITS, L. D., and VERESHCHAGIN, L. F, Plasticity
of Brass under Super-High Pressure. Zehurnal Tekhnichiskoy Fiziki,
27 (10), p. 2321 (1957).

SCHWARTZ, C. M., and WILSON, W. B. Ultrahigh Pressure for Materials
Research. Battelle Technical Review, 9 (6), p. 3-8 (June 1959).

SHAPOCHKIN, V. A., and PIROGOVA, L. B. Effect of Temperature on
Shear Under Pressure. Fiz. mel. i metalloreel, 13 (5), p. 785-787
(May 1962).

SILVERMAN, S. M., GODFREY, LOREN, HAUSER, H. A., and SEAWARD, E. T.
Effect of Shock-Induced High Dynamic Pressures on Iron Base Alloys.
USAF Aeronautical Systems Division No. ASD TDR 62-4h2 (August 1962).

SIMON, F. E. The Melting of Iron at High Pressures. Nature, 172,
p. 746 (1953).

SMITH, R. C. Studies of Effects of Dynamic Preloads on Mechanical
Properties of Steel. Experiment Mechanics, 1, p. 153-159 (November
1961).
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T6.

e

T8.

79.

80.

81.

82.

lec.

1f.

STAKHOVSKAYA, Z. I., and TOMASHEVSKAYA, I. S. Investigation of the
Elastic (and Shear) Moduli of Metals under Hydrostatic Pressures up
tolKXX)kg/cmz by Static Methods. Fiz. Metalov i Metallovedenie, O
(&), p. 589-592 (1%60).

TANNER, L. E., and RADCLIFFE, S. V. Effect of Hydrostatic Pressure
on the Kinetics of Recrystallization in High-Purity Copper. Acta
Metallurgica, 10, p. 1161-1169 (December 1962).

VERESHCHAGIN, L. F. Physics of Superhigh Pressure. Priroda, 46 (6),
p. 3-8 (June 1957).

VERESHCHAGIN, L. F. Superhigh Pressures. Nauka I Zhizn, (12),
p. 11-16 (1957).

VERESHCHAGIN, L. F., and SHAPOCHKIN, V. A. The Effect of Hydrostatic
Pressure on the Shear Strength of Solids. Fiz. Metallov i
Metallovedenie, 9 (2), p. 258-264 (1960).

VERESHCHAGIN, L. F., and ZUBOVA, E. V. Dependence of Critical Shear
Stress of the Elements on their Atomic Number Under High Pressure
Conditions. Metal. Metalloved. 5 (1), p. 171-173 (1957).

WILSON, W. B. Device for Ultra High Pressure-High Temperature
Research. Rev. Sci. Instr. 31, p. 331-333 (March 1960).

ZEITLIN, A. Equipment for Ultra High Pressure Work. Mech. Eng. 88,
p. 37-43 (October 1961).

Research and Development of High Pressure-High Temperature Metallurgy.
Air Force Materials Laboratory Technical Documentary Report ASD TDR
63-90 (May 1963).

Part Il. Abstracts of Some Articles Listed in the Bibliography

BUNDY, F. P.

Absolute pressure thermal emf's were measured for constantan,
Pt, Ni, alumel, Pt-10%Rh, Cu, chromel, and Ni-18%Mo for a AT of
100 C over a pressure range of 0 to 100,000 atm. Corrections due
to pressure for common thermocouples made of pairs of three metals
were deduced. A number of thermocouple pairs have been compared
at temperatures up to 1200 C and pressures up to 75,000 atm.

HILLIARD, J. E., and CAHN, J. W.

General discussion on the effect that pressure can be expected
to exert on various factors known to influence the rate of solid-
state transformations. Use of activation volume to describe pres-
sure dependence is briefly discussed together with graphical
construction for estimating pressure displacement of phase boundaries
in binary systems.
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1g.

10.

27.

28.

KAUFMANN, L., LEYENAAR, A., and HARVEY, J. S.

The effect of hydrostatic pressure on the thermodynamic and
kinetic characteristicsg of fcc <---> bee reactions in iron base
alloys has been studied. It was found that the stability of the

fce phase is increased by hydrostatic pressure as predicted by theory.

Moreover, appropriate pressure-temperature cycling can be utilized
to suppress the potency of bec martensitic nuclei and thereby lead
to changes in the transformation characteristics at atmospheric
pressure.

BASS, J., and LAZARUS, P.

There is no effect of pressure on the mobility of the carbon
atoms.

BERESENEV, B. I., VERESHCHAGIN, L. F., and RYABININ, YU. N.

Presentation of the work done in the Soviet Union on the extru-
sion of metals by high-pressure liguids.

Description of the design of preliminary laboratory device for
drewing metals into wire and rolling metals with free-running
rollers, both under high-pressure liquids is given. Also included
are design detalls of a laboratory apparatus developed for cold
drawing and rolling, currently of aluminum specimens, with freely
rotating rollers in liquid under pressures of about 10,000 kg/cm?
(142,000 psi).

BERESENEV, B. I., VERESHCHAGIN, L. F., and RYABININ, YU. N.

Work performed in the extrusion of aluminum with various fluids
showed that the magnitude of the pressure needed for the flow and
also that the surface quality of the deformed metal depends on the
fluld. Methods for reducing the pressure needed for extrusion have
been evaluated.

DAVIDSON, T. E., and HOMAN, C. G.

The observed structural changes consisted of deformation
localized along grain boundaries, which appear to be a boundary
migration phenomena, and widespread slip and cross slip. Subsequent
deformation is progressive with increased pressure and is substan-
tially different in type from the deformation characteristics of
uniaxial compression.

DAVIS, R. S.

Study of the polymorphic phase transformation in iron at high
pressures. Data obtained from experiments with static high pressure
apparatus and dynamic shock high pressure technique are compared.
Evidence for a possible new phase in iron is summarized.
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29.

31.

k3.

L5,

L6,

L9,

DeVRIES, K. L., BAKER, G. S., and GIBBS, P.

Summary of all "known" high pressure work done on solid since
1947. Data are presented in the form of 40 tables and more than 500
figures. ©Some 250 references are summarized with descriptions given
on apparatus, procedure, and results.

FIORENTINO, R. J., SABROFF, A. M., and BOULGER, F. W,

Hydrostatic extrusion of AISI 4340 at an extrusion ratio of 2:1
was achieved at a pressure roughly 25 percent less than that required
by conventional extrusion. Commercial-purity aluminum was extruded
hydrostatically at extrusion ratios of up to 20:1 at pressures about
15 percent less than those required by conventional techniques.

JAMIESON, J. C.

Brief review of previous studies on crystalline structures at
high pressures. X-ray analyses show that titanium and zirconium
metal have a distorted becec structure. This phase persists on pressure
release. The normal hexagonal close-packed structures are recovered
when the metals are heated. Hafnium metal shows no such transition.

KAUFMAN, L., CLOUGHERTY, E. V., and WEISS, R. J.

Determination of the temperature of the bcec <«<---> fce transition
as a function of pressure from measurements of the electrical resist-
ance of iron over a temperature range of 325 to 1425 K at pressures
up to 95 Kb. The results are used in conjunction with available
evidence of the thermodynamic, volumetric, and physical properties of
bece and fce iron to evaluate the factors which affect the relative
stability of these irons as a function of temperature and pressure.

KAUFMAN, L., ET AL

The experimental investigations on the effect of high hydro-
static pressure on the phase transformations in various substitu-
tional iron-base alloys, including iron-chromium, iron-nickel, and
iron-silicon, yield data which are in close agreement with theoretical
prediction. A study on the effects of pressure on iron-carbon alloys
shows a general shift of the equilibrium phase boundaries to lower
carbon contents and temperatures with pressure. Pressure also acts
to retard both the act of tempering and the isothermsl transformation
of metastable austenite.

KRUPNIKOV, K. K., BAKANOVA, A. A., BRAZHNIK, M. I., and TRUNIN, P. F.

Presentation of the results of an investigation of the impact
compressibility of titanium, molybdenum, and tantalum over & pressure
range of 1 to 5 million atm, and of iron at a pressure of 9 million
atm. The determined adiabatic lines of impact and the zero isotherms
of each metal are presented.
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50.

53.

5k,

59.

62.

KULIN, S. A., ET AL.

The kinetics of recrystallization of polyecrystalline copper
(99,999% purity) cold-rolled to 98% reduction have been determined
for the temperature range 80-170 C at atmospheric pressure and at
42 kilobars. High pressure is found to retard both the initiation
and rate of recrystallization. The results of a series of experi-
ments designed to investigate pressure-quenching in several different
iron-nickel alloys are reported. Thermodynamic data obtained at one
atmosphere is used to correlate the high-pressure transitions in
thallium and tin. Several iron-carbon alloys and plain carbon steels
ranging from 0.08 to 1.23 weight percent carbon content were sub-
jected to various heat treatments at a pressure of L2 kilobars. A
series of experiments in which pressure is used to enhance the
mechanical properties of selected steels is described. The effective
stress-strain curves for both a one-atmosphere and a 3I7-kilobar heat-
treated L4320 steel specimen are shown. A definite increase in
strength is seen in the pressure-treated steel. Extrapolating the
data to obtain approximate yield strengths results in values of 150
ksi and 200 ksi, respectively.

MEINIKOV, L. A., SOKOLOV, B. K., and STREGULIN, A. I.

Effect of compressive load exerted on an Fe-Ni alloy specimen in
a special pressure chamber on the transformation of martensite into
austenite at 360 to 520 C.

MURRELL, S. A. F.

Consideration of the effects of high pressure on the fracture of
ductile materials and on the ductile-brittle transition.

PRESSURE TECHNOLOGY CORPORATION OF AMERICA

Correlative fluid-extrusions were performed on sintered poly-
crystalline tungsten and beryllium, and on a single crystal of
beryllium. There were indications that crack-free fluid-to-fluid
extrusions should be possible for all materials, with additional modes
of deformation apparently activated at higher pressure levels.

Analysis is presented on the role of pressure in plastic defor-
mation, with extrusion to high-energy forming.

PUGH, H. L. D., and GREEN, D.

The results of tests to determine the critical thickness of mild
steel sheet of a given area which will just withstand various hydro-
static pressures are given. Tensile tests under pressure have been
carried out on copper, aluminum, zinc, Mazak, and cast iron. Some of
these results are: (1) zinc and Mazak showed an abrupt change from a
very brittle to a very ductile behavior over a very narrow range of
pressure, and (2) although all metals tested showed increased ductil-
ity with pressure, the relation was not linear.

30



63.

6k,

67.

69.

T1.

RADCLIFFE, S. V., SCHATZ, M., and KULIN, S. A.

The effect of a pressure of 42 kb both on phase equilibria at
temperatures up to 1100 C and on the kinetics of the isothermal
transformation of austenite at temperatures below the eutectoid were
investigated for high-purity Fe-C alloys containing 0.08 to 1.23 weight
% C. At this pressure, the austenite ---> carbide and austenite --->
ferrite phase boundaries are displaced toward lower C contents. The
eutectoid temperature is lowered from 723 to 660 + 5 C and the
eutectoid composition from 0.80 to approximately 0.25 weight percent
C. The acicular bainitic structures normally characteristic of
decomposition below 450 C are replaced at 42 kb by irregular ferrite-
carbide aggregates and by direct precipitation of carbide from
austenite.

Research on Strengthening Mechanisms Produced by High Dynamic Pres-
sures in Iron Base Alloys.

Fundamental research shall be performed to establish the mecha-
nisms of the strengthening effects produced by high dynamic pressures
in selected iron-base alloys. The high dynamic pressures are gener-
ated by explosives. The initial effort will be concerned with
inducing various behaviors in selected iron-base alloys by exrosure
to shock pressures of different magnitudes and determining the
mechanical properties. The major emphasis will be placed on a
detailed investigation of the mechanisms responsible for the enhance-
ment of the strength properties.

RYABININ, YU. N., ET AL.

Data on duralumin, Fe, and stainless steel at pressures from 1
to 32,000 kg/cm?.

SCHWARTZ, C. M., and WILSON, W. B.

Application of ultrahigh pressure (greater than 1.5 million psi)
to metallurgical research. Effect of pressure on structural, phase,
and density transformations in solid are reported.

SILVERMAN, S. M., GODFREY, LOREN, HAUSER, H. A., and SEAWARD, E. T.

The effect of high dynamic pressures generated by strong shock
waves on the metallurgical properties of selected iron-base alloys
was Investigated. The effect of shock wave duration, repeated shocks
on a single test specimen, increasing shock wave intensity; and post
shock heat treatment on the yield and tensile strength of H-11 tool
steel and 25% nickel steel were studied. As a result of explosive
shock hardening, H-1l steel increased in yielu strength from 235 ksi
in the preshocked condition to 340 ksi in the as-shocked (360 kilobars)
condition, while the 25% nickel steel showed yield strength increases
from 235 ksi in the austenitized-plus-aged condition to 255 ksi in
the shocked-plus-aged condition. These increases in yield strength
were brought about without any significant macroscopic plastic
deformation.
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SMITH, R. C.

Low~carbon steel is subjected to initial dynamic compressive or
tensile loads with variations of the load intensity for study of the

elastic strain. The specimens are then aged at 68-250 F and retested.

Upper and lower yield stresses and inelastic microstrain are used to
evaluate the extent of damage and recovery with correlations applied
for predicted yield phenomena.
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