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Foreword

A program has been established by the National Aeronautics
and Space Administration to collect the results of aerospace-re-
lated research, and to evaluate, organize, and disseminate them
for the benefit of the industrial and educational communities of
the Nation. Other Governmental organizations also benefit from
this dissemination process, at state and local levels. The new tech-
nology so collected and prepared for different audiences is de-
scribed and announced in appropriate documents issued by the
Technology Utilization Office of NASA and made available to po-
tential users. These documents describe the nature of, and uses
for, the latest developments in materials, processes, management
systems, products, and design methodology.

In this document, one of a series dealing with specialized proc-
esses, the methodology and results of powder metallurgy are de-
scribed so potential users can evaluate their worth in non-aero-
space applications. Since the process is one by which many parts
can be made that are not practical to produce by other methods,
by which metals can be worked at temperatures lower than would
otherwise be required, and which is of value in designing parts
for particularly severe service conditions, NASA has had a major
interest in its development. Others have also contributed, and the
field is one of the most rapidly growing methods for the produc-
tion of metallic parts and composites.

This report discusses the various techniques by which powders
can be produced, as pure metals or as alloys; it explains the meth-
ods by which these powders can be formed into the final parts,
and further processing that may be necessary to meet the specific
requirements spelled out by the user. The NASA developments
are detailed, and references are provided for those who wish to
obtain further information characteristic of any methodology.
Compiled by experts associated with the Franklin Institute Re-
search Laboratories, the document should be of value to manufac-
turing establishments, and to investigators in such areas as high
strength, high temperature service, or the resistance of materials
to cryogenic temperatures.

Director
Technology Utilization Oﬂ”}ce

-
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CHAPTER 1

Introduction

Powder metallurgy has been a viable metalworking technique
since antiquity because of its ability to form metal objects with-
out fusion. In prehistoric times, iron and copper were formed by
reducing ores with charcoal and pounding the resulting spongy
mass into shapes. With the advent of better furnaces, this tech-
nique was replaced by smelting, but powder metallurgy continued
to be the only way to form the higher melting refractories and
ceramics. By the 20th century, furnaces had been developed so
that platinum (melting point 3224° F') could be fused. The trend
has continued and now powder metallurgy’s hold on the refrac-
tory metals tungsten and molybdenum is being threatened. De-
spite this, powder metallurgy is increasing in importance in in-
dustry because of several other inherent advantages. For
example, it can be used to form certain materials such as:

® Fully dense objects having close dimensional tolerances and
complex shapes without machining; for example, gears, cams, and
bushings.

® Porous materials with controllable porosity ranging from
above 60% to less than 1%.

® Composites of two or more materials with widely disparate
properties ; for example, an alloy where one metal melts above the
boiling point of the other.

® Materials with extremely fine grain structures.

® Alloys which cannot be fused because of deleterious reactions
such as carbide precipitation.

e Metals which cannot be fused because of the formation of a
weak lattice structure upon solidification, such as beryllium.

The basic process of powder metallurgy is repeated by every
child making snow balls. A finely powdered starting material is
pressed and sintered into a dense compact. The snow never
reaches the melting point and yet a solid is produced. The press-
ing and sintering take place simultaneously, as do they in the in-
dustrial process of hot-pressing, powder extrusion, powder roll-
ing, and powder forging. Metal powders formed by grinding or
chemical reduction of metallic compounds are pressed into the de-
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2 POWDER METALLURGY

sired shape by hydraulic presses. The degree of particle surface
roughness and the compaction pressure determine the ‘‘green
strength” of the compact which has to hold together during sin-
tering. Sintering takes place below the melting point of the mate-
rial, and is the process whereby the multiparticle compact is con-
verted into a uniform solid. Variations in press and sinter
techniques include isostatic compaction, where a rubber mold is
filled with powder and then subjected to gas or hydraulic pres-
sure; slip casting, a molding technique; and loose powder sinter-
ing, often used to form porous materials.

Smooth spherical powders can be produced by dispersing a
molten metal or alloy into fine droplets which harden while sus-
pended in a gas stream. High-purity materials can be obtained, but
when compacted they have very low green strength. For this rea-
son, the techniques mentioned earlier that combine compaction
and sintering are used. Often, the powders are enclosed in metal
cans under vacuum before these operations. In addition to com-
paction and sintering, the metal is extruded, rolled, and forged to
impart higher strength and better homogeneity to the final prod-
uct. Consequently, pressed and sintered compacts are also often
postformed.

The powder metallurgy techniques presented in this Special
Publication are not the typical processes described above but
rather adaptations of these techniques as applied to modern aero-
space problems. Here is positive proof of the vitality of powder
metallurgy: in some cases, it is the only means possible, and in
others, it is the best means of obtaining special alloys and proper-
ties. Examples of these include:

® Superalloys that exhibit superplasticity at 2000° F

® Dispersion-strengthened composites which retain usable
strength at temperatures close to the melting point of the metallic
matrix

® Fiber-reinforced composites containing fibers produced in
sttu during the forming process

® Metal-carbide-graphite composites having usable strength at
6000° F

The techniques used to make these materials are as interesting
as the materials themselves. A few examples are:

® Ball-milling powders down to particles as fine as those in cig-
arette smoke

® Explosive compaction of powder

* Hot-isostatic compaction with gas pressures of 15000 psi
and 1600° F

® Extrusion at temperatures up to 5000° F.
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This document on powder metallurgy, as used by the National
Aeronautics and Space Administration, should be particularly
useful to workers in materials engineering and powder metal-
lurgy fields. It contains material not usually found in the techni-
cal or trade literature because industrial researchers are not en-
couraged to publish details of new commercial developments for
obvious, proprietary reasons. On the other hand, reports describ-
ing NASA research and developments are openly distributed ex-
cept when restricted for reasons of national security. Thus, this
publication can guide interested readers to detailed NASA re-
ports, proceedings of conferences, and articles describing the
techniques and processes mentioned here. In addition, a section
covers industrial hazards of handling powders. NASA’s interest
in this is twosided because of the potential use of pyrophoric
powders as fuels, and because of the dangers to personnel working
with these materials.
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CHAPTER 2

Selected Powder Metallurgy Processes

In 1958, powder metallurgy was defined by the American So-
ciety for Testing and Materials as “the arts of producing metal
powders and of the utilization of metal powders for the produc-
tion of massive materials and shaped objects.” Powder metal-
lurgy today has become more than just an art, and the many
NASA contributions to the fundamentals of this technique have
considerably advanced its development into a science.

Powder metallurgy consists basically of the steps of compaction
and sintering, apparently simple operations, but this is only part
of the picture. The complexity and expense of the process go up
as the requirements of strength and dimensional tolerances are
increased (fig. 1) (ref.1). Also, there are important criteria for
the production, characterization, and mixing of the metal pow-
ders, which must be considered. Thus, it soon becomes evident
that powder metallurgy consists of a series of complex opera-
tions, each of which is vitally important to the success of the final
product.

POWDER PRODUCTION

The first consideration in powder metallurgy is, of course, the
powder itself. There are almost as many ways to produce pow-
ders as there are metals from which they are produced, but basi-
cally, there are seven general methods. These include atomization
of molten metals, chemical reduction of metallic compounds, and
mechanical comminution of solid metals. Some commercial meth-
ods together with raw materials, product characteristics, advan-
tages, and disadvantages of each are listed in table I. Typical ap-
plications of the powders resulting from each of these methods
are listed in table II.

Most of the metal powders used in industrial powder metal-
lurgy range in size from 4 to 200 microns. During the last few
years, however, powders of submicron size have been developed
by NASA and used for various purposes, one of the most impor-
tant being the application of ‘“ultrafine” particles to dispersion-
strengthened materials (chapter 4). Metal powders with particles
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FIGURE 1.—Various common processes for the manufacture of sintered
structural parts (ref. 1).

in the size of 0.01 to 1 micron are used for the production of
these alloys, but they offer many difficulties. For example, they do
not flow in any standard equipment, they agglomerate easily, the
loose powder density is very low, there is high friction between
the particles, they oxidize readily with the atmosphere and are
difficult to reduce without bonding together, and they change
their characteristics when stored. The advantages are the very
fine grain sizes possible in the dispersed phase and the good dis-
persion itself. In other applications, extremely fine particles sin-
ter readily at lower temperatures and in shorter times than are
required by their coarser counterparts.

The methods developed by NASA to produce ultrafine powders
include ball-milling (refs, 2, 3, and 4) and various reduction proc-
esses (refs. 5, 6, and 7). In ball-milling, grinding is usually ac-
companied by particle welding and agglomeration. In the past,
this has made the milling of ductile metals difficult (ref. 8). The
ultimate particle size obtained levels off when the grinding rate
equals the particle-welding rate. Liquid-grinding aids have been
used to reduce this welding tendency, by reducing the final parti-
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cle size (ref. 9). These are generally surfactants which tend to
create surface charges on the particles, holding them apart. Qua-
tinetz, Schafer, and Smeal of the Lewis Research Center found
that various inorganic salts in alcohol were far more effective as
grinding aids (ref. 2). Powders of copper, chromium, iron, silver,
and nickel were successfully ground to less than 1 micron in size
using these aids. The mechanism for this effect was not under-
stood until recently through work by Arias, also at Lewis (ref. 3).
It is now felt that chemical reactions occurring at the surface of
the particles during grinding enable the production of extremely
fine particle sizes.

Brittle materials, such as glass, can be pulverized readily by
hammering. The impact of the blows breaks the particles into
smaller pieces. Ductile metals such as iron or copper cannot be
fractured as readily, but more brittle ones, such as chromium,
can be ground in this manner. Chromium is brittle down to a par-
ticle size roughly approximating its grain size and is ductile
below this size. Thus, the brittleness appears to be due to inter-
granular cleavage. The particle size reached by ball-milling chro-
mium in an inert environment is about 0.5 micron; in a reactive
environment, however, particle sizes below 0.06 micron can be
acheived.

A variety of grinding liquids has been found to produce pres-
sure increases during ball-milling which have been attributed to
temperature rise. Chromium milled in water, however, produces
too large a pressure to be explained in this way, and mass spec-
troscopy has shown the gas produced to be hydrogen. As the
metal is being ground, the fresh surfaces react with the water to
form a layer of chromium oxide and hydrogen. This protective
layer hinders the freshly cleaved surface from welding together,
and consequently, finer particles are produced. Some agglomera-
tion still occurs, so the resulting powder has some oxide trapped
inside the particles as well as on the surface, making cleaning
more difficult. The reaction occurring at room temperature is pre-
dominantly: 2Cr(solid) + 38H.O (liquid) = Cr.O,(solid) -+
3H.,(gas). This reaction had not been observed previously because
chromium is normally covered by a thin oxide layer, but ball-mill-
ing either flattens or breaks up the particles, exposing fresh sur-
faces. Only these exposed surfaces react with water at room tem-
perature.

In practice, flake chromium powder was hammer-milled to pass
through a 30-mesh screen. All subsequent processing was done
under an atmosphere of argon gas. The ball mill, illustrated in fig-
ure 2, has a volume of 1580 em?* and is pressure tight. Four hun-
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TABLE I.—Comparison of Principal Commercial

Atomization Gaseous reduction of Gaseous reduction of
oxides solutions
Raw materials_______ Serap or virgin melting Oxides of metals such Ore for leaching or other

stock or metal or alloy
powder desired

Type of powders Stainless steel, brass,

produced bronze, other alloy
powders, aluminum,
tin, lead, iron, zine
Typical purity*___.___ High, 99.5+
Particle shape_______ Irregular to smooth
rounded dense particles
Meshes available. . __ Coarse shot to 325 mesh

Compressibility Low to high
(softness)
Apparent density____ Generally high
Strength____________ Generally low
Advantages_________ Best method for alloy
powders.
Applicable to any metal
or alloy melting below
3000° F.
Disadvantages______ ‘Wide range of particle

sizes, not all salable.
Particles too spherical for
some applications.

as Cu:0, NiO, Fe;04

Iron, copper, nickel,
cobalt, tungsten,
molybdenum

Medium, 98.5 to 99.0+

Irregular, spongy

Usually 100 mesh and
finer

Medium

Low to medium
High to medium

Easy to control particle
size of powder.

Good compacting
powder.

Requires high grade
oxides.

Restricted to reducible
oxides.

metal salt solution

Nickel, cobalt, copper

High, 99.2 to 92.8

Irregular, spongy

Usually 100 mesh and
finer

Medium

Low to medium
High

Ore can be used.

Purification during
leaching.

Fine particles.

Applicable to few metals
such as nickel, cobalt,
copper

* Purity varies with metal powder involved; estimates are typical purity.

dred 12.6-mm stainless-steel balls in 750 ml of degassed water
provided the grinding medium for 150 g of powder, and milling
was done at 100 rpm in time periods ranging from 2 to 32 days.
In the longest period, the average particle size of the resulting
powder was 0.031 micron. Its oxygen content was very high,
representing 58% Cr.0;, and it appeared that if ball-milling had
been continued, the metal would have been totally oxidized. The
iron content of the powder increased steadily with the milling
time, representing metal picked up from the balls and the body of
the mill. This effect was tested in a subsequent project by running
the ball mill without an initial powder charge (ref. 4). Powder
was produced at a rate of 2.5 mg/hr, and this powder was also
oxidized by the water to produce hydrogen.

Powders of zirconium, tantalum, iron, stainless steel, nickel,
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Methods of Producing Metal Powders

Reduction with carbon

Electrolytic

Carbonyl decomposi-
tion

Grinding

Ore or mill scale

Iron

Medium, 98.5 to 99.0+

Irregular, spongy

Most meshes from 8 down

Medium

Medium
Medium to high

Low cost. Control of par-
ticle size.

Controlled variation in
properties possible.

Requires high grade ore or
mill scale.
Applicable mainly to iron.

Soluble anodes

Iron, copper, nickel,
silver

High, + 99.5+

Irregular, flaky to
dense

All mesh sizes

High

Medium to high
Medium
High purity of

product.
Easy to control.

Limited to few
metals, high cost.

Selected scrap, sponge
mattes

Iron, nickel, cobalt

High, 99.54+

Spherical

Usually in low
micron ranges

Medium

Medium to high
Low

Produces fine, pure
powders

Limited to few
powders, high cost.

Brittle materials such
as beryllium, high
sulfur nickel, high
carbon iron, antimony,
bismuth, iron and
manganese cathode

Iron, beryllium, man-
ganese, nickel, anti-
mony, bismuth

Medium, 99.0+

Flaky and dense

All mesh sizes

Medium

Medium to high
Low

Controlled size of powder

Limited to brittle or
embrittled materials.
Quality of powder limits

use.
Slow.

copper, and silver were also ball-milled in water. Of these metals,
only zirconium, tantalum, iron, and stainless steel, whose oxides
are more stable than water, were reduced to the desired ultrafine
particle size. The remaining metals, nickel, copper, and silver,
were not comminuted, nor did they react with the water. If oxy-
gen gas were added to the system, nickel and copper could then
also be comminuted.

The major problem with this ball-milling technique is the exces-
sive amount of oxide produced in the final powder. In some cases
it exceeds 50% of the final product and is dispersed throughout
the particles. Reducing these oxides has been done with hydrogen
(refs. 10 and 11), or with reactive metals (ref. 6). However, the
temperatures needed to reduce oxides of nickel and chromium ef-
ficiently are high enough to cause sintering between the powder
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TABLE II.—Relation of Powder Production Method to Typical
Applications of Some Resulting Powders

Production method Typical powders Typical applications

Atomization_ _______________ Stainless Steel Filters, mechanical parts, atomic

reactor fuel elements
Brass Mechanical parts, flaking stock,

infiltration of iron

Iron Mechanical parts (medium to high
density), welding rods, cutting

and scarfing, general
Aluminum Flaking stock for pigment, solid

Gaseous reduction of oxides... Iron

Copper

Gaseous reduction of solu-
tions (hydrometallurgy)____ Nickel

Copper

Reduction with carbon_______ Iron

Electrolytie_ . ______________ Iron

Copper

Carbonyl decomposition_.____ Iron

Nickel

Grinding_ . ________________._ Iron

Manganese
Nickel

fuels, mechanical parts

Mechanical parts, welding rods,
friction materials, general

Bearings, motor brushes, contacts,
iron-copper parts, friction ma-
terials, brazing, catalysts

Iron-nickel sinterings, fuel cells,
catalysts, nickel strip for coin-
age

Friction materials, bearings, iron-
copper parts, catalysts

Mechanical parts, welding rods,
cutting and scarfing, chemical,
general

Mechanical parts (high density),
food enrichment, electronic core
powders

Bearings, motor brushes, iron-
copper parts, friction materials,
contacts, flaking stock

Electronic core powders, additive
to other metal powders for sin-
tering

Storage batteries, additive to other
metal powders for sintering

Waterproofing concrete, iron from
electrolytic cathodes—see Elec-
trolytic above

Welding rod coatings, pyrotechnics

Filters, welding rods, sintered
nickel parts

particles; under milder conditions, incomplete reduction is often
the result. Weeton and Quatinetz overcame these problems by
compacting the uncleaned powders into wafers and then simulta-
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Gage coupling—, :
N\ tightening

Cross bar NG il

Pressure
relief valve

FI1GURE 2.—Gas-tight ball mill with pressure
gage (ref. 3).

neously cleaning and sintering them (ref. 10). The fine particle
size in this dispersion-strengthening work is required to create an
initial dispersion. Sintering after the dispersion has been estab-
lished in the compact does not harm the final product if it is ade-
quately cleaned. One NASA contractor took a different approach
(ref. 11), by suspending ultrafine nickel powder in a stream of
hydrogen and passing it through a heated tube at 335° C. The
flow was adjusted to give the powder a 22 sec residency time in
the hot zone, which lowered the oxygen content to a level of
0.05% by weight. Even in this arrangement, however, the aver-
age particle size increased to some extent. One advantage of this
technique is the ability to feed the cleaned powder directly into
storage containers and to seal it under the same hydrogen.

Arias, at Lewis, used reactive metal vapors to reduce these ox-
ides (ref. 6). He reduced Cr,O; powders that had been ground to
a true colloidal size (as small as 0.0068 micron) with magnesium
vapor in a vacuum furnace. Lithium and sodium vapors also
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worked in this procedure. Nickel powder (1.25 microns) was
made from NiO reduced with lithium vapor.

Other reactive techniques can be utilized to reduce particle size
in ball-milling. Hydrogen halide gases, for example, form metal
halides, which are far more easily reduced than the oxides. Re-
search at Lewis took this approach also, and 0.04-micron chro-
mium powders were produced by ball-milling under hydrogen
chloride gas (ref. 12). The product contained chromium chloride,
which was reduced in flowing hydrogen gas at 680° C. Milling
nickel in hydrogen bromide produced 0.023-micron powder con-
taining 23 % nickel bromide, which was easily reduced at 350° C
in hydrogen.

Alloy powder was developed for NASA by spray-drying an
aqueous mixture of salts (ref. 7). Cobalt and nickel oxalates,
chromium acetate, molybdenum trioxide, and thorium nitrate are
all soluble in an aqueous solution in proportions equivalent to
those found in L-605 cobalt-base superalloy. Spray drying is a
technique developed by the chemical industry for drying solutions
with low content of solids by contacting a spray with a blast of
hot air. The powders so produced were calcined to convert all the
metal compounds to the oxides at 800° C in air and then reduced
in hydrogen. As expected, all elements in the alloy except thorium
were reduced, and the final product was a superalloy powder with
dispersed thoria.

Ultrafine particles of iron, nickel, and beryllium have been pro-
duced by electrolysis using a mercury cathode. This process is
most suitable for high-melting-point metals which do not react or
dissolve in mercury to an appreciable degree. Beryllium, for ex-
ample, has a solubility of 0.001% by weight in mercury. One pro-
cedure was developed for NASA to produce ultrafine beryllium
for eventual evaluation as a rocket fuel (ref. 5). Its potential value
in powder metallurgy was also recognized, since such a powder
will yield a high-density, fine-grained compact at low compaction
pressures and low sintering temperatures.

A fused salt composed of approximately equal parts of BeCl,
and NaCl is used as the electrolyte. Water has to be excluded be-
cause beryllium hydrates so readily that water prevents the for-
mation of the free metal. Sublimed BeCl. is fed into the electrol-
ysis cell which is at a temperature of 270° to 300° C. It is then
reduced and collected in the mercury cathode as sort of a quasi-
amalgam which is drawn off and filtered. The paste is pressed to
squeeze out all possible mercury and the rest stripped by vacuum
distillation. A powder with a particle size of 0.1 to 0.2 micron
results.
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POWDER BLENDING

The mixing or blending of powders is an important step in the
powder metallurgy process that is often overlooked. It is required
in the preparation of alloys from elemental powders, in the pro-
duction of dispersion-strengthened metals, and even in the prepa-
ration of effective sintering mixtures through control of particle
size. Many disappointing results in materials prepared from pow-
ders result from incomplete understanding of the mixing process.
Some problems which can occur during mixing are: Changes in
particle size distribution through grinding or agglomeration, oxi-
dation of particle surfaces, segregation of particle sizes during
removal from the mixer, or difficulties in obtaining a representa-
tive sample. Fundamental investigations of mixing and blending
require a careful analysis of the frictional conditions in the pow-
der mass which affect the relative movement of the particles dur-
ing mixing.

The properties of compacted and sintered composite materials
are dependent upon the thoroughness of the blending process.
Norris et al. compared a high-speed blender, a twin-shell V-
blender, a plastic mill with glass balls, and a stainless-steel blender
with nickel balls (ref. 13). Both dry mixing and wet mixing with
oleic acid dissolved in heptane as a dispersant were evaluated.
The powders used were 0.054-micron nickel powder with 0.025-
micron alumina powder proportioned to yield a dispersion-
strengthened nickel containing 5% alumina. Electron micro-
graphs show the resulting dispersions clearly. For example,
comparison of a good dispersion and a poor one is shown in
figure 3. The good one was obtained under wet conditions and the
poor one under dry conditions. This was a typical result of this
program, pointing up the value of wet blending. The oleic acid
used as a dispersant in the wet-blending technique tended to be
absorbed by the surfaces of the particles, preventing effective sin-
tering until it was removed. This could be done to some extent by
a vacuum treatment at 950° F, but it was found best to clean the
powder with hydrogen.

Agglomeration of fine, dispersed particles often occurs during
sintering, making evaluation of the dispersion obtained through
mixing and compaction difficult. Also, the sintering temperature
may cause chemical reactions with some of the impurities that
are usually present in ultrafine powders. Three alternative tech-
niques were tried at Lewis to avoid these problems (ref. 14). Two
involved the immobilization of the dispersed powder in a plastic
matrix for metallographic examination. While these techniques
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Dry blended in plastic mill.

Wet blended in plastic mill.

FIGURE 3.—A comparison of blending techniques (X46 000) (ref. 13).
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were successful, the application to compacted samples was diffi-
cult. The third technique was to compact the mixture by high en-
ergy without heat. The results, in general, were high-density sam-
ples that could be prepared for examination, and which clearly
indicated the degree of dispersion that had been achieved without
agglomeration. The compaction techniques tried included a car-
tridge caliber .45-actuated compaction press, a Dynapac high-ve-
locity press, and an explosive compaction in which sheet explosive
was used at a shock velocity of 15 000 fps.

POWDER COMPACTION

The cartridge-actuated press (fig. 4) and the Dynapac (fig. 5)
operate on a similar principle, i.e., the instantaneous application
of a tremendous amount of energy to the sample through the use
of a projectile. The Dynapac fires a 9000-1b ram at a speed of 210
fps at a 0.81-in. sample. The total energy is about 70 000 ft-Ib,
but part of this appears to be dissipated through the deformation
of the plunger and die. Samples compacted in this way tended to
delaminate easily, although pieces were suitable for examination.

Figure 4.—Cartridge - actu-
ated compaction press (ref.
14).
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7STOP ~CONTAINER

F1GUure 5.—High-velocity impact compaction in Dynapak (ref, 14).

The cartridge-actuated press imparts only about 220 ft-lb of en-
ergy to the sample by firing a 22.5-g slug at velocities up to 600
fps. The small size (0.45-in diameter by 1/;4-in. thick) of the sam-
ple allowed loading and firing in a dry box with an inert atmos-
phere. A sample of this size was also convenient for metallo-
graphic work. Heating the compact to 1700° F considerably
improved the contrast between the dispersed particles and the
matrix in electron micrographs without causing any appreciable
agglomeration.

The sample that was explosively bonded in this program was
not successful, probably because the detonation velocity was too
high. Reece reports that a detonation velocity of 8000 to 12 000
fps is the right range for the compaction of powders (ref. 15).
Cyclonite-based explosives have velocities in excess of 20 000 fps,
and Prima Sheet, about 15 000 fps. Dynamite and nitroguanidine
are in the 8000- to 12 000-fps range, but the latter is much safer
(less sensitive), cleaner (a white fluffy material), and cheaper
(about 35¢/1b.). Reece’s initial work with explosive compaction
centered around the production of fiber reinforced sheet mate-
rials, but more recently he has begun powder-compaction experi-
ments (ref. 16). He tested a variety of dissimilar materials. For
example, titanium, magnesium, aluminum, molybdenum, and nio-
bium powders were compacted around thin stainless steel wires.
Other materials include superconductive intermetallic compounds
and self-lubricated electrical brush materials. An almost limitless
variety of metals can be bonded without regard to melting point
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or solubility. Extrusion billets can also be prepared with mixtures
of metals not obtainable by other means, such as titanium with
magnesium. Similarly, the production of bimetallic joints used to
join different metals is possible. Also, explosive compaction can
be used to make specially shaped articles by compacting powders
around a rigid form. For example, a porous filter with precise ex-
ternal dimensions could be made by placing a powder mixture of
the desired metal and a leachable metal inside a rigid cylindrical
die with the explosive charge at the center. The resulting cylinder
would be solvent-treated to produce the filter.

The technique for experimental explosive compaction of metal
powders is rather simple (fig. 6). The powder mixture is placed
in a Y4-in.-diameter copper or aluminum tube. The ends of the
tube are crimped without precaution against atmospheric contam-
ination, and it is placed upright in the center of a cardboard cyl-
inder 5-in. in diameter by 15-in. The remaining volume of the cyl-
inder is filled with nitroguanidine explosive, packed to a density
which will yield the desired detonation velocity. A blasting cap
and a tetryl booster are positioned about an inch above the sam-
ple and the whole apparatus placed on a steel anvil. Too high a
detonation velocity results in the initial appearance of a pinhole
running longitudinally down the center of the sample. Higher ve-

FIGURE 6.—Setup for explosive compaction of metal powders (ref. 15).
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locities cause larger holes, finally rupturing the sides of the sam-
ple. This occurred in the Lewis work mentioned previously (ref.
14).

The high-energy-rate compaction techniques are not common in
industrial powder metallurgy, and even in NASA work, they con-
stitute experimental shortcuts. There are isolated examples where
it is a useful technique, such as in the high-velocity manufacture
of printing characters, and these can be expected to become more
common (ref. 17). More common methods of compaction include
hydraulic pressing with metallic dies, hydrostatic pressing, iso-
static pressing, extrusion, rolling, and forging. There are also
techniques of powder consolidation which do not involve any
pressure, such as slip casting, vibrational compaction, and loose
powder sintering in molds. Hydraulic and isostatic compaction
can be done either hot or cold. When done cold, the mechanical in-
terlocking and deformation of the powder particles as well as
cold-welding determine the green strength which holds the com-
pact together until it can be sintered. Hot-pressing involves a cer-
tain amount of sintering during compaction and a resulting fused
matrix which can be used as is or further worked by forging, ex-
trusion, or rolling. Also, loose powders are often sealed in metal
cans to protect them from oxidation while being forged, rolled, or
extruded. These processes impart great amounts of energy and
deformation to the powder and the result is a fully dense part.
Cold-compaction requires powders with irregular shapes to build
enough green strength before sintering. The newer spherical
powders have low green strength when cold compacted and so are
either hot-pressed or are canned before working. Pressureless
techniques are used where special shapes or specific properties
are required. For example, loose-powder sintering is a way to
form porous filter material. Slip casting green strength comes
from adhesively bonding a powder matrix. The organic binder
burns off during sintering.

Several of these pressureless and pressure techngiues were in-
volved in a project undertaken for the Marshall Space Flight
Center (ref. 18). The purpose was to manufacture a complex be-
ryllium machining blank that would consist of an 8-in. irregularly
shaped block with several 3 in.-holes entering from various direc-
tions and to various depths. The initial fabrication technique was
cold isostatic pressing. The cavities were formed by leachable
solid copper mandrels. Since these samples failed because of non-
uniform deformation around the mandrels, porous mandrels of
approximately the same volume density as the beryllium powder
to be compacted around them were used. The mandrels were first
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produced by pressure compaction. The green-pressed density of
—200-mesh copper powder as a function of hydropressing pres-
sure is shown in figure 7. The density of vibrationally compacted
beryllium powder is about 57%, indicating 15 000 psi pressure
should be used to form the mandrel. Even at 20 000 psi, however,
the samples were too friable, risking the contamination of the be-
ryllium during compacting. Pressureless sintering was the alter-
native means of forming these mandrels. The desired density
could be achieved by sintering —20-mesh copper powder in a
graphite mold for 2 hr at 1600° F in hydrogen. Different lots of
powder were found to sinter to different densities, so it was neces-
sary to check each lot for sinterability before use.

In forming the beryllium compact, a welded-steel mold lined
with a rmbber bag was constructed (fig. 8). Vacuum lines at-
tached to the sides insured proper alignment of the bag during
filling. The porous copper mandrels were attached to the walls of
the bag with rubber cement and the bag was filled with powdered
beryllium. This was vibrationally compacted to its limit of 57% of
theoretical density, and a rubber top was stretched across the
open end and cemented in place. Its shape was determined by a
steel cap which fit over it. The mold was placed in an autoclave to
be isostatically hot compacted. The final compact with the man-
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FI1GURE 7.—Hydropressing density of —200-mesh copper as a function of
pressure (ref. 18).
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FIGURE 8.—Mold for isostatic compaction of beryllium powder (ref. 18).

drels in place is shown in figure 9; with mandrels removed, in
figure 10, and the final machined compact, in figure 11.
Hot-isostatic compaction combines pressing and sintering. The
compacting pressure is usually considerably less than that applied
in cold pressing, and the temperature is usually considerably less
than in the sintering of cold-pressed powders. It is done in a
high-pressure autoclave such as is diagrammed in figure 12. The
hot-pressed powder compacts have practically full density and
fine-grain structure. A basic study of hot-pressing copper and
nickel powders for use in rocket engine components containing
complex flow channels was recently completed for NASA (ref.
19). The effect of hot-pressing time on the density of copper pow-
der of —270 to 4325 mesh at 1000° F is given in figure 13. Com-
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FIGURE 9.—Compacted beryllium block with inserts in place (ref. 18).

paring this to figure 14, which shows the effect of the same varia-
bles for nickel, indicates the difference in densification during
hot-pressing for these two metals and reflects their differing plas-
tic deformability. The most suitable powder for the fabrication of
rocket engine components by hot isostatic compaction had (1)
high specific-surface area, (2) fine particle size, (3) small scatter
in the particle size distribution, and (4) low-interparticle poros-
ity.

The fabrication techniques developed in this project were based
on the compaction of these powders around leachable inserts. Bo-
rosilicate glass was found to be compatable with copper and could
be selectively removed with a hydrofluoric acid solution. The
copper was hydraulically pressed at 20 000 psi and isostatically
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FI1GURE 10.—Compacted beryllium block with inserts removed (ref. 18).

hot pressed at 1000° F and 10 000 psi for 3 hr without altering
the geometry of the inserts. Nickel powder was similarly com-
pacted around steel or aluminum inserts achieving 98% density.
The steel inserts were removed with a sulfuric acid solution and
the aluminum with sodium hydroxide or hydrochloric acid solu-
tion. The final parts were successfully pressure-checked and
alignments of the channels formed by the removal of the inserts
were within 0.01 in. The surface finishes were smooth and the
mechanical properties comparable to or better than wrought and
annealed commercial products.

Jet Propulsion Laboratory (ref. 20) has hot pressed magne-
sium oxide ceramics. Ceramic compacts were fabricated of high
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Fi1GURE 11.—Final machined beryllium compact (ref. 18).

purity MgO at room temperature by isostatic compaction at
90 000 psi in rubber bags and then sealed in metallic containers
for hot isostatic compaction at 15 000 psi and 800° C for 30 min.
The resulting fine-grained compacts were 95% to 98% of theoret-
ical density and were highly translucent.

Slip casting is common in the ceramic industry. It is a process
of pressureless powder consolidation. A fluid suspension of solid
particles is cast into a mold. The particles harden into a solid
which can be removed from the mold, dried, and then sintered.
The value of this technique for powder metallurgy has long been
known (ref. 21), but it still is largely overlooked. The process as
illustrated in figure 15 first requires the preparation of a metal
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FI1GURE 12.—Cold-wall hot-isostatic compaction autoclave (ref. 19).

“slip”, that is, a suspension of metal powder in a fluid (ref. 22).
Several commercial suspension agents are available: typically
salts of alginic acid, or acrylic acid polymers. Acidic or basic ad-
ditions must be made to the suspension to adjust the pH to a
point where the viscosity of the slip is at a minimum for each
metal. As shown in figure 16, this minimum is a function of the
type of metal, the liquid-to-metal ratio, the surface oxide on the
powder, and the speed and duration of agitation in the slip prepa-
ration (ref. 23). The slip is poured into a plaster-of-paris mold
which absorbs the liquid, leaving agglomerated powder. Inserts
can be placed in the molds for hollow objects, or sometimes the
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FIGURE 13.—Relative density-time-at-pressure curves for —270 to 325-mesh
copper powder hot-pressed at 1000° F (ref. 19).

mold is inverted immediately after filling to drain out part of the
slip, leaving a thin coating on the walls of the mold. When the
binder has hardened sufficiently, the part is removed from the
mold and dried in an oven. It is then sintered in the normal man-
ner, depending on what metal is being used. As the compact heats
up in the sintering oven, the binder carbonizes at about 400° F,
and the residual carbon burns off at 1250° F, leaving a compact
with some finite level of porosity. Slip casting is used for the re-
fractory metals and compounds, but it can also be successfully ap-
plied to copper (ref. 24), nickel (ref. 25), and stainless steel (ref.
26).

Edgar Kastelberg, Langley Research Center, has applied slip
casting to the production of rocket guidance fins. These are
mounted directly in the nozzle to guide the rocket during its first
few seconds of flight before it gains enough speed for the aero-
dynamic fins to work. Graphite is currently used, but it is difficult
to machine and replacement by a slip refractory metal would be
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nickel powder hot-pressed at 1000° F (ref. 19).

desirable. Current work is being done on a 14-scale model with
stainless-steel powders. A slip composed of ten parts of -100-mesh
stainless-steel powder to one part of an aqueous solution contain-
ing 3% of a binder mixture and 2% of a wetting agent is poured
into the plaster molds. Ammonium hydroxide is used to adjust
the pH prior to degassing the suspension in a vacuum chamber.
While this is being poured into the mold, continuous vibration is
applied to insure settling, and after 40 min, more is added. The
resulting slip casting is approximately 65% dense after oven
drying at 100° C. Some shrinkage occurs during sintering, and
the resulting parts have properties comparable to cast metals
(ref. 27). :

Slip-casting was used to fabricate samples in a Lewis refracto-
ry-fiber-reinforcement program (ref. 28). Nickel-base matrix al-
loys were vacuum-cast and then atomized into a powder having a
particle size of —325 to +500 mesh. This was mixed into a 2.5%
aqueous solution of ammonium alginate and diluted to give a
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FIGURE 15.—Slip casting (ref. 22).

pourable slip at a pH of 7.4. Previous work (ref. 27) had shown
that this formulation gave densities as high as 95% with no no-
ticeable contaminants after sintering. Refractory fibers were ar-
ranged into bundles in sufficient number to give the final compos-
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ite up to 70% fiber content. A vibrating table assisted the settling
of the metal powder as the slip was poured over the fibers, and
the excess liquid was siphoned off the top. When the wires were
completely covered by the metal, the vibration was stopped and
vacuum was applied to the bottom of the apparatus (fig. 17) to
take off the remaining liquid. The specimen was then removed
and allowed to air-dry. A 1-hr sinter in dry hydrogen at 2000° F
drove off the binder and reduced any nickel or chromium oxides
present. The specimen was then canned in nickel under vacuum
and isostatically hot-pressed at 2000° F for 2 hr under 20 000 psi
helium pressure.

SINTERING

Sintering is a process by which a mass of powder particles,
compacted under pressure or simply confined in a container, are
physically bonded into a coherent body under the influence of
heat. During sintering the mass of powders increases in strength
and may densify and also recrystallize. Sintering of a single com-
ponent powder takes place below the melting point of the powder
material and occurs in a solid-state reaction. In a two or more
component system of powders, sintering may sometimes take
place above the melting point of the lower-melting component in a
solid-liquid phase reaction.

The porosity in a mass of powder particles undergoes substan-
tial changes during sintering. The pores change in shape, size,
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and number, sometimes causing considerable shrinkage and densi-
fication of the powder mass. During sintering, the bonding starts
at the contact points between the particles where necks are
formed by a variety of mechanisms for material transport such
as diffusion (surface, volume, and grain-boundary diffusion),
plastic flow, and sometimes by evaporation and condensation.
Some or all of these mechanisms of material transportation can
act simultaneously, and the dominant mechanism depends on the
powder material, its characteristics, and the sintering conditions
(temperature and atmosphere). The migration of the atoms dur-
ing sintering depends to a large extent on the occurrence of de-
fects (vacancies) in the crystal lattices. The properties of a sin-
tered mass of powders depend on the sintering conditions, i.e.,
sintering temperature, sintering time, time to build up the sinter-
ing temperature and cooling time, and the atmosphere of sinter-
ing.

When it was recognized that the surface of the Moon could be
covered with a powder of rather small particle size, investiga-
tions were made to determine the effects of radiation on a mass
of powder. The idea that bonding of particles may occur under ir-
radiation was recognized as early as 1957 by Dienes (ref. 29),
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and sintering of a powder mass under irradiation was discussed
by Hausner (ref. 30). Irradiation at low temperature may cause
defects in the structure and, therefore, some kind of exchange of
atoms between powder particles. The result is a diffusion process,
which, without radiation, will occur only at elevated temperatures.

Upon NASA'’s request, investigations of sputtering effects on a
simulated Moon surface have been made (ref. 31). In laboratory
experiments, steel powders showed indications of strong cemen-
tation when dec-sputtered by Hg ions. Other powders, when rf-
sputtered by Hg ions or H, ions, exhibited lesser cementation.
There is no doubt that some bonding between powder particles
occurs under these conditions, which may be of great importance
to investigations of the Moon’s surface. These findings are also of
great significance in determining the fundamentals of material
movement during the sintering process and are stimulating fur-
ther research on sintering of metallic and ceramic powders.

Sintering conditions are usually selected empirically on the
basis of what works best for the specific material being fabri-
cated, coupled with the equipment available. Sintering in vacuum
or in a reducing atmosphere may remove surface oxides on the
particles or prevent oxidation. Hydrogen or dissociated ammonia,
sometimes diluted with inert gases, are the most common reduc-
ing atmospheres. The temperature range used varies betwen 0.5
and 0.8 of the metal’s melting point on the absolute temperature
scale. The time at temperature, as well as the sintering tempera-
ture itself, determines the final density obtained, but the length of
time taken to reach this temperature and the cooling-off period
are also determining factors. Of course, whether the compact is
to be further worked or used “as is,” determines the sintered-
strength requirements.

When alloys are prepared from elemental powders, it is some-
times necessary or advantageous to sinter them at a temperature
where one metal is in the liquid state. This temperature may be
very low with respect to the other elements’ melting points, and
sintering takes place by the dissolution of the higher-melting-point
metal into the liquid phase. A dentist’s amalgam is actually sin-
tered at the temperature of the patient’s mouth. Another form of
liquid-phase sintering is exemplified in work by Clarkin et al. (ref.
32). In this case, a cobalt-based prealloyed powder was hydrostat-
ically compressed and sintered in a vacuum induction furnace by
slowly raising the temperature. The sample was viewed continu-
ously, and when incipient melting was detected, the temperature
was held constant for 5 sec and then lowered. By sintering in this
way, melting occurred only at the surfaces of the individual par-




POWDER METALLURGY PROCESSES 31

ticles in the compact, whereas the interior of the particles re-
mained solid. This quasi-liquid-phase sintering resulted in dense
specimens that retained their initial pressed shapes. Elemental
segregation that occurs in fused samples of the same alloy and
might occur during a slower sintering process was prevented.

POST-SINTERING PROCESSES

In order to obtain desired properties in a metal part prepared
by powder metallurgy, it is necessary to select carefully the pow-
der with the right characteristics, compacting pressure, and sin-
tering cycle. Many smaller parts are produced by these steps
alone. It is sometimes necessary, however, to add a subsequent
treatment after sintering to meet special property specifications.
Coining or sizing, the simplest treatment which might be re-
quired, is a light forging operation to improve the surface prop-
erties and dimensional tolerance of the part. High-energy proc-
esses of forging, extrusion, and rolling cause major changes in
the compact, bringing it up to full density, changing its shape
radically, and strengthening it through lattice deformations.
These changes can be seen to some extent in the results of the
previously mentioned project at Lewis, in which the influence of
fabrication variables on the stress-rupture properties of a powder
metallurgy cobalt-base alloy was investigated (ref. 32). For this
investigation, a S-816 alloy powder which has the nominal com-
position of Co—20Cr-20Ni-4Cb—4Mo-4W-3Fe in a particle size
range of -100 mesh was mixed with a paraffin binder and a pre-
determined amount of graphite. The mixture was sealed in a rub-
ber tube, hydrostatically pressed at 50 000 psi, and then sintered
in a vacuum induction furnace. Test specimens were machined
from the alloy compact, and tested under various conditions of
subsequent working. The effect of carbon content, the subsequent
treatments on stress-rupture life (25 000 psi at 1500° F), and on
elongation as expressed in percent reduction of area are given in
table III. The high-carbon sample that was hot-swaged and heat-
treated had the best stress-rupture life.

Extrusion and forging are important post-sintering processes
used to develop fully the strength potentials of powder metal-
lurgy materials. They involve the heating of a sintered billet to
an elevated temperature and then suddenly forcing it either into
a shaped die or through an orifice. In both cases, the equipment is
basically the same and consists of a high-pressure accumulator, a
fast-action piston press, a heater for the sample, and a die. The
type of lubricant for the die depends mostly on the extrusion tem-
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TABLE I11.—Effect of Subsequent Working on the Stress-Rupture
Properties of Sintered S-816 Steel

Carbon Subsequent Stress-rupture Reduction in

% treatment life, hr area 9,
0.1-0.2_________ (®) 51.4 19.7
(®) 34.6 21.2
©) 22.3 16.1
©) 101.4 15.3
0.5-0.6_________ ©) 226.9 15.2
(®) 58.4 12.5
© 176.9 19.0
©) 211.0 33.9

0.65-1.0________ ©) 264.3 7.43

) 657.0 5.66

©) 523.8 3.91
(9) 620.0 13.9

= As sintered.

b Heat-treated (solution treated 24 hr at 2150° F, water-quenched; aged 16 hr at
1400° F, air-cooled).

¢ Hot-swaged at 2150° F (509, reduction in area).

d Hot-swaged from 2150° F' (reduction in area of about 509%,) and heat-treated
(solution-treated 24 hr at 2150° F, water-quenched; aged 16 bhr at 140C° F,
air-cooled).

FIGURE 18.—1020-ton water hydraulic extrusion-forging press (ref. 33).
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perature. The modern refractory alloys particularly benefit from
the hot-extrusion process; however, their temperature require-
ments impose severe difficulties on the equipment. They require
working temperatures as high as 4000° to 5000° F, but are prone
to oxidize. In addition, these temperatures are almost twice as
high as the melting point of the common tooling. To solve these
problems and better define some of the extrusion variables, the
Lewis Research Center developed a 1020-ton, three-stage verti-
cal-forging extrusion press for work at temperatures up to 5000°
F (ref. 33). This press along with its hydraulic power supply is
illustrated in figure 18, and figure 19 is a diagram of the hy-
draulic system. The press is a three-stage unit with three differ-
ent extrusion-force levels available without changing the accumu-
lator pressure. The maximum pressure available from the
accumulator is 3600 psi. Through valving at the top of the press,
the operator can select either the two side cylinders, giving a
340-ton force, the main cylinder for 680 tons, or all three for
1020 tons. While the maximum speed of the press is 1€ in./sec,
generally speeds of 0.5 to 6.0 in./sec are used to assure good sur-
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FIGURE 19.—Hydraulic diagram for 1020-ton extrusion press (ref. 33).
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face finishes on the extruded product. Experience has shown that
the slowest speed possible to complete the extrusion produces the
best surface.

The extrusion stem which forces the billet down, the container
through which it passes, and the die which effects the reduction in
size are all made from wrought AISI H-12 tool steel heat-treated
to a Rockwell C hardness of 48 to 54. These can be maintained at
temperatures up to 1000° F without appreciable deterioration, but
the best procedure is to hold them around 600° F. The stems are
often stressed up to 200 000 psi during extrusion, and newer al-
loys under development will raise this to as high as 250 000 psi.
Dies employed for materials extruded below 2500° F are oxidized
and then coated with a colloidal graphite in mineral oil. For ma-
terials extruded in the 2500° to 3000° F range, flame-sprayed alu-
mina is coated on the die, and for temperatures above 3000° F,
a plasma- or flame-sprayed zirconia is necessary.

Lubrication for extrusion ranges from mineral oil, either plain
or mixed with colloidal graphite swabbed on the inside of the con-
tainer and the extrusion die for room-temperature extrusions, to
glass cloth impregnated with tungsten disulfide in a cured epoxy
or similar carrier for extrusions from 3000° to 5000° F. The
glass cloth is cut into proper sizes to cover the entire length of
the billet and also to lap the container. Other lubricants found
useful have been oil-dispersed graphite for aluminum and copper
and a calcium-graphite grease for steel. Additional lubricant in a
plastic bag is often placed on the back end of steel billets immedi-
ately before closing the press to decrease the pressure required
for extrusion and to improve the surface finish. Contamination of
powder-metallurgy billets by the lubricants is prevented by can-
ning the billets, which also protects the billet from oxidation and
galling in the die. Molybdenum is often used as a canning material
for tungsten.

The innovations of the Lewis press include a rapid billet
loader, an extrusion straightener, and an extrusion retriever. The
billet loader was employed to minimize the time required to
transfer the hot billet from the oven to the press. The heat-loss
rate of a billet heated to 4000° F has been measured at 42° F/sec,
so transfer times of less than 5 sec are desirable. The system
used at Lewis has achieved transfers in as little as 2.5 sec. The
extrusion straightener was placed beneath the extrusion press. It
consisted of an asbestos-lined steel tube into which the extruded
rod passed. This addition eliminated the usual post extrusion
straightening operation, which required an additional warm-up
cycle. In this device, 8-ft rods were straight to within 1/-in.
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Lastly, the extrusion retriever consisted of a pit 16-ft deep below
the press into which had been built an apparatus capable of hold-
ing and quenching, if necessary, eight extruded rods made in
quick succession.

The furnace for heating the billets (fig. 20) includes an induc-
tion coil and a hydrogen supply. The temperature is measured
through a quartz viewing port and a black-body hole by means of
an optical pyrometer. At 4000° F, the temperature can be main-
tained to within +=5° F. The power supply for the oven is a 75
kw-10 kHz motor generator. Billets are inserted into and removed
from the oven through the bottom in a fashion to allow rapid ac-
cess to the billet loader. Some typical results obtained through the
use of this press with both cast and powder-metallurgy samples
are summarized in table IV.

SAFETY IN HANDLING POWDERS

In 1966 Lewis Research Center sponsored a comprehensive sur-
vey of the health hazards resulting from ultrafine metal and
metal oxide powders (ref. 34). It included a review of the litera-
ture, the analytical procedures including urine analysis, contami-
nation possibilities inside and outside of plants, monitors for air
contaminants, and special engineering recommendations. The lit-
erature survey was conducted for information on the toxicological
properties and toxic potential of the metals and metal oxides of
concern at Lewis, with special emphasis on the influence that ex-
tremely small particle sizes, 0.002 to 0.03 microns (20 to 300 &),
may have on the toxic hazard of these materials.

Very few studies on man or animals have included the effects
of ultrafine dusts of less than 0.1-micron size. It appears that an
estimate of the safe limits of exposure to the ultrafine metal dusts
must be based on the known toxic potential of the various mate-
rials as determined in more conventional particle-size ranges and
a theoretical consideration of how particle size may effect (1) the
transport and penetration of the materials to reactive tissue sites,
(2) the capacity of physiological protective mechanisms to rid the
organisms of this material, and (3) the inherent reactivity of the
material with constituents of living tissue.

Exposure of the skin to the ultrafine metals must be consid-
ered. In cases where significant dermal reactions from the specific
materials (e.g., nickel) have been previously reported or sus-
pected, care should be taken to minimize skin exposure, especially
by the individuals who may have dermal hypersensitivity to such
materials. The ultrafine state of the material may enhance pene-
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FIGURE 20.—High - tempera-
ture extrusion preheat fur-
nace (ref. 33).
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TABLE IV.—FEuxtrusion Characteristics of Refractory Tungsten Alloys
Extruded at Elevated Temperatures in 1020-Ton Press (ref. 33)

Nominal Overall Extrusion Stress on Material

Alloy billet reduction tempera- external recovery,
composition diameter, ratio ture, stem, %
in. °F psi

Tungsten—0.5 weight 9
zirconium—15 weight

9% tantalums=_________ 2.0 12:1 4400 199 600 60
Tungsten >—4 weight 9

hafnium______________ 3.0 8:1 4200 177 000 90
Tungsten—8 volume 9,

hafnium carbide=______ 2.0 8:1 4200 197 000 50
Ultrafine tungsten »______ 2.0 8:1 4200 200 000 40
Tungsten—4 volume 9,

thorig®z e - . 2.0 12:1 4000 185 000 60

» Powder-metallurgy sintered.
b Arc-melted.

tration into and obstruction of the ducts of sebaceous and sweat
glands, and thus contribute to dermatological effects. Penetration
of ultrafine particles into the human body may occur also by in-
halation and th