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The Navy Looks
at Structural Plastics

William R. Graner

. . Materials Engineer in the Materials Development
Div., Bureauof Ships,gave a longer versionof thisarticle
at the A.S.M.E. meeting, April 28, in Columbus, Ohio.

During World War II,a new industry was born as the result of the
commercial development of a family of resins known as unsaturated
polyesters. The Navy shared and benefited in the rapid progress that
took place, and year by year since then has found further application
for structural plastics.

When techniques of the plastic industry reached the point where
satisfactory results were obtained in bonding or laminating such mate-
rials as glass fibers, there was even more opportunity for the Navy to
investigate and work out applications. Boat construction, in particular,
was a likely field for the use of glass-reinforced plastics. First, there
was the needed strength and durability, then there were the other points
of advantage such as light weight, simple manufacturing process, and
possibility of savings in cost for the end product.

While the plastic boat and its manufacture has been regarded as
perhaps the best example of the Navy’s use of structural plastics, there
are a variety of other applications ranging from shipboard piping to
submarine fairwaters. Underlying the use of these materials by the
Navy are some basic investigations on mechanical properties. Many a
technician from various segments of the industry has contributed to the
compilation of fundamental information, and a review of these consider-
ations here will serve to point up the later discussion on the utilization
of structural plastics by the Navy.

There are four basic techniques for molding structural plastics
with each offering inherent advantages and disadvantages. When it
comes to a choice of fabrication methods, the specific application for
the structural plastic governs. Glass-reinforced laminates may be
sawed, turned, drilled, or tapped, and, in some instances, punched.
With such latitude, shapes and forms can be considered for a wide vari-
ety of engineering and manufacturing processes.

Mechanical connections may be made by means of bolts or
rivets, although field riveting has not yet been accepted by the Navy
as a shipyard practice because of danger of damaging the laminate.
The minimum edge distance and pitch for bolted connections cannot
follow usual design experience with metals; entirely new data must
be worked out for the various structural plastics. Related work on
fastenings as they apply to these laminates is going forward at the
Materials Laboratory located at the New York Naval Shipyard, and as
such represents a piece of planned development sponsored by the
Bureau of Ships.

-1-

Google



Tension(pei)

Flexure(psi)

Shear(psi)
Bearing(pe1)
Impact Strength(ft.lbs/in.)

Mechanical Properties

Property

Glass by Volume(%)

Resin by Weight(%)

Compression(psi)

Water Abs., 2khr., %

Specific Gravity

Flexural Modulus(psi)

of Polyester-Glase Laminates

24,000
32,000
25,000
1.17x206
17,000
39,000
25
0.4
1.55

#181
Fabric
45
38
10,000
60,000
35,000
3x106
19,000
42,000
25

0.3
1.75

Roving
(Fishi
Stock
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Owens-Corning Fiberglas Corp.

In working with plastics where connections are needed, often the
best answer isfound in a suitable adhesive. Glass mat impregnated with
polyester resin has been found satisfactory; among others that prove
suitable are asbestos-filled polyester adhesives or epoxy formations.

From experience it has been found that bonded joints made under
shop conditions may be highly variable in strength. This seems

TERSILE, FLEXURAL, ARD HARDNESS PROPERTIES BEFCRE
AND AFTER OUIDOCR WEATHER AGING FR

Material Laboratory STRENE
CROBS-LINKED POLYESTER GLASS PASE LAMINATE (f11h FINISH)

KY Raval Shipyard

Aging
Period Nev New Rew New
Months  Paneme Mexico York Capada Alaska Pansama Mexico York Canada Alasks
Tensile Strength, 100 PSI, Avg. Tonsile Modulus, 106 P8I, Avg.
<} 3 2.33
1 301 332 - - -- 2,02 2.2 - -- -
3 320 320 310 304 324 1.98 2.09 2.08 1.91 2.01
7 302 302 g 298 312 1.83 1.90 1.79 1.62 1.93
12 295 315 300 296 292 1.64 1.86 1.82 1.58 1.6k
18 285 305 323 300 299 1.72 1.90 1.99 1.7h 1.62
24 281 307 298 293 295 1.75 1.98 1.93 1.671 1.68
30 283 296 306 283 282 1.97 2.32 1.93 1.8 2.03
36 -- -- 299 282 300 - -- 2.21 1.9 2.1
Shelf 37 2.62
0 Flexural Strength, 100 PSI, Avg. Hardness, Rockwell "N" Scale, AVg.
tﬁ pEEY
1 367 382 -- -- -- 105 107 - -- -
3 324 400 348 398 398 107 110 108 110 02
7 338 313 328 332 369 108 110 109 1o 109
12 38 350 339 317 N6 106 107 107 106 10h
18 305 326 U9 293 217 103 109 104 104 103
24 32k 363 3u7 322 284 104 107 108 103 10k
30 -- - 340 284 2Tk 104 107 106 103 104
36 - -- 315 261 296 -- -- 105
Shelf B 13
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is a product of another method of fabrication—vacuum injection. Stiff-
eners or mountings consist of precast laminates which were inserted
into the boat layup before impregnation. Box-type stiffeners have also
been used in boats, employing a light-weight core material such as
cellular cellulose acetate around which the laminate is built up.

A 12-foot wherry (see frontispiece), built by the Puget Sound
Naval Shipyard, is the only craft on which we have had fairly extensive
service reports. Over 200 of these have been put into service in the
last two years. As a result of this experience, thwart brackets and
breasthooks have been added, thwart connections strengthened, and the
hull redesigned to include glass clothas well as mat in the layup. Dur-
ing the past year, the Navy has also purchased a variety of other craft,
ranging from 9 feet to 36 feet in length. Experience to date indicates
that plastic boats are lighter but not cheaper than wooden boats. How-
ever, it is expected that there will be a tremendous saving in mainte-
nance and replacement costs. Ease of repair is also an important
feature.

Principal problems involve development of adequate specifications
and performance tests. Furthermore, design of larger boats is ham-
pered by lack of standards and reliable design data, Recently, attention
has been directed toward the possible use of sandwich-type, honeycomb
construction as a means of reducing weight and improving stiffness.

To test these materials for use in shipboard piping, about 90 feet
of pipe was installed on a destroyer escort over 20 months ago. It was
put into the 150-psi salt-water flushing systems, located in various
sections where the pipe would encounter severe service. All of this
pipe, with the exception of a section over the boiler which has become
coated with salt deposits (indicating slight porosity), is still in good
condition. At present, a complete installation of reinforced pipe in the
cold water lines of a minesweeper is being finished. Bronze deep-socket
type fittings are being used with epoxy adhesive to bond metal to plastic.

This installation has revealed two unanticipated shortcomings:
(1) it was found that various commercial pipes would not withstand a
proof test pressure of 600 psi for 24 hours although they would probably
withstand much higher pressure for a very short time, and (2) that this
pipe, in contact with water, has surprisingly poor heat resistance. These
shortcomings may possibly be overcome by the use of the new glass
sizings. If installation and production difficulties are overcome, as
seems likely, the use of plastic pipe promises considerable weight
savings (.45 pound per foot for plastic as compared to 3.65 pounds per
foot for steel 2-inch pipe, for example), and it should be competitive in
cost, ultimately, with metal pipe. Furthermore, it is completely non-
magnetic, corrosion resistant, and exhibits outstanding erosion resist-
ance. Principal limitations are flammability, the fact that it cannot be
bent, and the present lack of commercial sources for competitively
priced, reinforced plastic fittings having satisfactory strength.

Storage tanks of the type used in minesweepers are also under
investigation. Tanks ranging in size from five to 4150 gallons, usually
made of monel metal or bronze, are required for this non-magnetic
application. Five shipsets of tanks are now being purchased for serv-
ice evaluation. In addition to replacing critical materials and being
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Treating Tumors with Neutrons

J. S. Robertson

. . Head of the Biophysics Section, Medical
Department, Brookhaven National Laboratory

L. E. Farr

. . . Chairman of the Medical Department,
Brookhaven National Laboratory

The readers of Research Reviews are all more or less informed
on the role of neutrons in the detonation of atomic bombs. Neutron cap-
ture is the trigger mechanism for the fission of uranium, which in turn
produces more neutrons, and under suitable conditions the resulting
chain reaction results in an explosion of almost incredible violence.
Somewhat less well-known are the possibilities of using similar reac-
tions in the treatment of human cancer.

It hasbeen discovered that there are many substances which when
injected into the blood stream readily enter certain kinds of brain
tumors, but which enter normal brain tissue very slowly if at all. It
was found at the Massachusetts General Hospital that borax is one of
these substances. This is of especial interest because borax is about
10 percent Boron, and one of the isotopes of Boron, B10, has what is
called a high capture cross-section for thermal neutrons. When the
B10 captures a neutron it becomes very unstable and disintegrates into
two lighter particles, an alpha particle and a lithium nucleus.

As in the fission process, this splitting releases energy, most of
which appears as the kinetic energy of the resulting particles. This
reaction is in common use as a means of detecting neutrons. I it can
be caused to occur inside a tumor, a dense ionization is produced along
the paths of the particles and the net result is a form of selective radi-
ation of the tumor. All that one needs besides a method of loading the
tumor with Boron is a beam of neutrons.

A suitable source of neutrons is available from a nuclear reactor.
The reactor at the Brookhaven National Laboratory was designed for
research applications, and it is possible to place a patient’s head in a
neutron beam without exposing the rest of the body to dangerous amounts
of radiation. A series of tenpatients with brain tumors have been given
this kind of treatment, some of them getting up to four treatments each.
The patients had all been operated upon previously and had been found
to have tumors with satisfactory uptakes of injected Boron. Although
only one of these patients is still living, their clinical courses have
been such as to encourage further work,
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Google



Original from
UNIVERSITY OF CALIFORNIA

Digitized by Google

91b00bh-pd#asn ssadde/6103sninyiey mmm//:diy / paznibip-916009 ‘urewoq dlqnd
9102£99%$°1oNn/£zZ0Z/3®u d|puey’|py//:diy / LIND 06:6T €1-80-GT0Z U0 (died 963||0D ‘puejhiepy jo AJiSidAIUN) JDqUISW 10} pRIRIBUDD



Original from
UNIVERSITY OF CALIFORNIA

Digitized by Google

91b00bh-pd#asn ssadde/6103sninyiey mmm//:diy / paznibip-916009 ‘urewoq dlqnd
9102£99%$°1oNn/£zZ0Z/3®u d|puey’|py//:diy / LIND 06:6T €1-80-GT0Z U0 (died 963||0D ‘puejhiepy jo AJiSidAIUN) JDqUISW 10} pRIRIBUDD



Tailor-Made Foam
for Crash Fire Fighting

R. L. Tuve

. . . Head of the Engineering Research Branch, Chem-
istry Division, of the Naval Research Laboratory

An efficient, fast, non-toxic, foolproof, and cheap agent to con-
trol aircraft crash fires and guarantee quick, safe rescues may never
be entirely within the realm of possibility. In fact, probably the most
we can hope for is a slow step-by-step progress, with inevitable com-
promises along the way. The material presented here is believed to
represent one of these steps.

Mechanically produced foam, or “air foam,” of one type or
another has come to be regarded as a first line of defense for fighting
aircraft fires involving gasoline fuel. The flexibility of this extin-
guishing agent, its effectiveness per pound of weight, and the perma-
nence of extinguishment easily justify this viewpoint.

To investigate the part played by mechanically produced foams,
let us go back to 1943 when one of the earliest experimental crash
fire-fighting test programs was being conducted at the Naval Air Sta-
tion in Jacksonville, Florida. At that time, there was still a prevalent
feeling that high-pressure water fog and water streams could blast
away the fire from the pilot’s compartment and shield him during
rescue. Furthermore, there was no device available for gently spread-
ing a large shower of foam particles on a burning gasoline area. The
idea of such a “snow-shower” mechanism sounded exceedingly attrac-
tive to several of us who were present at a meeting in Jacksonville.

To test this idea, we rigged a standard Navy all-purpose nozzle
with its internal impinging jets on the front of a truck (shown on next
page) carryinga premixed foam-forming solution. The foam produced
by this device was very watery, but the widely dispersed pattern was
a great improvement in rapidly forming a blanket over much of the
burning area. With knowledge gained from these tests, NRL helped to
design the BuAer fog-foam and foam-gun crash rescue trucks FFN-3
and FFN-5 which were put into use in 1944 and are still the principal
crash units used today at naval air stations.

A short time later, a need developed for some means of spread-
ing large quantities of foam over wide areas in the hangar-deck space
of an aircraft carrier. This was necessary to combat gasoline-fueled
conflagrations arising out of suicide-plane attacks such as those expe-
rienced by the carrier FRANKLIN. Again the wide-angle, dense,
“snow-storm” discharge of the fog-foam fire-fighting system (an NRL
design) has since turned in a noble record of gasoline fire extinguish-
ments and rescued personnel.

-11 -
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which foam was directed
uniformly over the burning
area. (See drawing of ap-
paratus, right.) Percentage
by volume of air (expansion)
and “flow ability” (viscosity)
of the foam were systemat-
ically varied with each fire
test. Our standardof meas-
urement was the rate at
which the flames were re-
duced, as indicated by a
radiation-measuring device
located in one corner of the
fire-test room.

The family of curves
below shows the results ob-
tained after many carefully
standardized tests. Of spe-
cial note is the decrease in
extinguishing time as foam
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Early spray apparatus

expansion is increased. This effect appeared to be independent of the
viscosity, measured as the 25-percent drainage time, of the foam. In
tank fire fighting the more viscous foams are less efficient than fluid
ones, simply because they don’t flow fast enough across the burning
surface. But this problem, of course, did not exist in the dispersed-

pattern addition of foam.

Because our scale-size experimentation, using the open-top oil
drum, was too small to allow any final interpretation or generaliza-

tions, we progressed to a
large steel tray in an open
field. The tray, 20 feet
square by 4 inches high, con-
taineda 2-inch layer of mud
to prevent warping, over
which we pour ed one-half
inch of hi-test gasoline
motor fuel.

A mobile foam gener-
ator capable of producing
almost any type of foam was
designed (picture on next
page), and suitable foam-
distributing nozzles were
used to apply the foam gently
and uniformly over the
entire surface at once., The
apparatus was used in test
after test in exactly the
same manner, regardless of
the expansion or viscosity
of the foam, in an attempt
to duplicate current
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The Undulator -- A New
Millimeter Wave Generator

H. Motz

. . .Microwave Laboratory, Stanford University, has
a broad background of research at the Universities
of Besangon, France, Dublin, Ireland, and Oxford.

There is hardly any kind of electromagnetic radiation which has
not found important applications. We use X-rays inmedicine and met-
allurgy, light for seeing—either unaided or aided by microscopes and
telescopes, infrared light for extending vision through fog, microwaves
for radar and television, and radio waves for communication. To the
physicist, all these forms of radiation are of the same nature, and dif-
fer only in wavelength, ranging from the shortest (7-rays and X-rays)
to the longest (radio waves).

The yardstick of comparison is, in the last analysis, the size of
the human body. One should perhaps say that a more objective yard-
stick is the size of the atom, but of course the two are closely related.
The atomic comparison scale, however, points to an application com-
mon to all types of electromagnetic radiation: the study of matter by
means of spectroscopy.

In this vast world of radiations there exists, as it were, a small
but uncharted continent, situated between the infrared and microwave
regions: The millimeter wave range. Let us try to explain how this
has come about. Radiations of wavelengths longer than a millimeter
are emitted by man-made objects: resonators, antennae, combinations
of coils and capacitors. Radiations of shorter wavelengths, on the
other hand, are emitted by natural objects: molecules, atoms, and
nuclei. While it is possible to make objects the size of a millimeter,
human size makes it very hard to construct such objects with detailed
features as accurately as larger ones. Who would like to scale down
a wrist watch to 1/100 of its customary size? Yet that is almost lit-
erally the problem. Shown at the top of page 21 is a magnetron (devel-
oped by Columbia University) which produces waves inthe 3-millimeter
band. It is likely that the limit of human resourcefulness has been
reached in cdziices of this type, and that further “scaling down® is
almost impossible.

Now one may ask what is wrong with generators using “natural
objects® as emitters. This needs a little explanation. Wave trains
emitted by atoms or molecules always fade out after a small number
of oscillations. In radio communication and radar we use man-made
oscillations, i.e., long wave trains comprising many thousands of
wavelengths. “Natural® wave trains, however, are always short. They
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come about by random excitations of molecules or atoms, caused by
their irregular motions at elevated temperatures,

It can be shown by means of a veryimportant mathematical the-
orem, Fourier’s Theorem, that a short wave train is equivalent to a
whole bundle of long wave trains of different frequencies (or wave-
lengths). Waves emitted from “natural emitters® have such frequency
components which constantly change in phase as a function of time.
Such radiation is incoherent. It would be of great value to have a
source of, let us say, coherent light waves of one single wavelength
(or at least a very narrow range of wavelengths). A light ray could
then serve as a carrier of musical or television programs: suitably
modulated, a light beam could carry a million programs simultane-
ously. All this and much more could be done if it were possible to
make a large number of atoms radiate light coherently, i.e., if the times
at which different atoms emit their light waves could be synchronized.

It is well known that light, and indeed any type of electromag-
netic wave, exhibits the phenomenon of interference. That is, if two
trains of waves travel together in such a way that the positive crests
of one occur just where negative troughs of the other are situated (and
vice versa), cancellation of intensity occurs. In various optical instru-
ments interference fringes are thus produced. To obtain such fringes
of light and darkness, light from natural sources has to be split up
into components (by means of half-silvered mirrors, etc.) which are
then made to interfere with each other. One might say that light from
a “natural source” interferes with itself, but light emitted at one
moment does not interfere with light emitted much later from the
same source, nor with light from a different source. The reason is,
of course, that the phases of the different frequency components are
constantly changing.

Now let us consider the situation inside an incoherent light emit-
ter (e.g., the filament of an incandescent lamp). The individual atoms
emit at random times; hence by interference a large amount of can-
cellation of intensity must take place. Since light is a form of energy
and energy cannot be destroyed, it must be conserved in the form of
atomic and electron motion. But if the atoms could be made to radi-
ate in phase, the emission of radiation would be greatly enhanced, and
we could obtain much more efficient light sources. Emission from
incoherent sources is much less efficient than emissionfrom coherent
sources,

Thus there are twoguiding principles to be followed if we desire
to find a source of millimeter waves. It should be, if possible, a coher-
ent source, or an array of sources, spaced with the periodicity of the
millimeter wave. Yet we want to avoid methods involving physical
structures of small size, or devices with tiny features that are diffi-
cult to make with the necessary accuracy.

The first basic idea underlying the undulator is to use, as it
were, artificial atoms. The orbits of atomic electrons are not under
our control, and it seems difficult to align them so that they radiate
in phase. But in electric or magnetic fields, electrons can be made
to move in prescribed orbits, Wherever the motion is accelerated
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a magnetic deflector, so that their energy can be measured in terms
of the beam deflection produced by a calibrated electromagnet.

This magnet is switched off when the radiation experiment is
performed, and the electrons travel on through a waveguide having a
cross section of approximately 4 by 8 millimeters, which passes
through the pole gaps of the undulator, This waveguide, as well as the
accelerator, is evacuated. The guide is bent through an angle of 90
degrees, and the electrons escape through the metal wall of the guide.
The waves pass on to a crystal detector, whose output is amplified
and fed into a cathode ray oscilloscope. The buncher is supplied with
10-centimeter microwave power from a high-power klystron ampli-
fier, which in turn is driven by a magnetron. This power is applied in
pulses lasting one microsecond, repeated 60 times per second. The
gun is pulsed in synchronism with the klystron pulses. Encouraging
results have been obtained with this equipment. A peak power of the
order of watts over a fairly large frequency band at about 1 millime-
ter wavelength has been observed.

Theory predicts that a beam accelerated by approximately 100
million volts, passing through the same wundulator, should produce
light. (In this case the waves are not produced coherently, because it
is not possible to bunch the electrons within a distance comparable to
a light wavelength.) Such a beam is available from the Stanford linear
accelerator, and the experiment was performed. It was successful:
visible light was indeed obtained. The light was polarized in a direc-
tion perpendicular to the magnetic fields of the undulator, as was to
be expected. It is interesting to note the enormously wide range of
wavelengths which can be obtained from the undulator: from visible
light, with wavelengths of the order of 0.0005 millimeter, to millime-
ter waves 10,000 times as long—all from a single device!

It is hoped to improve the construction of buncher and undulator
further. Theoretically, it seems possible to obtain (peak) power out-
puts of the order of kilowatts in the millimeter range.

Airdrop on Mt. Wrangell

A brief note in our April issue announced plans for the cosmic
ray expedition to Mt. Wrangell, Alaska, in which ONR is a participant.
Led by Dr. Serge A. Korff of New York University and Dr, Terris
Moore of the University of Alaska, the expedition successfully estab-
lished a camp onthe summit on June 20,1953, Because of the remote-
ness of the mountain—it is 210 miles south of Fairbanks, in wild coun-
try—the camp is being supplied by airdrop.

On June 23, an airdrop, arranged by LT Sidney Morris of ONR's
Special Devices Center and flown by the Air Force, pinpointed 25,000
pounds of supplies into an area about the size of a football field. (Net
loss—one drum of gasoline!) The camp’'s 14,000-foot altitude forced
the plane to fly at nearly 200 miles an hour at 15,000 feet: probably
one of the highest airdrops ever made.
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The BOROLITES --

High Temperature Materials
by Powder Metallurgy

Paul Schwarzkopf

. . . President of American Electro Metal Corporation,
Yonkers, New York, has been active for many years in
almost all branches of powder metallurgy. He is the
author of Powder Metallurgy (Macmillan, 1947) and (with
R. Kieffer) Refractory Hard Metals (Macmillan, 1953).

After the end of the last war, when the metallurgist had a chance
to pause for breath and take stock, three factors became evident: (1)
There was a definite demand for new high-temperature materials—
materials that would withstand greater stresses and corrosive attack,
particularly by oxidizing gases, at higher temperatures than the pres-
ently used so-called superalloys. (2) Since modifications of known
superalloy compositions could not be expected to meet this demand, a
different approach was indicated. (3) Powder metallurgy was the logi-
cal choice for this new approach.

During the war, the metallurgist had in general been able to meet
the requirements of the engineer in applications such as turbo-
supercharger blades. At that time, the term “high-temperature mate-
rials” was understood to refer to temperatures up to say 1,500 degrees
Fahrenheit. However, as soon as such materials were at his disposal,
the engineer began to think in terms of 1,800° and 2,000° F; and there is
no doubt that,as soon as these are available, he will ask for mechanical
strength and oxidation resistance at 2,500°F and higher. The engineer
is hard to satisfy. To justify his ever-increasing demands, he points
out that further progress in the construction of gas turbines, jet engines,
and rocket engines depends to a large extent on the availability of mate-
rials for higher operating temperatures.

Up to a limit of about 1,600° F, the so-called superalloys perform
more or less satisfactorily, at least as long as the expected lifetime is
not too high. However, developments in this field fail to promise
advances into the region of markedly higher temperatures. At tem-
peratures not far above 1,500° or 1,600°F the superalloys begin to
exhibit recrystallization and grain growth. These phenomena can be
understood as atomic mobility, and thus decreased resistance to defor-
mation processes such as creep. Whether or not this argument is of
general validity, a chronological review of high-temperature materials
of the superalloy class reveals an asymptotic approach to the present
temperature limit. Thus, it can be predicted that mere modifications
of presently known alloy compositions will result inonly minor improve-
ments and will not permit the attainment of service temperatures in the
order of 1,800° or 2,000° F.

It had thus become evident that development work had to be con-
centrated on other classes of materials. In addition tometals, ceramics
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were, and still are, under consideration. High-temperature strength
and oxidation resistance of a number of ceramic materials are satis-
factory. However, the extremely high brittleness and thermal-shock
sensitivity of most available ceramics are prohibitive, and all attempts
to eliminate these shortcomings (for example, by adding ductile metals
to oxide compositions) have so far failed.

As far as metallic materials were concerned, it was clear that
the higher the melting point, the better was the high-temperature
strength to be expected. This was obvious since all metals soften at
temperatures close to the melting point. Theoretical derivations and
consideration of phenomena such as recrystallization were, therefore,
not necessary for this conclusion. With the restriction of the potential
materials to the highest-melting metals, powder metallurgy became the
logical choice of production method, since this technique permits the
processing of metals which melt at such high temperatures that they
cannot be conveniently melted and cast. The metal is powdered, shaped
under pressure, and then heated, without complete fusion, to form a
compact mass.

The refractory metals, tungsten and molybdenum, met the mechan-
ical requirements, but were not oxidation resistant at the contemplated
service temperatures. Tungsten was of only minor interest since the
high specific gravity of this metal is a disadvantage for applications,
such as turbine buckets, whichinvolve centrifugal stresses. For molyb-
denum it was attempted to develop ceramic and other protective coat-
ings. It is too early to say whether those presently available will prove
fully satisfactory. In any case, such protection appears possible. It
will, however, be difficult to introduce a material whose performance
depends on the adherence and imperviousness of a coating. It would
definitely be preferable to use a material which itself is oxidation
resistant and does not require protective coatings.

The second class of high-melting standard products of powder
metallurgy which were considered for high-temperature applications
were the so-called hard metals—the carbides, borides, nitrides, and
silicides of the transition metals of the fourth to sixth groups of the
periodic system. Cemented carbide compositions as used for tools and
wear-resistant parts have—like the refractory metals—the required
strength but fail to exhibit sufficient oxidation resistance at high tem-
peratures. Again, these standard compositions could be used only when
provided with protective coatings. Modified compositions, in which
tungsten carbide (the base constituent of standard cemented carbides)
is eliminated and titanium carbide becomes the main constituent, have
markedly improved oxidation resistance. This improvement isachieved
at the expense of the strength, but for service up to about 1,800°F, both
strength and oxidation resistance appear satisfactory for most intended
applications.

For temperatures higher than 1,800° or perhaps 1,900° F, how-
ever, no carbide-based material can be used when both strength and
oxidation resistance are requirements. The realization of this limita-
tion did not, however, mean that all hard metals had to be excluded for
potential use at markedly higher temperatures.
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transition elements. Some of these borides had been known since the
time of Moissan, French chemist and Nobel prize winner who lived dur-
ing the last half of the nineteenth century. Others had been reported
more recently but quite a few we had to synthesize ourselves to cover
the entire field. We had to establish the phase diagrams of the metal-
boron systems in order to recognize those from which the best per-
formance as high-temperature material could be expected.

We had to learn how to handle these new materials. That means
we had to learn how to fabricate solid bodies and parts from boride
powders. In this, our experience in the carbide field was of help. In
general, standard procedures of powder metallurgy such as pressing
and sintering, hot pressing, or extrusion are applicable to the proces-
sing of borides. In some respects, however, our experience in the car-
bide field was far from helpful, leading to lengthy and costly detours.
We tried, for instance, to produce bodies by cementing the boride pow-
ders with cobalt and nickel—a standard procedure in the industry of
cemented carbides. Our first results were promising but we soon
reached a temperature limit. Today we know that this limitation was
due to the formation of unstable borides of cobalt and nickel. We had
to establish stability limits of these borides in order to recognize that
the temperature limit with our nickel- and cobalt-bound borides repre-
sented an unsurmountable barrier.

We had to find and found other binders which did not lead to the
formation of unstable compounds at service temperatures, and we suc-
ceeded in developing a series of boride materials—the so-called BORO-
LITES—which exhibit, at high temperatures, remarkable strength, ther-
mal shock resistance, and chemical stability, including oxidation
resistance.

A drawback is some extent of brittleness at room temperature.
Because of the metallic nature of the borides this brittleness is, how-
ever, considerably less pronounced than in the case of ceramics. But
there is no doubt that, at least in some applications, the higher brittle-
ness of hard metals in comparison with presently used superalloys will
necessitate design modifications.

When the engineer is complaining that the operating temperatures
permitted with the materials supplied by the metallurgist are not high
enough for his purposes, it should be permissible that the metallurgist
in turn formulate his complaints. So far the engineer has not been able
to give a definite answer to the question: what extent of room temper-
ature brittleness is permissible inapplications such as turbine buckets,
for instance. We are able to modify the BOROLITE products and
increase the room temperature ductility, but this improvement is at the
expense of high-temperature strength. In other words, the higher the
required room temperature ductility, the lower will be the creep resist-
ance and stress rupture strength. Since the engineer could not tell us
how much ductility he needs, our aim was to develop a series of mate-
rials rather than a single one, so that we can tell the engineer the max-
imum hightemperature strength we can expect for eachparticular room
temperature ductility limit.

In gas turbines and the like, an increase of operating tempera-
tures involves a complete redesign of the entire engine. Since all
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