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The Detense Metals nturmsation Center was established at
‘Battelle “Memorial Institute at the request o the Office of the
Divedtur ol Defense Rescarih and Eligineering ty provide Govern-
nient contractors and their sypplicrs technical assistance and
iniormation on titantum, berylliun, magnestun, refractory metals,
high-strength a'loys for high«temperature service, corrosion- and
nxidationsrenintant coatings, and therrmal-protection systems. Ita
tum tions, ander the direction of the Office of the Secretary of
Delense, are an followas

1. To cullect, s*ore, 4nd dissemindate technical in.
tormation on the current status of research and
desvelopment of the above materiale,

LS

o supplement established Service activities 1n
providing technical advisory services to prode
urers, tnelters, and tabricators of the ahbove
tnaterials, and to demigners and fabri ators of
military equipment contdiming these materiale,

3 1o assint the Guverrnient agencies and theircon-
tractors in developing technical data required (or
preparation ot specification. for the ahave ma-
trriale,

4. On asmigrunent, to conduct surveys, or laboratory
fercarch invecoigetions, no inly of a shoferan, -
riature, an "qul'?". t ascortain causos 0' trou-
bies entountered by fabricators, or to 111} minor
kapr in entablinvhed research programs,
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BREFACE

This review of Goveramont-aponivred resssrch and develup~
et programa on tungatan is banses on o sudy by the Defenas
Metsix Information Center for the bensiit and vae of Governraunt
egoncivs sngaged In, or Intnrested va, tungelen tecknolegy. The
oasastial dutails of the etudy are prosunted hove becoure of thely
wide intorert tn organizations producing, uting, or inwwstigsling
tungsten pod Lo atioys. Contreciuxl infonnakion ax researca yoad
devaluprient programs on tungstes ayponrs in the Appondix.
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TUNGSTEN RESEARCH AND DEVELOPMENT REVIEW
1960 - 1962

SUMMARY

Government~sponsored tungsten research and development efforts ecacompass a
broad range of technological activities, Typifying the extreme limits of effors since
January, 1960, studies have ranged from preparation of unalloyed metal to developmeni
of high-integrity fabricated shapes of tungsten~base materials, The distribution of re-~
search and development activities is {llustrated in the tabulation below, which lists nine
major areas of tungsten technology and shows the cxtent to which each has received
Government support. These nine major areas cutline the broad over-all effort, and
each is summarized within this report by brief technical discussions of 104 separate
studies on 79 research programs, A listing of the 79 programs is giver in the
Appendix.

Individual Studies on
Government-Sponsored

Major Area . Programs

Preparation of Metal 3
Consolidaticn 26
Primary and Secondary Working 2l
Joining 9
Fabrication and Performance of Rocket Nozzles 7
Oxidation and Other High«~Temperature R.actions 6
Protective Coatings L]
Propertics 1¢
Physical Metallurgy A5

TOTAL 104

Basea cpon this review of tungaten reseacch and development, it can be concluded
that a well-balanced over-all program was developed and pursued duriny the pericd
1960 ~ 1962 and now continues, The majurity of the work to date constiltes only inttial
efforts and, although considerable progress has been made, continued efforts in all
arcas are desirable.



INTRODUCTION

This report is a raeview of 79 tungsten research and development programs
sponsored by the Government which were either in progress as of January 1, 1960, or
were initiated since that date but prior to 1963, Work begun in 1963 had not progressed
enougl. to warrant review at the time of the special DMIC study on v.hich this report is
based.

The body of this report presents a technical summary of the over-all research and
development efforty on tungsten. This is divided into separate categories of more
specific emphasis accurding to technology. Included for each area of technology is a
brief staternent of research objectivea, a few significant details concerning the approach
of the programs, and & snust summary of any important developments or conclussons,
The Appendix to the report 1dentifies each program referenced in the report, with a
bricf description, under categories identical to those in the body of the review,

PREPARATION OF METAL

Tungsten Powdér

The objective of work in this area is to prepare tungsten powders of submicron
particle slze, Twou progmma“: 2}* with these intended objectives have demonstrated
the feasioility of preparing powder with a mean diameter of less than 0. 01 micron,
Vitro Laboratories’ approach{l) is to first prepare eicctrically conducting anodas from
mixtures of carbon and tung..ic oxide {WO3). These anodes are then vaporized ina
high-intenoity-arc chamber using gra,.ite as the cathode ma.orial. Condensation of
the supercoo!;d vapuss resulted in the particulation of fine oxide which is ultimaiely
reduced by Lydrogen to form metallic tungsten powder.

During the geduction step it was found that very fine low-punty powder resulted
from prolonged low=teisperature reduction cyclos, while short Ligh-temperature cycles
yielded powders with larger mean diameters and higher purities. For example, re-
ducing at 716 to 842 F (380 to 450 C)** for 46 hours resulted 1n a powder with a purity of
95. 25 per cent tungsten zna 2 mean surface srea of 46. 7 sg m per gram. A 3-hour
reduction cycle at temperatures between 572 and 1517 F (300 and 825 C) gave 99. /8
pex cent pure material with a surface area c£6.6 3q m per gram. Powders with surface
areas exceeding 20 8q m per gram waore found te be pyrophoric whos e,prsed to air,

In work sponsored Iy the AEC, Union Carbide!!2) kas also produced powder
material witl, a surface area between 5 aad 10 sqg m pes grarn, and has further demune
strated the ability of this matesial to be sintered ot iones serupratures, 1 e., 2552 tu
2912 F (1400 to 1600 T}, and/or shorter taimes to fupastivs exceeding 90 per cent of
iheoretical,

High-Parity Taugstes

Fiw pregaration of ultrapure tungsten wus . hwve Uy the Alloyd Curporatantd)
by first sonc sefining WG, {olloved by Bydropen reduees, o of the cha fade NADIT G f

—— -8

——nr———
S Refercncnd prograas iy Laed sad 8150716 12 18 Approdix,
PTRRugl00t this Jepatd Contigrads Wrnprart 15 #78 LW, & [ e, Wi (et Fa s ¢ doal mv g S g o




4

a ccnerent metal deposit. Analytical data from tnis material showed total meatallic im-
pur ties ranging between 30 and 400 purts per million and a to'al intersiitial impurity
cor ¢nt of 10 ppm.

Vapor depositicn is being used to prepare tungsten nozzls liners at High Tempers.-
tute Materials, Inc. (33)) Bureau of Mines (Rolla, Mo. )(17), Nstional Bureau of
Star Jards{!6) 1nd Battelle Memorial Institute(34). In this process, which is dis-
cus .ed in more detail later in this report, tungsten of relatively high purity is de-
pos.t>d by the hydrogen reduction of WF6.

CONSOLIDATION

Vowder Metallurgz

Pow der Compaction

The Hughes Tool Company“), in conducting a systematic study of the compaction
tei. vior of tungsten powder, among others, has shown that import:at differences exist
betv 'en the consolidation characteristics of ductile metallic powders and brittle ce-
ramr .c materials. Rerults from this work indicated that voids in metallic compacts are
elir inated by plastic deformation of the composite particies. Fragmentation which
c~- rs while compacting ceramic materials provides a great number of smaller parti-
cle. which settle out to occupy interstices thus densifying thesc¢ structures. Most sig-
nifi- ant from thiz study weres steps taken toward clarifying err meous hypotheses as to
wk. forces operate during prwder compaction. The former cuncepts of particles
slid ng past one anothew during compaction and of resultant particle interlocking as an
expi nation for green strength do not appetr to be valid.

Sl ma SBrav in

The objective of work in this area was to demonstrate the feasibility of directly
pre; aring pieces of hardware of highdensity by plasma-arc spraying of tungsten powder
or w.re, This process wis investigated by both the General Elactric Company and the
Maos achusetts Institute of Technology under thrue Navy-sponsc red progtrams.

Two of thes: were conducted at MIT(S"’) where both ope 1-air and inert-
atm ysphare deposition tecchniques were studied; the latter offe: ed somewhat mo=s lati~
tude in the rasultant properties of the deposits. With the exce ition of spraying angle
(90 degree impingement was optimum) while spraying {n the o] en air, the operating arc
var ables offered little control over the density of the depouits Deposit densities were
va. dble between 65 and 85 per cent of theoretical for respecti ‘e spray angles of 15 and
90 : cgrees. The cntire process was improved by ep: aying uncor a protective nitrogen
aus. rsphere which allowed the substrate temperature to be inc: eased to 1200 10 1500 F
as ozidation was no longer a limitinz factor. Under these con: itions, the operating arc
var ibles were more effective in modilying the deposit dersitic + as controlled values
bet: ~en 50 and 9l per cent of theorctical were obtained. For given ar- operatiag con=
ditt.n, powder particlc size was aiso found to influence the re: ultant density. Densiti »
of 6 . and B2 per cent were accomplished while spraying 3~ and {30-micron particles,
resy cctively, From this work, it was concluded that the spra: :d deposits were too
por: us for some purposes, therofore, efforts were made to ef :ct a denser structure hy

Best Available Copy
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sintering after deposition. All of the sprayed tungsten was found to be brittle in bending
at room temperature.

The General Electric Con,.pany‘n investigated both a consumable-wire-fed arc-
spray gun and 2 commercial powder-fed plasma jet as to their abilities to produce high
density-high strength deposits of unalloyed tungsten. From this work, it was found that
equivalent density levels between 84 and 88 per cent were obtainable by either process
while spraying on a cold mandrel sien to the 2imosphere. However, the powder-spray
proceseg was preferred since in the as-sprayed sondition at room temperature it was
nearly two and-a~hilf times stronger than simiiar wire-sprayed deposits, Evaluation
of 30-mil-thick powder-sprayed deposits revesaled an as-sprayed interstitial content of
2300 ppm oxygen and 200 ppm nitrogen, which could bie raduced to 28 ppiu and 10 ppm,
respectively, by prolonged heat treatments under hydrcgen and vacuum, Such heat
treatment resulted in improved bend ductility as the transition tempe~ature was de~
creased from a level above 2000 F zo 900 F,

In efforts to obtain higher densities, General Electric also investigated the possi-
bility of activated sintzring. Diluts blended powde alloys were initially sprayed, then
sintered for 1 hour at 2800 F, Frox. this work, the W-5Re~1INi composition was se-~
lected for further study on the basis wf its high density (98 per cent) after spraying and
sintering, and its single-phase structure. However, an attempt to prepare a rocket-
nozzle configuration from this alloy by spraying and sintering on 2 graphite mandrel
resulted in severe distortion and cracking, Genearally, this behavior was attributed to
a poor distribution of the deposit thickness and residual stresses known to exist in
plasma~sprayed coatings.

Spraying with the protection of a nitrogen atrrosphere, and elevating eubstrate
temperatures to 2000 F, were also invastigated as means of obtaining high~density de-
posits, As a reeult, deponits with densnivs between 90 and 92 per cent of theoretical
ware proiduced. All of this work employed powder wirth an average particle size ncar 25
micronz,

Slip Casting

The Union Carbide Metals Company(s) investigated the procese of slip casting and
sintering as a method of consolidating \ungsten powder, No details were given with re-
spect to the nature of thia process as applied to tungstrn powder., Therefore, it in
assumed that the operations involved were similar to those commonly used by the « ¢~
ramic industry for the consclidation of refractory oxides. It was shown that densitres
ranging from 60 $0 93 per cent o. heurctical could be obtained by this process 1n.inly
through variations in the sintering treatmente after slip casting.

Sintering

A review of the rescasch programs related to tungsten sintcring indicates that
this process is currently being applied o three arcas of technology-

(1) The production of uniformly lngh=density {(greater than 92 per count
of theoretical) biilets for pritnary working




(2) The fabrication of porous tungsten ionizers for use in ion=
propulsion systems

{3) The further densification of plasma~jet~sprayed components,

The Fansteel Metallugrical Corporation(zm in their Navy=sponsored Tungsten
Sheet Relling Prugram demonstrated an ability to prepasc high-quality sintered billets
1 by 6 by 13 inches with uniform densities ranging between 93 to 95 per c.nt of theoret-
ical. To achieve these results, Fansteel conducted a preliminary screening phase in
which they cvaluated numerous powder grades and pressing and sintering conditioas.
From this it was concluded that 3 to 4~mic .n-dlametsr powder pressed aydrostatically
at 35,000 psi followed by induction sinter’ 4 for 8 to 10 hours in hydregen at 2300 C
was o ncar optimum and practical comb. . .Jdon of the processing parameters required
to produ .¢ uniformly high-density billets fer primary working. Although the resultant
quality o thease billeta was high, workers at Fansteel concluded that sintering tempera-
ture was the most important variable and that for massive sintesing raore consideration
should be given to the goal of attaining higher temperature capabilities (4712 to 3892 F,
2600 to 2700 C), thus shortening times at temperature,

Crher sintering invcstigations(q’ 10) 5re attempting to prepare porous-tungsten
~~mpon:.nta for potential use in lonic propulsion systems with cesium vapor. The se-
lection of tungsten for this application is based on the high work function of ite surface
for clectron emission. This property, in conjunction w~ith the small ionization potentlal
of ve. um vapor, provides necarly ideal conditions for the subsequent contact lonization
of cesium,

The two basic structural requisements for a porous lonizer were cstablished to
be int:iconnecting perosity and individual pore sizes not saceeding 1 micron in dian.eter,
Also, the porosity shoula be stable at operating temperaturce sustained at up to 2000 ¥
for periods of 1 to 2 years.

NASA., at the Lewis Rescarch Centcr,(q’ explored lhe feasibil.ty of prepariag, by
powder ~metallurgical methods, lonizing compunents which met the above requirements,
Specifi.ally, the effecis of powder particle size and cum paction and sinteriag conditions
were evaluated with respect to their end effccts on the permeability of suatered tungsten
bodies., Fr.om this werk it vas found that functional ionization compunents cuuld be pre-
pared by die pressing 1=micron powder in 0, C18~inch=thick platelcts at 25,000 psi and
then sintering these for 20 hours at 2750 F. Generally, the difficuity encountered was
an inability to achieve a satiafsitory permeability in conjurction wath the proper porc
size. For example, hydrostatic pressing 1-, 10-, and 20-micron powder atl 58,004 pa.
and sintering for 20 huu's a* temperaturcs between 2250 ard 2Y00 F resulted 1n materaal
which either lacked permeability o posscased pore diameters caceeaing 1 maczun,

Thon.pson Rumo Wooldridge Inc. {10 pas also savectigated the metaliurgical
problemns associated wath the deve'upment of porous: tungstes lunizatiun < umpun ats,
The objective of thig research is to produce lonlzers with more unddonn s~ vise v
permeability and to develop impsroved peaming t chaiques which wall ailow Lo akadht juon s
to be made between the ionizer and its supporting structure,

Two prcgrams(sr 6) rave alsc dealt with the problem of achueving further denicn,
cation of plasma=sprayce material by sibsequent sanwering, Guenerally, thoar spp. .
was to initially study the "activatioa" cffcct thas mickel 18 hnvan U hove on the e, -
of tungsten powder.  Amnounts of nickel ranging from 0, 025 to 2.0 avipht poe oo
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added to tunguten by two metiods, coreduction of the oxides and coaiing unalloyed
powder with nickel nitrate. The vesults indicated that tungsten sintering could be acti-
vated with a minimum amount of nickel if it sas prezent on the surface of the powder,
that is, applied by the ¢oating process. For example, coated tungsten containing 0. 25
per cent nicke! was sintered to 98 per cent or theoretical density in 16 hours at 2012 F
(1100 C) while coreduced powder compacted in an identical manner and containing 1
per cent nickel required 27 hours at 2012 ¥ (1100 C) to attain the same deasity.

This knowledge was then applied to the densification of plasma-sprayed deposits
with as-sprayed densities of 85 per cent of theoretical. Nickel additions were accom-
plished by infiltrating the deposits with a Zn-8Ni solution which, after vaporizal on of
the zinc, left 0.2 to 0.4 per cent residual nickel in the tungsten structure. Subsey ent
sintering of the deposits foxr | hour at 2372 F (1300 C) demonstrated that denaities up
to 95 per cent of theoretical could be obtained.

As a continuation of their nickel-activated sintering studies, MIT(6) has explored
the effects of other Group VIII metals on the sintering characteristics of tungsten com-
pacts. Generally, densificaticn rates were significantly increased by small amounts of
pelladinm, rhodium, platinum, and ruthenium (added as chlorides) listed in the order of
docreasing acceleration effect. With palladium, the most effective clement, densitics
of 93.5 and 99. 5 per cent of theorctical were obtained after sintering a W-9, 25 Pd alloy
for 30 minutes and 16 hoary, respectively, at 2012 (1100 C). The proposed mechanism
{or the improved rates of densification asaumes that the activating element forms a
tearrisr phase' layer on the surface of the tungston particles which in turn modifies
the rate of interfacial diffusion of tungaten atoms between particles,

Melting and Casting

Electron=-Beam Melting (EDBM)

Electron~bsam melting, as 2 method for consolidating tungsten and its alloys, was
investigated by the Mallory-Sharon Matals Corporation, (llf The melting was performed
at the Stauffer~Temescal Company where a 3-inch-diameter ingot of unalloyed tungsten
was triple melted under a vacunm rangiug from 0,05 to «. 10 micron with power con-
sumptions between 200 and 260 kw, Analytical data for this material inacicated that the
tota! interstitial content (C, O, N, H) was reduced from 930 ppm to 120 ppm. Further
information concerning resultant ingot grain size and melting rate was not available,
however, for navinal EBM tungsten the grain size is ki. awn to be large, for example,
approaching | inch in diameter, and the melting ras. alow, that is, 5 to 10 pounds per
hour with a power input of 250 kw.

The Stauffer Metals Company also melted unalloyes Tingsten and tungsten-base
alloys for the General Electric Compauy(”) under an Adr Four. ¢ ~sponsored weldiy
program. The purpose of this work was to provide General Eleo #ic with the materials
required for their program. In all, 12 ingots were drip melted a total of five tur
each into a 2 to 4 inch-diameter water~cooled retractable copper mold, Eloven ot the ae
ingots were dilute tungsten-base alluys containing Ta, Re, B, C, 4r, Hf, Y, aud Th
whils: the twelfth was “grain refined" unalloyed tungsten, For the latter, o rminore alloy
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addition, proprietary fo Stauffer, was added for grain refinement, As a result, the
grain size was reduced approximately one order of magnitude. Sidewall appearance
was fuite good for all of the ingots, with only minor remnants of surface laps. A typ~
ical analysis of these materials indicated a total interstitial content of only 7 ppm.

Consumable Arc Melting (CAM)

Although more control is possible with elsctron-beam melting, consumable arc
meltir.g under vacuum is generally the preferred process for melting tungsten and
tung sten-base alloys. When compared on the basis of equivalent power inputs, the arc
procecs produces ingots of equivalent purity and sidewall quality with significantly in-
creased melting rates,

NASA, at the Lewis Research Centcr,uz) melted 3/4~inch~diameter, 100 par cent
dense swaged rod into 1~1/2-inch-diameter ingots. Using 3400 amperes at 23 volts in
reverse polarity (electrode positive and ingot negative) they achieved a very rapid
melting rate which had little or no effect on the initial 99.95 per cent purity of the
swaged-rod electrode. After melting, it was necessavy to remove 1/8 inch from the
radius of the ingot sidewall to cbtain a smooth defect-free surface.

The Westinghouse Corporation, under threce Government contracts, has been
active in the field of tungsten and tungsten-basc-alloy consumable arc melting. Two
programs were sponsored by the Navy while the thizd is being funded by the Air Force.
A review of the melting develupments and experiences in cach follows,

In one program for the Navy(”), unalloysd tungsten and W=5Re were melted
into 2~inch-diameter ingots from 5/8 tol-inch-diameter clectrodes. Each
electrode was composed of sever’' | sections Joined end-to~end by TIG (argon)
weiding. Initially, attempts were mada to melt these materials using d-¢
straight polarity, however, this approach was lat¢r abandoned in favor of
an a~c power supply as numerous difficulties were encountered. Among these
were radiation damage to the exposed inner areas of the furnace and {requent
burn-outs of the water~-cooled copper crucible, Both of these difficulties were
attributed to the large power partition assoclated with d-c¢ straight~polarity
melting — theoretical estimates are that 90 to 95 per cent of the power is dissi-
rated st the anode or molten pool. Switching to a-c power tended to split the
power equally between the electrode tip and molten pool therehy reducing the
temperature in contact with the copper crucible and increasing the temperature
on the electrode tip, As a result, less power was required to cast ingots of
eyuivalent diameter by employing a~c power,

In the second Navy program(l15), the objective of consumable arc
melting was tc establish the process parameters for preparing large
ingots of tungsten and W-Mo alloys for subsequent conversion to rocket
nozzles by forging and machining. Although this technigue was abandoned
in favor of the vacuum arc skull-n lting technigue, considerakle data
were gencrated which were significant to the early technslogy of
consumable arc melting:




{1} A definite size effeqt was founu to be associated with d-c
st»aight-polarity mglting, Below a critical valie of mold-
to-electrode diwmeter ratic, melting was not pussible,

{2) Ag the electrode density increased from 70 to 130 per cent
of theoretical, the melting rate decreased for 3 given mold-
to-electrade diamietes ratio and power level.

{3) A relaticnship was {ound to exist between the el ctrode
density and the melting voltage which may be stited as
follows: as the clzctrode density hiicreases the voltage
required to melt increases.

(1) Additions of molybdenum to tungsten resulted in ingots with
significantly finer grain sizes than normally observed in
molybdenum, molybdenum~baze alloys, or unxlloyed tungsten.

Furthermore, during this program, it was found that both unalloyed
tungsten and W-30Mo could be melted into high-integrity ingots. However,
15 attempts to melt the W-50Mo alloy wers unsuccessful in producing a
sound crack-free ingot.

As Phase I under the Air Force program, Westinghouae(“) reviewed
the literature and compiled a state-of-the=-art report on ceusumable vacuum
arc melting. Following this review, a facliity was established at WADD with
the intended napability of melting unalloyed tungsten, In particular, this re-
port emphasized the design parameters related to the selectinn of vacuumn
systems and power supplics, the design of water~cooled meids and stirring
coils, and the fabrication of consumable electrodes.

The objective of subsequent melting investigations conducted in this
facility established melting practices for selected tungsten-base alloys.
Initially, melting was attempted with the W-6Mo-6Cb alloy, however, due
to severe ingot cracking, attention was shifted to the W-6Mo-2Cb composition.
This composition was successfully melted into 3-1/2~inch-diameter ingots
using electrodes 1-1/2 inches in diameter of 89 to 94 per cent density.
Melting rates between 0.65 and 2,55 pounds per min were achieved for
d-c straight-polarity power inputs ranging between 160 and 200 kw. Both
increased melting rates and minor additions of zirconium {0, 06 to 0,12
per cent) and carbon (50 to 270 ppm) were found to decreasc the as~cast
grain size of the W-6Mo~-2Cb allo;. Ingot grain size was increased by
low melting rates and minor additions of titanium (0. 04) and oxygen {500
to 1000 ppm). The latter levels of oxygen were tolerable in the initial
sintered clectrodes as nearly all of it was eliminated during arc melting,

Other investigators melting unalloyed tungsten and tungsten-base alloys incl.de
the Oregon Meatallurgi.al Com ;my‘zz), Universal Cyclops Steel Corporation{27),
Clhimax Molybdenum Companyli9,22), Wah Chang Corporation!}8), and the Cru.iL.v
Stee! Comnany(w:?m. Cenerally, these melting efforts are only direcicd toward the
production of billets for primary working to fulfill ather specified end objective «, Fug
example, the first three contractors listed above arc supplying 4-inch-diamctar by

U
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8-inch~tall ingots of the W-15Mo alloy to Thompson Ramo Wooldridge for consumption
in their tungsten-forging program(22). Material from all thrce sources was selected
since it was recognized that differences in ingot processing by the different vendors
might influence forgeability, In this connection, Oremet cold presses, surface welds,
and double melts their electrodes using a=c power with an addition of 0. 5 per cent
titanium as a deoxidizer. Universal Cyclops does not employ a deoxidizer and single
melts hydrogen-sintered electrodes using d-c straight polarity. Climax Molybdenum
utilizes its press-sinter-melt (PSM) process in which powder is continuously pressed,
resistance sintered, and melted with a~-¢ power. Climax frequently uses carbon
additions for deoxidation,

Universal Cyclops(27), Climax Molybdenum“”, and Crucible Steel(69,70) are
also supplying ingots {o their own manufacturing and alloy development programs,

Skull Melting and Centrifugal Casting

The Westinghouse Slectric Corporation(ls) concluded that of the three processss,
powder metallurgy {size limited), vacuum arc melting (fabrication limited), and skull
casting, the latter appecared most attractive for the production of tungsten and tungsten=-
alloy rocket nozzles., Proceeding with this concept, they produced the first thin-wall
skull casting ever made from W-50Mo, W~30Mo, W~10Mo, W~1Mo, and pure tungsten,
in that order. The target casting configurations were Polaris A2 nozzle throat inserts,
For these castings the minimum wall thickness and ID were 0. 175 inch and 3. 58 inches,
respectively, whiie the respective maximum values of wall thickness and OD were
0.91 inch and 6. 20 inches. High-purity graphite was found to be the best mold material
2s it minimized bnih entrapped-gas porosity and contamination through carburization
of the final casting. At the end of this development program Westinghouse demonstrated
an ability to pour pure-tungsten castings wcighing betweos 20 and 65 pounds with a grain
size of approximately 0, 0625 inch in diameter, 20 per cent smalles than the grains in
arc-cast ingots,

The Wah Chang Corporation, working under a Navy contract,{30) investigated
skull melting followed by centrifugal casting as a means of preparing large-diameter
thin-wall blanks of tungsten for subsequent point deformation to yield wide sheet mate-
rial. They were successful in preparing 6-inch~-diameter rings with a wall thickness of
0.200 inch. This process seemed to have the advantage of improved purity in conjunc~-
tion with a relatively small cast grain size, effected by rapid cooling in the thin scction,
However, one of the blanks displayed severe intergranular failure during subsequent
flow turning at 1900 F,

Vapor Deposition

Vapor deposition of tungsten is most common in the dircct preparation of tungsten-
lined graphitz rocket-niozzle inserts; it also c‘ualifies as a consolidation process, Four
organizations, National Bureau of Standards(16) s Burcau of Mines (Rolla, Mo.) 177,
Battelle Memorial Institute{34 « and High Ter.perature Materia!su”, have studicd the
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vapor~deposition process under Navy contracts, The reactant gases used 1n all pro~
grams were WFg anu Hj, which yielded a fine~grained columnar deposit of tungsten
with its growth axi. perpendicular to the graphite substrate. In general, high-purity
deposits, 100 per zent dense, were obtained with total interstitial and metallic im-
purities below 50 ppm and 100 ppm, respectively, Of further interest were micro-
hardness studies of the vapor-deposited tungsten which indicated an average value of
500 Knoop {corresponding to 395 Vickers) and an inverse relationship between grain
size and hardness. Specifically, with respect to the deposition process, the Bureau of
Standards found that the presence of HF gas accelerated the rate of deposition and that
deposits with grain sizes of 10~5¢m could be obtained with low ratios (2 to 1 or less) of
H, to WFg.

PRIMARY AND SECONDARY WORKING

Extrusion

The research and development programs concerned with tungsten extrusion are
directed primarily toward establishing the optimum parameters required to break down
as-cast ingot structures., The merits for ingot breakdown of both high~energy -rate
Dynapak machines and conventional high=-speed presses arce being investigated, One
other program, currently in progress, has as its objective the extrusion of a structural
shape with a tee cross section,

Conventional high~speed extrusion (5 to 25 inches per second) is being investigated
by the Wah Chan Csrporat.’on(ls’ » Climax Molybdenum Com any“q) » Thompson Ramo
Wooidridge l.c. 2), Unive:zal Cyclops Steel Cc:n'pox'ation(27 » and the Crucible Steel
Company 69,70), However, only Wah Chang is devoting its enwze effort to optimizing
the extrusion process for as-cast tungsten ingots.

Wah Changl18) has selected the W-3Mo alloy for their Air Force-sponsored ex~
trusion program because its as-cast gra.n size, which is smaller than that of unalloyed
tungsten, favors fabricablility. The measure of satisfactory accomplishment in this
program will be the production of extrusions 10 feet in length with tee cross sections
that can be circemscribed in a 2-inch-diameter circle, The flange width shall be two
times the stem length. Also, the flange and stem shall have a thickness of
0. 25 £ 0, ] inch and a surface finish of 150 rms or smoother.

The Allcgheny Ludlum Steel Corporation is conducting the extrusion work for
Wah Chang., The approach being foliowed is to first establish the parameters for ex-
truding short rounds using reduction ratios between 11 to 1 and 17 ‘o 1. Thus faz, fise
billets, each 3.5 inches in diameter by 5 incles long, have been extruded using ziccouia-
faced dies, Extrusion temperatures sanged between 3200 to 4000 F, with corresponding
maximum press pressures of 181,000 to 197,000 psi, Prior to extrusion, each billet
was gaven either a 1-inch .adius or a 110~degree conical nose. Ultimately, Wah Ch. =g
will examine the extrudabilaty of wrought billets prepared by forging arc-cagt Ingots and
the re-extrusivn of 8~inch~diameter ingot material given a prior reduction of 3 to {,
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Areas of tcchnology to be optimized in this program include
{1) Extrusion .emperature, pressure, and speed
(2) Billet lubrication
(3) Die materiais, configurations, and coatings,

Ina cgmbined extrusion and alloy development program, the Climax Molybdenum
Compamy(19 studied the extrudability of five arc-cast W-Mo-C, W~C, and W~Zr-C
alloys, All of the extrusion work was conducted on the high~apeed press available in
the High Temperature Metals Fabricating Facility at the Aeronautical Systems Division,
Wright-Patterson Air Force Base, Billets 3 inches in diameter by 6 inches long were
extruded to rounds using reduction ratios between 3 to 1 and 6 to 1 at temperatures be-~
tween 2000 and 3600 F. Both Al303-faced dies and unfaced dies were used. There

was less resistance to extrusion and a greater per gent recovery with the AlO3~coated
dies than with the uncoated dies. Among the results of this prograra was the cale-™ ion
of extrusion constants for each alloy over a broad range of extrusion temp=zratures.
From this work it was shown that the following list of the five alloys corresponded to
the order of increasing resistance to extrusion at 3000 F: W-0.01C, W-10Mo-0,01C,
W-50Mo0-0.01C, W=-30Mo-0,01C, and W-0, 1Zr-0.01C. Generally, recoveries between
50 and 80 per cent were obtained for the W=C and W~-Mo alloys while no sound material
was obtained from the W-Zr composition,

The TAPCO Division of Thompson Ramo Wo‘oldridge(zz) has optimized the ex-
trusion of 3-inch~-diameter ingots of W~15Mo at a 5.5 to 1 reduction ratio. The objective
of this work was to develop an extrasiorn process vhereby round lengths could be pre~
pared reproducibly to serve as primary working billets in their Air Force-sponsored
forging program. Excessive and erratic die wash, while extruding at temperatures
betwzen 3600 and 4000 F, was the major difficulty encountered in this work.,. TAPCO
feels that the success of a high-temperature extrusion operation depends on effzctively
insulating the steel die from the hot billet through the application of die coatings, Work-
ing from this premise, coatings of both Al,03 and ZrO, were studied, with the results
indicating ZrO; to be most effective. For example, the diec wash was minimized to
0.015 inch while producing a 1. 5~inch~diameter extrusion 30 inches long.

Furthermore, TAPCO found that extrusion constants for identical alloy ingot
compositions were a function of melting practice. This conclusion was drawn as con-
sistently different, and therefore, characteristic, extrusion constants were obtained
while extruding material from three independent vendors,

Additional tungsten and tungsten-base alloy extrusion is also being conducted by
the Universal Cyclops Steei Corporation(zﬂ and the Crucible Steel Company(69v7°),
as the preliminary ingot=conversion step in their respective sheet-rolling and alloy~
development programs. Both contractors have demonstrated the feasibility of extrudisg
as-cast ingots to sheet~bar configurations, i. e., rectangular cross sections. Crucibl.
Steel 18 converting 1. 5-1ach-diameter ingots to 0.5 by 0. 7-is.ch cruss sections, while
Universal Cyclops has extruded 0, b by 2-inch cross sections from 3-inch~diameter
billets.
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The Westinghouse Electric Corporation(zo), NASA“Z), and the California
Institute of Technology(zn studied the feasibility of applying the high~energy-rate
Dynapak extrusion process tc unalloyed tungster and tungsten-base alloys. In this wor:
NASA(2) ana crT(2l) partially extruded l~-inch-diameter powder-metallurgy billets and
arc-cast ingots of unalloyed tungsten. Reduction ratios up to 45 to 1 and temperatures
up to 3800 F were used with the results indicating less resistance to extrusion for the
arc-cast ingots than for the powder-metallurgy billets. Boch investigators used Model
1200 Dynapak machines.

The Westinghouss Electric Corporation(zo), in research te compare the high-
energy~rate and press~extrusion procesaes, partially extruded three arc-cast ingots
of W-0,57Cb, each 3 inches in diameter by 4 inches long., Using a reduction ratio of
4 to 1 in conjunction with a constant 'fire pressure", extrusion lengths were found to be
a direct function of the billet temperature which ranged between 3200 and 3900 F. From
this work, the following conclusions were drawn with respect to the Dynapak process in
comparison with conventional high-specd press extrusion:

(1) The surface of Dynapak-extruded bars is significantly i npi1oved over
press-extruded bars when limited but similar lubricating techniques
are used.

{2) The billet temperature at extrusion required for true hot working is
lower for the Dynapak process thar. for press extrusion. (Considerable
adiabatic heating of the billet probally occurs during extrusion with the

Dynapak. )

{3) The recrystallization temperature of Dynapak-extruded material is
lower than that of materiai which is press extruded at the same
temperature.,

{4) There is a severe limitation on the amount of metal that can be
extruded by the Dynapak process,

Forging

At least four forging~development programs for tungsten and tungsten-baee alloys
are currently in progreas. Two of the four are being conducted by Thompsen Rano
Wooldridge Inc. under separate contracts from the Air Force 22) and Navy(Z?’ while
the third and fourth, also funded by the Navy, are employing the independent efforts of
Ladish(24) and Steel Improvement and Forgelzs) Company. DMIC has no technical
progress reports from any of the Navy programs, therefore, this review is limited to
forging developments 1o date under Air Force Contract AF 33(600)-41629 by Thompson
Ramo Wooldridge Inc. In this connection, it is further 1ecognized that considerable
tungsten forging is also being conducted under subcoutracts or directly on purchasc
orders from prime contractore, Cenceaily, such work has been directed toward the
production of throat and nozzle inserts for solid=fuel rocket motors. However, most
of the forging development coming from these oifrrts are also restricted from this re-
view as they are reported in classified documnents issacd perivdically by the prime
contractors.,
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In their 43v Force-sponsored workiée) » the TAPCO Division of Thompson Ramo
Wooldridge Inc. has demonrztrawed-the feagibility of forging 2 complex thin-section
leading~edge support coufigurstion frorn-a 1. E5~inch~diamster arc~casy and zxtruded
billet of the W-15Mao alioy. Each £o~g:wg weighs ¢puxo;:imately 3 pounds and wae
anociaily designed so as to-prevent Giificultias as severe as can praesently be anticipated
for swructural tunpgsten-alloy ferginga.

Prior to:-forging, each extruded biljet was-completely racrystallized by annealing
for 1 heur at 3500 F, Forging was then accomplished at 2150 F in three 5iep8, pre-
blark, blockdown, ang ¢oin, to yield-2 sound product with minlmnum material loss and
excellent surfucy fnigh. hmmediagely following the coining stop, each forging was
stress relieved for 30 minutes &t £150 F and then buvied in #ilica sand for slow cooling,
later, another stregs-pelief annaw! of ) hour at 24900 40 2500 ¥ was alse appiied.

Rolt inq.

Separate Abz Furco= and Navy~spensored sheet-rolling programs are being (on=
ducted te devalop the manudacturing methode and technology required for the produstion
of defect~fren, highly formable unalloyed tungsten sheet matevial, The Fansteel
Metaliurgical Cozporation wae selected to condurt the Navy's program‘zm while the
Universal Cyslops Steal Corporaston is fulfilling the Aixr Force contract, (27

Fanstect' 5l26] work, in which they applied the powder-metallurgical approach, is
currently complete. The final objectives of this program were to roll 0,250, 9,100,
0.060, 0,020, and 0.0} ~inch=thick plate and sheet in flat sizes up to 18 by 48 inches
with 89 to 94 per cent gold work,

To obtain the required dimensions, Fansteel sintered 1 by 6 by 13-inch hycro-
statically compacied hillete at Lmperatures up o 4262 ¥ {2350 C) to obtain densities
ranging between 93 and 95 per <ont of theoretical, Using reductions of 20 to 25 per cent
per pass, rolling tompecatures began at 2642 ¥ {1450 C) and finished as low as 2012 F
(1100 C), Sheot avalaation sncluded dimensional and ultrasonic inspaction, chemical
analys*s, recovery and recaysiallizasion bekavior, and the determination of selected
mecharical properting, uv'uding bund dactility and notched and unnotched tensile
properiies,

From prier expecumnenial rolling studies and property evaluations, Fanstee! found
that the iowest transtion tempezature was obiainsd from sheet wnich recelved a minimum
of 92 1o 95 per cent reduction during rolling with no in~process recrystallization anneal-.
Furthermors, buth the propesr wombination of time and temperature to accomplish
stress~relicl annealing and the proper balance of deformation between rolling directions
{cross rolling) were also found tu have 2 significant influence un the transition tempera-
tupe, Specifically, a 1 to | ratio Jor cruss eolling, $n conjunction with a 10~minute
stress~relief anncal at 2282 F (1250 C) gave a 3T bend transition tempr rature of 100 F,
This was the lowest transition temperature obtained by Fansteel, and corresponding
values for strayghtorolled sheet anneaied according 1o 2 similar procedure woes aall,
200 F higher. In their production lots of large~size sheets, Fangteel used the 1101
crnss~rolling ratio and & S~munte stresa~relief anncal at 2057 F {1125 C) t: obtan
transition temperatures ranging between 280 2nd 180 F for the longltudinal divection
and 400 and 280 F in the transyerse direction,




The Universal Cyclops Steel Corporation(27) is vacuum arc melting pressed~and-
sintered electrodes to obtain arc-cast ingots of unalloyed tungsten. The end objective of
this program is to roll twenty 36 by 96-inch sheets in thicknesses of 20, 40, and 63 mils.

Sheet bars for initial rolling experiments were produced by either extruding and
forging 3-inch-diameter arc-cast billets t¢ 2 by 0. 75~-inch cross sections or by directly
extruding to a 2 by 0. 6~inch cross section. This material, both recrystallized and as
forged or as extruded, was then rolled to zheet at temperatures ranging between 2700 F
(initial) and 1900 F (final), Evaluation parameters included surface finish, rolling and
recrystallization >ehavior, lamination tendancy, bend ductility, and tensile properties,
Following this evaluation, it was found that the lowest longitudinal transition tempera-
ture for a 4T bend, 200 I, was obtained froin material stress relieved ! hour at 1700 F
and gives a mininum reduction of 92 per cent during rolling without recrystallization,
Furthermore, for sheet in this conditior, stress~-relief annealing was limited to temper-
atures below 1900 F for a 1-hour holding time,

Working urnder an AEC contract, the Los Alamu: Scientific Labcratory"zs) has
investigated the feasibility of directly rolling tungsten sheet from unalloyed powder.
From this study, it was found that 80 to 85 per cent dense sheet, 65 mils thick by 2.5
irch wide, could be rolled from powderas coarser than 3 microns. Subscquent sintering
at 3097 F (1700 C) gave strip 90 to 95 per cent dense. Attempts to roll material thicker
than 7J mils were unsuccessful as the resultant sheet was severely laminated.

Point Deformation

The Wah Chang Corporation has been. rmost active in the field of point deformation
with end objectives to produce 20~, 40~, and 63~-mil-thick tungsten sheet ranging in
width up to 36 inches and in length to 96 inches. Wah Chang ie wrrlking under two
separate programs sponsored by the Air Force and the Navy to develop technology in
this area, as follows,

There is no information in DMIC on the Air Force program(zq) other than
the initial state-of-the~art survey which issued in January, 1962, Significantly,
the results of the survey at that tims showed that extensive work had been re~
ported on the fabrication of tungster cones 2nd nozzles by point defusination,
However, only the Solar Aircraft Company and Pratt & Whitney Aircraft in~
dicated experience with the manufacture of tungsten cylinders, No organiza-
tion reported producing tungsten gheet by flow turning, Generally, i was
concluded that flow turning offered numerous advantages over more conven~
tivnal methods for the forming of less ductile metals, The {wo techniques
for preparation of starting blanks, which appeared most promising, and
were chosen, were {1) sintering and ring rolling and (2) sintering, rolling,
forming, and joining.

Working under a subcontract for Wah Chang“o) on the Navy program
the Pratt & Whitney Alrcraft Company has deanonstrated an ability to flow
turn four tungsten starting matc.ials. (1)} presscd and sintered, {2) sintercd
and forged, (3) sintercd and rolled, and (4) arc cast, extruded, and rolled,
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These materials were all successfully reduced into 90~degree cones by
flow turning 20 to 25 per cent. Coricul forming was done befcre attempting
cylindrical flow turning, mainly to evaluate the pexformance of the various
candidate materials. The lowest working temperatare, 60) ¥, was for the
arc-melted material while the as-sintered blanks required temperatures up
to 1400 F,

Cylindrical flow turning to prodJduce long cylinders of tungsten shect
was successful while using working temperatures ranging between. 1400
and 1725 F. Starting blanks for this work were prepared by forming and
welding 1/8~inch~thick sintered and .colled sheet into cylinders. Both
molybdenum and tungsten filler metals were used in joining, Of the two,
tungsten was preferred as stronger joints with deeper weld penetration
resulted, thereby minimizing weld failure during the early stages of flow
turning.

Machining

An extensive Air Force-sponsored program concerxing the machinability of un~
alloyed tungsten, al?ng with other refractory metals, 18 ,n progress at Metiut Rescarch
Associates, Inc.(3}) This work and a limited study proviously conducted at Westing-
house(15) ag part of a skull=-melting program, are the only contracts on record at DMIC
dealing with the machinability of tungsten and tungsten-base alloys,

In the earlier work conducted at Westinghouse“"), it was found that the machin-
ability of arc~cast W-Mo alloys was gencrally poor wlen attempted with conventional
tooling, and decrcased with increasing tungsten conteisd. Rigidity of equipment secsmed
te be one of the most important prerequisites to succe:sful machining of unalloyed
tungsten, All of the machining operations, which incl. led turning, drilling, and sawiug,
were performed dry, Experience indicated that tungsi.tv could be successfully turned
vsing the following conditions. cutting epeed, 150 fi por min, feed, 2,010 in, per rev,
and depth of cut, 0.1875 in. Under these conditions, « t 0ol life of 3 to 4 cubic inches
of metal per edge was obtained for Kenametal Grade K- .| carbide ingerts, Standard
high-speed-steel drilis used at very slow speeds and h.h feed rates enabled drilling,
Sawing was used extensively in this program and was .. .1d to be more reliable than
abrasive cuatting techniques. High-speed-steel blades vi.th four izeth per inch gave the
best performance, Spscific conditions were 34 strokes for min an?® 0,003 to 0, 005 -1nch
depth of cut per stroke with an 800~-pound load,

Metcut(31) g4 tunducting a systematic and extensive st.dy of the many varigbles
which influcnce the performance of several machining pru.cuses. Specifically, a number
of the variables being studied are (1) tool grade, (2} tool pecmetry, (3) conditicn of
material to be machined, (4} cutting rate, (5) fecd rate, () depth of cut, {7) table spucd,
(8) down feed, (9) cross feed, (10) wheel speed, (11) cutt »,, faid, and {12) cutting tem-
perature., Optimization arnong these masy vaviables on t..: Ls..i8 of tool life at rvuan
temperature yielded the following results for unalloyed prrsseu-and-sintcred tungsten
with densities vanging between 70 to 96 per cent of theoretival.




Maximum Tceol Life Ashieved

Machining Tungsion nches of
Operation Densiy Minyles Work Trovel toles G-Ratio
Turning 70 23 X X X
90 b 81 X X X
93 20 X X X
Face milling 85 X 72 X X
93 X et X X
End milling 85 v 31 X X
93 A 45 X X
Drilling 93 X X 7 X
Grinding 93 X X X B.2

The cffect of workpieca temperature was also investigated in conjunction with the
drilling experiments. Thesc results were significant and indicated that drill life could
be extended from 7 holes (0. 213~inch diameter by 0,500 inch deep) at room temperature
to 10 and 27 heles with workpiecce temperature of 400 and 800 F', respectively,

FABRICATIOM AND PERFORMANCE OF ROCKET NOZZLES

Power Roll Forming

Under two programs'7'32) funded by the Navy, the General Electric Company has
developed the technology required Jor successfully roll forming *ungsten into thin-wall
rocket-nozzle liners, A brief tecknical summary of each program follows,

The obje~tivy of the first program“) was to develop 2 roll~forming process
capable of piroducing thin-wall tungsten rocket~nozzle liners for the Polaris
AZA rocket motor. The suscessful approach to this manufacturing problem
included four basic stepe:

{1} Power roll forming a truncated cone with a 30-degree included
angle from a 0, 240-inch-thick by 11-inck- dametexr tungsten plate

{2) Formaticn of ths nezzie contour shape by spinning the coae onto
a converging-diverging mandrel

{3} Stress-relief annealing for 1 hour at 1900 F

(4) Trimming the contoured cong and flanging the forward end to
camplete the nozzle fabrication,
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All of the forming operations were carried out at a temnerature »f 1800 F,
This was establislied as the lowest permissible forming temperature, pro-
vided that blanks of starting material with suitable prior histories were
available for forming. In this connection, it was found that the prior metal=
lurgical history of the starting material must be carefully controlled., The
best results were obtained from material which had been warm worked 40

to 70 per cent, had a smooth surface finish, and was subsequently recrys»
tallized to a fine-grain structure.

The Acrojet General Corporation fired one of the nozzle liners yroduced
by the above procedure. After 10 to 11 seconds at 6200 F and 625 ;i the lincr
failed and ejected. From an evaluation of the debris it was conuinzded that
failure occurrad because (1) the liner thickness (46 mils) was inwafficient

and (2) a severe reaction occurred between the tungsten and its graphita backup
to form low-melting carbides,

Further concluzions from this program were that theve is apparently
no minimum eize of part which can be manufactured frow: unalloyed tungaten

5y voii iorming, although a wall thickness of 20 mils #rems to be the thinnest
section practical.

The second program“z) has as its objective the manufacture of three
tungsten exit liners conforming to Aerojet-Gensral specifications and six
nozzle inserts conforming to specifications supplied by the Allegheny
Ballistics Laboratory. The technology dew¢inped under the program de-
scribed above N is being successfully appiied to this manufacturing effort,

To date, the three exit liners for Aerojrz~General have been fabricated and
delivered.

Plasma Spraving and Vapor Deposition

Five programs, each funded hy the Mayy, come under the major heading of
“Plasma Spraying and Yapor Depusisivn™, Although novel in concept, an appraisal of
both the plasma=-spraying ana vapur-duposition processes for the manufacture of rocket~
rozzle configurations is strongly justifizd e . the basis of econoraic consideratiens, The
main potential advantage of tha2zr processes over roll-forming techniques is that they
offer a dirccl rieans for the forrnation of rocket~-nozzle components,

The General Electr's Cmpany‘ﬂ has conducted the only program on record at
DMIC which dealt specifically with the plasma~spray deposition of tungsten to form
rocket nozzles. In this work, tungsten nozzle inserts, specified by the Atlantic Research
Corporation {ARC}, were built up by arc spraying either 40-mil wire or minus 20C~mesh
powder on reniovable mandreis. However, during the time allotted to this program,

the effort to develoy a rehable mithod for spray fabricating tungsten nezzles and exat
liners was not successful,

Nozzle insrris {84 to 58 per cent dense) preparcd by both powder and wire sprayin
were tested at ARTC using an aluminized solid propellant and chamber pressures up to
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Severe errosion resulted in both cases, although the powider-asprayed tungsten per-
formed somewhat better than the wire-sprayed tungsten.

900 psi. Neither type of nozzle performed satisfactorily under these conditions.

Markedly improved tungsten deposits resalted when depos.tica wew accomplished
in an inert-atmosphere chamber. Nozizles prepared in this mannay were teated at GE
using the liquid-propellant combinatior, of LOX and JP-4 and at AR uring aluminized
solid propellants. The tesi results from these firings were inconc.uxive.

Four contractors, High Temperature Malerials, Inc. (33), Burea.w. of Min=2s (Rella,
Mo. )(17), Nationa! Bureau of Standards 16) » and Battelle Memuorial Insfatu’ ¢ 34 s have
studied the vapor deposition of tungsten on graphite rocket nezzies and on s. it ~liney in-
serts, Deposition in each casc was accomplished by-the reduction of WFy by hydrogen.

Hardware commitments by High Temperature Materialsf33) included two firct-
stage exit liners and six second-stage throat inserts for Polaris A-3 rocket motora.
Also, four second-stage inserts were prepared for subscquent testing at the Allegheny
Ballistics Laboratory. As a result of this work, technology and facilities were developer
which werc sufficient for the production, in quantity, of nozzles with uniform goatings of
vapor~deposited tungster in thicknesscs up to 0,250 inch., One of the major obstacies in
the preparation of crack-~Yree nozzles was obtalming a graphite mandrel that matched the
coefficient of expansion of tungsten, Missmatch between the two coefficients led to re=~
sidual stresses within the tungstan and subsequent cracking during cooling to room
temperature.,

Additional mechanical~property studies of vapor-deposited tungsten indicatud that
it compares favorably in strength with powder-metallurgy tungsten, Algo, the recrys-
tallization temperature of vaipor-deposited tungaten was found to be greater than 3632 F
(200G C).

Each of the three remaining programs concerning vapor deposition were admin-
istered by the Special Projec.s OCffice of the Navy, Contracting firms were Battelle
Mzmorial Institute{34 , the National Bureau of Standards(16) , and the Buveau of Mines
(%ollx, Mo, 17}, All of the centractors studied the deposition of tungsten on graphite
insewts; only the Bureau of Minss succesaded in obtaining an adequate mechanical bond
hetween the two materials, In this work, as~coated tungsten layers, with and without
rhenium barrier layors between them and the graphite, ranged Liztween 50 to 100 mils
in thickness, Several of the nozzles peepared by the Bureau of Mines performed satis~
factorily when tested at the Aerojet Gureral Corporation using aluminized solid propellant
with flame temperature~ and chambez pressures up to 6180 F and 1000 psi, respectively,
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JOINING

Welding

The Hamilton Standard Division of the United Aircraft Corporation(35), working with
unzlloyed tungsten, demonstrated the feasibility of producing sound crack-free electron-
beam welds in thicknesses up to 0. 10 inch. Evaluation of welded coupons to determine
optimum welding conditions included tensile testing at room temperature, 2200, 2500,
and 2800 F and bend tzsting. Maximum weld strength and ductility were associated
with minimum fusion and heat-affected zones in cembination with a small grain size and
a smooth continuous weld bead, At temperatures approaching that for recrystallization,
weld strengihs were equivalent to those of the base metal, However, at room tempera=
ture weld strength was only 50 per cent of the base-metal strength. The transition
temperature of the beat welds was 1100 F, as compared to 650 F for recrystaltized
base metal, Undercut weld beads were initially a problem; this difficulty was eliminated
by combining ¥~beam oscillations (in direction of bead) with extremely high welding
spceds, For 50-mil sheet, the final weld conditions were 145 kv, 16 ma, 100 ipm, with
a 0,065 X~-beam oscillation, These conditions gave a very narrow fusion zone and nearly
e!iminated the heat-affected zone.

The General Electric Company, under separate programs sponsored by the Navy
and Air Force, has been very active in the ficld of clectron-beam welding. A review of
the welding technology accumulated under each program follows.

The end objective of the welding phase of the program for the Navy(”
was to demr unstrate the feasibility of rnanufacturing rocket nozzles by girth
welding roll-formed cones to form the required converging-diverging shape.
Trial welding studies and evaluatinns were initially conducted on sheet
chupons before attempting to join roll-formed cones. The results obtained
from the evaluation: were nearly identical to those subscquently achieved
by Hamilton Standard, that is, poor low-temperature ductility and tenstle
strength, It was concluded that although the production of nozzles wis
feasible, the extreme brittleness and low fracture strength at room tem-
perature placed a serious limitation on the fabrication of nozzies by welding,

As a part cf the program for the Air Forcc,(35’ the properties of
fusion welds produced in powder-metallurgy tungsten sheet and in electron~
beam~melted “ungsten sheet were evaluated, Welding was accomplished by
both TIG and electron-beam techniqgues, In this connection, considerable
porosity was noted in the welds of powrder metallurgy tungsten while nene
were observed in the welds of the electron-beam material, Depending on
the preparation technique applied to the as-welded coupons {anneal and/or
polish), the zero~ductility transition temperature varied between 356 and
482 F (190 and 250 C),

In an eifort te smprove the low=temps rature ductility of teaysten
through alloying, a scrivs of 10 binary and ternary alluys coataining dilate
additiors of rheniv.n, tantalum, zirconium, hafnium, yitr.eum, thorun, and
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carbon were electron-beam melted and rolled to sheet. The transition
temperature of each alloy, both recrystallized and as welded, was then
determined by bend testing. From this work, it was found that the weld~
ments in the alloys exhibited bend ductilities equivalent to those observed in
recrystallized nonwelded samples.of the same material. The lowest tran-
sition temperature, 302 F {150 C), was obtained with the composition
W-0,97H{~0.033C.

Aeroprojects is currently investigating the development of technology and equip-
ment for the ulirasonic welding of tungsten sheet under res)pective Navy(37) and Air
Force'38) cont acts. To date, under the Navy program(37 ; the conditions for ac-
complishing tunzsten~tungsten. joints have been established using 5-mil~thick sheet.
However, subsequent testifig and examination of coupens welded at an acoustical power
input of 1600 watts revealed wevere cracking in the weld-zone areas, in conjunction
with poor tensile-shear-strength properties, The technical plan for the Air Force=~
sponsored program(”) has three phases, Under Phase 1, the feasibility of producing
ultrasonic welds in combinations of tungsten with other refractory materials and super-
alloys was demonstrated, Phase I, currently in progress, has as its objective the
development of equipment and techniques to join thicknesses of tungsten up to 0,10 inches.
Theoretical estimates indicate that electrical power inputs of approximately 25 kw to the
transducer assembly may be required to fulfill this objective, The performance char-
acteristics of the welding equipment developed under Phase II will be evaluated in
Phase 1I,

Brazing and Bonding

Considerable effort, under four Govarnment contracts, has becn devoted to the
development of low-temperature brazing alioys for high~temperature service. Although
the alloy systems being studied in each program differ, nearly identical approaches in
cach are being fo..owed with respect to the evaluation and testing techniques employed,
Separate discussions of the four programs are presented as follows.

In work conauctad for the Army at the Massachusetts Institute of
chhnology‘”’ the concepte of activated sintering developed under previous
projects( 16) vere applied to the joining of 5-mil-thick tungsten strip. High«
quality lap {single and double) joints were accomplished by initially electro-
plating 105 to 10~6=inch layers of nickel or palladium en the surfaces to be
joined and then diffusion bonding the clamped assembly for short pericds of
time in the temperature range 832 to 2012 F (1000 to 1100 C), All of the
resultant jointa were brittle in bending and tension at room temperature,
but remained sound with a load-carrying capacity it temperatures up to
4600 F (2200 C), Extensive recrystallization occurred in the tungsten
adjacent to the bonding interface in cach sample and it was concluded
from theoretical considerations that grain growth would incvitably accompany
any transport process which permits tungsten to bond to itself.

The Solar Aircraft Company“m recently completed work an @ program
for the Navy with the intended objective of developing low-icmperuture {(below
that for tungsten recrystallization) brazing alluys for high-temperature sor=
vice from the reactive Pt=B systern, The maximum remelt-temperature
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capability of this system is 4460 F, corresponding to a peritectic reaction
in the W-Pt system. Braze-alloy compositions from Pt-1B to Pt~4.5B

were evaluated for remelt temperatures after resistance brazing for 5
seconds at 2000 F and then diffusion heat treating for various time-
temperature combinations. The highest remelt temperatures obtained

were between 3800 and 3900 F, Subsequent metallographic examination

of the brazed joints revealed that the remelt temperaturc was limited by

the presence of W,B (melting point = 3450 F). No recrystallization was
noted in the base metal, Further work atiempted to eliminate or minimize
the formation of W,B through the addition of halide salts to the initial braze~
alloy mixture, Boron halides are volatile; therefore, it was thought but not
proven that the boron concentration could be reduced through volatilization
with a corresponding increase in the remelt temperature from 3800 to 4200 F.

Under an Army contract currently in progress at Acrojet General
Corporation(“), threc groups of braze alloys have been selected for study,
as follows:

(1) Pure metais or combinations of them
(2) Binary chromium alloys
(3) Commercially available brazing alloys.

Initially, 1! alloys were chosen which included aluminum, 72Ti=28N{, LM
Nicrobraze, Coast Metals 62, GE J8100, Premabraze 101, 50Ti~-50Ni,
40Ti~40Ni-20Cr, 25Ti=-50Ni~25Cr, 50Cr~50Ni, 36Cr-62Pd, Lap~-joint
assemblies of unalloyed tungsten and each alloy were brazed for 5 minutes
at temperatures ~sanging from 1320 to 2700 F. All of the alloys except
aluminum and the Ti~Ni~Cr co..binations gave good joints, After brazing,
the lap joints were diffused for 2 to 19 hours at temperatures between 1950
and 2250 F. In each instance, the diffusion heat ireatments were insufficient
to produce resrystallization in the base metal, however, subsequent metal~
lographic examination revealed extensive recrystallization in the tungsten
adjacent to the braze alloy, Evaluation of the brazed joints included remelt
testing on single~lap joints and shear-strength testing on double-=lap speci-
mens. The highest remelt temperatures, approximately 4500 F, were con~
sistently obtained for Coast Metals 62, GE J8100 and LM Nicrobraze using
an induction~heating technique. Final evaluation included the fabrication of
a segmented standard {MERM) rocket nozzle by brazing stacks of HO=mil=
thick tungsten washers into the required nozzle contiguration. Only the
three braze alloys showing the highest remelt temperatures were employed
for this final test. Only the nozzle brazed with Coast Metals 62 performed
satisfactorily during a 60-second test fire at 4900 F and 750 psi.

Further work was conducted with Coast Metals 62 and a re~cvaluation
of the remelt temperature indicated a value of only 4002 F. For this work an
oxyacetylene-flame heat source was used for a close simulation of nozzle fix-
sng conditions. At present, 4000 ¥ is considered tu be an unsatisfactory
remelt temperature for tungsten-tu-tungsten joints, therefore, other brazc
alloys with potent sl for increascd remelt tunperatures are bang studsed,
These include 50Cr-50M1, 62Pd-34%Cr, and nickel,
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Work at the General Electric Corporation(38) for the Air Force includes
the development of brazing maieriais for columbium-base alloys as well as
unalloyed tungsten. With respect to unalloyed tungsten, the objective is to
develop braze alloys with brazing temperatures near 3000 F with remelt
temperatures greater than 3500 F, Eight columbium- and tantalum<-base
ternary compositions potentially capable of {fulfilling the objectives of this
program have been selected for study. Each of these alloys consists of two
or more metals, compatible with tungsten to some extent, plus a melting~
temperature depressant such as silicon or boron. The initial brazing
studies conducted to date have been confined to the binary compositions
80Cb~20Ti and Cb~2,2B. Both of these alloys increased the bend transition
temperature in the vicinity of the joint to a point 50 to 100 F above that of
the recrystallized base metal, which was 600 F.

OXIDATION AND OTHER HIGH-TEMPERATURE REACTIONS

The current and projected uses for tungstan in rocket and spucecraft applications
at ultrahigh temperatures has presented numerous problems. The most difficult prob-
lem is oxidation resistance, but cthers include erosion and corrosion in rocket-nozzle
exhaust atmospheres and melting reactions when tungsten is in contact with other re-~
fractory materials.

Oxidation

Wcstinghouse(“) has conducted a fundamental study of the oxidation of tungsten
and its alloys involving oxidation kinetics, thermodynamic meawa: :ments of the tungsten~
oxygen system, and crystal-structure studies. Oxidation kinetics were studied by ex-~
pouing tungsten at 932 to 3092 ¥ (500 to 1700 C) in an atmosphere of oxygen at 1 x 10-}
to 1 x 1073 mm of mercury, It w1s found that oxidation was diffusion controlled belcw
1112 F (600 ). Cracked surface oxide resulted in an inconsister, "« of oxidation data
to the parabolic rate law betwezsn 1202 and 174} F 1950 and 950 C), Above 2192 F
(1200 C) and at a pressure ¢ lees than ! x 107 §n an atmospbere of oxygen, the oxide
vaporized ag fast as it formed, Oxidation between 1472 and 3092 ¥ (800 and 1700 C)
was found to be independent of the oside evaporation rate and to be linear, resulting in
either no protection or the formation of a very thin barrier layer. A strongly adherent
pursle scale formed on the substrate, but kinetic data revealed it tu be nonprotective,
Alloying tungsten with tantalum improved the oxidation resistance, W-10Ta and
W-25Ta oxidized at a rate 40 per cent that of unalloyed tungsten, while \ie oxidation
rate of W~50Ta appeared to be about 10 per cent of that for tungsten,

The heat of formation and free energy of formation were determined for WO,,
W18049, W20058, and WO3, und valuen were corupared with those from other
investigators.




24

The Ohio State University(43) recently completed 2 3 year investigation of the
oxidation behavior of tungsten., Thermodynamics, kinetics, and oxide volatility were
studied. Experimental chemical~equilibria data were used to calculate heat and frec-
energy values and to establish the stability of the various oxide »pecies. A proposcd
W-O phase diagram show's the phases W30 (from another investigator), WO,, W,8049,
W,0058, and WO3. The upper temperature at which W30 is stable was taken from
other work as 1337 F (725 C). W20053 and W;30O49 were calculated to be unstable be-
low 903 and 1085 F (484 and 585 C), respectively. Hence, the coexistence of WO and
WO3 is possible below 904 F (485 C).

Oxidation of tungsten at 1256 to 2012 ¥ (680 to 1100 C) under 0,05 to 0,21 atmos=~
phere of oxygen demonstrated that the mechanism is diffusion of oxygen ions through
the scale to the metal-oxide interface. Kinetics initially followed the parabolic rate
law, but then changed to linear behavior with increased time. WO, was observed only
at low temperatures and for very short times. An intermediate blue oxide, thought to
be W ;8049 or W2005g grew to a limiting thickness of 10 microns and then decreased
in thickncss. The outer oxide region was porous WO, at all temperatures. Activation
energies calcilated from rate constant data were 35 kcal in the parabolic range and
36,5 keal in tie lincar range; indicating that diffusion through the blue oxide layer was
the controllin§ step in both processes. Only WO, formed when tungsten was oxidized
under 1 x 10710 atmosphere of oxygen. The parabolic rate constant for WO growth
under these conditions appeared to be a linear function of the one-~fifth power of the
oxygen pressure, which agrees with the oxidation mechanism proposed for a metal=
deficient lattice. The protection afforded by the WO layer broki down when WgOyq
formed.

The study of oxide volatility revealed that the volatilization rates increase with
temperature according to an Arrherius plot. Volatilization rates N WO, W 4049,
and W005g increased linearly with the partial pressure of water vapor. Volatilization
rates increased in the following ordeyr {temperature and water-~vapor~pressure constant)
{1) WO,, (2) W15049, and (3) WO,.

Lockheed!4%) has studied the oxidation behavior of tungsten at 2372 to 5432 F
{1300 to 3000 C) at atr pressures from 1 to 40 mm of msrcury. Oxidation rates were
linear with time (at constant pressu:e), and tungsten oxide was found to volatilize as
rapidly as it formed, leaving the tungsten surface bright and clean. An Arrhenius rate
equation established the heat of activation to be 31,500 calories per mole, The linear
rate constant K was found to be pressure (p) dependent according to the relationship

K = 14 p0- 62,

indicating that the linear rate constant decreases with decreasing pressure. Surfacc-
recession measurements showed that a tungsten sheet exposed at 3200 F (1760 C) under
! mm air pressure for 1 hour wuuld suffer a reduction in thickness of 12 mils,

A sharp break occurred in plots of oxidation rate versus temperature at 3182 to
3452 F (1750 to 1900 C) due to dissociation of WO3. The rate changed again at 4892 F
(2700 C), presumably due to volatilization of tungsten.




25

The University of Californiaf?3 has stud:ed the reaction kinetics of 0,, Ny, and
NO with tungsten at 3050 to 4220 F (1950 to 2600 K) under 1 x 1078 t0 1 x 107 atmosphere
of gas pressure. It was found that the rate of reaction of tungsten with oxygen decrcases
with increasing temperatures. This is because at a fixed pressure of Oy the surface
concentration of oxygen decreases with increased temperature, due to decreased prob-
ability of surface reaction. Hence, the oxidation activation energy was dependent on
both pressure and temperature. This presumably was because surface oxygen concen-
tration was the rate-det rmining step, which depended in turn upon the O, pressure and
the temperature.

A tungsten {ilament was heated to 4580 F (2800 K) in 1 x 10-6 atmosphere of
nitrogen, with no evidence of reaction,

Nitric oxide is known to dissociate to O, and N; at a hot filament, Other investi-~
gators have established that the activation energies for tunsten~oxygen and tungsten-
nitric oxide reactions were nearly the same, so it was expected that NO dissociation
was not the rate~controlling step in tire oxidation process. The rate of tungsten oxidation
by NO was found to be three times that for the corresponding pressure of oxygen,

Erosion and Corrosion in Nozzle Environments

Tungsten degradation under simulated solid-propellant nozzle conditions has been
studied by Stanford Research Institute(46), Tungsten rod was positioned perpendicular
to a high-velocity-arc plusma to obtaia surface temperatures of 5072 to 6062 F {2800 to
3350 C) while CO; and Al,O3 were injected separately (different test runs) into the
plasma. Tungsten erosion by CO, was primarily dependent on the CO;, flux incident
upon the tungsten surface and relatively independent of specimen temperature and type
of tungsten (pure tungsten or W-2Th), lhe principal erosion proluct was a yellow
powder identified as WO3 by X~ray diffra~tion. Therefore, the erosion mechaniem
was believed to be formation and vaporization of the tungsten oxide. The investigation
of tungsten ¢ rosion by Al;03 is not yet completed.

The chemical reactions between tungsten and some constituents found in the ex~
haust stream of solid-propellant motors were also studied under static conditions in the
temperature range from 3632 to 5792 F (2000 to 3200 C). The following reactions were
observed, listed in decreasing order of importance:

{2) 3COp +W ~ WOj3 + 3CO
31 3 9
(3) 9HC! + Al,03 + 3 W —~ 2AICI; + 3 WO,Cl1, + 3 H;
{4} Transfer of tungsten throuy' liquid Aly,03,
Experiments suggested that increasing the HCI in exhaust gas would decrease the armount
of alumina deposited on nozzle and jetevator surfaces by Equation (3). The combinations
of W+HCl, W +CO, W +H,, W+N,;, W+ Al,05 + CO, W + Al;O3 + Hp, and W + A1,O,

+ Np were virtually nenreactive, Therv was no significant reaction between tangnton cnd
lyuid A104,
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Atlantic Research Corporation{47) also has investigated the reactions hetween
tungsten and the hot combustion products of solid propellants. One series of experi-
ments consisicd of passing pure gas over a tungsten filament heated to 4600 to 5500 F
The principal conclusions were

(1) HyO and CO, rapidly oxidize tungsten. Increased partial pressures of
H; and CO, respectively, decrease the oxidation rate due to decreased
driving force.
{2) HC! and HF were essentially nonreactive,
Aanother experimental technique consisted of embedding a tungaten wire in a propeliant
strand and burning the propellant in a combustion bomb under nitrogen pressures of 300
to 1000 psi. Flame temperatures ranged from: 4700 to 6500 F, combustion products
ranged from neutral to slightly oxidizing, The test results agreed with observations of
subscale rocket motor tests, namely,
(1) A fluorocarbon (binder) propellant did not affect tungsten.
(2) Slightly oxidizing propecllants resulted in tungsten oxidation.
(3) W,C formed with one particular propellant (Arcite 373),

(4) Tungsten melting occurred at the 6500 F flame temperature.

PROTECTIVE COATINGS

For those applications wherein oxidation or erosicn r«-istance of tungsten is in-
adequate it becomes necessary to apply a refractory coating to the surface to obtain the
desicted surface stability., The technology of tungsten coatings is not nearly so advanced
as for col.mbium and molybdenum, becaase of the difference in emphasis placed un thesc
materials for structural applications where coatings are necessary,

General Telcphune“s’ is analyzing the basic factors involved in oxidation protectiun
of tungsten to establish criteria for coatings for service above 3300 F, Silicide coxings
were found to be limited to tesnperatures below 3600 F by the following factors.

{1} Melting of the W Si,~WSi, eutectic seems to cause failure at about
5 FS 5°13 2
34 o .

{2) The calculated evaporation rate of the protective SiO; oxide is quite
high at 3600 F (zbout 1 g per sq ¢m per hr).

(3) The Si + 8i0; - 25i0 (gas) rcaction could account for significant
coating loss ac 3600 F,

It was concluded that new typos of «catings based un higher melling refractory vasdes ave
neceszary, ThO,, HIO,, UO,, and ZrO, are the most suitable in terms of retractornine .«
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and stability. The problem of producing such an oxide in situ on tungsten substrate is
being studied as the next step in the research program.

New York Universiiy(49) established the feasibility of protecting tungsten from
oxidation with silicide coatings applied by pack cementation. The major coating phase
was identified as WSi,, The coating provided oxidation protection at 3300 F for times
up to 10 hours. The "'disilicide pest", which is an anomalous mechkanism causing re-

duced coating life at lower temperatures, resulted in coating lives of on!y 5 to 15 hours
at 1200 to 2300 F,

Silicide-base coatings are also being studied under Air Force sponsorship at
Thompson Ramo Wooldridge(so . The coatings are applied by one or more pack-
cementation cycles to incorporate desired modifiers, and they usually are given a final
controlled preoxidation treatment in wet hydrogen. Titanium, zirconium, and boron
appear to improve coating performance. Codeposition of tungsten plus silicon has been
found superior to simple silicon deposition. Coating lives of the most promising coat-
ings in furnacc-oxidation tests are summarized in Table 1 below. Tho problem of
anomalous failure at lower tempceratures (1800 F) still remains to be solved for these
coatings. The estimated maximum service temperature of 3650 F for TRW coatings is

consistent with the 3600 F maximum predicted by General Telephone for all silicide~
base coatings.

TABLE 1. CYCLIC-FURNACE-OXIDATION LIVES OF TRW
TUMNGSTEN-COATING SYSTEMS

Protective Liteld), hours
Coating Systam 1800 F__ 2500 F___ 3000 F__ 3300 ¥ s-.0 F_ 3600 F

Silicon(b) - 22 16 0.2 - -
(Si-W)-0 15-25 40-50 27-47 5-10 3-8 1
Ti~Zr-(Si-W)-O 2=~ 20 36 35-72 14-26 2-5 l
Ti~{Zr~B)~(5i-W}-0O - - 34 16 - .

st -
—

3) “opadnent oscled betwesit frafvated 1o, 130 #0°3 goes 1 e 0128t @t Fotan futenvaly,
‘j 7 ¥ )
(M Bichuded for ennpitiz i

. 519, ,
Vaiue Kngmef'ring( ) haw imvestigated electrodepasited chromiume=base crrmet

coatings for tungsten, and identificd ZrB; ind 2503 a8 two of the most prowdsing addi-
tives, Thirty minutes of protection was 2<hieved sn oxyucetylene=tocch tests at 3900 F,

Manufacturing Laboratories . Inc, (5‘), nay investigated ditfusion barri e8 fior
tungsten under an Air Force contract, The parpase has been ti develup 2 diffusion
barrier for the interface betnera tungsten and an oaidaticimregistant coating b« iminats
the potential problem of deteriorativg of subdtiate o cofing oo 1l by difby s,




28

Tungsten-barrier and barrier~-chromium diffusion coupies {exemplary of oxidation-
resistant coating) were annealed at 3092 and 3272 F (1700 and 1809 C) and then evaluatad
by conventional diffusion-analysis techniques, Interdiffusion was found to decrease as
the minimum solidus temperaturce of the tungsten-barrier binary sysiem increased,
Rhenium, ruthenium, and iridium were selected as the optimum barrier metais for
tungsten, These selections do not take into account coating-tarrier di{fusion rcactions,
beocause practical tungsten-baxrier~coating diffusion counles have not heen evaluated.

—
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The majority of the property data for tungsten and tungsten-base alloys have been
contributed from research with objectives other than property studies. This ie not un-
usual since the determination of mechanical and physical properties is generally the
mosi common and somotimes the only means of evaluating the quality of a material,
Therefore, being cognizant of the naturally large distribution of property data, this
particular section is limited to only thosce contracts with specific objectives to deter-
mine selected propertics. Following this plan, a review of contracts at DMIC indicate
that a total of 12 programs qualify undev the limitation imposed, QOnly 5 of these 12
are summarized in this section since detailed or significant information was not avail-
able from the remaining 7.

The Nutional Ae onautics and Space Administration scemas to té most active in
the area of grogerty stulics on tungsten and tungsten-base alloys. In three separate
studies(53.:54,55) they have released data on: (1) effect of surface condition on the
ductile to brittle transition temperature, (2) effect of strain rate on tensile properties
at high temperature, (3) tensile and stress<rupture properties of some W-Mo alloys
at high temperature. A briel summary follows,

The effects of surface conditions on the ductile-to-brittle tranaition
temperature of recrystallized tungsten were evaluated by testing in tension(ss).
Several surface treatments were applied with the results indicating an electro-
polished (10 mils removed from the diameier) or oxidized surfuce exhibited the
lowest transition temperature, 415 F. Results from notched specimens (K, = b)
indicated that the transition temperature is increased by 360 F, and that above
the transition temperature tungsten is notch strengthened,

The effect of strain rate on the tensile properires of recrystaliized tungsten
was evaluated from strain rates of 0,002 to 20 inches per inch per minute(54%.
Results from this work showed that at a constani temperature, increasing the
strain rate increased the ultimate tensile strenyth significantly, Also, increasing
the strain rate at temperatures above 3000 F increased the ductility.

Tensile tests were conduscted over the temperature range 2500 ta 4400 }(-"58
to determine the tens.le pioperties of W=10Mo, W=25Mo, and W -50Me alloyst® ),
Results showed the 10 and 25 per cent alloys te have higher teneile strengths
than unalloyed tungsten at 2500 and 3000 F and cquivalent strepgth tn about
3500 F. Above 3508 F the strongth of unslloyed tungsten was superior to that
of either of the alluys, Stress=raprure tests were oten condiactid on the W=50Ma
alloy over the temperature rangs 2500 to 200 F o outh the as=worked aned ro-
crystallized conditicns,
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The Hughes Tcol Company(56), working under an Air Force contract, is studying
the meckanica: properties of commercially available tungsten sheet. In the initial
quality~control phase, hardness, microstructure, chemical impurities, flexural prop-
erties, and tensile strength werc detcrmined on material from three vendors. From the
test results generated during the first phase, a materials specification was estabiished

requiring 2 large hot-cold reduction during rolling for material for study during the
second phase,

During the second phase, tensile tests were conducted on matevial from five
different sources at room temperature, 1000, 2000, 3A90, and 4400 ¥, In this con~
nection it is significant to note that material from one producer consisgiently displayed
a limited amount of plastic defornmiation at room temperature,

As a portion of the work conducted under a Navy contract, the Acrojet~General
Corporation(57) determined the melting points and spectral and total emisslivities for
tungsten with densities from 70 to 90 per cent of theoretical, Spectral emissivities
ranged from 0, 37 to 0.415 and total emissivitics ranged from 0, 315 to 0, 375 over the
temperature range 2642 to 4982 F (1450 to 2750 C). Furthermore, a higher value of
spectral emissivity (0, 65u) was indicated for porous tungsten than for dense tungsten,

PHYSICAL METALLURGY

Much effort has been and is currently being expended to improve the low=
temperature ductility of tungsten and to develop workable high strength alloys for appli~
cation in the 3000 to 4000 F temperature range. To complement these broad topics
which fall within the scope ~f alioy development, a considerable amount of effort is also
being devoted to more fundamental studiee of the mechanical pronavties and alloying
behavior of unalloyed tungsten, Therefore, this section dealing with the physical metal-
lurgy of tungsten-base material is most easily discussed in two parts — alloy development
and fundarmental studies.

Alloy Develepment

In se{)arate phases established under an Army contract, the Armour Research
Fouadation'®3) is investigating liquid-phase sintering with respect to improved fabrica~
bility and low~temperature ductility,

Thr: general objective under or:ie phase is to lay the foundation for a new and im~
proved technique of fabricating tungsten sheet, The new approach, which was recently
demonstrated as being successful, tukes advantage of the cold ductility of a twa~phasge
W =~Ni~Fe composition during breakdown rolling. Prior to finish rolling, the lowe
melting W=Ni matrix is removed by zone refining leaving essentially pure tungstin to be
finished to sheet. The primiary advantage to this unique wrocess 1s that it aaproves
material recovery and therviore the cconemy of the shevt=ralling procuss,
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The sccond phiosc nas as its objective the developnient of ductile tungsten alloys
for use at tcmpuatures above 36 % 7 {2000 C). The approaca employed lijquid-phase
sintering whe -2 harau; D7 (1€ Tl sten particles were rounded and completely sur-
rounded by a?‘ns,..ng iuctile envelope phase. Ternary additions to W~Pt and W-Pd bases
showed.little or no promice for achieving the desired effecis as envelope phases, How -
eV, 3 JanisW2ntor vhowith W-15Th and W-20Th indicated that these alloys were capable

ol suc- uu.puature dcformatxon, posscased good high-tem.parature strength, and have
mcmng pomts excccdmg 3632 F (2000 C).

W . i g S

B Y

The General Elcc.ric Co'npany(%) in v ork for the Air Force has completed a

uuoys. Each ot the alloys was initially prcparcd by vacuun, mcltmg and was then ex-
iruded and rolled to sheet material for subsequent mechanical-property evaluations,
The most significant finding from the property studics was the cxceptional combinations
of strength and ductility shown by.a W=27Rc alioy with some sigma phase present in the

_as~rolled atructure. The ductile-to~brittle transition temperature for this alloy in

cither the wrought or fino~grained recrystallizcd conditions was about -100 F and

the corresponding yield strength was approximately 400,000 psi. Transition tempera~-
tures in the range 75 to 150 F resuited from annealing treatments which produced
larger grained single~phase structures in this same alloy.

Other important reaults from this work included inforv.ation concerning the effect
of interstitial solutes on ductility, It was found that fracture in tungsten-basec materials
was more ¢ependent on changes in the distribution of inte, _titial atoms tha. on the grain
siz¢ per se, By varying the cooling rate it was found that the transition tamperature of
certain alloys could be varied by nearly 300 F. Low cooling rates guve the lowest
transition temporatures and presumably provide sufficient time for the interstitials te
precipitate from solution and aegregate to the grain boundar.cs, thus reducing dislocation
locking and improving ductility.

In work for the Burecau of Naval Weapons, Battulle Meinorial Institute((’é') has
detnunstrated the additive effect of both inert oxide dispcrsions and critical amounts of
Groups VII and VIII metals in lowering the ductile-to~brittle transition temperature of
tungsten in both the wrought or recrystallized form. The lowest transition tempera-
tures were in the range 167 to 185 F (75 to 85 C) as compared to 410 F (210 C) for un-
alloyed material. The most ductile alloys were W~5Re=2, 2ThO2, W~10s-4.4ThD},
and W-0, 3Ir~4,4ThO,, Furthermore, these ternary additions were found to increcase
the recrystallization temperature and decrease t'.e recrystallized grain size,

The Climax Molybdenum Company h.  conducted extensive investigations to de -
velop workable tungsten-base alloys with high-temperature pruperties superior to thuse
uf unalloyed tungsten., As discuss &d,bgés)w, the majority of this work is included under
three programs, two for the Navy , and a third for the Air Forcell9),

The effect of cobalt, columbium, hafnium, tantalum, vanadium, and
zirconium were investigated for the Navy with respect to their effects 8"
the lattice parameter, hu.dness, and oxidation revistans of zmgsten
Vanadiwn was the only element found to contract the tungsten lattice, Bdh d
on hardness measurements at room temperature and 1600 ¥, cobalt was the
most potent hardener, Columbium, hafnium, tantalun,, and zirconium ail
reduced the oxidation rate of tungsten but unt te the « xtent that the efficts
woere of any practical significance.
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Success{ul extrusion procedures were developed for arc-cast unalloyed
tungsten-and the 10, 30, ard 50 per cent molybdenum compositiens each con-
taining a 0.C1 per cent addition of carbon on the study {or the Air Force(l9),
With the exception of unalloyed tungsten, each of these materials were suc-
cessfully converted to bar stock by rolling. Testing .ndicaled the best strength
properties for the W-30Mo alloy and the best stress-rupture propertics for the
W-10Mo alloy. At 2430 F in the stress-relieved condition, W-30Mo had a
tengile strongth of 64,000 psi ana W-10Mo withstood 2. 6 hours at 40,000 psi
before rupture,

The Navy project to develop vacuum arc-cast tungsten-base alloys
which can be worked in the cast state and which will possess high strengths
coupled with acceptable ductility in the wrought conditions is currently in
progress\®®),  Seven tungsten-base alloys containing dilute additions of
molybdenum, columbium, hafnium, and zirconium are being studied. To date,
all seven alloys have been successfully melted and converted to 1/2-inch bar
stock by extrusion and swaging.

Under two Air Force contracts, the Crucible Steel Company(69’70) is investigating
the turgsten-rick alloys with.n the W-Ta-Mu-Cb quaternary system. A brief summary
of the objectives and schievements in each program is presented below.

In one program(69), 20 alloys were investigated for thelir structural
potenual at temperatures abuve 2560 ¥, The most outstanding tunguten-base
alloy s.reened from these studies and tested in the as-cxtruded condition was
W-5, TM0=-5, 7Cb., The results of tensile and stress-rupturs testing indicated
an ultimale tensile strength of 62,000 psi at 3000 F and crecp clongation of
0. 69 per cent after stress-ruplure testing 5 hours under 7,000 psi at 3000 F.

In the second program(70) the objectives w.cre io evaluate sheet samples
of six high-strength al’oys from the W-Ta~Mo~Ch system »=4 tg increase the
high-ter perature strength of these alloys with dispersed carbide phases, Of
the six alloye selected, unly two were tungsten base, W-6Mo-6Cb and
W-20Ta-12Mo, Subsequent tensile tests on these at 3000 F in the as-extruded
condition (3 to 1 ruduction) indicated ultimate strengiis of 62,000 and 68,000
psi for the W-6Mo~6Cb and W-20Ta~12Mo compositions, rvespectively.
Further attempts to fabricate these alloys to sheet were unsuccessful,

Additional work to achieve even greater hig. -temperature strengths
resulted 1n two carbide~dispersion alloys, W-12Cb-0, 14Zr-0. 19C and
W-120h~0, 12Zr~0, 29V-0, 07C., Tuensile tusts at 3500 F in the as~extruded
condition indicated ultimate strengths of 44,000 and 57,000 psi for the
Zy-C and V-Zr-C alloys, respectively.




Fundamental Studics

Fundamental studies of the effects of standard metallurgical variablies on the
nhysical and mcchanical properties of unalloyed tungsten and dilute tungsten-base alioys
have been conducted by the Union Carbide Metals Company, Haynes Stellite Company,
and the Westinghouse Electric Corporation.. A brief discussion of this work, which was

ircluded under two Air Force-sponsored and one Navy=sponsored program, is presented
as follows.

In work for the Air Force, the Union Carbide Metals Cnmpany“” in-
vestigated the influence of fabrication, strain rate, temperature, and micro~
structurc on the tensile properties of both polycrystalline-powder-metallurgy
and arc-:ast tungsten. Perhaps the most significant result from this work
was the improved high-temperature ductility displayed by arc-cast material
as compared to that of powder-metallurgy tungsten. For example, at 3002 F
(1650 C) a reduction in area of more than 98 per cent was obtained for the
arc-cast material, while only 40 per cent was obtained from the powder-
metallurgy product. Several dilute tungsten-base alloys with titanjum,zir-
conium, and columbium were also investigated. Results from this work
indicated an unusually high tensile strength ot 61,000 psi for the W-0.57Cb
alloy. However. receat attempts by other investigators to rcproduce thiy
value have been unsuccessful.

The objective of the program for the Navy at Haynes Steltite!74) was to
evaluate the fabricability and properties of tungsten and tungsten~base alloy
single crys‘als. Sixty-five crystals, which included several dilute tungsten-
base alloys, were included in the program. Fabrication of these materials
was accomplisaed by swaging and a combination of forging and rolling at
2192 F (1200 C). As a result o these studies the single crystals were shown
to have a significant fabrication advantage and their mechanical properties
after working were shown to be equivalent te those of polycrystalline material.

Westingho'.-u(?" conducted an extensive research program for the
Air Force to determine base-line data on the metallurgical properties of
pure tungsten. In work with high=purity polycrystalline mctericl, tensile
and stress-rupture properties were determined to temperatures of 4000 and
3000 F, respectively. An analynis of thesc data showed a continuous decrease
in ductility with increasing temperature, similar to that described above for
prior Union Carbide work, This phenomenon will be a topic of further in-
vestigation in future work. Also for polycsystalline material, the effect of
grain size on the ductile~to-brittle transition temperature revealed that the
transition temperature depended morv on the annealing temperature than
on the grain size. This fact was attributed to differences between the statcs
of the impurities in the lattice as effected by annealing temperature,

Single crystals were also studied. Their mechanism of purification
during zone melting, their flow and fracture behavior, and their charac-
teristic internal friction peaks were studied in efforts to establish base-
line data for pure tungsten., Other work included mechanical-property
determinations at temperatures up to 3000 F of alloys with disperscd
second-phases of W-ThO2, W-TaC, and W-HfO, and dilute solid=-solution
alloys of W-Ta and W-Cb. When compared with unalloyed (ungsten at
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3% and 34

3000 F, the dispersed-phase alloys displayed a significant ultimate strength
advantuge - 27 to 31,000 versus 15,000 psi. Of importance with respect to
the solid-solution alloys. additions of 0, 35 and 5 per cent tantalum were
found tc increase the recrystallization temperature by 720 and 1080 F

{400 and 600 C),zespectively, above that noted for unalloyed material =
2192 F {1200 C).

Under 2 program sponsored by the Air Force, Battelle Memorial Institute (76)
studied the notrh and unnotched tensile properties of several refractory metais and thear
alloys, inclading unalloyed tungs.en. Both atress-relieved and recrystallized rod mate-
rial were tested in tension with the notch sensitivity of each material being evaluated by
analyzing the notch-unnotched tenrile-strength ratio, the ductility transition, and the
fracture transitlon, The results of this study indicated that on tha bagis ot notch-
unnotched strength ratios, stress-relieved and recrystallized tungsten tend to become
notch sensitive at temperatures helow 482 and 752 F (250 and 400 C), respectively,

Nuclear Metals, Inc. , as the prime contractor, has conducted one Air Force-
sponsorsd program(77), and is currently engaged in another(78), in which they axe de-~
termining the constitution diagrams and studying the diffusion characteristics of selected
tungsten binary systems. Work under one contract{?7) has to date included determina-
tions of the W-Ir and W-Rk binary systems and several isctherms of the W-Mo-Os and
W-H{-Re ternary systeins. Care was tzken in obtaining reliable phase diagrams. In
particular, the purity of the constituents was protected at all times, and the tempera-
tures were determined to within £36 F(x20 C). The objective of the diffusion studies at
Nuclear Metals{78) includes a determination .,¢ the diffusion coefficients in the binary
tungsten systems, W-Ru, W-Ir, W-Rh, and W-Pt. Thia work is being conducted with
the aid of an electron-probe analyzer.

JLR:WAG:HRO/cms:so
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APPENDIX

GOVERNMENT-SPONSORED RESEARCH RELATEDR TO TUNGSTEN — 1960-1962

This listing of Government-sponsored resecarch and development programs related to tung-
sten technology includes all thoss known by DMIC to have been in force at least at some time
during the period 1960-1962. The list is arranged according to technology, following the outline
that appears in the Table of Coatents. The item numbers for the various contracts are used as
reference numbers in the report,

The Defensa Metals Information Center maintains a file of information on research
programs for all materlals within its acope. This file is used as an indispensable aid in collecting
technical information. It is extremely important to DMIC to know of the existence ¢! ressarch
and development projects within its scope.
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Pzeparation of Metal

A. Tungsten Powdcr

(1) Conducted by: Vitro Laboratories, Division of Vitro Corp. of America, West Orange,
New Jersey (J. Holmgrin)
ror: Air Force; WADD, Materials Centrai
Title: Submicron Powder Manufacturing Methods Developmeat

Vitro Laboratories has completed a state-of-the~art survey on thiz subject and is
currently engaged in the production of fine powders largely in the 1000 to 100-A range.
Metals, oxides, and carbide materials are being studied.

(2) Conducted by: Union Carbide Nuclear Co.
For: Atomic Energy Commission
Title: Production of Ultra-Fine Tungsten Metal Powder

Improved tungsten powder has been produced experimentally that has a surface area of
5 to 10 aquare meters per gram. It can be isostatically pressed and then sintered at 1400 to
1600 C to reach over 90 per cent of theoretical density. The ultimate objective of the tung-
sten powder rascarch is to make a high-density, ductile tungsten metal,

B. High-Purity Tungsten

{3) Conducted by: Alloyd Corporation, Cambridge, Massachusetts
For: Navy; BuAer
Title: Research on the Production of Ultra Pure Rofractory Metals

The objective was to produce ultrapure refractory re.als, i.e,, tungsten, tsntalum,
10l bdenum, and columblum, through the hydrogen reduction of purified chloride vapors.

Cousolidation

A. Powder Metallurgy

i. Powdar Compaction

(4) Conducted by: Hughes Tool Company {I, Shapiro)
For: Alr Force; ASD
Title: Fundamental Study of the Compressibility of Powdars

A systematic study of the compressibility of powders is being conducted to determine
the basic underlying principles that relate tre compreambality of powdars to functions of
their physical properties.

2. Flasma Spraying

{3,6) Cunducted by: Massachusctts Institute of Technology, Cambride, Massachusctts
(J. H. Brophy, H, W. Hayden, K. G. Kreider, and J. Wulfl)
Yor: Navy; BuWeps
Tide: Activated Sintering of Pressed Tanysten Pawdars and Plasma Jot Sprayed Tungsten

De&nu

The strengti and structure of plasma asc-sprayed tingsten deposita have been excmined

for air and protective-atmosphere ~hamber spraying. As deposited densiiy wae varied
from %0 to 90 per cent. The application of nickel to . fivats densilicativn of tungsten
deposits by subsequent heat treasments was studied.
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(8)

(9

(19)
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Condazted by: General Electric Company, Cincinnati 15, Ohio (W. H. Kearns)
For: Navy; BuWeps
Title: Development of Hizh Strength Materials for Solid Rocket Motors

The purpose of this program is to perform research and conduct feasibility studies
leading to the development of ultrahigh-strength solid-fuel rocket cases by means of warm
working. An additional phase is related to the development of special alloys which may
have improved ductility and improved atrength-to-weight ratios. The following are tacks:
11) continued arc-spraying studies with tungsten; (2) fabrication studies with tungsten; and
{3) electron-beam-welding studies with tungsten.

Task 4 describes an investigation of electron-beam-welding parameters for tungsten
sheet, mechanical properties of elestron-beam welds in tungsten sheet, and welding of
simulated rocket nozzles,

3, Slip Casting

Conducted by: Union Carbide Metals Company, Niagara Falls, New York {R. W. Fountain)
For: Air Force; WADC, Materials Lab.
Title: Investigation of the Properties of Tungsten and Its Alloys

Objectives: An evaluation of selected physical and mechanical properties of slip-
cast-and-sintered tungsten was conducted. The tests were conducted on a number of sam-
ples having densities ranglag from 60 to 93 per cent of theoretical density, No details are
given with respect to the nature of the slip-casting process.

4. Sintering
Conducted by: Lewis lesearch Center, Cleveland, Ohio (N. T. Saunders)

For; NASA
Title; Experimental Method of Producing Porous Tungsten for lon Rocket Engines

A preliminary study was conducted ic develop a method of fabrlcating porous tungsten
for fon-propulsion applications.

Conducted by: Thompson Ramo Wooldridge Inc.
For: Air Force, WADD
Title: Porous Tungsten Emitters

This research §s intended for invostigation of the metallurgical problems associated
with the development of a porous-tungsten surface-contact son-source for potential use in
fonic-propulsion systems with cesium. The major objective of this program will be to
davelop the metallurgical techniques required to produce tungsten emitters,

Melting and Casting

{11)

1. Electron-Beam Melting

Conducted by: Mallory-Sharon Metals Corporzation {(J. Perryman)
For: Air Force; WADD, Materials Lah,
Titles Services and Factlitics to Evaluate the Use of Electron Beara Melting

The purpose of this program was to evaluate the effectiveness of the clectron-beam-
meiting prosess in reducing brittleness and/or improving impact properties of materials
that are considered to be inherently brittle. Boron, “oron carbide, tartalum carbide, and
tirconiumn diboride were melted. The efiect of melting variables un the propurties of
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(13)

{14)

{15)
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electron-beam-melted beryllium, tungsten, hafnium, vanadium, cobalt, and molybdenum
were also determined.

2. Consumable Arc Melting

Condacted by: Lewis Rcsearch Center, Cleveland, Okio (F. A. Foyle, G. E. McDonald
and N. T. Saunders)

For: NASA

Title: Initial Investigation of Arc Melting and Extrusion of Tungsten

The purposes of this study were to investigate arc melting as 2 method for producing
dense tungsten ingots, to study extrusion as a method for breaking up the coarse grain
structure of the arc-cast ingots, and to evalu~te certain mechanical propertics of arc-cast
and extruded tungsten.

Conducted by: Westinghouse Electric Corporation, Research Laboratory (L. L. Franz)
For: Navy; BuAer
Title; Research and Development in High-Strength, Heat-Resistant Alloys

This contract has as its object tho dovelopinent of high-stren th, heat-resistant alloys
based upon the metals tantalum and tungsten and containing appreciatle percentages of
shenium, hafnium, zirconium, titanlum, osmium, molybdenum, nioblum or other high-
melting metals.

Conducted by: Westinghcuse Electric Corporation (Carnahan)
For: Alr Force; WADD, Materials Central
Title: Molting Variables for Refractory Metals

This program provides for the investigation of arc-melting variables to produce
sound, fine-grained, homogeneous ingots of refractory alloys and to study the effects of
grain structure and purity lovele on the rosistance to deformation and mechanical propertios.
This program will consist of two work areas: (1) baslc vacuurn arc nielting program and
{2) the internal support program.

3. Skull Melting and Centrifuga! Casting

Conducted by: Westinghouse Electric Corporation, Blairsville, Pennsylvania
(A. E. LaMarche)

For: Navy, BuWeps

Title: Manufacturing Development of Tungaten Alloys for Rocket Nozzles

The program was divided into three phases: Phase I - a study of the effecta of the
controlled variables of the skulliemelting process. Thase Il - the extension of the skull-
melting and casting technology developed under Phase [ to W=-10Mo, W~1Mo, and pure
tungsten in that order; and Phase Il - an attempt to establish a process specification for
producing high-integrity castings of pure tungsten.

Vapor Deposition

(16)

Conducted hy: National Bursau of Standards, Dept. of Commerce
For: Navy; BuOrd, 5PO
Title: Elcctrodeposition of Tungsten and Other Refractory Motals

The varlables involved in the deposition of tungsten coatings by the vapor~phase
reduction of tungsten hexafivoride with hydrogen were studied. No conditions were found
that resulted in a large improvement in the rate of efficiency of deposition.
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(20)

(21)
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Conducted by: The Burecau of Mines, U. S. Department cf Interivr, Washington, D. C.
(F. W. Hoertel}

For: Navy; BuOrsd, SPO

Title: Vapor Deposition of Tungsten on Graphite Nozzle Inserts

The objective of this program was to investigate the vapor-phase reduction of tungsten
hexafluoride on graphite rocket-nozzle insexts., The Aerojet-Gen:tal Corporation,
Sacramento, California, is to supply the machined nozzle inserts. All components pro-
duced under the contract were ultimately delivered to this Corporatica.

Primary and Secondary Working

Extrusion

Conducted by: Viah Chang Corporation, New York, New Yosk {J. Wong)
For: Air Forcii; WADD, Materials Central
Title; Tungsian Extruslon Development Program

This program involves five phases: Phase { - state-of-the~art survey; Phaso Il ~
billet process dovolopment; Phase Il - dovelopment of the extrusion operation; Phase IV -
verification of proceas uniformity and development of postextrustion operations; and
Phase V ~ pilot production of the target section.

Conducted by: Climax Molybdenum Company of Michigan, Detroft, Michigan {(R. Q. Barr,
G. G. Chesmar and M. Semchyshen)

For: USAF; WADD

Title; Development of Workable Molybdounurn and Tungaten-Baso Alloys

1t s the objective of this program to conduct additional development work on several
molybdenum~- and tungaten-base alloys containing various additions of those alloying ele~
ments which have shown the ability to increase the high~temperature strength of mnolybdenum
in previous investigations. Effort will be dirocted mosat specifically to arriva at compo-
sitions with an optimum balance of workability, low ductile-to-brittle transition tempora~
ture, high recrystallization temperature, and high hot strength.

Conducted by: Westinghouse Electric Corporation

For: Air Force; WALD

Title: Rescarchto Compare High Energy Rate and Extrusion Press Processes as Applied
to Refractory Metal Alloy Deformation

The objective of this program is to compare the high energy rate (Dynapuk) and
extrusion press processcs as applied to refractory~metal-alluy deformation. A comparison
will be made in the properties and behavior of selected refractory-metal alloya exiruded by
conventional means and by the high-energy-rate (Dynapak) technique.

The cbjective of this program {5 to compere the high energy rate {Dynapak; and
extrusion press processes as applied to refractory-metal-alloy deformation. A comparison
will be made in the properties and behavior of selected refractory-uiccal alloys extraded by
conventional means and by the high-encegy-rate {Dynapak) technique,

Conducted by: California Institute of Technology, Jet Propulsion Lab, Pasadena, California
{D. P. Kohorst)

For: NASA
Title: Evaluation of Tunasten Extrusione Produced ] i+ -+ High-Energy-Rate Extrusion
Procass

A study was muade to svsluate the high~oaergy~rate extrusivn procese &9 a means of
producing test specimens for this program. Because of the difficulties encountered in hot=
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working tungsten, it was of prime iaterest to determine whether this fairly new and littlc-
used process could yield specimens of the desired quality.

B, Forgiug

(22)

(23)

(24)

(25)

Conducted by: Thompson Ramo Wooldridge Inc. (A. S. Nemy)
For: Air Force; AMC
Title: Tungsten Forging Development Program

The primary objective is the development of methods for producing tungsten forgings
for use in air and spacecraft construction.

Conducted by: Thompson Ramo Wooldridge Inc.
For: Navy; SPO

Title: Tunglten For!lng

Conducted by: Ladish
For: Navr; SPO
Title: Tungsten Forgings

Conducted by: Steel Improvement and Forge Company
For: Navy; SPO

Title: Tung sten Forglnz

C. Rolling =

(26)

n

(28)

D.

Conducted by: Fanstesl Metallurgical Co., North Chicago, Illinois (G. Bodine)
For: Navy; BuWeps
Title: Production of High-Quality Tungsten or Tungsten-Alloy Sheet

Production of sheet 18 inches wide and approximately 48 inches long in connection
with refractory-iaetal sheet-rolling program. Tha powder-metallurgy method of consoli~
dation is being employed.

Conducted byt Unlvéraal Cyclopu Steel Corporation, Bridgeville, Pa. (C. Mueller)
For: Alr Fores; WADD, Materials Cantral
Title: Development of Tungsten Sheet Rolling Techniques

Objective: To devslop processes and techniquea for the production of defect-free,
high-formability flat-rolled tungston sheet products. The arc-melting rmethod of consoli-
dation is being employed i1 this program.

Conducted by: University of California, Berkeley, Califorala
For: Atomlc Energy Commission
Title: The Powder Rolling of Molybdenum

The objective of this work was to demonstrate the feasibility of power rolling as a
nieans of consolidation to directly produce molybdenum and tungsten sheet.

Point Deformation

(29)

Conducted by: Wah Chang Corporation (J. Wong)
For: Alr Force; WADD, Materials Central
Title: Development of Tungsten Sheet by Floturning Techniques

The cbjective of this program 15 to develop new or improved techniques for shear
forming tungsten-alloy shects. The measure of sansfactory accomplishment will be the
production of acceptablo sheets 36 by 96 inches in thicknesses of 20, 40, and 63 mils.
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{30) Conducted by: Wah Chang Cozporation, Albany, Oregon

For: Navy; BuWeps
Title: Investigation of the Feasibility of Manufacturing Tungsten Sheet by the Application
of Point Deformation Techniques to a Suitable Preform

E. Machlnlng
(31) Conducted by: Metcut Research Assoclates, Inc., Cincinnati, Ohio (J. Kahles)

For: USAF; WADD, Materials Central
Title: Machining of Refractory Materials

Purpose: Investigate and ovaluate the machining characteristics of the rofractory
materials of importance to the aerospace industry. Phase 1 of this program consisted of a
survey intended to isolate significant machining problems, followed by tha formulation of a
suitable machining research prograin. The machining program is being carried out as
Phase II of the subject contract. Phase IlI will be devoted to studylng machine tool require-
marnts for széiractory materials,

Fabrication and Performance of Rocket Nozzles

A. Power Roll Forming

(32) Conducted by: General Electric Company, Cincinnatl, Ohio (D, J. Shipp)

For: Navy; BuWeps
Title: Development of Roll-Formed Tungsten Nozzlo Components

The objeztives of this program arxe to manufacture by the roll-forming process, at
least three exit liners according to an Aerojot General specification and six nozzle inserts
according to specifications from the Allegany Dallistics Laboratory.

B. Flasma Spraying and Vapor Deposition

{33) Conducted by: High Temperature Maturials, Inc., Boston, Massachusetts

(34)

For: Navy, BuWeps
Title: Dssign, Development, and Fabrication of Vapor-Deposited Tungsten Components

Purpose: Produce tungsten coatings by vapor deposition on graphite-nozzle and exit
liner substrates for use in the A-3 Polaris miemle. Two configurations for throat inserts
for the A-3 first-stage exit liner are required.

Conducted by: Batteile Memorlal Institute, Columbus, Ohio (J. M. Blocher, Jr.)
For: Navy; BuOrd, SPO
Title; Experimental Coatings of Tungsten-Molybdeaum Alloys and Graphite

Equipment capable of producing tungsten coatings on graphite rocket-nozzle inserts
through the vapor-phase reduction of tungsten hexafluoride was designed and constructed

Joining

A. Velding
{35) Conducted by; Hamalton Standard Division Unsted Aircraft Corporation {(H. 5. Hokansony

¥or: USAF; WADD, Materials Central
Title: Electron Beam Welding of the Refractory Metals




(36)

(31

(38)
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This program covers an investigation of zlectron-becam=-welding procedures as related
to the welding of molybdenum auc. tungsten. Primary emphasis wili be placed on the eval-
uation of welding procedures waica minimize the width of the fusion and heat-affected
zones in order t¢ uvbtain the maximum in ductility,

Conducted by: General Electric Company, Cincinnati, Obio (G. Heppia)

For: USAF; WADD, Materials Central
Title: Investigation of Joining the Refractory Metals Tungsten and Columbium

Objective: Obtain a better understanding of the physical metallurgy related to joining
the refractory metals tungsten and columbium. Investigations will be directed to fusion
welding of tungsten allcys and the brzzing of columbjum and tungsten. Also a feasibility
investigation is to be made of jcining by diffusion bonding between certain refractory metals
and iron, nicke!, or cobalt-basec alloye.

Conductsd by: Aeroprojects Inc., West Chester, Pcansylvania (C. R. Frownfelter)
For: Navy; B Weps
Title: Ultrawonic Welding of Refractory Metals

The objective of this prograin is the investigation of the ultrasonic welding machine
seitings raquired and svaluation of propartiss of the welds obtainable for the following re-
fractory metals or alloys: (1) Cb-10Mo-10T{, (2) Mo-0.5Ti, and (3) tungsten.

Conducted by: Acroprojects Incorporated, Went Chestor, Pennsylvanic {N. Marcpls)
For: Alir Force; ASD, ASRCTF
Title: Development of Ultrasonic Welding Equipmont for Refractory Metals

Objective: Design, assemble, and evaluato heavy~-duty ultrasonic spot- and seam-
welding equipment for joining refractory materials and superalloys in thicknesses up to
0. 10 inch and to develop necessary techniques for producing reliable welds in these
materials.

B. Brazing and Bending

(39)

(40)

(41)

Conducted by: Massachusatts Institute of Technology, Cambridge, llaseachusetts
{J. H. Brophy, H. Heldeklang, P. Kovach, and J. Wulf()

For: Army

Title: Joinlng of Refractory Metals - Tungsten

Concepts of activat~d tungsten diffusion have been applied to the jolning of tungsten
strip at temperatures ranging from 900 to 1100 C. Solid-atate ¢i{fusion has been enhanced
by electroplating a thin laysr of either nickel or palladium on one of the mating surfaces.

Conducted by: Solar Alrcraft Company, San Diego, California (C. W, Haynes, 5r., and
A. G, Metcalfe)
For: Navy; BuWeps
Title: Development of Low Temperature Brazing of Tungsten for High Temperature Service

This program 1s based on prior work at Solar Alrcraft Company with the platinum-
alloy reactive braze systems, namely platinum-boron plus tungsten and platinum-silicon
plus tungsten. The program was proposed in five phases to develop these reactive braze
systems to their full potential,

Conducted by: Aerojet-General Corporation {(C, Fournier)
For: Army; WAL
Title: The Study of the Diffusion Bonding of Tungsten and Tungsten Alloys
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The purpose of this work is to fabricate complex rocket-nozzle-insert shapes from
thin tungsten washers bonded by diffusion-brazing techniques.

Oxidation and Other High-Temperature Reactions

A. Oxidation
(42) Conducted by: Westinghouse Electric Corporation, Pittaburgh, Pa.
For: Air Force; WADD, Materials Central
Title. Iavestigation of the Kinetics and Thermocdynamics of the Tungsten-Oxygen System
Objectives of this program are the dstermination of the mechanism of oxidation of
tungsten and an luvestigation of the changes resulting from selected alloy additions, A
major part ot the program will be a fundamental study of the kinetics and thermodynamics
of the tungsten ~ oxygen system above 1000 C.
{43) Conducted by: Tho Ohio State University (R. Speiser)
For: Alr Force; WADC, Acronautical Researci Lah,
Title: The Oxidation Characteristica of Tungsten Ovar Sultable Temperature and Oxygen
Presaure Ranges
A fundamental investigation will be conducted on the oxidation behavior of tungsten in
the temperature rang=s of 500 to 1400 C and at oxygen pressures of atmospheric and below,
Emphasis will be placed on determining the rate~controlling process within these envi-
ronmental ranges in order to better define the operative mechanism.
(44) Conductad by: Lockheed Missiles and Space Diviston
Title: Low Prossure, High Temperature Oxidation of Tungsten
The oxidation behavier of tungsten was studied at 1300 to 3660 C under 1 to 40 mm
air preasure, (Perkins, R. A,, Crooks, D. D., Journal of Metals, 13 (1), July 1961,
pp 490-493,)
{45) Conducted by: University of California, Parveley, Califorals,

B,

Foy: Atomic Energy Commission
Title: Kinetic Studies of the Reactions Occunm&_lletw_ce:: Tungsten and Gases at Low
Pressures and High Temperaturas

The reaction kinetics were established for the reactions of tungsten with oxygen,
nitrogen and nitric oxide at temporatures ranging from 1950 to 2600 K and at gas pregsures
from 108 t0 1075 atmosphere.

Errcsion and Corrosion in Nozzle Environments

146)

{47)

Conducted by: Stanford Rescarch Lustitute, Menlo Park, Californla (A S. Nelman,
O. Preston, and D. A. Brown)

For: Navy; EuWeps, SPO

Title: Tungsten and Focket Motors

This study was concerned with the interactions between tungsten and the exhaust
constituents from sclid-propellant rocket motory. These irteractions may be conveniently
considered undsr three main categories: chemical, mechanical, and thermal, In this
investigation, emphams has been placed on the chemical awuiesactione,

Conducted by: Atlantic Researst Curporation
For: USAF; WADD
Title;: Refractory Maetal Rocket bozzle Deterioration
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Reaction mechanisms between metzals (tantalum, tungsten, Ta-10¥, and various
tungsten-basa alloys) and propellant combustion envizonments are being studied to aid
development of improved nozzle materials, Propsllant variables include fluorine, chlorire,
and nitrogeus contents and oxidation ratios.

Protective Coatings

Conducted by: General Telephone and Electronics Labs., Inc. (C. D. Dickenson)
For: Air Force; WADD
Title: Reassarch on the Protection of Tungsten

Conduct an investigation into the definition, relative importance, and present knowl-
edge of those factors which will detormine the efficacy of any potentizl materials system in
protacting tungaton from high-temparsature oxidation.

Conducted by: New York Univsrsity {C. G. Gostzsl)
For: Alr Force; WADD, Materials Central
Title: Development of Protective Coatings for Tungsten

‘This program is undertaken for the davalopment of protective~coating systems for
tungsten, in order to utilize it 2¢ 2 structural material at high tempsratures undar oxidizing
conditione. The contractor will oxplore the feasibility of applying intermediate diffusica
barrior layers developsd under AF 33(616)-5735 implamenting improved bonding techniques,
a8 well as possibilitles of developing additional barrier systems based upon introduction of
rafractory ¢ matituents into the complex jntermediate layer such as-siclyhdenum or other
rofractory metals.

Counductsd by; Thompson Ramo Wooldridge Inc.

For: Alr Force; WARD

Title: Devulopment ¢f Oxidation Resistant High Tempezature Srotective Geatings for
Tnnpaten

Investigaticns are continuing into the formative and protective 1 ure of metal boncled-
maetal modified oxides 28 coatings for protection of tungiten in the 2500 to 3500 T range.
Protection for 10 hours including five tharmel cycles to room *emperature without failure,
at 3300 C hae been achia 3

Conducted by: Value Engincering Company, Atvlington, Vieginla (3. Humintk)
Fort Army; WAL
Titla: Investigation of Oxidaticn and Erosion Reuistant Coatings on Moilybdenum, Tantalum,

and 'fin!uen

The objactive of this contruct is to develop a rockat nozsle coating for tungsten,
tantalum or molybdenum capable of veducing catastrophic oxidation and eroslon under high-
gas-velocity conditions,

Conducted by; Manufacturing Laboratories, Inc. (B. S, Lement)
For: Air Force; WADD, Materials Central
Title: Investigation of Intezdiffusion Bnr!gu for Structural Refractory Metals

The contractor will conduct research to further evaluato the efficacy of various
metala, alloys, or intermatallics an barriors to interdiffusion of structural refraciory
metals- tungsten, tantalum,; molybdenum, columbium = with the eventual ovjecitva of
daveloping duplex coatings to provids protection from high-temporature oxldation for said
refractory metals,
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Properties

Conducted by: Lewis Research Ceater, Cleveland, Ohio (J. R. Stephens)
For: NASA
Title: Effect of Surface Condition o» Ductile-to-Brittle Transition Temperature of Tungsien

The effezes of surface conditions on the ductile-to-brittie transition temperature of
specimens of commercially pure sintered tungsten were evaluated by tensile tests carried
out in vacuum, Prior to testing, the specimens were vacuum=-anncaled at 3500 F for 1 hour,
electropolished, and then given the desired surface treatment.

Conducted by: Lewis Research Center, Gloveland, Ohio (R, W. Hall)
For: NASA
Title: Effect of Stzain Rate on Mechanical Properties ol Wrought Sintered Tungsten at

Tarmnavutuvans ahawva J200
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The effect of strain rate from 0,002 to 20 in. per in. per min on the tensile proper-
tics of recrystallized tungsten was investigated cver the temperature rangs 2500 to 4000 F.

Conducted Ly: Lewis Research Center, Cleveland, Ohio (P, F. Sikora)

For: NASA

Title: High-Temperature Tensile and Streas-Rupture Properties of Some Alloys in the
Tungsten-Molybdenum System

Thiz investigation was undartakon to determine the high-tempsarature tensile prop-
erties of powder-metallurgy tungsten-molybdenum alloys at temperatures up to 4400 F.
For this purposc, sintered and swaged bars of ailoys containing 10, 25, and 50 welght por
cent molybdzanum were procured {rom a commercial vendor and were tensile tested at
temperatutes from 2500 to 4400 F. The 50 weight per cont molybdenum in tungsten zlloy
way stress~-rupture testod at 2500, 3000, and 3500 F,

Conducted by: Hughes Tool Company (H. S. Parechanian)
For: Alr Force; WADD, Materials Central
Titfe: Design Data Maaval on Tungsten

Physical- and mechan:cal-design data wore obtained on several heats of commer-
clally pure tungsten at temperatures up 10 5000 ¥. The data showed the sffect of various
fabrication mathods on the design properties of tungsten. The complete processing and
fabrication history of each of the lots of material were recorded so that lots with similar
property values may be reproduced at a later date for weapon-system manufacturers.,

Cunducted by: Acrojut=-General Corporationi, Azusa, California (L. L. Gilbert)

For: Navy: BuWeps

Title: Porous Tungsten: Meling Point, Spectrul Emissivity, and Total Emi~avity for
Densities From 709 to 90%

The three thermophysical properties: melting point, total amissivity, and spestral
emisiivity at 0, 65~y wavelength weve detersnined for tungsten densities between 70 to Y9
paz cent of theoretical.

Conducted by: Stanford Unsversity, Stanford, Califernia (O. D. Sherby)
For: Awr Ferce, LIRL
Title. Heorarch on the Metallurgical Variabdes Effecting the High Temperature Medalus of

Elastscity

Researck will be conducted to determine the efivcts of preterzed orn ntitivn, magneti
dtate, and temperataees om the high-ten perature mudilus o1 elasticity «f mietaly and «dluy-
Tie relaticnship between the crystal s ta..'ure ana the moduius of elasticity 18 also beng
investigated.
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(59) Conducted by: University of Cincinnati (M. Hoch)
For: Air Force; ASD, Materirls Center
Title: Measusement of the Thermevphysical Froperties Using an Induction Heating

Technique

Investigate the feasibility of utilizing an induction-heating technique for the measure~
ment of the thermophysical properties of solid materials and determine the specific heat,
thermai conductivity, and thermal expansion of selected matexials in the temperature range

1000 to 3000 C.

{60) Cunducted by: University of Notre Dame, Notre Dame, Indiana (D, R. Morgan and
E. A. Coomes)

For: Navy; ONR
Title: A Comparison of Oxvgen on Tungsten and Molybdenum by Field Electron Microscopy

(61) Conducted by: Pratt & Whitney Aircraft, Div. of United Alrcraft Cosp, , East Hartford, Conn,

For: NASA
Title: Mcasuremont of Spectral and Total Emittance of Materials and Surtaces Undor

Simulated Space Conditions

Objective: To provide basic information on the radiant characteristics of materials
suitable for space power and propulsion systems under high-vacuum conditicnz. The
radiant characteristics of materials that are bolng meanured are total homispherical emit-

tance and spectral normal emittance,

(52) Conducted by: Lessells and Assoclates, Inc. {F. C, Balley)
For: Alr Force; WADD, Materials Central
Title: Ultra High Temperature *atarial Evaluation

The objective of this prograrm i3 to obtaln structural design data on ultrahigh-
temperature materials at temperaturs to 6000 F. Dats will luclude the tensils, creep, and
low cycle fatigue properties of tungsten. The equipmant and instrumentation to obtain these

f.ta are belng daveloped as part of this program,

(63) Conducted by: Fznsteel Metallurglcsl Corporation
For: Alr Force; WADD, Matericls Central
Title: Alloy Speéclmens for Internal Effort

Mechanical-property design data will bo obtained on commexcially pure tungstsn and
a columbium~base alloy at various high temperatures. The columbium~bass alloy {s
cesignated as Fanstoel 82 and it will be tested in tensfon and siress rupture in either
vacuum Or an argon environment to assess {is potential usefulnuss in space vehichles or
missiles. Tensile and czcep properties of tungsten will be datermined in argon and vacuum

atmospheres,

{64} Conducted by: Watertown Arsenal Laboratories, Watertown, Massachusetts

For: Army
Title: Effect of Alloy Addinons on Ductile-Erittle Tranaition Temperature of Tungsten

Objective: To dotermine the 7 {{fect of aliny additions on the ductile~brittle transition
tempercture of tungsten. Certain materials in vaiylog percentages may reduce the trans-
itiun temperature significantly und relleve problems in fabrication while retaining of in-
creasing material capability of withstanding extreme cozditions of temperature and stress.
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Physical Metallurgy

A. Alloy Development

{65)

(66)

(67)

{68)

(69,70}

(1)

Conducted by: Armour Research Foundation of Illinois Institute of Techralogy, Zhicage, .t

For: Army; "AL

Title: Research on Development and Application of a Theory for the Plastic Deformation
of Cemanted Alloys

Conduct rescarch aimed at establishment and application of a theory for plastic defor-
mation of cemented alloys. Design, fashion and evaluatc cemented tungsten-alloy systems
for the development of a refractory metal possessing ductility consistent with ambient
temperature formability.

Conducted by: Battelle Memorial Institute, Columbus, Ohio {(H. R, Cgden)
For: Navy; BuWeps
Title: Dcvolopment of a Ductile Tungaten Sheet Alloy

The primary objective of this research was to develop tungsten-base sheet alloys
having excellent fabricability and ductile-to-brittle transition temperatures below room
temperature. Seccomdary objectives were the doveluginent of high yecrystallizzsion tempsr-
atures and high olevated-temperature strengths in those alloye.,

Conducted by: Climax Molybdenum Company of Michigxn, Detroit, Michigan
{M. M. Semchyshen)

For: Navy; Buher

Title: Binary Alloys of Tungsten

Conduct a survey of arc-cast binary alleys of tungsten with aluminum, silicon,
vanadium, chromium, iron, cobalt, nickel, zirconium, hafalum, and tantalum in the cast
form. The alloy systems will be classified by solid solublliy,, the nature of the firss
excess phase developed In tungsten~rich composition, smenabllity to hear sreatment and
rate of oxidation.

Conducted by: Climax Molybdenum Cuinpany of Michigan, Datrait Michigan

For: Navy; BuWeps

Title: Investigzation for the Purpose of Developing Improved Tungsten~Base Alloys on a
Laboratory Scale and for Determinicg their Motallurgizal Characteristics and

ngg rties

Conducted by: Crucible Steel Company of America, Pittsburgh, Deansylvama (K. J. Duligy

For: Alr Force; WADD, Materixls Central

Title: Rescarch ou Refractory Alloys of Tungsten, Tantzlum, Molybdenun and
Columbium

An objective of the currert investigation is to ancortain whether those most prum-
fsing alloys can be processed to sheel form, and to evaluate their propertiss in sheet
form. In addition, modificati.na are tu Le made of the optimun. buse compoattions to
provide a further significant increase 1o strength 5t 3000 F and higher by addition of
alloying elements to furm dispersed stable carbides, nitrides, borides, etsc.

Conducted by: NASA Lewis Regearch Centep
For: NASA
Titie: Investigalion of Arc-Meited Tungsten Alluys

The primary purpose vf this r<search 14 i< develop tungsten~base allvy s with better
strength thasn pure tangston st tanpe ratares above 3306 . Ip additivn, alloys with bettey
fabricability, lower wactile=to-bLrittl. 1« . silton termaperature, and bottrr naidelton
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resistance are desired. Binary alloys: ‘*h tantalum, molybdenum, columbium, and
titanium in amounts ranging from 0.1 to 15 atomic per cent are under investigation.

Conducted by: NASA Lcwis Rescarch C. ster

For: NASA
Title: Investigation of Disperaion-Stren: hened Alluys Prepared by Powder Metallurgy

A fundamoental ctudy of dispersion ‘zengthening of nickel-base matirials prepared by
mechanical mixing of fine -etal and oxid powders has been in progress lor some time.
This work is being extanded to include ar ‘avestigation of dispersion stresgthening in tung-
eten as well as nickel, using the submicr: a=size metal powders (0, 03 micron) which have
recently becomn avalhble.

Fundamental Studien

{73) Conducted by; Union Carbide Mstals Con nany, Niogara Falls, New York (R. W. Fountain)

(74)

For: Alr Fonrce; WADC, Materials Lalj
Title: Investigetion of the Properties 6( _laugaten tnd s Alloys

Objectlves: (1) determination of the nechanical properties of unalloyed tungssen at
temperatures above 2500 F and (2) avalus..on of the effects of fabrication, alloying, and
other variables on the ductile~to-brittle t. nnsition temperature and on the elevated-
temperature mechanlcal propertics of tun jsten. [t has been found that a straight-lins re-
lationship exists betweon the reciprocal o the transition temperature and the log stralyn
rate.

Conducted by: Linde Company and Hayns Jtellite Company, Divisiona of Union Carbide
Corporation

For: Navy; JuWeps

Title: Fabrication and Properties of Tun) -ten and Tungsian Alloy Single Cryatala

The objective was to evaluate the falcicabllity and propertics of tungsten and tungsten-
alloy single crystals. This was accomplis ed with 05 crystale preparad with diameters
ranging fromn 1/Z to | inch and lengths fre v 6 to 18 inchos, Zucludod in the program aze
several dilute alloys, The majority of e “tals have been succesalully awaged, forgsd or
zolled at temperatures far below those rey red to fabricate pclycrystalline tungsten,

{75} Conducted hy: Westinghouse Ilectric Cor ration, Lamp Division (R H. Atkinson)

{

<

For: Alr Force; WADD, Materisls Uerta.
Title: Phyaicsl Metakurgy of Tungsian ar Tungsten-Base Alloya

To accomplish the dagalopment of by 1~strength tungsten<bacs alloya for use above
3000 F, the physical metailurgy of tungste .nd tungaten alioys was studled. Alloy strength-
ening by dispersed second phasss (carbide-, oxides, berides) was alug investigated,

Accompiishmeri of the program obje .Jve sncomypassed ressarch in thres arcas:
{1) physical metallurgy of high-purity tung .n; (2} tungetsn-alloy single-cryztal studies;
24 (3) fabrication studies of potentlal high -irength alisys.

€} Conducted ty: Battells Memorial Institaze Columbes, Ohlo {R. 1. Yafice)

For: Alr ¥ .rce; WADC, Materials Lab.
Title: No' b Sensirivity ot Re{ractory Mot .s

A study was conducted to detormine 1 ¢ effect of a notch on the tensile propuriles of
four refraciozy metals and one atloy, Ong .tress concentration factor was ased sad its
effect was studled through a range of tem;i» »x2urss,
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Conducted by: Nuclear Metals, Inc., Concord, Massachusetts (E. J. Rapperport)
For: Air Force; WADD
Title: Deterraination of Refractory Metal Phasa D’!ﬂramc

Nuclear Motals served as the prims con’:zictor, with subcontracts at MIT and Vest-
inghouse to establish constituticn diagzams of the following systems:

W-Pd Cb-Ir Mo-Zr~Ti-C (min of two carbon
CE-RtY Cb-Ru levels up to 0. 3 weight per cent C
Mo-Ir Mo-2Zz=~Ti mnax)

W-Mo-Os W-Ra=H{ Cb-Hf

Conducted ny: Nuclear Metale, Inc., Concord, Massachusetts, Subcontructor: Advanced
Metals Res. (N, L. Peterson)
For: Air Force; WAQD, Matezials Central
Title: Deteznination of Diffusivities of Selacted Elements in Refractory Metals Flus a
Litezature Survey-I Difiusion ’

The u~ntractor is corducting a survey of current and previous inve dtigations of
diffusion in refractory metals. Concurrently, an investigation of diffusion in refractory
metals is Leing conducted, This Is to consist of determining the diffusion coefficionts and
other riulated data for the tungsten-iridium, tungston-ruthenivm, tungsten~rhodium,
tungsten-pletinum, molybdanum-silicon, and columblum-chromium syatems,

Conducted by: Manufacturing Laborzatories, Inc., Cambridge, Massachusetts (B, 5. Lemont
and M. Cchen)

For: Alr Force; ASD

Title: Substructures in Refractory Sicizls

The primary objectives of the program are as fellows: {1} determination of ithe effect
of substructures on ductile to brittle traneition behavior, {2) determination of the rale of
subssructures in fracture; (3) useessmont of ths contribution of sub:structures to the fibsred
conditlon and any subsequent alteration of propsstics due to fibering; {4} investigation of
possible quantitative relationships between substructura perameters and yleld behavior; and
(5) appralsal of the effoctivencas of subatructures as an elevatad-temperatura-strangthoning
agent.

The contractor shall continuc to conduct & comprehensive study of the nature of
sabstructures, their rolation to rocovery and rocrystallization and their effert on mechan~
ical properties of the refractory metals tungsten, molybdanum, tsntalum, and columbiumni,
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