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FOREWORD

1. 
This report was prepared by the Westinghouse Electric Corporation , Advanced Energy
Systems Division , Pittsbu rgh , Pennsylvania for the Army Materials and Mechanics Research
Center, Watertown , Massachusetts under Contrac t DAAG46—75-C-0098 entitled ,
“Investigation of Feasibility of Producing Tungsten —Hafnium Carbide Alloy by Powder
Metallurg ical Techniques ”. This work is part of the AMMRC program on Development of
Hardened ABM Materials , Mr . John F. Dignam, Program Manager. The AMMRC Tech-
nical Superv isor was Mr. Lewis R. Aronin.

The work reported herein was conducted from 30 June 1975 throug h 30 June 1976. Mr.
Robert L Amman was the Principal Investigator.
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1.0 SUMMARY I

The objective of this progra m was the investigation of the feasibili ty of producing W

0.35HfC* allo y by powder metallurg ical techniques and attaining mechanical properties

equivalent to arc —cast and extruded material. The powder metallurg ical approac h is being

evaluated because available arc melting and hi gh tem perature extrusion fociUties limit the

size of billets which can be processed to approximate l y 3—1/2 inches in diameter , Also , arc -

cast in gots conta in solidificajion defects which significantly lower the yield of sound extruded

material. -

To accomplish this objective, three metal powder consolidation techniques were investigated

in parallel. The three powder consolidation approaches consisted of the following:

• Process A — Blending tungsten , ha fnium hydride and gra phite powder,

vacuum dehydriding, and extrusion in a mild steel can at 2300°F to

densif y the powder compacts. (mod i fied Friedman—Dic kinson process)

• Process B — Blending tungsten and hafnium carbide powder, encapsulating

in mild steel cannisters, evacuation of the cannisters and extrusion at

2300°F.

• Process C — Encapsulating WHfC prealloyed powder in mild steel cannisters

fitted with valved inlet and outlet vent tubes , hydrogen deoxidat on at

el evated temperature, evacuat ion of the cannisters, an d extrusion at

2300°F.

The consolidation techniques were selected to permit util ization of commerc iall y available

equi pment to avoid costl y capita l equi pment investment for this feasibility stud y. The con—

solidation techniques were also selected to permit ultima te process scale—u p in both size

and quantity of finished com ponent parts with a minimum development effort required.

* W—0. 35 HfC mol percent W —0. 36HfC wei ght percent . Throu ahout this report the alloy
com position wi l l  be desi gnate d in mol percent .
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The program consisted of four sequential tasks as follows :

• powder proc urement and preparation

• powder blending and consolidation

• heat treatment

• mechanical property evaluation.

In the first task tungsten , hafnium carbide , ha fnium hydride and gra phite powders were pro —

cured. The deoxidation characteristics of the tungsten , ha fnium carbide , and graphite powders

were investigated in flowing hydrogen , inert gas, and vacuum using a therma l —gravimetr ic

tec hni que. Arc -cast W-0. 35HfC prealloyed material was converted to powder by Metallur g ical

Internat ional using the Coldst~ earn process. Degass ng characteristics of the prea l loyed WHfC

powder were also investi gated, and a procedure for removing adsorbed gases without decarbur-

izing the allo y powder was developed.

In the powder consolidation task , a procedure was developed for deoxidizing 45 pound batches

of tungst en powder and small quantities of graph ite and ha fnium carbide powder. A vacuum

purged glove box was modi fied to facilitate blending and sealing the blended powders under

high purity helium cover gas in mild steel cannisters . Four cannisters of blended deoxidized

tungs ten , ha fnium hydride and deoxid zed graph ite powder were pre pared. The powder mix-

ture was deh ydrided under vacuum at 1600°F and sealed. The canniste rs containing the

W-HfH 2-C mater ial (Process A) were extruded at 2300°F through a round die to produce

mater ial >96 percent of theoretical density. Fot cannisfers of deox dized tungsten powder

containing deoxidized hafnium carbide (Process B) were prepared in a similar manner . The

cannisters were evacuated and sealed. The W—H fC was extruded at 2300°F to produce con-

solidated material >96 percent of theoretical density. Extruded W-HfH 2—C and W—HfC

material had carbon and oxygen levels comparable to arc —cast material. For the third con-

solidation approach (Process C), prea lloyed WHfC powder was placed in four mild stee l

2
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cannisters equipped with valved inlet and outlet tubes containing 500 mesh filters to pr~ vent

material loss during the hydrogen deoxidation processing. After deoxidation , the conn isters

were evacuated and sealed. Attempts to extrude the prealloyed powder at 2300°F were

unsuccessful. Hot pressing was also unsuccessful. To provide material for evaluation, two

small mol ybdenum cans were filled with as—received WHfC prealloyed powder and Dynapak

extruded at 3600°F producing a limited amount of consolidated bar stock for evaluation.

I n the heat treatment task, recrystallization response of the three consolidated materials to

one hour heat treatments in the temperature range 3600 to 4800°F was invest i gated. The

W—H fH 2 —C and W-HfC material recrystallized at temperatures below 3600°F and responded

to thermal treatment in a manner similar to unalloyed tungsten. The WHfC prealloyed

powder material recrystallized with a dup lex grain structure at 4000°F. Solution annealing

an d aging studies were also car led out and involved onl y the W-HfH 2-C and W-HfC material.

Insufficient WHfC prealloyed powder materia l was available for inclusion in this study.
0Samples annealed at 4600, 4800, and 5000 F for 1/4 hour were aged for one hour at 2500,

3000, and 3500°F. Metallogra phic examination revealed that the alloys were inhomogeneous

and contained microvoids. The W—H fH 2—C material contained islands of elementa l hafnium

which were not comp lete l y put into solution by the hi gh tem perature anneal. The W—HfC

material also con tained island s of hafnium carbide portk les in the tungsten matrix. Both

materials contained microvoids associated with the islands of second phase materia l within

the tungsten matrix. Additi onal thermal—m echanical processing appears to be necessary to

eliminate the microvoids and to homogenize the mkrostructure .

In the final task mechanical properties were determined for as-extruded , and solut ion annealed

and aged material of al l  three consolidation approaches. In the as—ext iuded condition the

W—HfH 2 —C and W— HfC materials had tensile streng th properties which were significantl y

lower than arc-cast material. Strength levels were , however , well above those for unalloy ed

tungsten at all  test temperatures. For examp le , W—HfH 2-C and W-HfC material had strength

3
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.1
values at 3000°F of 23. 5 and 31. 7 ksi, respectively, com pared to 15. 0 ksi for una l loyed —\

tungsten at the same temperature. At 3000°F, arc -cast W-0. 35HfC has a tensile strength

of 66. 7 ksl. WHfC prealloyed powder material had a tensile strength of 84. 0 ksi at the -
~~~

same tem perature. The lower strength of the W-HfH 2-C and W-HfC material was attribu ted

to the inhomogeneity of the consolidated powder and the presencu of microvoids due to -

incomplete densifi cation. Solution annealing and aging treatments were deleterious in tha t - -

the microvoids in all three powder metallurgy materials were coalesced and resulted in reduced

strength values and loss of most of the elevated temperature duct ility~
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2.0 INTRODUCTION AND BACKGROUND

W -0.35HfC alloy has been shown to exhibit exceptionall y hi gh strength up to 5000°F~
1’2~

- - as illustrated in Figure 1. This characteristic has made the alloy attractive for a number

of applications where a hi gh melting point material with high elevated temperature
• - strength is required. One such app l ication is the leading edge of an ai r vane on a

hypersonic missile (2) Fabrication of the leading edge w ill  require the production of

a straight section 24 inches or longer in length. Currentl y, the W—0. 35HfC alloy is being
produced by vacuum arc melt ing followed by direct extrusion at 4000°F. This procedure is
expensive due to the required hi gh quality of the starting electrode melting stock, the spec ial

handling required to prepare billets for extrusion , and the low yield of sound material from

the extrusion process. The arc casting process is currentl y limited to ingots 3—1 /2 inc hes

in diameter. Facilities for melting and extruding la rger diameter ingots do not exist at the

present time and are not antici pated being available in the near future. Such facilities are

hig hl y specialized and expensive to construct. Also, arc cast ingots contain solidification

defects which sign ificantl y lower the yield of sound extruded material.

A powder metallurgy approach to consolidating the W -0. 35HfC alloy is proposed as a means

of circumventing the difficulties encountered in vacuum arc casting and direct extrusion

processes. The powder processing approac h is capable of producing consolidated billets

approach ing six inches in diameter. Once consolidated to a density of >94 percent of

theoretical where interconnec ted porosity is virtuall y eliminated , the alloy can be handled in
H air without fear of contamination by adsorption of oxygen and moisture from the atmosphere.

The inherentl y fine grain mi~rostructure of consolidated powder compacts permits use of a

wide variety of working processes such as hot forg ing and/or rolling to fabricate components.

The powder metallurg y W-0.35HfC tensile property data shown in Fi gure 1 were generated
(1 ,2)

on a previous program . The material evaluated was produced by blending tungsten

5
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powder (0.6 to 6 micron particle size) with HfC powder (—325 mesh) and consolidated

by extrusion at 3200°F in a mol ybdenum cannister. The material prepared in this manner

displayed tensile properties whic h were significantl y lower tha n those of arc—cast materia l

over the entire temperature range. The purpose of this program is to investi gate the feasibility

of producing W-0.35HfC alloy with mechanical properties equivalent to arc -cast material.

The first W-HfC powder metallurg y alloys were prepared by Friedman and Dickinso n of

GTE~
3
~. Four hundred gram billets were prepared by blending and pressing tungsten powder,

hafnium hydride , and carbon. The billets were vacuum. sinte red at 4300°F to remove the

hydrogen , alloy the tungsten and hafnium , and to densif y the billet. The bille ts were forged
- - and rolled at elevated temperatures. The processing resulted in heavily worked sheet of

0. 040 inch thickness with excellent elevated temperature strength. Work at NASA —Lewis

Research Center investigated the W—HFC system using a vacuum arc -cast approach to ingot

consolidation. One result of the work at NASA—Lewis Research Center was the narrowing

of the optimal composition range to 0. 3 to 0.4 percent HfC~
4

~. Attempts to produce ingots

within a given compositional range revealed the significance of the problem of oxygen varia-

bili ty in tungsten powder~
5
~, and its affect on final alloy composition. The melting tech—

ni que developed by Westinghouse Advanced Energy Systems Division circumven ted the oxygen

problem and resulted in good compositiona l control in over 50 melts~
6
~.

The key to producing W-0. 35HfC alloy by powder metallurgy also involves the contro l of -

H oxygen. Tungsten powder oxidizes at room temperature by forming a surface laye r of W03
2H2O~~ . The rate at which the oxide layer forms is dependent on the relative humidi ty of

the air. The tota l oxygen content in a given quantity of powder is directl y proportional to

the surface area and hence particle size. Oxygen level can be controlled by proper selection

of particle size, deoxidation by heating in a hydrogen environment , storage under vacuum or -

inert gas, and by blending of deoxidized powders under inert gas. The oxygen level of the

tungsten powder must be reduced to a low level , preferably below 100 ppm , prior to blending
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with the HfC. Each ppm of oxygen can react with 4 ppm of HfC and thus reduces significantly 
-I 

the quantity of available HFC. The HfC powder must also be vacuum degassed to reduce • - 
-

absorbed oxygen prior to blending. Removing the oxygen from billets pressed from blended
non~~eox d zed powders by passing hydrogen through the low density billets at e levated
temperature does not appear to be thermodynamicall y feasible. The large disparity in free -~~

energy of formation between HfC and HFO2 (—50 K cal/g mol for HFC vs. -213 K cal/g mol
for HfO2 at 2000°F) favors the formation of Hf02. Thermodynomk calculations indicate -

~~

that the introduction of methane or carbon dioxide into the hydrogen gas to contro l the -

carbon activity is not effec tive in preventing oxidation of the HfC until the temperature
approaches 3000°F~~ As a result , it appears that the most prudent approac h to producing the - -

W—0. 35HfC alloy from powder is to deoxidize the powders before blending and processing -

under inert gas unti l > 95% of theoretical density is achieved. Then by means of thermal— — 1

mechanical processing attempt to produce a homogeneous product which has mechanical -

properties equivalen t to those of arc melted material. -

L

-~~~
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3. 0 EXPERIMENTAL PROGRAM
• 

-

- 

3. 1 PRO GRAM PLAN

- - .. The objective of this study was to demonstrate the feasibility of producing W-0. 35 HfC

alloy via powder metallurg y with mechanical properties equivalent to arc cast and extruded

• material. To accomplish this objective , three powder consolidation techniques were inves-

tigated in parallel following the program outline shown in Figure 2 . PrIor to the initiation

of the billet consolidation , a preliminary investigation was conducted to develop suitable

deoxidizing procedures for treating and handling the starting powders.

Deoxidation treatment investigation was conducted using a Cahn-e lectrobalance which is

sensitive to weight changes on the order of 2 x 1 0~~ grams. Studies were conducted in both

a flowing hydrogen and helium and dynamic vacuum environment. Samples of tungsten powder

were exposed at various temperatures (400, 800, 1200, and 1600°F) in flowing hydrogen.

Weight loss was measured and recorded as a fu nction of time. From the data , an optimum

deoxidizing schedule was developed , and a quantity of start ing tungsten powder was treated.

The same procedure was repeated for HfC, onl y the deoxidation process was carried out

under a dynamic vac uum.

Three m thoJs of ~ntroducing the HfC into the tungsten matrix were evaluated In the modified

Friedman —Dickins on process*(see Figure 2), tungsten powder, hafnium hydride, and carbon

powder were blended and encapsulated in a mild steel can fitted with an exhaust vent

and valve. This operation including the welding of the mild steel can was conducted in a
high purity helium atmosphere dry box. The inert gas atmosphere contained less than 5 ppm

tota l active impurities. The sea led cans were removed to a furnace and heated to 1600°F to

decompose the HfH 2. A vacuum pump was used to expedite hydrogen removal. After the

hydrogen was removed, the cans were sealed by pinching and welding of the vent tube.

* The process used in this work di ffe rs from the Fr iedman—Dickinson approach in that the
tungsten powders used were deoxidized and the sinter ing step was omitted .

9
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Determine Deoxidation Treatment and
Handling Procedure for Starting Powder -

1 Ti
A. Modifi ed Friedman— B. W—HfC Powder C. WHfC Prealloyed

Dickinson Process Process Powder Process
(W-Hf-C) 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

W, Hill2, and Carbon Powder W and HfC Powder WHfC Prea I loyed Powder
4 Billets (2—3/4 ’ x 5 “ Ig.) 4 Billets (2—3/4” x 5 “ I g.) 4 Billets (2—3/4” x 5” lg.)

Remove~~~~- Sea l~ 

_ te
L__Jf~~

Extrude at 6. 5:1 Reduction 1
at 2200 to 2400°F to Round_Bo~j  

-

Pickle to Remove Steel Can
Samp l e for Chemical Anal ysis

Determine R , Solution , -

and Aging femperature

Conduct Mechanical Property Study of Rx ,
Sol Annealed , and Sal Annealed Aged Material

Conduc t Selected Metollogra phic Ana lysis of
Tested Material — SEM, TEM, Identification of Preci pita~~ j

FIgure 2 . Program Outlire tor Producing W-0. 35HfC Util izing 
.- 

-

Powder Metallurg y Processing

Ti
10

~~~~~~—~~~~~~~ - -— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~ -- —- --~~~ --- - ——~~~~~~~ -•~~~~~~~ -~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ ~~•—~~~~~~~~~~~ --~~-~~ —-~~~~~~~~~ •~~



Westinghouse

‘-A

In the W—HfC powder process, deoxidized tungsten and HfC powder were blended under inert

gas, canned in mild steel , evacuated , and sealed.

For the WHfC prealloyed powder process, approximately 125 pounds of W-0. 35HIC alloy pro-

duced by arc casting was converted to powder using Meta l lurg ical International’s Coldstream

process. The powder was screened to various particle fractions. A screening partic le size

fraction was selected, loaded into a mild steel can , and deoxidized by passing hydrogen
- - 

through the powder while at 1200°F.

The canned powder of each type of material was processed following the schedule outlined

in Figure 2. Ext rusion of the billets was accomplished using the facilities of the Air Force

Materials Laboratory located at the Wright—Patterso n Air Force Base. The extrusion temper-

ature ~~s 2300°F, and the reduction ratio was 6. 5:1. The stee l cladding was chemicall y

removed from eac h extrusion. Representative samples were ta ken from the extrusions for

chemical anal ysis, metallographic , and heat treatment evaluation.

A heat treatment study was conducted to establish the recrystallization temperatures and the
- - solution annealing temperatures for the extrud ed product. Heat treated samp les were examined

using botl- opt ical and electron microscopy to characterize the r- i icrostructure and the ~o&-m
and d istribution of the second phase hafnium carbide prec ipitate.

Mechanical property behavior was determined for materia l in the as-extruded, recrystallized,
and solution annealed and aged condition. Selected specimens were examined using optical
and SEM metollog raphic techniques to correlate microstructure and properties.

3.2 STARTING MATERIALS

3.2. 1 Tungsten Powder

On. hundred and fi fty pounds of tungsten powder was purchased from Li Tungsten Corporation
of Glen Cove, Long Island , NY. The powder was produced from scheelite ore from Canada

11

— -•-. - •••

~

-- - - - - 
•-~ -•-- —•-—

- .—~~-- -—— -— - - -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 1~~ _ 
- — - - -



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ ~~.‘ —-

Westinghouse

or GSA surplus. The ore was acid digested to y ield tungstic acid , which was then dissolved

in aqua ammonia . The ammonium tungstate solution was evaporated to crystallize ammonium

paratungstate. These crystals were decomposed thermally under a reducing atmosphere to

produce tungsten trioxide which was then hydrogen reduced to meta l powder. The particle

size distribution is as follows: 8% + 200 mesh , 85% —200 +325 mesh, and 7% -325 mesh.

Vendor ana lysis reports 99. 94% tungsten with . 02% Mo and 0. 03% oxygen or loss on reduction .

Typica l tungsten powder is shown in the SEM microgra ph 3a of Figure 3.

3.2.2 Hafnium Carb ide and Hafnium Hydride Powders

Hafnium carbide and hafnium hydride were purchased in 1/2 pound quantities. HfC is shown

in Figure 3b. ‘lafnium hydride was not illust rated due to s pyrophoL ic nature. Both corn— (
pounds were obtained as -325 mesh powder packed under inert gas. Typ ical c hemical

analysis is as f&lows:

Anal ysis (ppm)
Element HfC HfH 2

Al 25 43
B .25 <.2

Cd 1 < 1

Co 5 <5

Cr 10 < 10

Cu - 40 <40

Fe 50 <50 H

Mg 10 < 10

Mn 10 <10

Mo 10 70

N 324 42

Nb 100 <100 j
Ni 10 <10

0 1190 1910

Pb 5 <5

12 
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(a) Tungsten Powder — J OOX (b) Hafnium Carbide (HfC) Powder - 500X

~~~~~ 

. - 
• 

~~

.

..-

(c) Gra phite Powder — 500X (d) WHfC Prealloyed Powder - 50X

Figure 3. SEM Microgra phs of Starting Materials
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Anal ysis (ppm ) ‘

Element HfC HfH , - .  
~ -

Si — <40

Sn 10 < 10

Ta - < 200

Ti 850 28 - -

<

~

Zr 3. 50% 3. 7%

H - 1.2%

C 6. 21% -

3.2.3 
- 
Carbon

J I
Carbon was obtained as -.325 mesh graphite powder , 99. 5% pure fro m Ventron—A lfa Products,
Beverl y, t~ -~, and is shown in Figure 3c.

3.2. 4 W—0. 35HfC

W-0. 35HfC prealloyed powder was produced from arc -cast material. Approximatel y 135

pounds of ingot and defective extrusions were crushed to 1/2 inch chunks. The chunk

material was sent to Metallurgical International for conversion to powder utilizing the

Coldstream Process. The W-0. 35HfC powder was sorted according to partic le size. The

distribution of material according to particle size was as follows :

+20 mesh 18. 5 pounds
—20 -Fó0 mesh 19. 1
-60 +200 mesh 37. 2
-200 +325 mesh 24. 3
—325 mesh 33. 4

Total 132.5 pounds
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The -60 +325 mesh segment was used in the powder consolidation portion of the program.
Alloy powder from the —200 +325 mesh segment is shown in Fi gure 3d.

3.3 DEOXIDAT ION AND DEGASIFICATION TREATMENTS OF POWDER S

An investigation was conducted to determine the minimum temperature necessary to degas

tungsten , hafn ium carbide , and gra phite powders. Results of this investigation were used

to establish the processing procedure for the powder consolidation step. Small samp les oF

each powder materia l were individuall y heated in flowing hydrogen , helium or under

vacuum cond itions in a the rma l gra vametric system, shown schematicall y in Fi gure 4. A

photograph of the system is shown in Fi gure 5. Samp le weight was continuousl y monitore d by

means of a Cohn electro—ba lance , sensitive to weight changes on the orde r of 2 x io—6 grams,
Powder samp les were placed on a mol ybdenum tray, lowered into the cente r of a vertical

ceramic combustion tube. The system was sealed and a purg ing flow of helium was initiated.

After sufficient time , usuall y over night , to disp lace air fro m the system and to stabilize the

weigh ing mechanism. Hel ium flow was rep laced when require d by a calibrated flow of

hydrogen at a rate of 100 m I/mm . The helium gas used was Ma theson grade hi gh purity ,

99. 995% with a combined oxygen and wa ter leve l of less tha n 10 ppm. The wa ter leve l in

the “extra-dry ” grade of h ydrogen used was less than 10 ppm. The samp les were heated

rapidly to the test temperature. A thermocouple located adjacent to the weight tray

monitored specimen temperature . Samp le wei ght and temperature were continuous ly monito red

as a function of time. Results of the powder degassing investi gation are g ive n in Table 1 and

are reviewed in the following discussions.

3.3, 1 Tungste n Powder

Five deoxidation runs were conducted on the tungsten powder. Individual samp les were run

at 400, 800, 1200, and 1600°F. The fi fth sample was exposed at each temperature starting

at 400°F. After weight loss stabilized, the temperature was increased to the next hig her

level. The percentage of weight loss at each temperature is g iven in Table 1 and shown in

Figure 6. In all five cases the weight loss at 400°F was consistent. Weig ht losses at 800°F,

when time for equilibration was permitted, were al so consistent . At hi gher tem peratures,

15
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-

FEEL ) THROUG H

GAS OUTLET B UBBL ER }
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-

MULL lIE REACTION TUBE

“O’ RIN G SEALS - 

— 
ZONE 12000 C F~~~NACE I

GAS IN LET

Figure 4. Schematic of Thermal—Gra vimetric System Used cot Powder Degasificotion -
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Fi gure 6. Wei ght Loss of Tungste n , HfC , and W—HfC Alloy
Powder as a Function of Temperature
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1200 and 1600°F, losses were on the order of 0. 053 percent or 530 ppm. The weight losses

are realistic compared to published values for tungsten powder as a function of particle

size~
9
~. In heating to 1600°F, 85 percent of the weight loss Is achieved at 800°F and

92 percent is achieved at 1200°F. Based on the results of weight loss experiments, exposure to

fl owing hydrogen in the temperature range 1000 to 1200°F appears to be suffic ient to remove

adsorbed gases from the surface of thh lot of tungsten powder to below 50 ppm.

3.3.2 Hafnium Carbide

Five 20 gram samples of hafnium ccrbide were thermally exposed in flowing hydrogen , he l ium ,

and under va. j ury, conditions. The initial thermal—gravametric run (No. óin F gurt. 6 and Table 1)

was conduc ted in flowing hydrogen which produced anomolous weight change behavio r. The

sample after significant weight losses at 400 and 800°F, gained weight ra pidl y on heating above - I
900°F. The test run was halted at that point . It was apparent that a reaction involving the hydrogen

cover gas and the hafnium carbide , wh ich caused a weight ga in , was tatdng place at tem-
peratures above 800°F. Run 7 was conduc ted using hi gh purity helium as the purg ing gas.
In this case, th e sample lost weight at 400°F and 800°F. However , short l y after reaching
800°F within five minutes at temperature, the sample bega n to gain weight at a ra pid rate.
Within three hours al l  the weight lost on going from 400 to 800°F was regained . At th is

point the run was terminated. It was conclud ed on the basis of the results of the hydrogen
and helium runs that the purity of the cover gases was not suffic ient to prevent interaction
w ith the hafnium carbide at temperatures of 800°F arid above. A system pressure check
revea led the possibility of a leak at the viton “0” r ing seals at the ends of the mull ite
combustion tube. A vyco r combustion tube with copper compression gasket seals at each end

was substituted for the mull i te  combustion tube. The entire system now consisted of ul t ra—

high vacuum copper compression gasket seals and was checked for leak tightness. Run 8 was

conducted using the lea k tight system. Weight loss at 400 and 800°F were significantl y l ower

than the previous runs. The weight change behavior noted on previous runs, however,

20
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. . 0r.peoted and sample weight began increasing as the sample was held at 800 F. At this
- - 

point it was conc Itided that the purity of the hydrogen was not adequate to prevent reaction

with the hafnIum carbide at temperatures of 800°F and above. A fina l attempt to degas the

hafnium .arbide (No. 9) with hydrogen was conducted using ultra -h igh purity hydrogen producec

by an Eng leha rt hydrogen purifier . This system has a heated pallad ium-silver diffusion mem-

brane which exhibits selective permeability to hydrogen gas and is impervious ~o all others.

Hydrogen is produced with impurities below detection limits as claimed by the manufacturer .

Run 9 was conducted using hydrogen with a measured moisture level in the inlet gas below

1 ppm. Weight at 400°F was comparable to the previous run results (No. 8). At 800°F the

weight loss was initiall y lower. However, the sample began to gain weight as in prior runs.

The test was continued , and the samp le temperature was increased to 1200°F. At 1200°F
the sample ceased gaining weight;and as temperature was inc reased to 1600°F, the samp le

began to lose weight. This behavior , in itia l weight gain with temperature in the range 800

to 1200°F fo llowed by weight loss at temperatures above 1400°F was interpreted as a possible

hydriding reac t ion. Elementa l hafnium present in the hafnium carbide is most like ly respon—

- 

- 

sible for the interaction with hydrogen. It was concl uded that the presence of the hydride

in the sample made degassing with hydrogen impractical , since accurate weight losses could

not be readil y determined . The presence of hydride in the hafnium carbide was undesirable
as a hi gh temperature vacuum degass ng run would be required to remove the hydrogen.
A final degassing run was cond ucted (No. 10) under vacuum conditions. A turbo —mo lecular

pump capable of reducing the pressure in the system to 4 x 10~~ torr or less was used. Weight

loss at 400°F was comparable ~o the two previous runs (8 and 9) in hydrogen. The sample

continued to lose weight with increasing temperature. No reversa l of weight loss behavior
— was noted in the temperature range 800 to 1200°F. This behavior tends to confirm the

- 
j 

hydr ding theory. As a result of this series of degassing runs, it was concluded that vacuum

degassing of hafnium carbide was the most effective method for removing adso rbed gases from
the surface of the fine powder.
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3.3.3 Carbon

Graphite powder was also exposed to hydrogen and helium purge gas to determine deoxidation

choracteristics (Runs ll and 12 in Figure 6 and Table 1). An Impervious ceramic crucible was

substituted for the molybdenum tray. In flowing hydrogen, the carbon powder exhibited weight
- losses at 400, 800, and 1200°F of 1740, 3530, and 41 80 ppm, respectively. Above 1200°F, It

became apparent that the carbon and hydrogen were reacting with a significant loss in weight of

the sample. A switch to helium resulted in similar losses in weight at 400, 800, and 1200°F;

however, no catastrophic behavior was noted at 1600°F. Since the weight loss continued at a

fairl y constant ra te with increasing temperature , some of the weight loss can be attributed

to reaction of carbon with residua l oxygen and water vapor in the helium purge gas.

Vacuum degassing of carbon wou ld most likel y be more effective at lower temperatures.

3.3.4 WHfC Preal Ioyed Powder

A sample of WHfC prea l loyed powder was thermally exposed in fl owing hydrogen at the four

temperatures of interest. The weight loss at 400°F was comparable to that for unalloyed

tungsten powder, however, at 800 and 1200°F the weight losses were somewhat less. At

1600°F, the weight loss behavior of the WHfC prealloyed powder was erratic. When the sample

tempera ture was increased fram 1200 to 1600°F, the sample weight began to drop at a con-

stant rate over the next 18 hours. This behavior was in contrast to prior experience where

~qui libration time decreased as exposure temperature increased , as would be expected.

- 

- 
The continued weight loss at 1600°F may indicate a second reaction such as the loss of

carbon from the specimen. The experimen ta l resu l ts indicate that a safe deoxidation tern -

peratu re for the WHfC prealloyed powder is most likel y at 1200°F.

3.4 POWDER CONSOLIDATION

The purpose of the consolidation process was to produce sufficient densified materia l of each

powder alloy approach for evaluation. In each case, four cannisters of powder alloy were

22
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prepared for consolidation by extrusion. The procedures used are briefl y outlined in Figure 7

and described in more detail in the following discussions.

3.4. 1 Mod i fied Friedm an—Dickinson Process (W—HfH 2-C) (Process A)

In this process, ciegassed tungsten powder was blended with hafnium hydride and gra ph ite

powder and charged into mild steel cannisters equi pped with a valved vent tube to facilitate

dehydriding.

The tungsten powder was degossed by first screening to obtain the +325 —200 mesh partkle

size segment. Hydrogen reduction of this segment was accompl ished in a retort illustrated in

Figure 8. Forty—f i ve pounds of powder was loaded into the retort which consisted bas icall y of

a 4 inch diameter stainless steel tube approximatel y 14 inches tong. The bottom end contained

an internal hydrogen diffusor made from pressed and sintered iron flake. The diffusor provided

support to the tungsten powder charge whi le  distributing the hydrogen uni forml y throug h the

charge similar to a fluidized bed reactor. The top or exit end of the retort contained a 1 inch

diameter exit tube equipped with a Swagelok fitting. The exit end of the fitting was reduced

to a 3~t inch diameter tube with a 500 mesh screen welded over the exit to prevent powder

carryover during the degassing process. Both the inlet and outlet tubing contained a stainless

steel bellows valve with metal—to--meta l sealing seats. After charg ing, the Swagelok fitting

was put in p luce and fl ghtened . The retort was leak chec ked on a hel ium leak detector. The

charged retort was placed in a vertical tube furnace of the degassing appa ratus as shown in

Figure 9. The actua l appa ratus is pictured in Figure 10. Thermocouples were attached to the

top, center , and bottom of the retort t~~ monitor temperatures. An Engeihord hydrogen purifier

was used to reduce the moisture content of the supp l y hydrogen to less than I ppm (dew point

<— 105°F). This was accomplished through the use of a heated pal ladium-silver alloy membrane

whic h exhibits selective permeability to hydrogen gas. Hydrogen gas wil l  diffuse throug h the

palladium-silver alloy while other gases are exc l uded. The device has a rated output of

20 SCFH ultra-high purity hydrogen at pressures up to 20 psi. The retort was plumbed into
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Process A Process B Process C*

Degas 45 lbs. Tungsten Powder Degas 45 lbs. Tung sten Powder Load Double Vented Mild
Degas Carbon Powder Degas HfC Powder Steel Cannisters with

WHfC Alloy Powder U

I 1
Blend W, HfH 2, and C Powder Blend W & HfC Powder Under We ld on End Caps
Under Impurit y Controlled Impurity Controlled Inert Gas
Inert Gas

. j  . .  . .Load into Mild Steel Load into Mild Steel Place lnd iv i-~uaI Cannu sters
Cannisters; Weld End Caps Cannisters; Weld End Caps Into Ver ti clt~ Furnace; Pass
In Place; Close Vent Tube In Place; Close Vent Tube H2 Throug h Can Until H20
Valve Valve in Outlet H2 Approaches

Inlet Concentration

I
Heat Cannisters to 1600°F Remove from Dry Box Evacuate; Pinch off ; and
Under Dynamic Vacuum to Seal Weld Vent Tubes
Remove H2

Pinch off and Weld Seal Evacuate to 5 x 10~~ forr [~ Ho~ Press
Vent Tube I at 2300°F

I- T 1 ~~1
I Hot Press - Hot Press 

I - -[ at 2300°F at 2300°F o
_________ E xtrud e at 6. 5:1 at 2300 F - -

Extrud e at 6.5:1 at 2300° F Pinch off Vent Tube and to Roun d Bar Stock

to Round Bar Stock Weld Seal . .* Process modified due to - -

difficult y encountered in
Extrude at 6.5:1 at 2300°F extruding preolloyed powder.
to Round Bar Stock Supplementa l materia l

processed as per Section
3.4.5.

Figure 7. Processing Schedules for Consol idating W-0. 35% HfC By
Powder Metallurgy Techni ques
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Figure 8. Tungsten Powder Retort
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the outlet uf the h ydrogen purifier with copper tubing. A Hastings flowmetei monitored

hydrogen flow to the retort. A Panametric Hygrometer was used to monitor the moisture leve l

of the retor t inlet and outlet hydrogen. Pressure gauges in the inlet and outlet gas lines were

used to monitor pressure drop through the retort. Once the retort was in place, the system

was pressurized and leak checked. The system was then evacua ted, and hydrogen flow was

initiated at a rate of 5 lite rs SIP per minute. The retort was heated at a slow rate to 1200°F.

Approximate ly eight hours were required to reach final temperature. The moisture level of

both the inlet and outlet hydrogen were recorded along with the retort temperature. Moisture

in the hydrogen inlet was less than 1 ppm while the moisture level in the outlet hydrogen 
c

reached values in excess of 1000 ppm at times. After 24 hours at temperature , the moisture

level in the outlet hydrogen dropped to an essentiall y constant value of 8 ppm. At this

point the furnace power was shut off , hydrogen flow was stopped , the retort was put under

vacuum, and insulation around the retort was removed to facilitate rapid cooldown. On

reaching ambient temperature, valves in the inlet and outlet lines were closed , and the retort

was removed a rid stored under vac uum.

The recomm ended composition range for the WHfC alloy is W-0. 3 to 0. 4 mol %“HfC~
4
~. For

this program, the upper limit W—0. 4 mol % HfC or W-0. 42 wt. % HfC was used as the target

composition. The 45 pounds of tungsten required the follow ing alloy additions:

HfC 45 lbs. x 454 g/lb x .O0~2 
= 86. 17 grams

Hf + C—~ HfC 

.

178.49 12 190. 49

Hf required = I ~~~~~ . 49 x 86. 17 80.74 grams

Carbon 12 x 86. 17 5.43 grams

L.

I
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Graphite powder was vacuum degassed in a stainless steel container fabricated from 1 inch
nominal OD tubing 10 inches long. One end was seal welded w~th an end c losure. The

- 
- 

other end was sealed with a Swagelok fitting which adapted down to accommodate 3/~ inch
diameter tubing . The required quantity of graphite powder was placed into the tube which
was sealed and leak checked. The 3/~ inch d iameter vent tube was plumbed into a turbo —
molecular vacuum pump with an ultimate pressure capcibi lity of 1 x 10 torr. The stainless
stee l capsule was equipped with a thermocouple then inserted into a verticle tube furnace
for the therma l degassing operation. Temperature was graduall y increased in order to maintain
the system pressure at 5 x 10~~ torr or lower. On reaching 900°F, the capsule was held at
temperature unti l the ultimate pressure bottomed out in the low 10~~ torr range.

A check run was conducted to verif y the carbon degassing process just described. A charge

- - 
of 5.43 grams of graphite , required to give the target a lloy composi’ion , was loaded into the
stainless steel capsule and thermally vacuum degassed. After comp letion of the therma l
exposure, the copper tubing was pinched off with a specia l tool which also seals the tube.
The ca psule was opened , the graphite powder was removed, and weighed. The 0. 02 gram
weight loss approximated the predicted value based on the therm o l— grav imetric stud y. The
sta inless steel capsule was recharg ed and the degass ng process was repeated. The evacuated
and sea l ed carbon degassing capsule was stored in the vacuum purge glove box to await the
powder blending step.

In the Friedman—Dickinson approach, hafnium is added to the powder blend as a hydride and
is dissociated in a sintering process prior to thermal—mechanical working. In this program,
hafnium hydride was procured as < 325 mesh powder poc ked under argon. The fine hafnium
hydride powder is pyrophoric and therefore was not exposed to the a tmosphere. The sealed
hafnium hydride container was placed directl y into the vacuum purged g love box where the
required amount for the powder blend ing step was weighed out under a protective helium
environment. The amount of hafnium required for the 45 pound tungsten powder charge was

29
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determ ined as follows:

Hf + H2 
_-_~~~--— HfH 2

178. 49 2 180. 49

Hfas HfH2 ~-~-4 x 80. 74 81.64 grams.

The powder blending step was carried out in a vacuum purged glove box. The glove box

was modified to accommodate powder blending under controlled inert gas conditions (high

purity helium). The box was equipped with a diffusion pump evacuation system which was

capable of reduc ing the ultimate pressure in the clean empty box into the high JO ~~ torr range.

A Vee blender with a volume capacity to handle 45 pounds of tungsten powder was modified

H for vacuum operation. The gear boxes were cleaned and refilled with vacuum grease. Out—

lets for two 250 watt heat lamps were installed. A water cooled electric welding “torc h”

was also installed. The interior of the glove box is shown in Figure 11 .

An externa l helium purification ioop wa~ also provided to maintain the purity of the cover

gas at a high level during the blending and cannister loading operations. The purification

loop consisted of a gas pump, flow meter, t itanium sponge furnace, and a Panametrics

moisture probe. A schematic diagram showing component layout is shown in Figure 12. All

the components were joined with stainless steel tubing. A supp l y of Matbeson grade helium ,

99. 9999% He, was plumbed to the g love box throug h a sta inless steel tube. A Westinghouse

oxygen meter was used to monitor the oxygen level of the helium in the g love box. A

Panatnetrics moisture probe was located at the top of the glove box to monitor the glove

box environment under vacuum and helium backfilled conditions.

The g love box was loaded with the retorts containing tungsten and graphite powders, the con —

tam er of hafnium hydride, a balance scale , tungsten welding electrodes, four mild stee l canniste rs 
I

with one end welded in place , four end caps with va l ved vent tubes , and miscellaneous tools.

- l
-3
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The box was evacuated to an ultimate pressure of 4 x l0~~ torr and the interna l heat lamps
- - were turned on to bake the moisture off the surfaces inside the g love box. This condition

was maintained overnight for approxbnate ly 14 hours. The pressure in the box increased to
2 x 10 ’4 torr. After the heat lamps were turned off , pressure reduced to 8 x 10~~ to4T as the
system temperature returned to ambient . The lines to the external helium purificaflon system

- - were opened and power to the titanium sponge furnace was turned on. The recircul ating tubes
to the purificati on system were heated while under dynamic vacuum. The g love box was then -

backfi lled with ultra -h igh purity helium to approximately I atmosphere. When the titanium
sponge furnace reached 1400°F, the rec irculating pump was started, and a flow rate of 10
liters per minute was initiated. The moisture content of the return helium to the g love box
and the glove box moisture level were continuously recorded. Oxygen leve l of the g love box
helium was measu red intermittentl y. The initial moisture and oxygen level at the start of the
operation in the g love box was less than I ppm for each impurity.

The tungsten powder retort was opened and the tungsten powder was transferred to the Vee
blender. The preweighed graphite powder was removed from the sea led capsule and trans-
ferred to the Vee blender. The hafnium hydride container was opened and the hafnium
hydride charge was weighed out on the balance scale within the glove box. The hafnium
hydride was added to the Vee blender. The blender was c losed and run for two hours. The
blend ed powder was loaded into the four mild steel cannisters, and the end caps with the

- - valved vent tube were welded into place. Each cannister contained approximatel y 11 pounds
of blended powder at a tap density of 58 to 60 peitent of theoretical. The vent va l ve on
each cannister was c losed. Oxygen and moisture leve l in the g love box remained constant
during the blending and loading operation. The impur ity leve l in the heJ ium cover gas rose
slightl y during the welding operaflon. Moisture and oxygen levels in the helium cover gas
at the completion of *— ‘eWing operation were less than 3 ppm tota l .

33
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T he W—H fH 2-C powder cannisters were removed from the g love box and helium lea k checked

to insure a sound erd cap weld. Each cannister was then individually attached to a turbo—

molecular pumping system. The cannisters were heated to 1500°F in a vertical tube furnace

to dissoc iate the hafnium hydride. The dehydriding process required six hours per cannister to

remove all the h>d rogen and reduce the pressure to 5 x 10~~ torr or less. The cannisters were

- 
- then removed from the furnace and coo l ed to ombieut while attached to the vacuum pumping

system. The vent va l ves were closed, and the vent tubes were heated, pinched, and weld-c ut

to sea l the cannisters.

3.4.2 Tungsten Powder Plus Hafnium Carbide Approach (W—H fC) (Process B)

In this approach degassed tungsten powder was blended with degassed hafnium carbide powder -

which was loaded into mild steel cannisters equi pped with a valved vent tube to facilitate

evacuation prior to extrusion. Tungsten powder , —2 00 +325 mesh , was degassed in the retort

as per the process described in detail in the previous section. A charge of 45 pounds of

tungsten powder and 86. 17 grams of hafnium carbide were processed. The hafnium carbide

was weighed with sufficient excess to achieve the target level after the degassing step. The

hafnium carbide was hea ted under dynamic vacuum to 700°F in the stainless steel capsule.

The copper vent tube was pinched off to sea l the capsule. The tungsten retort with degassed

tungsten powder and the sea l ed stainless capsule containing the degassed hafnium carbide

vere placed into the vacuum purged glove box. The powder blending, cannister loading and

cannister sealing process was carried out as described for the W—HfH 2—C process. The f i l led

cannisters were removed from the g love box, attached to a helium leak detec tor , evacuated,

and leak checked. The evacuated cannisters were sealed by heating the vent t ubes, flat-

tened by pinching the tube with a special tool , and weld cut to form a permanent seal.

3.4.3 WHfC Prea l loyed Powder Process (Process C)

Tungsten alloy powder produced from arc-cast materia l by the Coldstream Process was loaded

into mild steel cannisters. The charg e consisted of the -60 +325 mesh segment of the alloy
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powder. The mild steel cannisters had double ended vent tubes as illusfrated in Figure 13.

A 500 mesh stainless steel screen was fixed over the vent tube openings to prevent loss of

powder during handli ng and degassing. The tungsten alloy powder was clegassed in the

apparatus shown in Figure 9 using purified hydrogen . Individual cannisters, Figure 14, were

placed into the vertical tube furnace and heated to 1200°F as indicated by the degassing

study conducted previousl y. Hydrogen with a moisture content of less than 0.8 ppm was
fed throug h the cannisters at a rate of 5 liters per minute. The cannisters were heated grad—

H uall y while the moisture content of the exit hydrogen was continuousl y monitored . The heating

H rate was controlled in order to maintain the moisture leve l of the exit hydrogen below 100 ppm.

The 100 ppm moisture leve l in the exit hydrogen was arbitraril y selected to minimize the

possibl e reaction of the HfC in the alloy powder with moisture in the hydrogen. Approximately

12 hours was required to degas each cannister containing 11 pounds of powder at a tap density

of 58 percent of theoretical. On reaching 1200°F, the cannisters w&e held at temperature

unti l the moisture level in the exit hydrogen fell to 10 ppm or less. At this point , hydrogen

flow was halted , and the system was evacuated. Insulation was removed from the top and

bottom of the vertical tube furnace to hasten cooldown under dynamic vacuum. At near

ambient temperature , the isolation valves were c losed , the vent tubes were heated , pinched

closed, and weld—cut to seal. All  four cannisters were processed in the same described manner.

H 3.4.4 Extrusion

The consolidation step for all three powder approaches was by extrusion at 2300°F at a reduction

H rat io of 6.5:1. The relativel y low conso l idation temperature was selected for a number of

reasons.

• The 2300°F extrusion temperature was considered adequate for consolidation

purpose s in that full y dense material cou ld be produced.

• The 2300°F extrusion temperature permitted the use of mild steel as the cann iste~
material. Hi gher working temperatures would require the use of mol ybdenum

which is expensive and difficult  to weld. The use of mol ybdenum cann isters

35 
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would also complicate the dehyddding process of W—HfH 2—C (Process A)
material and the degassing process of the WHIC prealloyed powder material

(Process C). The molybdenum containers require protection from the atmosphere

when heated above 800°F. Mild steel is readil y weldable , easil y fabricated ,

and can be heated to high temperatures for re lative ly long times with minima l

protection against oxidation.

• Most extrusion facilities have capability for heating mild steel under protective
conditions to 2300°F. Heat ing materials such as molybdenum to higher temper-
ature requires spec ialized heating equi pment with protective atmospheric - -

conditions. Extrusion facilities with the necessary spedalized heating and

har~dling equi pment is very limited.

The extrus.on cannisters for this program were sized to fit the 700 ton extrusion press at the Air
Force Materials Labora tory at Wri ght—P atterso~i AFB. The cannisters were heated for extrusion in

a furnace heated to 2300°F. The mild steel cannisters were coa ted with a gra ph ite slurry and

placed under an individual steel cover to prevent gross oxidation of the mild steel canniste rs

H while at temperature.

Four cannisters of each alloy approach were available for the extrusion step. Two cannisters
- - 

- - of each alloy approach were directly extrud ed through the round die and the remaining two

cannisters were sublected to a hot pressing step prior to the actua l extrusion operation. The

hot pressing step consisted of extruding the cann ster into a blank die, reheating, then con—
vent ionall y extruding through a round die. Extrusion data are given in Table 2.

I
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The W’-HfH2—C (Process A) and W—Hf C (Process B) powder canniste rs were successfull y extruded.

Both the hot pressed and the unpressed material were consolidated by extrusion.

Typical extrusions are shown in Figure 15. Fi gure 1 5a shows the extrusions with the mild

steel clad in place. The ri ppled skin effect was due to the hydraulic behavior of the mild

steel at the extrusion temperature since it tended to extrude more rapidl y than the core material

as it passed through the die. Fi gure 15b shows the exIrusion with the steel c lad chemicall y

removed. All  the extrusions exhibited some degree of nose burst. The surfaces were smooth with

onl y a slig ht ri pple due to the mild steel hydraulic effect . The declad diameter was approx—

imatel y 1—1/4 inches.

A’~’-.mpts to extrude the W—H fC prealloyed powder (Process C) cannisters were unsuccessful .

Ir u t ia l l y an effort was made to extrude one hot pressed and one unpressed billet.  Both - -

billets stalled the extrusion press. The r emaining two cannisters were hot pressed to

densify the alloy powder for possible further consolidation attempts by other means. Both

can n isters, which failed to extrude , were ins pected. The mild steel c lad was chemicall y

removed from the hot pressed billet using hydrochloric acid to d sso(ve the iron. The canniste r ,

which failed to extrude directl y and for which no prior hot pressing step was conducted , was

partiall y machined to remove the stee l clad . The resulting billets ore shown in Fi gure 15b and

l ob. Both compacts, which were essentially hot pressed by the attempted extrusion at 2300°F,

are severely laminated. This working temperature for compacting the WHfC preal loyed powder

is apparently too low.

3. -1 ~ 5 Supplemental WHfC Prealloyed Powder Extrusion

In order to provide some materia l of the WHfC prealloyed powder approach for evaluation , two
— molybdenum TZM cans were prepared for Dynapak extrusion. One can was filled with powder

taken from the —60 +325 mesh size segment. The other was filled with larger particle material
from the —20 -‘60 mesh segment . The cans were 4 inches long with an OD of 1 —7/s inch

I
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(a) Extrusions A65 17 and 86518 — W HfH2 C Material
with Steel Clad in Place (Process A) 

(b) Extrusions 1-6513 and 2 6514 (W-HfC ) Materia l with Stee l Clod
Chemicall y Removed (Process B)

Fi gure 15. Typical Extrusions of W—HfH 2— C (Process A) and W—HfC (Process B)
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Figure 16. Dec lad WHfC Prea I loyed Powder Com pact Hot Pressed at 2300°1 and Partiall y
Machired Cannister Which Failed Direct Extrusion at 2300°F
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diameter. Th interna l cavity, which contained the powder , was 1.6 inc hes ID by 3-1/2

inches long. ‘ lie ~~ vder was loaded in the as-received condition , no deg~. ss ng processing

was conduc ted . The cans were fussion welded to seal and pressure checked for leak t~-jhtness.

The powder billets were heated to 3600°F in an induction heater enc losed in a cha mber with

a flow ing argon atmosphere. The billets were transferred to the Dynapak and extruded at 7:1

reduction ratio. The Dynapak is a high energy rate metal—working machine. The bille t

containing the fine WHfC alloy powder was only partially extruded. Less than 1/2 of the

powder passed throug h the die. An insufficient fire pressure was responsible for the incomplete

extrusion. The coarse powder billet, however, was successfully extruded completely through

the die and is shown in Figure 17. The figure includes the extrusion with and without the

co-extruded mol ybdenum TZM c lad and a closeup of the extrw ion surface to illustrate the high

qua l ity of the extrud ed alloy powder. Sufficient materia l ~as available to pei m it limited

metallographk evaluation and tensile tests. The evaluation of this material was included where

appropriate with the evaluation of the W-HfH2-C and W-HfC materials.

3.5 CHEMICAL ANALYSIS OF EXTRUDED MATERIAL

3,5. 1 Chemical Ana l yses

Samples suitable for chemical anal ysis were taken from the nose and tail of each extrusion.

In addition, samples for density measurements were also taken from the ta i l  section of each

extrusion. Results are given in Table 3. Materia l produced from blended tungsten, hafnium

hydride and graphite powder, desi gnated as W—H fH 2 —C (Process A)had carbon levels which ranged

from 360 to 390 ppm by weight. Hafnium levels averaged 0.33 percent by wei ght for the

eight ana lyses. Assuming stoichiometric combination of the carbon with the hafnium , an -

excess of carbon on the order of 160 to 180 ppm was present. The material produced by blending

tungsten powder and hafnium carbide, W—HfC, (Process B) also exhibited excess carbon on the

orde r of 160 ppm above stoichiomefry. Since no intentiona l addition of carbon was made to - 
-
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Figure 17. Dynapok Extrusion of WHfC Prealloyed Powder in Molybdenum Can at 3600°F
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this material , W-H fC , it was concluded that the excess carbon was present in the starting

tungsten powder. The carbon present in the starting tungsten powder was not included rt the

rah on charge cotculation. Typical vendor analysis indicated the possible presence of up to

500 ppm carbon maximum. As a result, carbon levels for both materials were in excess of

stoichiometry.

The most significant analytical results are for oxygen and nitrogen levels, The reported

values reflect the efficiency of the powder degasification process. Oxygen va l ues ra nged

from 24 to 64 ppm with an average value of 37 ppm. Nitroge n values were below the limits

of detectability in most cases with a maximum value of 39 ppm. The results for oxygen and
nitrogen are compa rable to levels produced in arc—melte d material. The control of oxygen
level in the consolidation of W—Hf—C alloy is the key to producing consistent alloy

compositions from heat—to—heat, The reported analytical results indicate that the process

used in this investigation to consolidate W—Hf—C alloy by powder metallurg ical tech-

niq ues was successful in controlling the i nterstitia l level in the fina l consolidated product, 
-

The WHfC prealloyed powder produced from arc-cast material , which failed to e,<trude , was a lso

• Kll yZed~ The hydrogen degasshig heat treatment conducted in the mild steel cannisters

did not reduce the carbon level in the alloy povder. These results indicate that the oxygen

level in the WHfC prea l loyed po~mJer can be controlled without loss of carbon. The alloy powder

handling procedure and degasification treatment were sufficient to contro l the inte rstitial leve l

of the pressed alloy powder.

3,5.2 Density Measurements

Density measurements of the extruded material were also conducted. Two methods were

used, a water di splaceme nt pycnometer and an air comparison pycnomete r . A reference

density of 19.2 g/cm3 for WHfC alloy was taken from arc-cast and extruded materia l measured

by each technique . Extrusion at 2300°F in the mi l d  steel cannisters produced material which

was less than 100 percent dense in all but one case. Extrusions designated as C-6522, D—6524,

3-6520, and 4-6521 were hot pressed prior to extrusion; the others were extruded directly.
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The pdor hot pressing appears to ha ve an effect on the consolidation of the W—HfH 2-C

material. Directly extruded material had a density of 18, 5 g/cm3 while the density of prior

hot pressed material was 18. 9 and 19, 1 g/cm3 or a diffe rence of approx~matel y 3 percent.

Density of the extruded W—HfC material (Process B)was not as consistent since both the directl y

extruded and the prior hot pressed material had hi gh and low density values. The measured extruded

va l ues appear to be inconsistent with metallographic examination of the microstructure of
extruded material. As will be shown in the following section, the microsfructure at a mag-

nification of 500X appears to be 100 percent dense.

3.6 HEAT TRE ATMENT STUDIES

Heat treatment studies were carried out on material from each powder metallu rg ical — on—

solidation technique. The objectives of the heat treatment studies were:

• Determinat ion of the recrystallization behavior of the extruded material .

• Determination of the optimum solution annealing and ag ing temperatures.

3. 6. 1 Determination of Recrystallization Behavior of Extruded Material

To determine the recrystallization behavior,sam p les of the W—HfH 2—C and W—Hf C extruded
materia l were heat treated for one hour at 3600, 3800, 4000, 4200, 4400, and 4600°F. A
limited amount of WHfC prealloyed powder material consolidated by Dynapak extrusion of
non —degassed powder at 3600°F in a mol ybdenum can was also included in the recrystallization
study. The microstructures of the “as—extruded” and heat treated W—HfH2 —C and W—HfC

materials are shown in Fi gures 18 and 19.

In the as-extruded condition , the W— H fH 2< material (Process A) disp layed a wroug ht
microstructure (Fi gure 18). At 500X some evidence of metallic hafnium produced during
the dehydriding process was v sible. The material appeared to be very nearl y 100
percent dense with no gross indications 0f voids. The mkrostructure was very
clean with little or no indications of the presence of oxides. Samples of as—extruded
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100X Extri ded + 1 Hour/4600°F — Longitudinal I000X

FIGURE 18. MICROSTRUC TURES OF EXTRUDED AND HEA T TREA TED W-HfH 2-C
MATERIAL (PROCESS A) (ETCH - MUR IKAMI’S REAGEN T)
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material were given anneals of 1 hour at 3600, 3800, 4000, 4200, 4400, and 4600°F.

The microstructure of the material annealed at 3600°F and 4600°F are shown in

Figure 18. The microstructure of the material annealed at 3600°F exhibits a complete l y

recrystallized microstructure with no significant evidence of interaction between the eleme n—

tal hafnium and the tungste n matrix , As the anneali ng temperature was inc reased , the

grain size of the tungste n matrix also increased. The microstructure s of the ma terial annealed

at 3800, 4000, 4200, and 4400°F , which are not shown , were essentiall y the same as the
- - 

material annealed at 3600°F, onl y the tungsten matrix grain size was larger for each suc-

cessive inc rease in annealing tem perature , The grain size exhibite d for each annealed con— I -

dition was typical of unalloyed powder metallurgy tungsten sheet. The material annealed at

4600°F had a grain size of 0,062mm (ASTM 5). At 500X, etch pi t-s outline the develop—

-

- 
ment of a substructure which is typica l of unalloyed tungsten. Some evidence of interaction

between the elementa l hafnium and tungsten matrix was noted for material annealed at 4600°F.

H The interaction is illustrated in the photomkrogroph taken at 1000X , Figure 18-. ,A sti i nger-

like formation of hafnium which was heated well above its melting point, 3866°F, shows
evidence of solutioning reaction with the tungsten matrix.

The W—HfC material (Process B)exhibited similar microstructures in the extruded and heat treated
conditions (Figure 19). The as-extruded W—HfC material exhibited a c lean , wroug ht mic ro —

structure with hafnium carb ide particles uniform ly distributed throughout the matrix. After

1 hour at 3600°F, the material was completely recrystallized with a grain size of 0. 0246 mm

(ASTM 8). As the annealing temperature was increased to 4600°F, the grain size also

i ncreased to 0. 047 mm (ASTM 6). Material annealed at 4600°F exhibite d little or no

evidence of inte raction between the hafnium carbide and the tungsten matrix. Hi gh mag-

nification micrographs (I000X) illustra te the disposition of hafnium carbide particles in the

tungsten matr ix after a 1 hour heat treatment at 4600°F , Fi gure 19 . The particles are located

at grain boundaries and contain voids which appear to be due to the geometry of the hafnium

carbide particle. In some cases there s evidence of coherency of the carbide particles with

the tungsten matrix ,
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Heat treatment of the WHfC prealloyed powder material (Process C) was carried out for 1 hour at

4000, 4200, 4400, and 480(? F. The mic rostruc tures shown in Figure 20 include transverse and longitu —
dinal sections of the as—extruded condition for materia l produced from coarse powder, —50 +200
mesh. In both m crographs large grains are surrounded with fine particles. Evidence of
deformation was present in the larger grains ; there were no indications of c lassical recrystal-

lization as a result of the 3600°F extrusion operation. On annealing for 1 hour at 4000°F,

a dup lex grain structure was produced with very large , apparently strain- free grains and

reg ions of significantl y smaller grains also appa rentl y strain free. The dup lex grain structure

persisted afte r heat treatments at 4200 and 4400°F. In - each case the resulting grain sizes

increa sed with increasing temperature . At 4800°F the dup lex struc ture was not as pronounced.

The grain structure was more or less uniform, Material from a second extrusion made from

WHfC prealloyed powder of a finer size, +325 —200 mesh, was also heat treated in a similar

manner , The response of the fi ne and coarse grained ma terial was the same, onl y the resul-

tant grain siz~ was smaller for the init iall y fine material as would be expected.

Hardness data for material produced by each of the powder consolidation approaches are

give n in Table 4 and Figure 21. The WHfC alloy powder material exhibite d hardness

values of 466DPH for as-extruded fine graine d material and 542 DPH for as—extruded

coa rse graine I material, The hardness of as-extruded W—HfH2-C and W-HfC material was

very simi lar, 502 and 496, respective ly. A hardness value of 528 DPH for arc—cast material

was included as a refe rence. The room temperature hardness of materia l involving elemental

tungsten powder in the consolidation process (W—HfH2-C and W—HfC) ra nged in hardness

- : from 348 to 372 DPH for a l l  of the annealing tempera tures. The WHfC prealloyed powder material

exhibite d significantl y hi gher hardness va l ues at al l  annealing temperatures. The diffe rence

in hardness behavior is due to the difference in the distribution and morphology of the alloy

constituents. In the W—HfH
2
-C and W—HfC materials, the optimum distribution of the

hafnium carbide phase throughout the tungsten matrix has not as yet been accomnlished at

this stage of processing, while the optimum distribution of hafnium carbide produced during
arc-melting has been retained in the alloy powder product.
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FIGURE 20. MICROSTRUCTURES OF EXTRUDED AND HEAT TREATED WHfC PRE-
ALLOYED POWDER MATERIAL (ETCH - MURK IAM I ’S REAGENT)
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Fi gure 20 (Conttd. ). Microstructures of Extruded and Heat Treated
WHfC Prealloyed Powder Material (Etch -
Murikami’s Reagent)
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3.6.2 Determination of the Effect of Solution Treatment and Aging on the Microsfruc ture
of Extruded Material

A second objective of the heat treatment study was the determination of an optimum solution 
-

annealing and ag i ng temperature. To carry out the heat treatment study, samples were

annealed according to the follow ing schedule:

1/4 hour at 4600°F p lus 1 hour at 2500°F

1/4 hour at 4600°F plus 1 hour at 3000°F 
- 
j

1/4 hour at 4600°F plus 1 hour at 3500°F

1/4 hour at 4800°F plus 1 hour at 2500°F -

1/4 hour at 4600°F plus 1 hour at 3000°F
1/4 hour at 4800°F plus 1 hour at 3500°F -

1/4 hour at 5000°F p lus 1 hour at 2500°F -

1/4 hour at 5000°F pIus 1 hour at 3000°F
1/4 hour at 5000°F plus 1 hour at 3500°F

TI- olution annealing temperature and aging temperature were selected on the basis of data

pub !ished by NASA~
5
~, Rubenstein , in a cursory inves tigation of the effect of heat treatment - -

on the mechanica l properties of a W-0. 48 a/o Hf—0. 5 a/o C alloy, demonstrated that tensile

strength at 3500°F could be improved over material tested in the as—swaged condition by 
-

solution annealing for 1/4 hour at temperatures above 4600°F. Further improvement in strength

was attained when the solution annea l was followed by a one hour aging treatment at 2500

and 3000°F. This study was undertaken to determine the feasi bi l ity of enhancing the mechan- - -

ical properties of powder metallurg y WHfC alloys.

— I
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The heat treatments were carried out in a diffusion pumped vacuum chamber containing a
tungsten mesh, resista nce heating element. System pressures were generally less than
1 ~ io 6 torr at ambient temperature and less than 5 x 10~~ torr at solution onnealing tern-

peratures. Samples were wrapped in tanta lum foil to minimize possible contamination duri ng
heat treatment. Afte r exposure at the solution annealing te mperature , the furnace rn per-

ature was rapidl y reduced to the ag ing temperature without cycling to ambient tern’- rature ,

Due to insufficient material , the WHfC preolloyed powder material , which was co -olidated by
Dynapa k extrusion , was not included in this study. Photomicrographs of the heat treated samples are
shown in Fi gures 22 and 23 . Microg raphs are shown for material solution annea led at a l l

three temperatures investigated and for only one aging temperature. The aging heat treatment

had little visible effect on the mkrostructure,

In Figure 22 (Process A material) the effect of the solution anneal is evident in the behavior of

the elementa l hafnium producec by the deh ydr iding process prior to consolidation. It is evident
from the m~crostructure that wh i i e  the hafnium was fairl y uni form l y distributed throug hout the
tungsten matrix , it existed as discreet islands surrounded by a re lativel y larg e volume of

una lloyed tungsten. The degree of interaction between the elementa l hafnium and the tungsten
matrix increased with increasing tem perature as would be expec ted. In many cases microv&ds

were associated with the elemental metallic hafnium islands. Two plausible exp lanations exist
for the presence of the microvoids. The incomp lete densification during the powder conso l idation

process as reflected by the density measurements is one. The other exp lanation involves the

mobili ty or diffusivity of the hafnium at the solution temperature. The large diffe rence in

di ffusivi t y of hafnium and tungsten may have produced Kirkendall void formation. In any
case numerous voids assoc iated with the hafnium rich areas were noted.

The behavior of the W—H fC mate~ial (Process B) in response to the solution annealing and ag ing

treatments is shown in Figure 23. The disposit on of the hafnium carbide particles in the tungsten

matrix was very similar to the behavior of the elementa l metallic hafnium in the W-HfH 2-C
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Figure 22. Microstructure s of Solution Treated and Aged W-HfH 2—C Materia l (Process A)
(Etch — Mur kam ’s Reagent)
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b O X  
Solution Annealed 1/4 Hour/4600°F + 1 Hour/2500°F - Longitudinal 500X

100X 500X
Solut ion Annealed 1/4 Hour/4800°F + 1 Hour/3000°F — Long itudinal

~~~~~~~~~~~~~ 
(- ~~ -

100X 500X
Solution Annealed 1/4 Hour/5000°F + 1 Hour/2500°F - Long itu dinal

Figure 23. Microstructures of Solution Annealed and Aged W—HfC Material (Process B)
(Etch — Mur kamPs Reagent)
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~~ teriaI Al thoijgh fa Tr l y uniform l y distributed throug hout the matrix , the mea n free distance

between particle isla nds was re lative l y large. Reactivity between the hafnium carbide and

the tungsten matri . was not as extensive as was the case with elemental hafn ium. Ha fnium

corbid is stable to re lative l y hi gh temperatures. Metallog raphic examination revea led the

preser~~e of microvoids associated with the hafnium carb i de particles also, The microvoids

can be seen in the hi gher magnification microg raphs as dark areas adjacent to hafnium carbide

particles. In some cases the particles appear to contain internal voids which extend to the

particle surface. These voids are obviousl y due to the morphology of the starting hafnium

carbide particles . Other voids present were most like l y-due to incomp lete densification duri ng
the consolidation process.

The purpose of the solution anneals was to facilitate solutioning of the elementa l metall ic hafniu n .

into the tungsten matrix in the W—HfH 2—C mater ial (Process A)and dissoluti on of the hafnium car—

bide particles in the W—HfC (Process B)material. The purpose of the aging treatments was to promote -~
the optimum reprecipitation of hafnium carbide particles, Since the solutioning process was

not completed for either material , the aging heat treatments were rendered ineffective.

Room temperature hardness measurements are listed in Table 5 for each material after the

solu tion anneals and ag i ng hea t treatments , The W—HfC material exhibited little change in

hardness values as a resul t of the heat treatme nts, Hardness values ranged from 352 to 364

DPH. The hardness values were comparable to those obtained for material g ive n one hour

anneals in the tem perature range 3600 to 4600°F and reported in Table 4 and illustrated in

Figure 21. The hardness values for the W— HfH 2—C materia l disp layed a sli ght but positive

increase in hardness with increasing solution annealing temperature. This hardness increase

was most likel y due to the alloy ing effect of hafnium going into solution. Arc cast and
0extruded WHfC material has a hardness of 391 DPH after one—half hour exposure at 5000 F

compared to an average ha rdness value of 366 DPH for W-HfH2-C material annealed at the

same temperature and a 354 DPH hardness for W-HfC material. These results indicate that
each powder metallurgy material requires additional thermal—mechanical processing in order

to produce a homogeneous alloy comparable to arc-melted material.
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Table 5. Room Temperature Hardness of Solution Annealed and Aced
W-HfH 2-C and W-HfC Material

- ... Room Temperature Hardness (DPH)
- 

Materia l Condition W-HfH2-C W-HfC
- (Process A) (Process B)- .  1/4 hour/4600 F + 1 hour/2500 F 359 364

- 

- 1/4 hour/4600°F + 1 hour/3000°F 360 355
- .  1/4 hour/4600°F + 1 hour/3500°F 356 364

- 1/4 hour/4800°F + 1 hour/2500° F 362 358

1/4 hour/4800°F + I hour/3000°F 366 358
1/4 hour/4800°F + 1 hour/3500°F 363 356

- - - 1/4 hour/5000°F + I hour/2500°F 362 353

- 1/4 hour/5000°F + 1 hour/3000°F 371 352

1/4 hour/5000°F + 1 hour/3500°F 364 358

Average of 5 readings
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3.7 MECHANICAL PRO PE RTY EVALUATION

The objective of the mechanical property evaluation was the determination of the tensile

properties of each material in the “as—extruded 4~ recrystallized and solution annealed and

aged condition in accordance with the follow i ng schedule:

Table 6. Mechanical Property Test Schedule

Material Condition

. Solution Treated and AgedTest As Solution One Hour atTemp. Extruded Recrystallized Annealed
(°F) - 2500°F 3000°F 3500°F

RT X X X X X X

1500 X

2000 X

2500 X X X X X X

3000 X

3500 X X X X X X

4000 X

4500 X X X X

Sections of the “as extruded” bar were cut into two inc h lengths. The two inc h long bars

were sectioned axiall y in a pie shaped cross section to provide six tensile specimen blanks

per bar. A total of 33 blanks were cut for each material (W-HIH 2-C and W-HfC). Although

onl y 26 tensile specimens were required to carry out the proposed test program, extra

specimen blanks were included to cover breakage duri ng machining and to provide dup licate

specimens where required. Nine specimen blanks were broken during machining,and five more
were broken duri ng handli ng and loadi ng into test equi pment.
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A limited amount of the WHfC prealloyed powder material produced by Dynapak extrusion was

available. Consequen tl y onl y six tensile specimens of this material were produced.

3.7. 1 Tensi le Specimen Geometry

Tensile specimens having a 1. 125 inc h long gauge section 0. 115 inch in diameter were
machined from the specimen blanks. The ends were button type 0. 290 inch in diameter
with a 0.125 inch radius to the point of tangency on the gauge section. Required heat

treatments were carried out on machined specimens using the procedures and equipment

described in the Heat Treatment Studies section.

3.7.2 Test Equipment

Tensile testing was carried out in a 10,000 pound loa d capacity Instron test unit equipped

with a Brew model 1064 vacuum test chamber. The test chamber was evacuated by mean~
of a mechanical pump backed 5 inch CVC oil diffusion pump equi pped with a freon

refr igerated cold trap. The system had an ultimate pressure capabil i ty of less than 1 x 10 6

torr at ambient and 5 x 10~~ torr at maximum test temperature of 5000°F. The test specimens

were heated by means of a tungsten mesh resistance hea ter element four i nches long by

two inches in d amete r, A radiation shield pack consisting of two tungsten foi l inner shields

and three outer shields of tantalum foil was used to attain operating temperatures up to

5000°F.

3.7,3 Tensile Test Results

3.7.3.1 Material Tested in the As Extruded Condition

Tensile test results for as-extruded W-HfH2-C, W-HfC, and WHfC pceatloyed powder materials

- 
:- are given in Tables 7, 8, and 9, respectively. The ultimate strength values are plotted in Figu,e

24 along with reference data from other sources. The W—HfH2—C (Process A)and W-HfC (Proc ~s B)

-: exhibited elevated temperature tensile properties which were comparable to powder metallurgy

W—HfC consolidated by extrusion in a molybdenum can at 36O0°F~
2
~. While all three consolidation
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Table 7, Tensile Properties of W—HfH 2—C Ma terial
(Process A)

____-- 

Test Ultimate Yield Reduction
Condition Temperature Strength Strength Elong. in Area

________________________ 
(°F) (KSI) (KSI) (%) (%)

As Extruded RT 70.2 --- --- ---

1500 84.7 82.4 8.5 46.4
2000 74. 8 70.3 14.2 55.3
2500 39. 1 28. 9 40. 1
3000 23. 5 14.5 38.0 65.0
3500 15. 4 9,5 26. 9 35.2
4000 9.3 5.4 42. 4 32~3

—- _________________ 

4500 6.3 4.6 20.6 
-
~~~~~ 330 5

4A nea led 1/4 Hr/4800°F RT 33.4 --- --- ---
2500 51.7 2 4 6  --- ---
3500 25.6 15. 8 6.5 14. 4

Annealed 1/4 Hr/4800°F RT 32.8 --- ---
+ I Hr/2500°F 2500 49.9 24.2 14,2

3500 6.9 5.2 30.0 30.8
Annealed 1/4 Hr/4800°F RT 29. 8 --- --- ---

I- 1 Hr/3000°F 2500 4 1,7 15. 8 18. 4 56.6
3500 23.7 15. 3 5.8 20.4
4500 --- --- --- ---

Annealed 1/4 Hr/4800°F RI 32.8 --— --- --- .— -

-i- i Hr/3500°F 2500 - 42 ,0 23. 9 29.2 71 .2 
—

3500 17.6 11.7 7.1 13. 5
4500 6.4 5.4 9.3 10. 9

Strain Rate 0.05/mm . -s
I i -

I
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Table 8. Tensile Properties of W-HfC Material (Process B)

Test Ultimate Yield Reduction
Condition Temperature Strength Stre ngth E long. In Area

( F) (KSI) (KSI) (%) (%)

- - As Extruded RT 57.8 - -- ---
1500 80, 0 77. 8 6.8 39, 1
2000 76,4 74 .7 12.0 59. 1
2500 37. 2 22 .3 42. 3 76. 8
3000 31.7 16.6 49.5 98. 0
3500 13,0 - 9.4 12.9 15.2
4000 7,8 6.8 9.0

___________________ 4500 3.5 3.0 7, 2 8.3 
-

Annealed 1/4 Hr/4800°F RI 17. 3 --- --- --- -

2500 37.7 16. 6 14.7 39.6
3500 16.7 13..1 3.3 8,8

Annealed 1/4 Hr/4-800°F RI 22.4 ---
+1 Hr/2500°F 2500 37,7 16.6 14.7 39.6

3500 16.7 13.1 3.3 8.8
4500 5.6 4.5 8.6 12.0

Annealed 1/4 Hr/4800°F RI 
- 

44.2 --
+ 1  Hr/3000°F 2500 26. 3 14. 9

3500 16, 3-19.2 -- 14. 9 -- 3.0 -- 4.3
4500 6, 1 - 5,4 7. 9 7,7

Annealed 1/4 Hr/4800°F RI 10, 6 --- ---
+1  Hr/3500°F 2500 34,6 18, 5 8.0 27, 0

3500 15.3 10,6 4.0 5.7
4500 6.0 4.7 15. 1 14. 2

Recrystallized 1 Hr/ RI 62. 6 -—— --- ---
2500°F 2500 35.0 16. 0 45. 9 73. 3

3500 12.6 8.9 12.6 8.8 ]
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Table 9. Tensile Properties of WHfC Prealloyed Powder Material

Test Ultimate Yield Reduction
Condi tion Temj*roture Strength Strength El ong. In Area -

______________ f 

(‘F) (KSI) 
J 

(KSI) (%) (°/‘
_ _ _ _ _  _ _  - - --—---

~~~

-- ------- --— --

As Extruded 2000 94. 4 --- --- -- -
I 2500 80.0 --- --- --- -

3000 84. 0 84. 0 0.2 . 0.2
_________________  

3500 47. 8 --- ---
Annea led 1/4 Hr/4800°F 3500 24,8 --- --- --- 

-

Annea led 1/4 Hr/4800°F 3500 27,6 --- ---
+ l Hr/2500°F -

Strain Rate 0. 05/mm .

I
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approac hes produced ma terial with improved strength over unalloyed tungsten , tensi le
strength va l ues fell far short of those disp layed by arc cast material. At ambient temperature ,
which is well be low the ducti le-to—brittle transition temperature for tungsten both the
W-HfH 2-C and W-HfC materia l failed in a brittle manner prior to yielding at a strength - -

level well below reported values for wrought and recrystalflzed unalloyed tungsten. At
1500°F and above , both materic~ls in the as-extruded condition exhibited some degree of

H ductility as indicated by total elongation and reduction in area. Ducti lity values tended to
be inconsistent and exhibited large variations with test temperature. Specimens I and 3 in
Figure 25 illustrate this point. Both failed tensile specimens exhibit strain instabmty indicative

of a nonhomogeneous material. Both specimens yielded at more than one location along the
gauge prior to ultimate failure.

A limited number of tensile tests of as-extruded WHfC preal!oyed powder material were also
conducted . Tensile strength at 3000°F was somewhat hi gher than that of arc —cast material.
At 2500 and 3500°F tensile strength values were comparable to arc —cast material. At 2000°F
the tensile strength of the WHfC prealloyed powder material was lower com pared to the arc —
cast WHfC material. The upper solid curve in Fi gure 24 represents test data for arc —cast
V-’HfC material produced and tested at this laboratory under a prior program~

1
~. Data points,

representing test results produced at NASA—Lewis Research Center for W—0. 5HFC are included
fot com parison purposes~

5
~. At all temperatures the WHfC prealloyed powder material failed

pi ior to or at the y ield paint with little or no ducti l i t y.

3.7, 3.2 Material Solution Annea led Prior to Testi ng

A solution annealing temperature of 4800°F was arbitrari l y selected for investigation , since
the metallographic evaluation of heat treated samples faile d to indicate a significant
advantage for any one of the three solution annealing temperatures eva lua ted. Results of
tensi le tests conducted on solution treated and aged material are reported in Tables 7, 8, and
9 and are shown gra~thically in Fi gures 26 and 27. Tensile data for as-extruded materia l
were inclu ded in Fi gures 26 and 27 for comparison.
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Specimen No. Materia l Condition

1 W-HfC As-Extruded

2 W-HfC 1/4 Hr/4800°F

3 W-HfH 2C As-Extruded

4 W-HfC 1/4 Hr/4800°F + 1 Hr/3000°F

5 W-HfH
2
-C 1/4 Hr/4800°F

6 W-HfH
2
-C 1/4 Hr/4800°F + 1 Hr/3000°F

F gure 25. Failed Tensile Specimen of W—H fH 2-C (Process A) and
W—HfC (Proc ess B) Material Tensfle Tested at 3500°F
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70 - +AS EXTRUDED -

X SOL ANN EALED 1/4 HR ./4800°Fo SOL ANN EALED 1/4 HR./480O~F+ I HR./250O~F
A SOL ANN EALED 1/4 HR./480O~F+ 1 HR./30003F

60 - 0 SOL ANNEALED 1/4 HR./480d’F+ 1 HR ./3500°F —

+

5 0 -  - 
- i

A

~~ 4 O -  -

_ _ _ _o I I I
RT 2500 3000 3500 4000 4500

TEST TEMPERATURE ~
°F)

Figure 26. Effect of Heat Treatment on Tensile Strength of W-HfH 2-C Material
(Process A) - I
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70 - + AS EX TRUDED -

X SOL ANNEALED 1/4 HR./480O~F
0 SOL ANNEALED 1/4 HR./480O~F + 1 HR ,/250cPF
A SOL ANN EALED 1/4 HR ./4800°F + 1 HR ./3000°F

60 - 0 SOL ANN EALED 1/4 HR./480d’F + 1  HR./350~~F -

x
H -  50 o -

~~ 4 0 -

3 0 -  A -

2 0 -  -

I 10 - -

0

0 I
RI 2500 ~~~ 3500 4000 4500

TEST T EMPERATURE (°F)

Figure 27. E ffect of Heat Treatment on Tensi le Strength of W-HfC Ma teria l
(Process B)
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The ambient temperature (RT) tensi le strength of W-HfH2-C materia l decreased significantl y

as a result of the solution anneal, Strength values were significantly below those of recrystal—

lized unalloyed tungsten. The one hour ag ing treatments produced no significant change in

ambient temperature strength for solution annealed material. This is illustra ted in Figure 26.

Similar behavior was also noted for the W-HfC material at ambient test temperature . Results

for solution annealed and aged W-HfC material tested at ambient temperature were much - .

more erra ti c , however. Tungsten and tungsten alloys are notch—sensitive below the ducti le-

to-brittle temperature. The metallographic investi gation conducted as port of the heat

treatment stud y in Section 3.6 indicated the presence of microvoids in all three materials —

under investigation in this program. Dye penefrant inspection of the gauge section of all

test ~pecimens prior to testing gave indications of microporosity at the face. A photo-

graph of Iwo test specimen gauge sections with dye penetrant develope r in p lace are shown

in Fi gure 28.. All test specimens regardless of consolidation procedure contained similar

indications , but to a lesser degree. The specimens cited in the photogra ph are worst case

examples. The presence of microvoids and inhomogeneit y is believed to be respon-

sible for the erratic and reduced ambient temperature strength propert i es of the W—HfH 2-C

(Process A) and W-HfC (Proc ess B) material . The Wl-IfC prealloyed powder material was not

tested at ambient temperature due to the limited number of test specimens available.

At elevated test temperatures, 2500, 3500, and 4500°F, the solution annealed W-HfH2-C
and W—HfC material had tensile strength levels which were equivalent to or greater than

material tested in the “as extruded” condition. Ductility , however, was significantly

reduced in both materials. Elongation and reduction in area values were significantl y lower

for the fully recrystallized solution annealed material, This behavior is contrary to the

ductility behavior of unalloyed tungsten. Normall y, recrystallized unalloyed tungsten

exhibits greater elongation in the 2500 to 3500°F range compared to unalloyed tungsten in

the wrought condition, 0 °~The inhomogeneous nature of the W—HfH 2—C and W-HFC materials

which produced the microvoids associated with the elemental hafnium in the W—HfH 2—C

material and with the hafnium carbide particles in the W—H fC material was most likely
responsible for the reduction in ductil i t y.
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Fi gure 28. G uage Sections of Tensile Test Specimens Prior to Testing
with Dye Pene trant Develope r in Place
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The solution annealed WHfC prealloyed powder material was also tested at 3500°F. The -

tensile strength was drastically reduced com pared to as—extruded material. Microvoids

resulting from incomplete densification were most likely responsible for the loss in strength.

The solution annea l caused the voids to coa l esce in the grain boundaries. Inasmuch as the

prealloyed powder material which was extruded in the mol ybdenum cans was not deoxidized

prior to extrusion , it is suspected that it may have a hi gh oxygen leve l which also p lays a

role in loss of strength as a result of hi gh temperature annealing.

3.7.3.3 Material Solution Annealed and Aged Prior to Testing

The ag ing treatments conducted after the solution annea l at 4800°F produced inconc lusive

results. In Fi gure 26 the W— HfH 2 —C material tested at 2500 and 3500°F, exhibited decreasing

strength with increasing aging temp~~ature com pared to the strength of solution annealed

material. In each case, however, tensile strength values for solution annealed and aged
mater ial were greater than material tested in the as—extruded condition. Test resu l ts at

4500°F showed lit t le effect of soluti onizin g and ag ing. The ag ing phenomenon in the WHfC

4 alloy is predicated on having sufficient hafnium and carbon in solution to promote nucleat iun

and growth of a c lassicall y dispersed hafnium carbide phase within the tungsten matrix.. Metal—

logra ph ic evidt nce discussed in Section 3.6. 2 indicates that this condition was not achieved

in the W— HfH2-C material.

Tensile test results for solution annealed and aged W— HfC ma terial are shown graphicall y in

Fi gure 27, Materia l tested at 2500°F, after ag ing at 2500, 3000, and 3500°F , exhibited a

decrease in strength at each aging condition compa red to materia l which received onl y the

solution annealing treatment, Material aged at 3000°F displayed the largest decrease. At

the 3500°F test condition , the opposite behavior was noted, Aged material had a sli ghtl y

hi gher stre ng th leve l compared to solution annealed material with the greatest effect noted

for material aged at 3000°F. Material tested at 4500°F , exhibited s l igh t l y hi gher

values compared to material tested in the as extruded condition , 
—
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Only one specimen of WHfC prealloyed powder material was available for evaluation in the

solution annealed and aged condition. The specimen was heat treated for 1/4 hour at
0 0 . . . 04800 F and aged one hour at 2500 F prior to tensile testing at 3500 F. The specimen

failed prior to yielding with essentially nil ductility. The ultimate strength was approxi-

ma tel y the same as for material tested in the solution annealed condition. The solution
anneal caused the microvoids in the less than 100 percent dense WHfC prea l loyed

powder material to coalesce reducing the effective cross sectional area of the specimen

and provided sources for the initiation of failure ,

3.7.3.4 Material Recrystallized Prior to Testing

The test program scheduled testing of material in the recrystallized condition. Because of a

limited amount of WHIC prealloyed powder material and specimen breakage of W-HfH 2-C test

specimens during handling and machine loading, onl y W— HfC (Process B) materia l was tested

in the rec rystallized condition. The recrystallization study of as—extrud ed material , Section

3.6, revealed that the W—HfH2—C and W—HfC material responded to thermal treatments in a

manner similar to unalloyed tungsten. The recrystallization temperature of W—HfC material

(Process B) was determined to be approximately 2500°F from examination of as-extruded
material tensile tested at 2000, 2500, and 3000°F. Test specimens were heat treated one hour

0 . . . 0at 2500 F prior to testing at ambient temperature, 2500 and 3500 F. Test results ore recorded

H in Table 8. ihe ambient temperature test results were sli ghtly higher compared to material

tested in the as—extruded condition and significantly higher than material solution annealed

and aged. The results for recrystallized W—HfC material (Process B) tested at 2500 and 3500°F

were comparable to material in the as-extruded condition and in the solution annealed and

aged condition. This is further evidence that due to alloy inhomogene ty classical soluti onizing

and aging did not occur.
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3.7 4 Metallography of Tensi le Test Specimens

All failed tens i le test specimens were examined metallograph icall y. Selected specimens

were examined using Scanning Elec tron Microscopy (SEM).

3.7.4. 1 Metallogra phy of Failed W—HfH2-C Tensile Specimens (Process 
A)

Typica l photo microgra phs of W—HfH 2—C failed tensile specimens are shown in Figures 29,

30, 31, and 32. The room temperature specimen of W—HfH 2—C material tested in the as

extruded condition is shown in Figure 29 Top. The wrought material failed in a brittle

manner typical of wroug ht tungsten. The materia l tested at 3000°F shown in Figure

29 Bottom , exhibited an essentiall y recrystallized microstructure which failed in a duc tHe

man ner , Some evidence of grain bounda ry separation was present near the fracture d surface

H in the upper half of the specimen. The microstructure of the tensile specimen tested at 3500°F is

shown in Fi gure 30 Top. The failed specimen is also shown in Fi gure 25, as specimen 3. The

grain size was slightly larger than in the 3000°F tensile specimen. The as—extruded material

was recrystallized during the hold time for temperature equilibration prior to tensile testing

The solution annealed material shown in Figure 30 Bottom , wh ich was also tested at 3500°F

disp layed reduced ductility. The large grain size was produced during the 1/4 hour

solution anneal at 4800°F. SEM micrographs, Figure 31, illustrate microvoids associated

with metallic hafnium . The voids resulted from either incomp lete densif ication during the

consolidation process , or were a manifestation of Kirkendall void formation which occurre d

during the solution anneal at 4800°F. A third possible expla nation for the presence of

microvoids involves the melting and solidification of metallic hafnium. During the solution

annea l , hafnium which has a melting point of 4030°F, expands on melti ng and contracts

during soUdification resulting in the formation of a void. All three phenomena most likel y
oi-e responsible for the microvoids in the solution annealed W HfH 2< material. Solution

annealed and aged W-HfH 2-C material tested at 2500 and 3500°F exhibited lower ductilit y

compared to as—extruded material . A typ ical microstructure is shown in Figure 32.

Little evidence of deformation was noted in the grains near the fracture surface. Fracture

propagated along grain boundaries.
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40X

Room Temperature Tensile Test
W-HfH2-C - As Extrude d
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40X
3000°F Tensile Test

W-H fH 2-C - As Extruded

Fi gure 29. Microstructure of W—HfH 2—C Tensi le Specimens
(Process A)
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3.7.4.2 Metallograph y of Failed W-HfC Tensi le Specimens (Process B)

The microstructure of failed W— HfC tensile specimens are shown in Figure s 33, 34,
35 and 36. At ambient tempe rature, the wrought W—HfC material fractured in a brittle
manner with nil ducti lit y. At temperatures up to 3000°F, the W-HfC material disp layed
tensile properties typical of powder metallurg y unalloyed tungsten. Duct i l i t y as measured
by elongation and reduction in area reached a maximum at 3000°F then declined as test
temperatures were increased, The failure mode changed on going from 3000°F (Fi gure 34,
Top) to 3500°F (Figure 34, Bottom). At 3000°F, deformation occurred essentiall y by
deformation of the grains and the fracture was transgranular, At 3500°F, deformation
occurred by sliding along grain boundaries, Fracture was intergranular with a marked
reduction in ductility. This behavior s typical for bcc metals as test temperatures increase
above 0. ST (homologous temperature) , -

Solution annea led material tested at 3500°F, Figure 35 lop, behaved in a similar manner.
Fracture was transgranular . SEM microg raphs , Figure 35 Bottom and Figure 36 lop, ill u~5trate

microvoids associated with hafn ium carbide particles in solution annealed W—Hf C ma terial.
The voids appear to be associated with the hafnium carbide geometry and failure of the
tungsten matrix to comp lete l y f i l l  the surrounding volume around the carbide particles
during the consolidation process. Some reaction indicating solutioning of the carbide is
evident li -i the SEM micrographs. Figure 36 Bottom , illus trates more clearl y the typ ica l
hi gh temperature grain boundary failure mode,,

3.7. 4. 3 Metal log ra ph y of WHfC Prealloyed Powder Material Tensile Specimens

A limited amount of material was produced by Dynapa k extrusion of prealloyed W—Hf C powder at
3600°F in a mol ybdenum can. Tensile tests were conducted in the “as extruded” condition
at 2000, 2500, 3000 and 3500°F, One specimen was solution annealed 1/4 hour at 4800°F
prior to tensile testing at 3500°F. Another specimen was solution annealed and aged one
hour prior to tensile testing , also at 3500°F. In Figure 37 Top, the 3000°F tensile test
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specimen microstructure is shown. This specimen had an ultimate strength of 84. 0 Ksi which

- 

- was significantl y hi gher than arc cast material . However , the as—extruded material failed

with onl y a sli ght measureable amount of elongation and reduction in area , The micro—

structure was composed of large elongated deformed reg ions surrounded by a finel y divided
crystalline like structure . Material tested at 3500°F, F igure 37 Bottom , also exhibited a

similar duplex microstructure . At the hi gher test temperature , yielding appears to have

occurred primari l y in the fine graine d reg ions by grain boundary separation whi le the large

wrought reg ions indicate some degree of ductile deformation in the fracture surface . The

tensile streng th of the material produced from the prea ltoyed WHfC powder shown in Figure 37,
Bottom, was com parable to the tensile stre ngth of arc cast material.

WHfC prealloyed powder materia l solution annealed 1/4 hour at 4800°F, Figure 38 Top, and
solution annealed and aged one hour at 2500°F , Fi gure 39 Bottom , had tensi le strengths at

3500°F which were reduced to approximate l y one half the strength of as extruded ma terial

tested at the same tem perature. SEM microg raphs of the solution annealed material are

shown i:~ Fi gure 38 Bottom and Fi gure 39 lop. In each case , the microstructure was

re lative l y clean except for the rounded micro voids located in the grain boundaries The

microvoids were appa rentl y responsible for the reduction in strength of the hea t treate d
WHfC prea l loyed powder material and also contributed to the lack of ducti l i t y of the m ater ial .
The microvoids most probabl y resulte d from incom plete densification during the consol idation

process. Energy dispersive x—ray ana l ysis of the microvoids failed to indicate the presence

of fore ign materia l. Trapped inert gas which was used to protect the materia l during heat-

up for extrusion may be responsible for generating the microvoids during the extrusion process.
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4.0 DISCUSSION OF RESULTS AND CONCLUSIONS

1. The work performed in this program accomplished a necessary first step toward the objective

of developing powder metallurgy W-0. 35% HfC alloys with mechanical strength equivalent

to arc cast material. Powder deoxidotion and handling procedures developed in this

program permit material of W-0. 35% HfC composition to be consolidated with controlled

carbon and oxygen levels comparable to material produced by vacuum arc melting. These

procedures are amenable to scale—up and provide a practical basis for fabrication of large

size WHfC components.

2. Materials consolidated thus far did not achieve mechanical properties equivalent to arc

cast WHfC due to the fact that full densification and homogeneous distribution of hafnium

carbide did not result from the limited mec hanical working. It was demonstrated that

W-HfH2-C material (Process A) and W—HFC materia l (Process B) could be consolidated to

a density of greater than 96 percent of theoretical at a working tempeuoture of 2300°F.

Material in this condition can be subjected to further extensive thermomechanical working

to ach eve desired density and microstructure. This point was demonstrated ki work by

Friedman and Dckinson~
3
~ in the processing of small scale pressed and sintered buttons

which were h0t rolled to sheet and displayed high strength. It is anticipated that similar

results con be duplicated on larger pieces consolidated by powder metallurgy procedures

investigated in this program.

3. Development of a homogeneous distribution of hafnium carbide within the tuflgsten alloy

matrix can also be factiftated by ut ilizing a finer starting tungsten powder size. Reducing

the tungsten partic le size reduces the length of the diffusion path for hafnium and thus

enhances homogenization during subsequent therrnornec hanical processtng. However , the
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benefits to be derived from a finer particle size must be traded off against the undesirable

effects of a larger surface area for adsorption of oxygen and lower tap densities achievable

U in powder loading.

4. It was shown that a temperature of 3600°F or higher is required to consoUdate WHfC

prealloyed powder (Process C) to a density of greater than 99 percent of theoretical.

High temperature tensile strengths of material produced from prealloyed powder were

comparable to values for arc cast material. Although high strengths were achieved for

this material ki this program, ductility values at elevated temperatures were significantly

lower than for arc cast material. The high strength of the prealloyed materia l is attributed

to the fact that the classical distribution of HfC produced in the tungsten matrix during

the cooldown after arc melting was retained during the consolidation process. The lack

of ductility is most likely due to the presence of microvoids at grain boundaries resulting

from incomplete densification during consolidation. The drastic reduction of strength

properties after solution annealing was due to the coalescence of these mkrovo ds as a

result of the heat treatment.
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