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FOREWORD

The growing interest in the use of columbium, molybdenum, tantalum, and tung-
sten metals and their alloys for structural applications has emphasized the need for an
up-to-date revlv% of some of the more important physical, mechanical, and metal-
lurgical properties of these materials. Four consecutively numbered reports covering
columbium and columbium alloys, molybdenum and molybdenum alloys, tantalum and
tantalum alloys, and tungsten and tungsten alloys have been prepared. The intent of
these reports has been to assemble, present, and summarize, in easy reference form,
the present state of the art of these four refractory metals and alloys. This report
covers tungsten and tungsten alloys.

In addition to data available from the published literature, numerous organizations
have contributed data for inclusion in this report. The Defense Metals Information
Center gratefully acknowledges the assistance of the following individuals and organiza-
tions who contributed valuable information used in the preparation of this report.

G. D. McArdle and F. Nair, Climax Molybdenum Company
H. Peters, E. I. du Pont de Nemours Company, Inc.
R. L. Wilkey, Fansteel Metallurgical Corporation
R. Bancroft and M. Schussler, Haynes Stellite Company
0. P. Trost, Metals and Controls, Inc.
R. W. Werner, Lawrence Radiation Laboratory
M. Torti, National Research Corporation
W. Bauer, Stauffer Metals Company
R. B. Bargainnier, Sylvania Electric Products, Inc.
C. Mueller and G. A. Liadis, Universal Cyclops Steel Corporation
S. A. Worcester, Wah Chang Corporation
R. L. Ammon, R. T. Begley, and H. G. Sell, Westinghouse Electric Corporation
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THE ENGINEERING PROPERTIES OF TUNGSTEN
AND TUNGSTEN ALLOYS

SUMMARY

This report presents the results of a state-of-the-art survey covering tungsten
and ten of its alloys,.' All data are given in tabular and graphical form covering some of
the more important physical, mechanical, and metallurgical properties for each mate-
rial. References are given at the conclusion of each material section.
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INTRODUCTION

The requirements for structural materials for service temperatures in excess of
those attainable with present materials of construction has provided the stimulus for
the development of refractory metals and alloys. Interest has stemmed largely from
the high-temperature structural-engineering requirements associated with military
hardware. In the development of the refractory metals, columnbium, molybdenum,
tantalum, and tungsten, and their alloys, extensive studies have been conducted and are
in progress which are aimed toward the investigation of fundamental metallurgical con-
cepts, alloy development, pilot scale-up development of promising compositions, and,
ultimately, a]loy commercialization.

This report reviews some of the more important properties of tungsten and ten of
its alloys. Of this group of alloys, several have not reached true commercial status;
however the potential of these advanced experimental and pilot-production alloys war-
rants consideration. All data are presented in tabular and graphical form according to
a number of important physical, mechanical, and metallurgical properties for tungsten
and each of its ten alloys. Properties and alloys covered in this report are listed in
Table 1.

Current tungsten-alloy development work is aimed toward either decreasing the
ductil c-to -brittle transition temperature or improving the elevated-temperature
strength characteristics or both.

In preparing this state-of-the-art sorvcy, technical journals and publications,
research reports, and trade literature made available to the Defense Metals Information
Center were supplemented with personal contacts with a number of individuals and
organizations actively engaged in the refractory-metals field. References are given at
the conclusion of each material section.
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ORGANIZATION OF DATA PRESENTED IN THE APPENDIX

1. Identification of Material

Designation
Chemical composition
Forms available

2. Physical Properties

Melting point
Density
Thermal expansion
Thermal conductivity
Electrical resistivity

3. Mechanical Properties

Tensile Properties at Room Temperature

Ultimate tensile strength
Tensile yield strength
Elongation
Reduction in. area
Modulus of elasticity

Effect of Temperature on Tensile Properties

Ultimate tensile strength
Tensile yield strength
Elongation
Reduction In area
Modulus of elasticity

Notched Tensile Properties

Creep and Stress-Rupture Properties

Other Selected Mechanical Properties

4. Metallurgical Properties

Fabricability
Transition temperature

Weldability
Stress-relief temperature
Recrystallization temperature

References
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APPENDIX

TUNGSTEN AND ITS ALLOYS

Unalloyed Tungsten

1. Identification of Material

a. Designation: many, depending upon individual supplier

b. Chemical composition: Tables A-i through A-3

c. Forms available: ingot, billet, bar, plate, sheet, strip, foil, rod, and wire(6)
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TABLE A-1. CHEMICAL REQUIREMENTS FOR

SINTERED TLNGSTEN(a)(1)

Impurity Content, Maxiiutim. weighr

ElelnIt per cent

C 0.010

0 (b) 0.006

N (b) 0.005
li (b) 0.002

Fe 0. 005

N 1 0.008

Mo 0.(005

Si 0. 003

At 0.1003

W(c) 99.95 (tinibumui)

(a) For hbillets, bars, rods, aud prclorms for foring.

(1s) lttvJatiiojjs froln these limits atone arc tot ca use

for rejectiohn duo to analytial linutationil.

(v) 1Dtetrmincd by differecCe.

TAlBLE A-2. PURITY RAMNGS SP'EC",IFIEI F1OR

TUNGSTEN POWIDEIRS(
2
)

I [miplurity ContcOlt.,
weight per cent

Elctciat Sintered Product Melted I'rodtht

C 0. ,01o-0.02 0. 005-0.01

0 0.05 -0.6 0).01 -0.03

N 0. 00)-0.03 0. 001-0. 003

II 0. 005-0.01 --

Al <0.001-0.0! <0.001-0.002

Cb ....

Fe 0. 001-0. 0,5 <0. 001-0. 003

Mo U.0025-0.05 0.003-0.01
Ni <0.001-0.03 <0. 001-0. 002

Si <0. 001-0.0,5 <0. 001-0. 002
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TABLE A -3. REPRESENTATIVE ANALYSES OF TUNGSTEN AS PRODUCED

BY VARIOUS PROCESSES

Impurity Content, ppm
Ilgot, Made by

Consumable -Electrode Electron-

Powder-Mctal Product Process Beam

Element Ruf. (3) Rcf. (4) Ref. (5) Ref. (3) Ref. (4) Process(
2

)

C 1-2(]U 4-47 10-30 2 .12 12

II 0.2-3 I -3 0. 1-1 1 I <10

N 0.4-80 15-39 6 -28 1.8-3 3 I0

0 4-1.:31 25 -45 5-29 3-20 20 60

A / -170 -t- V '-4( < -- <10
B .... 2 -.....

Ga <0- -- <10 [I -- ..

Cr <5- 120 40-120 -4-15 <5 -- <10

<,- 10 -- .1 2 -<, 2 <1t0

IFe 2M [6-34 0 1 0-3l0 10-40 40 20

m g <.-... 1 ......M e. 3-- -0I..........
M I ... <1 ... 0I

Mo '25-400 180-3910 10-:,0 150 ....

Na ..... .10- I0 .... <10

NI <IO-:,O -- - 15 <6-0 5 --

P .... <20 .....
Ph.. < 10 ...
S .... xIt - 0...

S 0-170 30-9I0 <'3-IS •.-26 026 <10

Sa - - -8,-. -5 --

Th .... <30 ......

Ti <20-0 0-..........
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2. Physical Properties

a. Melting point: 6170 F(7 )

b. Density: 0.697 lb/in. 3(7)

c. Thermal expansion: Figure A-i

d. Thermal conductivity: Figure A-Z

e. Electrical resistivity: TableA-4
Figures A-3 and A-4
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U-
_____ Linear coefficient of expansion

. ... -- From low temperature to test temperature indicated

CL 4
uJA

...........

0 -

--400 400 1200 2000 2800 3600

Temperature, F

FIGURE A-]. THERMAL EXPANSION OF COMMERCIAL-
PURITY TUNGSTEN(

8 )

0.45

0.40 -

E
u 0.35 -

i0.30

o 0.25 . . •---

o 0.20

- 0.15

-- 0.10 -

0 200 400 600 800 1000 1200 1400 1600 1800

Temperature, C A-33393

FIGURE A-2. THERMAL CONDUCTIVITY OF COMMERCIAL-
PURITY TUNGSTEN( 8 )
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TABLE A-4. EFFECT OF ANNEALING ON SPECIFIC ELECTRICAL RESISTANCE OF DRAWN

TUNGSTEN WIRE, ILLUSTRATING THE APPLICABILITY OF MATIHIESEN'S

RULEU()

Annealing Specific Electrical Resistance (p), Temperature pa. 106,

Temperature, C 10"6 ohm-cm Coefficient, a Matthiessen's Rule(a)

-- 6.17 0. 00355 0. 0220

300 6.00 0. 00371 0.0222

400 5.91 0. 00376 0. 0223

550 5.41 O. 00405 0.0221

600 5.43 0.00415 0. 025.

650 5.30 0.00-132 0.02Ž29

700 5.28 0.00432 0. 0228

800 5.23 0.00433 0.0227

1000 5.10 0. 0440 0. 022=1

1200 5.00 0. 00432 0, 02216

2500 ,4. 814 0. 00481 0. 0232

(a) For annica led tl•gsten, pa is a hout 0. 0226 x 10-6.

Temporoturoe, F

1000 9000 3000 4000 500O
100 - -

E 80 . . . . I

0 70

t- o
~60_ _

-40- _

to 3 0  -

0

0

0 400 800 i200 1600 2000 2400 2800 3200

Temperature, C A-33394

FIGURE A-3. SPEGIFIC RESISTANCE OF COMMERCIAL-
PURITY TUNGSTEN(

8 )
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10 -0.2 3000- 300 _-300 3000-

-o0., 2007
Ue'

005 2000- 2500
0.04 z- -7 0  100 -

'-0.03 0 ,-°kS
• o 0.0 oo -I -• • -

"-. -•0.003 -60 8- " 0 -- -t -20 E 0o.o 1500

_-=-50-7-50• 3o-_ -ooo -o :• t• oo - 8)5o

3000E 5 -40 2000_

0 -oo • -2o -

oo 1000- -P

0-)o0) oo- -

.- 2 -0.005 -40 -30
9 -0.004 900ý E E

I0 L0.0001 00

- 800. .0 E -20
S40 -0.002 1.6700 a) -- 50
-50 0.001 600- 30 1
-0 1500

-A6 854

Answer-00.0 0 58 5000i 4 - i u gse ie

-70 ý0.0004 206

Aswr 0.00 400p.

--80 Q00002 402
- 90

WI00.0001
2

Find the resistance per cm len~gth of
a 40-mil tungsten wire operating at the 1000-
2500 K,

Fidtecurrent required to obtain
Answer: 0.0098 2500 K in a 40-mil tungsten wire.

Answer: 50 amp.

FIGURE A-4. RESISTANCE -TEMPERA'1URE AND CUtRRENT -

TEMPERATURE NOMOGRAPHS FOR TUNGSTEN
WIRE( 0)
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3. Mechanical Properties

a. Tensile Properties at Room Temperature

Ultimate tensile strength: Tables A-5 and A-10

Tensile yield strength: Tables A-5 and A-10

Elongation: Tables A-S and A-10

Modulus of elasticity:

Value,
106 psi Reference

47-52 (12)
50 (7)
59 (8)
60 (14)

b. Effect of Temperature on Tensile Properties

Ultimate tensile strength: Tables A-6 through A-l 1
Figures A-5 through A-9 and A- I la through
A- 14 a

Tensile yield strength: Tables A-6 through A-10
Figures A-6 and A-9 and A- 111h through A- 14b

Elongation: Tables A-6 through A- I l
Figures A-6 and A- 10 and A- I lc through A- IZc

Reduction in area: Tables A-6 through A-9
Figures A-6, A-7, A-10, itid A-I ld through A-I id

Modulus of elasticity: Table A-7 and Figure A-15

c. Notched Tensile Properties

Figures A-16 through A-18

d. Creep and Stress-Rupture Properties

Tables A-12 through A-15

Figures A-19 through A-2l

e. Other Selected Mechanical Properties

Hardness: Figure A-Z2
Fatigue: Figure A-23
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TABLE A-5. SOME SELECTED ROOM-TEMPERATURE TENSILE
PROPERTIES OF TUNGSTEN

Tensile Yield
Strength, Strength, Elongation,

Condition 1000 psi 1000 psi per cent Reference

Stress-relieved sheet 200 (L) 199 (L) 3 (L) (11)
(5 min t 060 F, 0. 062 203 (T) 202 (T) 0. 1 (T) (11)

inch)(a)

Stress-relieved sheet 185 .... (12)
(0.020 inch)(b) 202 .... (12)

23G .... (12)

Sheet (0. 050 inch)(c) 174 -- 0. 03 (13)
233 228 0.53 (13)
138 -- 0.03 (13)

<73 -- 0 (13)

165 -- 0.03 (13)

Sintered ingot 18-20 (7)

Slintred bar 18 .... (8)

Sintered Compact 18. 5 ... (14)

Swaged bar 50-213 .... (8)

Swaged rod 50- 150 ..... (14)

Swa'4ed rod 50-200 ..... (7)

Wrought wire 285 -- a (15)

Recrystallized wire 80 -- 0 (15)

Draw wi wire
I t111t 28(; .... (14)

0.2 1un1 156 .... (14)
0.1 l1en 427 .... (14)

0. 02 mm 570-590 .... (14)

Rcurystallized wire 157 (14)

Drawn wire

0.04 in 256 -- 1-4 (8)

0. 02 in 284 -- 1-4 (8)
0. 008 in 355 -- 1-4 (8)
0. 004 in 427 -- 1-4 (8)
0. 0008 in 582 -- 1-4 (8)

Recrystallized wire
0. 004 its 156 (8)

(a) Powder metallurgy. Test rate 0.02 inch per minute erosshead speed. Analyses 0.0046% 0 and
0.0057% N.

(b) Powder metallurgy. Test rate 0. 001 inch per inch per second. Analyses 0.0010-0. 
0
020o 0,

0. 0001% H, and 0. 0014-0. 0030%0 N.

(c) Test rate 0. 005 inch per inch per minute. Analyses 0. 0007-0. 0061% 10 . 0.0001-0. 0002% H,
0. 0002-0. 0020% N, and 0. 0011-0. 0036% C.
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320

280- -

S240-
00
o 200 •

cy' 160 _ \416Z'~% 00 6,r 7Fracture fe,-1
strength 0`0g',z" thin S"120 -eregi on 

She O t/

below ductile-V - 0 - _ -0tr .. '

to - brittle L k
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FIGURE A-5. TYPICAL TENSILE-STRENGTH RANGES
OF COMMERCIAL-PURITY, POWDER-
METALLURGY, TUNGSTEN FLAT-ROLLED
PRODUCTS( 1 6)
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Temperature, F ToqomrF

Ts.nporolurs, F Teo~peaoturs, F

FIGURE A-6. EFFECT OF TEMPERATURE ON THE TENSILE PROPERTIES
OF TUNGSTEN FROM 0 TO 6000 F(3 )
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TABLE A-6. DATA FOR MATERIAL TENSILE TESTED AND iLLUSTRATED IN FIGURES A-7 THROUGH A-13

Intetstitial
How Specimen Metallic Impurity Content, ppnm Impurity Content, ppin

Consolidated Geometry At Ca Cr Cu Fe Mg Mo Ni Si Ti C II N 0 Reference

Sinticred Rod 40 210 -- 180 -- 30 -- 4 t 15 25 (17)
Si~lewcd Rod 40 210 -- 180 -- 30 == 4 1 15 25 (18)
Sintercd Rod '10 280 -- 230 -- 90 5 -- 37 43 (18)

Sintercd Rod 100 260 -- 250 -- 30 -- 47 3 39 35 (18)
Sinfercd Rod .. .120 340 -- 35O -- 50 -- 24 2 38 45 (18)
Sinfered Rod ,50 -- 100 -- 190 -- 30 -- 20 2 28 36 (18)

Sintered Rod :35 2 -- 10 10 -- ' -- 0.3 4 (1q)
Si tnered Rod <.5 -- <2 -- 150 -- <3 -- 49 1- 6 0 (20)

Arc iegtevd Rod < h <10 <5 <4 10 -- 50 <v <5 -- -1 -- 1.8 20 ('21)

Si:terd Rod .30 -- 50 W0 20 <5 <10 <'20 <tO <'20 10 0.2 <10 5 (22)
Silntered Sheet <Ct, 11 <40) <3 40 <5 30 <[O 20 -- 10 0.8 -- 18 ('23)

Siillered Shelit <O <3 -- <F) <10 <3 40 <10 <10 -- <10 0.3: <o.b 4 ('24)

Arc idied Rod '2 40 -- -- 5 2(; -- 30 1 8 20 (25)

Sintered Rod --- 4 2. 2 35 (25)
Sinterud Rod 8 <10 63 <1 0 -- 0 30 1 23 4 (210)
Siniterd Sheet ------- 40 -- 4100 bO -- 50--- - - 60 (27)
Sintered shleet 3O 50 30 -- 40 <1(0 50 '20 20 '20 hI 2 58 3{ (28)

Arc melted Sheet . .---- --- --- --- --- -- 42 -. .- 3 (29)
Sintered Sheet .. ...- -<I0 00 -- 25 <to 10 20 0.2 0.4 5 (30)

Sintered Rod .. -- -- -- - -- -- -- 100 1 30 131 (31)
Sintrd Rod- -- --- 200 -- 80 -- (32)
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Temperature, C

I000 1500 2000

90

IC I II I I I I 1 I

BC -

o 70
_o 5

o 40

20 ' A
1o PM"40

100
f"- VAM

20
80 __ '

How Reference
Symbol Consolidated Number

0 Arc melted 25 PM
60 a Arc melted 21

0 Sintered 25
A Sintered 20ai Si ntcred 17 •

0 40 V Sintered 31 -1k-

o t I I I I I l IL I I I

000 2000 3000 400C
Temperature, F A-42057

FIGURE A-7. COMPARISON BETWEEN THE CHARACTERISTIC AS-WROUGHT
TENSILE PROPERTIES OF VACUUM-ARC-MELTED AND

POWDER-METALLURGY TUNGSTEN(
3 )

Test rate 0. 02 inch per inch per minute.
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Temperature, C
0 500 1000 1500 2000

220 _ 1 1 1 I I I I I I I I I I I 1 1 1 1 I I 1 1
2 . .. .. . I How Reference Specimen

200 Symbol Consolidated Number Form
A Sintered 18 Rod

180 0 Sintered 23-21 Sheet
00 Arc melted 25 Rod

0160 (2 a Sintered 28 Sheet
o 40 A Are melted 29 Sheet
S4 Sintered 27 Sheet

S- Sintered 31 Rod ..

00 - Sheet 0.05/min- ___

80 -

40 ... . . . . .

0 1000 2000 3000 4000
Temperature, F A-42061

FIGURE A-8. COMPARISON BETWEEN THE TENSILE STRENGTHS OF WROUGHT
OR STRESS-RELIEVED TUNGSTEN SHEET AND ROD TESTED AT
THE STRAIN RATE INDICATED( 3 )
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Temperature, C
1400 1500 1600 1700 1800 1900 2000 2100 2200

SStrain
Symbol Rate, mni n-

a 00023 0 0.02 -

S0.2
A 2.0

0 20

0-

10 O.02min

0

0
o 1

00m~_r 20 20Ofmin

6i 4' 0.21rain

S2' O02/imin

5- Tempe rat re in28

3 CL

0

10

2 2 002/min

V 2500 3000 3500 4000
Temperature , F A-42084

FIGURE A-9. EFFECT OF STRAIN RATE ON THE HIGH-TEMPERATURE

PROPERTIES OF RECRYSTALLIZED TUNGSTEN ROD
FABRICATED FROM SINTERED BILLETS(7 0 )
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Temperature, C
1400 1500 1600 1700 1800 1900 2000 2100 2200

80

60 IL 0.00/min

400

Sybo Ratemirn80 o 0.02

Uj

100

250 30.002 30
Teprtr 80 F 0-0.02

FIGREA-O.EFEC O SRAN AT O TE IG-TMPRAUR
DUTITESOF RERYTALIEDTNGSENRO
FARIAEDFOMSNTRE I20S~ 0
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Temperoture, C
0 t00 200 300 400 500 600 700 000 900 ;000

240 - *j 1 1 ~ -

220 -SK- 7 Ho l Reference

200 Symbol Cessolidote Number
(oS Stered 22-24

a Arc melted 25
160 S- S0 Sintered 26* Arc melltd 29

4C -S + Sintered 30
(A 12 Sintered 3,

too 5

Bo - - -

SS

120 ~ ~ ~ ~ ~ ~ S - a- -- -set aera
406

2o0

0
0 200 400 600 900 0IOOU 100 1400 1600 1800 Z000

Temperolure, F A-42069

Temperoture, C
0 100 200 3W) 400 500 600 700 800 900 1000

220 a ____St How Reference
200 Symbol Consol,doled Number

o Sintered 22 24
10 , , Arc-melted 25 - -
160 0 Sintered 28
.A160 Arc melted 29

". 140 a - - Si tered _ _

S120
0 0 •s

: s sheet meteriol ts
ii 4C -I-- _ _ __ __ _

200 400 600 8
0 0  

1000 1200 1400 1600 1800 2000
Temperature , C .-4om

FIGURE A-11I. EFFECT OF TEMPERATURE ON THE TENSILE PROPERTIES

OF WROUGHT OR STRESS-RELIEVED TUNGSTEN
FROM 0 TO 2000 F( 3 )
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Temperature, C
0 100 200 300 400 500 600 700 800 900 1000

I I I I I

Symbol Consolidated Number

40 0 Sintered 22-240 Arc melted 25
Sintered 28

Arc melted 29

, Sintered 30'- Sintered 31I

C s= YsLd)

0 200 400 600 800 K)00 1200 1400 1600 1800 2000
Temperoture, F A-4zo7S

Temperature, C
00 0 100 200 300 400 500 600 /00 BOO 900 1000

I8 C ___ C

160 0 . - HW

40 
0 a S ao Sintered 22-24

S0 Arc melted 25
OS Sintered 30
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0 200 400 600 800 1000 1200 1400 1600 1800 2000

Temperature, F A-420?2

10IGU E A-11 I. (CONTINUED)
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Temperature, C

0 100 200 300 400 500 600 700 800 900 1000

100 1 1~ 11eferencefer~c
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70 Sitee 309004 3
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2000 0 00 80 20

Temperature , F A42070?
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Temperature, C

0 c00 200 300 400 500 600 700 Soo 900 1000
70 - I -r
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4; 40_ ,

0
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20 Sintered 25
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0 200 400 600 So0 1000 1200 1400 1600 1800 2000

Temperature, F A- 42073

FIGURE A-1Z. (CONTINUED)
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Teroperature,C
1500 2000 2500 3000

* IHow Reference
Symbol Consolidated Numrbers

60, a Sintered 17-18-20
0 Sintered 23-24
s Ar c melted 25
v V Snte red 26

S50 * Sintere:d 27
4, Sintere 28

i-Sintered 30
Sintered 31

20/mein w- data from wrought materiol
US s= sheet materilo

000~n2 Obi

200030

10 0 2000mi 25X 30

80 -i R

40 i -- W____ Serd 2
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200 300 400 Si0ere 30

Temperature, F -0e
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Temperature, C
1500 2000 2500 3000

10 =-7----1rF 11 1 1 1 1 1 1 1 11 1Ho I 14eference'
wc data from wrought material Symbol Consolidated Numbers
s =sheet material a Sintered 16-20

8 -/10 Sintered 24
800mi a Arc melted 25

a0miv. Sintered~ 26
20/min Sintered 27

4) 60 _____ 0 Sintered 213
~6G --- * Sinteredi 30

a . Sintered 31
~ ~ow 02/min

0.0 4on S.
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Temperature, C A-42077
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lO0' T- -rn~I -I T 1
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0.4 Cin S0/ml Co s li a e Nu b r

AW" 0 Sintered 24

5' W W A V Sintered 26

Tepraue 20 NA420?4A

FIGURE ~ '& A-3 (OTIU
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TABLE A-7. TENSILE PROPERTIES OF COMMERCIALLY PURE SINTERED

STRESS-RELIEVED TUNGSTEN SHEET(a)(1
2

)

Yield
Tensile Strength Elongation Modulus of

Tulp, Strength, (0. 2"1.Offset). in 1 Inch, Elasticity,

F 1000 psi 1000 psi per cent 106 psi

0. 020 Inch

RT 185.0 --.. 49.0

202,0 .... 47.0

236.0 -- -- 51.8

1000 146.0 127.0 2.5 37.0

142.0 124.0 2.5 36.0

1500 135.0 119.0 3.0 34.0

129.0 115.0 3.0 35.0

2000 105. 0 91.0 4.0 31.8

108. 0 93.8 4.5 34.0

2500 53.5 51.9 4.0 28.0

58.0 5. 8 4.5 21% 0

2750 23.:1 12.0 14.0 --

23.0 141.8 15.0 --

38.5 36.7 5.0 --

3 [. 24.8 8.0 --

3000 24.5 1;. I 12.4 --

24.0 12.1 15.0 --

8200 10.8 9.3 18.0 --

19.3 11.8 14.0 --

3500 13.0 7. l 14.0 0.0
14.4 H. a 13.0 8.0

4000 1.0 7.8 10.0 --

10.6 7.0 14.0 --

11.6 7.0 14.0 --

4500 6.6 4. (; 10.0 --

7.4 4.9 12.0 --

9.0 6.2 11.0 --

0. 045 Inch

1500 85.5 q2. 0 3.5 48.0

2000 78.0 69.2 6.0 41.0
"72.1 62. !) 5.5 36.5s

2500 49.0 45. 7 8.0 29.5

2750 28.71 18.9 11.0 20.0

34.8 31.0 8.0 24.0

3000 24.0 10.8 16.0 15.0

21.8 9.8 18.0 16.0

3200 19.4 9.3 13.5 13.3

18.8 7.6 20.0 15.4
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TABLE A-r7. (Continued)

Yield
"Tensile Strength Elongation Modulus of

Temp, Strength, (0. 2%, Offset), in I Inch. Elasticity,
F 1000 psi 1o00 psi per Centl 106 psi

0. 04 1hlch (Con tinned)

3500 1.5.7 9.2 15.0 --
1.. 0; 8.5 15.0 q1.0

4000 10.8 6.5 13.0 --10. .6,2 1-1.0 --

1500 5.4 -. 2 '.0 --

,6 5.2 9.0 --

6,3 4.2 11.0 --

(a) TeS1 Cond 1itions:

Atmosphere Argon- ?'/ hydrogen

Analyses 0.o(010-0.10l•" O. ). 11, anid

0.O0l,[1-0, 0030%Fk N

Mlethod of IIc at ilg Rlesistanrce

I[old Titlie of To-mrperature 5 ulln
stritsl ()te to Y1 r . a)l ill./ill. /•s C
%ttrains l le Fronlt YS to I'S 0.01 ill. /ill. /e'Ce
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TABLE A-8. ANALYSES OF COMMERCIAL POWDER-METALLURGY

TUNGSTEN SHEET FROM FIVE DIFFERENT SOURCES

USED TO DETERMINE DATA GIVEN IN TABLE A-9

Impurity Content, ppm

Lot

Element A B C D E

0 5 19 8 13 29

II 0.18 1.03 0.53 0.65 0.13
N 28 1 18 24 6

C 15 20 25 10 30

S <10 <10 <10 10 <10

Al <2 <2 <2 <2 40

B <2 <2 <2 <2 <2

Ca <10 '10 <10 <10 <10

Cr <5 <5 <5 <5 15
Gt 111 <1 <1 <1 1 .

F e110 20 10 15 10
Mnl <1 <I <1I <t <1I

Mo I) 10 50 10 <10
Na 10 10 10 10 <10

Ni 7 2 7 15 15

Pb <10 <10 <10 <10 <10

Si <3 <3 <3 <3 10

Si <4 <5 <5 <5 <3

Th <00 <30 <30 <30 <30
P <'20 e20 <20 <20 <20

K <10 <10 <1o <10 <10
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TABLE A-9. TENSILE PROPERTIES OF POWDER-METALLURGY TUNGSTEN SHEET(a)(5)

Average

Tensile Yield Reduction Grain

Temperature, Strength, Strength, Elongation, in Area, Diameter,
Lot F psi psi per cent per cent em

A 3880 6950 4570 28.2 14.3 2.7 x 10-3
0.040 4040 5400 3500 25.0 21.6 --

inch 4150 5430 3530 27.3 29.4 2.5 x 10"3

4380 4500 2880 38.2 36.0 --

4540 3480 2860 . -- --
4550 3730 -- 37.5 36.2 --

4670 3950 3300 42.5 47.8 2.9 x 10-3

.1700 3600 -- 418.5 ,16.2 -

4900 2240 19il 31.3 90 3.8 x 10-3

4980 2060 1980 -- 09 --

B 31870 1710 4070 20.16 12.2 --

0.040 4040 5210 3270 42.5 31.0 3.2 x 10-3
inch 4180 53510 3500 31.3 25.3 --

4300 46,50 :1120 29. f, 28.9 --

4410 3660 2890 25.8 30. 7 3. 1 10-3

4bi80 3080 2230 40.6 33. 3 4.4 x 10-1
4900 27510 22610) 38.2 32.7 4.2 x 10-<

C( 314 0 7070 310ti 62.5 90 3.5 x 10-3
0. 0480 3870 (1500 3330 62.5 99 5.4 4 iO-

hIch 4030 37770 2260 54,8 99
4t250 3120 1670 36.4 92 7.1 x 10-3
4410 2520 1250 65.1 99 7.7 x 10-3
40(70 2150 960 49.2 99 9.5 x 10-3
4950 1750 900 54.8 99 1.40 x 1o-2

5270 1335 67b .....

l) 3810 6200 3390 25.0 20.5 3.0 x 10-3

0.040 4020 5500 3100 28.4 28.5 --
inch 4230 3940 2840 34.3 31.3 3.7 a 10-3

4470 3520 2300 40. 0 37.1 --
4700 3000 25U0 48.5 :19. 1 4,1 x 10-3
4960 2430 1960 -- 41.6 4.2 x 10-

3

5050 2440 1910 49.3 42,0 --

E 4040 6700 4530 48.5 47 2, a x 10-3

0.060 4240 5510 4050 37.5 50.8 2.9 x 10-3
inch 4440 5080 3860 35 31.7

4700 4340 3490 22 11.4 2.6 x 10-3
4940 3620 3220 11 10.8 2.9 x 10-<

(a) Tested at 0. 030 inch per minute crosshead speed.
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TABLE A-10. DIRECTIONAL TENSILE PROPERTIES OF POWDER-
METALLURGY -PRODUCED TUNGSTEN SHEET(aXll)

Property Mean Standard Deviation

Flatness, per cent 5.6(b) --

Thickness. inch 0.062 0.001

Oxygen Content, ppm 46 28

Nitrogen Content, ppm 57 17
Bend Transition Temperature, F

Longitudinal `212 28

Transverse 342 30;

longitudioal Tensile Properties

Room Telnperature(c)

Tensile Strength, 1000 psi 200 26
Yield Strength, 1000 psi [99 '26
Elongation, per ce•st 3 3

1000 F(d)

Tensile StiengIlI, 1000 psi 99 4
Yield Streigth, 1000 psi 91 7

Elongation. per (net 7 1
Transverse Teissile Properties

Rnsom TOsspersstsee(c)

Tensile Strength, 1000 psi 203 '29
Yield Strength. 1000 psi 202 29

Elongation, per cent 0. t 0.3
1000 F(d)

Tensile Strength. 1000 psi 98 19
Yield Strength. 1000 psi 89 q

Elongation, per cent 7 1
2000 F(c)

Tensile Strength. 1000 psi 70 4

Yield Strength. 1000 psi 56 7

Elongation, per cent 9 1

(a) Data from 11 sheets fabricated by the following scheduler Sintered billet

(1 in. thick) - longitudinal roll to 0.9 In. at 2640/2550 F -> cross

roll to 0.235 in. at 2560/2460 F_. stress relieve 5 min at 2550 F -'
longitudinal roll to 0.060 in. at 2280/2010 F--- stress relieve 5 nrin at

2060 F.

(b) Sheet flatines varied from 1 per cent to 10 per cent.

(c) Crosshead speed 0. 02 inch per sinnute.
(d) Tested in air at 0.005 inch per inch per minute to 0.6 per cent offset,

and 0.05 inch per inch per minute to fracture.

(e) Strain rate 0. 05 inch per Inch per minute.
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TABLE A-l1. EFFECT OF TEMPERATURE ON THE TENSILE PROPERTIES OF TUNGSTEN WIRE

Tensile
Temperature, Diameter, Strength, Elongation.

F Condition inch 1000 psi per cent Reference

7,50 Drawn 0. 025 P10-227 2-3 8
1470 Drawn 0.025 113-142 4-5 8
2200 Drawn 0.025 51-8i5 5-6 8

3270 Drawn 0. 025 14-42 -- 8

770 Drawn 0. 028 450 -- 7

390 Drawn 0. 028 350 -- 7

760 Drawn 0.028 320 -- 7
1110 Drawn 0.028 240 -- '7
1830 1)rawn 0. 028 100 -- 7
3630 Drawn 0.028 20 - 7

5070 Drawn 0. 028 " 1- 7

68 Drawn -- 2H8 3 15
1830 Drawn -- 100 i 15
3630 Drawn -- 15 23 15

68 Recrystallized -- 80 0 15

1830 Recrystallized 31, 10 15
3630 Recrystallized -- 15 23 15
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0 Oxygen Content, ppm

o 80 o -0-• •)• 10

60-*~**~% IA 30
- -v 50600

S40 Brrittle--
C : fracture

" 20 - strength
300 400 500 600 700 800 900 1000 1100 1200 1300

Temperature, F

50 50..

0

_ 40 --

0 30

0 30 0
00

IVV

a'

400 500 600 700 800 900 1000 1100 1200 1300

Temperature, F A-45848

FIGURE A-14. EFFECT OF OXYGEN ON THE TENSILE PROPERTIES OF
POWDER METALLURGY TUNGSTEN ROD (0. 1Z5 INCH)( 3 3 )

Test rate 0. 005 inch per minute crosshead.

Base Material

Element C 0 Mo Fe K Al Si Cr Ni

Amount Present, ppm 8 4 20 10 20 10 10 10 10
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60

G" 40

*0

01

0 800 1600 2400 3200 4000 4800

Temperature, F A-45949

FIGURE A-iS. EFFECT OF TEMPERATURE ON THE MODULUS OF ELASTICITY OF
OF COMMERCIAL-PURITY TUNGSTEN SHEET (0. 050 INCH)( 3 4 )

Average data from six producers.
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Sthread [D 00- 1 to 0002 -4 threod

-D, dlom

a VSi. Unriched Specimen

-14 ahseyod _7 1I Ihrend

dio

1FiniLhe Dhnreaions
'(ý2 . D:E ! 0 7.12 ± 0 001

2 RN-O 0 I 1

b. Notched Specimen (Kt =3.0) .wsn

FIGURE A-16. UNNOTCHED AND NOTCHED-BAR TENSILE TEST SPECIMENS
USED TO OBTAIN DATA SHOWN IN FIGURES A-17 AND A-18

All dimensions are in inches.
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Temperature, F Temperature, F
300 400 500 300 400 500

100SO-- 90Notched specimens I

so0 (KTz 0 3) •Notch - unnotch 11.6

/ strength ratio L4

7 120 0.2 -o

o
E0- -I

40 -50 -d oits entefrct.e04 B
maximumecimens -UNnotched

Ss mUnnotched specimens

so o.0 40 0.I0 030 0.6

40 Closed points denote trocture 20 - .4
20 at maximum load I oce

110 - pecimens 0.2

_ _ 0 _111 0
100 ISO 200 250 300 100 ISO 200 250 300

Temperature, C Temperature, C A-33774

FIGURE A-17. TENSILE PROPERTIES FOR WROUGHT, STRESS-RELIEVED
POWDER-METALLURGY TUNGSTEN BAR (1 HR AT 1200 C;
HARDNESS, 440 VHN)(Z)

Unnotched Notched

Crosshead Speed, 0, 02 0. 005
inch per minute

Weight
Impurity Per Cent

C 0.001
0 0. 0005
N <0.001
H <0.0001
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Temperature, F Temperature, F
400 500 600 700 800 900 1000 1100 400 500 600 700 800 900 1000 [100

100 1l 00 I I I I I

90- 90 1.8

80 80 1.6
Notched specimens

'm7 K )1 70 Notch - unnotch 1. -4"8. strength ratio

80 60 1 .

50 50 - __ I 0

Unnotched
2 40 specimens .U 0.80 (

.2 Unoce

S30 I 30 0.6 0

20 20_ _Notched
Closed points denote fracture 20 scimens 0.4
at maximum loud o10 -- 1I0 0.2

0___ 0 r _ 0

200 300 400 500 600 200 300 400 500 600
Temperature, C Temperature, C A-35775

FIGURE A-18. TENSILE PROPERTIES FOR RECRYSTALLIZED POWDER-
METALLURGY TUNGSTEN BAR (1 HR AT 1600 C;

HARDNESS, 370 VIIN; ASTM 4.7)(ZZ)

Unnotched Notched

Crosshead Speed, 0.0Z 0. 005
inch per uinute

Weight
Impurity Per Gent

C 0.001
0 0. 0005
N <0.001

H <0.0001
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,o I
70 Legend

60 I---o 1600 F--
01 1800 F

50 - -- a 2000 F--
45--0 2200F--
40 _

35 . -----

30

0o 25 -- -, -

S20

15

I0 l !i l I I I 1 I 1 I

30 32 34 36 38 40 42 44

T(15 +Log 0 x 13 A- 33389

FIGURE A-Z0. STRESS AS A FUNCTION OF THE LARSON-MILLER
PARAMETER FOR RECRYSTALLIZED (I HOUR
2900 F) TUNGSTEN ROD (0. 160 INCH)C3 1 )

30

2o . x "
0 "S3000F x )

.5 1 5 to 50 100

Rupture Time, hours

FIGURE A-21. STRESS-RUPTURE DATA FOR COMMERCIALLY
PURE TUNGSTEN ROD( 2 6 )
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TABLE A-12. CREEP AND STRESS-RUPTURE PROPERTIES OF COMMERCIALLY PURE SINTERED

STRESS-RELIEVED TUNGSTEN SHEET (0.020 INCH)(a)(
1 2

)

Approx.

Stress, Thermal Loading Time to
Temp. 1000 Exp., Strain, Time, sec. to Produce Indicateu Plastic Creep Rupture, Elong.,

F psi ih. per cent 0.05% 0.
2

v/o 0.5% 10/0 
2 0

/ 4% 6ol/ 80% 10% seconds per cent

2000 100 0.0030 0.3 .. .. .. ..- 3.2 3.0
90 0.0039 0,3 .. .. .. ..- 2.0 3.0

80 0.0039 0.3 6.0 52 163 290 -343 2.0

2500 52 0.0052 0.20 11 3:7 q8 97 102 103 3. 0
42 0.0052 0, 15 14 70 186 275 310 -318 3. 8

J000 17 0.0075 0.55 4 12 45 140 225 485 0110 695 9.0

12 0. 0075 () 10 7 45 240 5")1 96;5- -- 10.()
9 0. 0075 1 0.20 45 128 8141 1120--- 17.1

:31lO 14 0. 01175 0.8 -- 1.0 :1. ) 8. 1)9 f,4 76 81 82 84 11

10 0. 0075 0.1 1'7 70 1211 22.5 185 584 1, 511 -- 1,84 9
o 0 . 0.075 0.:1 8 80 81 194 296 515 ;18 6;48 -- tI50 10

1 . 0071. 0.03 252 1560 .. ....- - 1.5
6; (1. 0075 (). 0121 230 1H2t .. ... 12.1)

4000 12 0. 009,4 1.0 -- 0. 1 0.8 1.9 1)1.:3 17 33 34 "16 37 1o.:,1

10 (. 0094 1.4 -- 0.4 1.0 2.1 4.0 11 '24 2(; 2ý 29 13
8 0.0094 0.1 5 34 42 122 180 253 202 2651 8

4 91 0094 -- 228 8710 .. .... 13

4C,00 7 0.0114 1.6 .. .. 0.3 0.9 1.8 3,5 4.2 h. 3 1.9 12 14
I 0.0[14 1.:1 -- 0.2 0.7 2.0 :%.I (1.0 0.0 17 7

0 0.0114 0.9 0.2 0.8 2.0 ,4. 1 16 25 28 134 7

5 0.01H14 .0 -- 2.0 4.0 8.3 17 29 43 5.7 72 918 12

4 0.0114 0.2 7 15 57 02 220 260 301 395 431 43(1 12

(a) Test Conditions:

Atmosphere A rgon-70/. hydrogen

Gage Length 1.0 in.
Sheet Thichness 0.0U20 in.

Analyses 0.001-0.00200, 0.0001% II.
and 0.0014-0.003/ N

Method of Heating Resistance
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TABLE A-13. CREEP AND STRESS-RUPTURE PROPERTIES OF COMMERCIALLY PURE SINTREID

STRESS-RELIEVED TUNGSTEN SHEET (0. 045 INCHlaXl
2

)

Approx.
Thermal Loading Time. see, to produce Time to

Stress, Exp., Strain. Indicated Plastic Creep Rupture, Elong.,

1000 psi In. per cent 0.05% 0.2% 0.5% 1% 2% 4% 6% 8% 10% seconds per cent

At 2000 F

57 0.00024 0.14 1.1 20 241 680 840 844 --- 845 5.0
50 0.00024 0.12 0.8 2256 .. .. .. .... 6. 0

40 0,00024 0.10 25 -. .. .. .. .... 5.0

At 2500 F

45 0.0032 0.15 ? 54 131 160 178 1---180 6.0
41 0.0032 0.25 .. .. .. .. .. ..- 2 9.0

41 0.0032 0.20 3.5 23 09 57 64 ---- 76 5.5

37 0.0032 0.20 .. .. .. .. .. ..- 2 6.0
34 0.0032 0.10 0.3 1.2 6.0 8.6 10 --- 14 q..5

At 3000 F

13 0.0075 0.7 1.5 10 46 80 175 410 662 -- 20

11 0.0076 0.6 i0 56 72 140 318 686 961 -- 20

0 0.0075 0.2 14 100 335 010 1537i .... 20

0 0.0075 0.18 22 205 644 1435- -- - - - . 20

At 3500 F

13 0.008 1.3 -- 0.5 1.0 1.8 4.2 13 26 31 3- 5 12

II 0.003 0.6 0.2 0.6 1,2 10 40 110 150 1OS 160 0.6
9 0.008 0.2 14 80 180 390 5f10 842 038 9.13 946 1

9 0.008 0.5 7.1 25 91 227 320 32-0 347 8

7 0.000 0,1 42 105 345 720 1105 1560- 5-- 190 6

6 0.008 -- 330 .... 13.1b

At 4000 F

11 0.0095 1,4 .. . 0.2 0.0 2.4 5.0 8.0 11 12 14 10
it 0.0090 .7 ..1 0.2 1.5 2.5 4.0 5 6 8 16

9 0.0099 0.8 0.1 0.9 1.7 3.2 7,0 17 22 23 24 25 13

7 0.0095 0.4 0,4 5.0 17 45 67 78 81 -. 83 8

7 0.0095 0.3 0.3 4.0 18 38 70 100 104 106 10.7 10
5 0.0095 0.07 20 107 270 065 1050 -.. .. .. ..- 1250 --

3 0.0095 -- 705 .. .. .. .. .... 14

At 4500 F

7 0.012 2.4 -- 0.2 0.7 1.3 4.0 6.0 7.5 10 11 13 15
6 0.012 0.8 1.4 0.3 9.0 15 25 40 57 062

0 0,012 0.8 1.1 3.0 6.0 12 20 37 52 68 92 9.6

5 0.012 0.2 5.0 35 70 142 180 187 195 0197 8
5 0.012 1.0 2.0 10 24 35 51 G3 69 70 72 10

5 0.012 1.0 1.7 3.0 17.6 18 36 52 65 08 70 77 12.6
4 0.012 0.14 42 120 195 335 482 540 550 566 7.5

3 0.012 0.04 103 336 8520 .... 13

(a) Test Conditions:

Atmosphere Argon-7% hydrogen
Gage Length 1.0 in.

Sheet Thickness 0. 046 in.
Analyses 0.0010-0. 0020%O, 0,001%m.

and 0. 0014-0. 003% N

Method of Heating Reslstance



A-38

TABLE A-14. STRESS-RUPTURE PROPERTIES OF POWDER-METALLURGY

TUNGSTEN SHEET AT 4800 F(5)

Average

Minimum Rupture Grain

Stress, Creep Rate, Life, Diameter,

Lot psi sec-
1  

min cm

A 1500 5.55 x 10-6 319.3 2.9 x 10-

0.040 1800 5.76 x 10-6 240.4 2.8 x 10-3
inch 2500 4. 09 x l105 39.2 3.2 x l0-3

Avg 3.0x 10-3

B 1740 8. 34 x 10-6 155.7 3. 7 x 10-3
0.040 1940 3. 17 x 10-5 70. I 4.1 a 10-3

inch 2470 7.59 x 10"5 22.9 4.5 x 10-3

Avg 4.3 x 10 "3

C 720 3.33 x 10-( 512 1.5 x 10-2

0. (14( 960 1.32 x 10-5 208.S 1.4 x 10-2

incuh 1460 1. 72 x 10-
4  

13.2 1.2 x 10-2

Avg 1.4 x 1(1"2

1) 1020 :.3J x 10-6 >360 --

0.4(1 1550 1. 17 I 1o05 121.0 4.3 x 10-3

inch 1800 2.97 x 1015 53.9 4. N 10-3

'2500 3. OH x 10-4 4(. 4 3. 6 x 10-3

3000 1. 112 x 10
1  

2.6 4.7 x 10-3

Avg 4. :1 x 10 -3

F 250 'I. 1V x a0"
7  

>1000 --

0.010 1670 1.42 x I 0-6 <4110 --

in('h 1000 1.02 x 10W5 91.8 3.3 x 10-3

1810 -- 5.9 --
1815 2.93 x 10-5 7.5 3.5 x 10-3

Avg 3.,1 x 10-3

(a) A nalyses:

Impurity, ppm

Lot 0 I.I N C

A 5 <1 28 15

B 19 1 17 20

C 8 <1 18 25
D 1 <1 24 10
E 29 <1 4 30
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"TABLE A-15. STRESS-RUPTURE PROPERTIES OF DRAWN

SINTERED TUNGSTEN WIRE (0.070 INCH)(
3

6)

Tittle to ELongation

Temperature, Stress, Rupture, in 2 IIl.,

F 1000 psi mill per cent

3000 19.0 54.4 3. 15
1q.o 017.3 2.5
'L.5 82.6 1. 3

3750 t0. ) 4.0 I. 0

"1.08 M4. ,.

41000 10.0 0.1) 1.0

'7.0 2.7 1.4

1.0 11.0 0.4

4400 7.0 3.1 1.7

3.9 43.2 1.
2.0 201.0 3.0
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4. Metallurgical Properties

a. Fabricability: initial forging, rolling, or swaging of sintered compacts is
done at 2900 to 3300 F; further working is done at successively
lower temperatures as reduction in cross section proceeds(7)

b. Transition temperature: Table A-16 and Figures A-24 through A-34

c. Weldability: tungsten welded to itself by most conventional welding procedures
results in an embrittled joint; only spot welding and inert arc,

or hydrogen welding are recommended; high melting point metals
which do not form brittle intermediate phases with tungsten have
been successfully spotwelded to tungsten(

4 0 )

d. Stress-relief temperature: I hour at 1800 to Z190 F(II, ")

e, Recrystallization temperature: Table A- 17 and Figure A-35
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TABLE A-16. BEND-TRANSITION -TEMPERATURE TESTS FOR COMMERCIALLY

PURE SINTERED STRESS-RELIEVED TUNGSTEN SHEET(aX1
2

)

Bella

Bend Temperature, Angle,

Radius F degrees Remarks

IT 300 310 Fractured
IT 300 40 Fractured

IT 400 41 Fractured

IT 100 00 Fractured

iT 400 90) FractUred

IT 12:) 91 Fractured

IT 4,25 1,;() Fractured

IT 450 103 Fractitred

IT ,b30 '121(; Fractured
IT b00 129 Fractnrcd

ITr 1OO 120 Fratinrd
IT :,40 120 Fractured

2T 201) I PFractintud
2T 200 0 Fractlrtd
21, 300 b t, Fracttnrcd

ET 400 80 Fractutred
2T 400 103 Fractured

21' 425 180 (OK

2T 425 110 Fractusrud

2T 450 100 OK

21' -10 180 OK

2T 500 180 OK

2T 540 132 Fracltrred

2T 540 180 OK

(a) Test Conditions:

hieating Oil bat Spcecitruls Transverse to rtelllg
Bend Rate 1. 0 in. /min direction
Sheet Thickness 0. 030 ill. Analyses 0. 0010-0. 0020% 0,

0. 0001% "H, and 0.0014-

0. 0030% N
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LL 1000

S750-

- 500

0

U)C 2500

RT

0-

100 % Highly cold

Recrystallized necrensing thickness worked

Increasing cold work A-45851

Decreasing stress relief

FIGURE A-24. INFLUENCE OF PROCESSING PARAMETERS ON THE

DUCTILE-BIUTTLE TRANSITION TEMPERATURE OF

FLAT-ROLLED POWI)ER-METALLURGY TUNGSTEN

PRODUC TS(
1 6)

Trmperolbr, ("

V1 0 30 40D 5(>D 500 R)0) 00

[001 rI ,

10,/ 01

1- 001-

Si I F,bered
20 4v,- 0-5- I

I I-- 100
I -- 19,000

Io - --- - 1Recvyflolued
I -, --.-- o1 .008

00

200 400 110 1100 O00 1200 400 GO00

Tempemture, F A 420W•

FIGURE A-25. EFFECT OF STRAIN RATE ON THE LOW-TEMPERATURE

DUCTILITIES OF FIBERED(
3 8

) AND OF RECRYSTAL-

LIZED(
2 5 ) TUNGSTEN ROD(3)
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LL 600

M 400 "T

.0
+-

a 200

0F-

0
0 20 40 60 80 100

Rolling Reduction, per cent A-41986

FIGURE A-26. EFFECT OF AMOUNT OF REDUCTION AFTER

RECRYSTALLIZATION ON THE BEND - TRANSITION
TEMPERATURE OF ARC-MELTED TUNGSTEN
SI-IEET (0. 040 INCH)( 1 )

Stress relieved 1 hour at 1800 e.

Analyses 0.0010% C, 0.0008% 0, and 0.0004% N.

800 ---- T-
. 99 per cent reduction

LL x 95 percent reduction
S0 92 percent reduction

60-

C400 0

x

oS
200

0 1600 1800 2000 2200 2400

Stress-Relief Temperature, F

FIGURE A-27. EFFECT OF STRESS- RELIEVING TEMPERATURE (1 HOUR)
ON THE BEND-TRANSITION TEMPERATURE OF

ARC-MELTED TUNGSTEN SHEET(" 1)

Maximum and minimum points shown for each streso-relief
treatment.

Analyses 0. 0010% C, 0. 0008% 0, and 0. 0004% N.
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800 
-

S6o0 - / _ _
2600- _ _/

. 400

u/
200 Ix-- _

1600 1800 Z000 2200 2400 2400 2800

Annecling Ternperoture,F A- 419•o

FIGURE A\-Z8. COMPARISON OF BEND-TRANSITION TEMPERATURE OF ARC-
MELTED AND POWDER-META TLURGY TUNGSTEN SHEET( 1 )

How Thickne ss, Impurity Content, ppm
Consolidated inch C 0 N

AM 0.040 10 8 4
PM 0.060 -- 46 57

Stress - Relief Temperoture ,F
2000 2ZO0 2400 2600 2800

200 - 1 1-

2400 . -

-600 .

Sooo . . . . .n 2o10 ne E

"---'-- -- "• -
1200 200

1000 1100 1200 1300 1400 1500

Stress-Relief Tepnperoture ,C A- 41967

FIGURE A-Z9. EFFECT OF STRESS-RELIEF TREATMENT ON THE BEND-
TRANSITION TEMPERATURE OF WROUGHT POWDER-
METALLURGY TUNGSTEN SHEET (0. 060 INCH)( 1 )1

Analyses 0. 0046% 0 and 0. 0057% N.
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10IAOU: x v - wv x f
v f Legend

___ Lot
80 o-, A

0 C
v 0x E

S60

m

40

0 00 300 400 500 600 700 800 900
Temperoture, F A-45852

FIGURE A-30. BEND-TRANSITION TEMPERATURE FOR FIVE LOTS OF
POWDER-METALLURGY TUNGSTEN SIEET( 5)

Loading rate, 4 inches per minute; radius, 0. 160 inch

Analyses:

Lot Sheet Thickness, inch Impurity Content, ppm

0 II N C
A 0.040 5 <1 2-8 15
B 0.040 19 1 17 20
C 0.040 8 <1 18 25
D 0.040 13 <1 24 10
E 0. 060 29 <1 6 30
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Note; temperatures given
50 in C

C-)

E 50

< 40

c:
40

M

"•30-

20

As-

01200

C

I0D

Cb

As- 5"
drawn 800 1050 1200 1400 .5 8a

W
0w

-100 -80 -60 -40 -20 0 20 40 60 80 100

Temperature, C A-45853

FIGURE A-.31. EFFECT OF RECOVERY-ANNEALING (10 MINUTE TIME) ON
THE DUCTILE-BRITTLE TRANSITION BEHAVIOR OF TUNGSTEN
WIRE (0. 030 INCH)(

3 9)

Strain rate 2.8 x 10-4 per second.
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Temnperature, C

100 200 300 400 500

Eth o 60 rms

o Etched 200 rms

Groud 300 rms-
Ground 60 rns

annald ~60nrme

40 Ground and peened

Brirtle Transition Dc l
zone zone zone

200 300 400 500 600 700 800 90X) 1000 1100

Temperature, F A-45854

FIGURE A-32. EFFECT OF SURFACE CONDITION ON THE TENSILE
STRENGTH OF RECRYSTALLIZED (1 HOUR 3500 F)
POWDER-METALLURGY TUNGSTEN ROD (0. 170 INCH)('9)

Crosshead speed 0. 2 inch per minute.

Analyses 0.00040/O, 0.007676eC, <0. 000lIN, 0.0035%6AI,
0.0010%Ni, 0.00257*Fe, 0.0OI0%Si, and
0. 00 10%v S.



A-49

Temperature, C
100 150 200 250 300 350 400 450Io I I I [ I I I I I

"-Brittle -Transition Ductile
zone zone

8 60
70

60

50

C_ 40 Transition temperature
0

Surface

30 Symbol Condition -

a Electrojolished and
oxidized in air for I hour
at 1000 F

20 0 Electropolished to a 3-
microinch rms surface

0 Etched to o 200- 60-
microinch rms surface

10 Ground or otherwise
mechanically worked
surface ; 60-25
microinches rms

020 I i
200 300 400 500 600 700 800 900

Temperature, F A-420•2

FIGURE A-33. EFFECT OF SURFACE CONDITION ON THE LOW-TEMPERATURE

DUCTILITY OF RECRYSTALLIZED (1 HOUR 3500 F) POWDER-

METALLURGY TUNGSTEN ROD (0. 170 INCH)(19)

Crosshead speed - 0. 2 in. /min.

Analyses 0. 0004% 0, 0.0076% C, <0. 0001% N, 0.0035% Al,
0. 0010% Ni, 0.0025% Fe, 0. 0010 Si, and 0. 0010% S.
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Oxygen content, ppm -

o0 20 _____- Single crystal100o - 2 Q -

Oxygen cntent, - Polycrystolline

10/

60- 60 F- /.5 - ' Transition ,

0- 8 /tomerotawe/ 50 rJý6 F~84 F 1lO20 F

40--

xi.

0 / 0
2: - v/5j/
- 2ý00 0 200 400 000 800 1000 1200 1400

Temperature, F

FIGUREA-34. EFFECT OF OXYGEN ON THE DUCTILITY OF POWDER-MJTALLURGY
TUNGSTEN ROD (0. 1?,5 INCH)(3

3
)

Test rate 0, 005 inch per minute to 0. 2 per cent yield, then 0. 05 inch per

minute to fracture.

Base Material

Element C 0 Mo Fe K Al Si Cr Ni

Amount Present, ppnm 8 4 20 10 20 10 10 10 10
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TABLE A-17. EFFECT OF FINAL ROLLING REDUCTION ON TIME
RECRYSTALLIZATION TEMPERATURE OF ARC-

MELTED TUNGSTEN(aXl1)

Temperature, F

Redur.ticn Initiation of 50 Per Cent Comnplete

per cent Rccrystallization Recrystallization Rccmystallization

99 1900 2150 2400

912 -, 1900 2150 2400

80 2100 2300 2450
60 2200 2 350 2600

40 2300 2500 t2650

(a) I)ata for 1 hoitr at tetinpcra tttre. A tia lyses 0. 00 10% C, 0. 0008%4 0, at nd

0. Oltt40,, N.

480

460 1,_ ,•,.,• 00
460 ~Hardness- - -10

4 _ _Per cent

Z 440 - recrystolliztion - 80 -

S420 6o
C -

/ Q
400 40 n-

U

380 20
/

360---- ,=-- 0
1200 1300 1400 1500 1600 1700

Temperature, C a - 33772

FIGURE A-35. ANNEALING CURVE FOR POWDER-METALLURGY
TUNGSTEN BAR(ZZ

1/4 hour at temperature in an argon atmosphere;
air cooled.

Element Weight Per Cent

G 0.001

0 0. 0005
N <0. 001

1H <0.0001



A-52

References

(1) Proposed Tentative Specification for Unalloyed Sintered Tungsten Billets, Bars,
Rods, and Preforms for Forging, Sixth Draft, American Society for Testing and
Materials (April 16, 1963).

(2) "Development of Extrusion Processes for Tungsten", Wah Chang Corp., First
Interim Report on Contract AS" 33(600)-42395 (March, 1961).

(3) Ratiff, J. L.., and Ogden, H. R., "A Compilation of the Tensile Properties of
Tungsten", Battelle Memorial Institute, DMIC Memorandum 157 (September 11,
196Z).

(4) "Tungsten Sheet Rolling Program", Universal-Cyclops Steel Corp. , AMC
Interim Report 7-827 (I) on Contract AF 33(600)-41917 (December, 1960).

(5) Sutherland, E. C. , and Klopp, W. D. , "Observations of Properties of Sintered
Wrought Tungsten Sheet at Very High Temperatures", National Aeronautics and
Space Administration, NASA TN D-1310 (February, 1963).

(6) Private Communication, Battelle Memorial Institute.

(7) Metals Handbook, Properties and Selection of Metals, 8th Edition, American
Society for Metals, Cleveland (1961), Vol 1, pp 12Z5-26.

(8) Metallwerk Planse, G. .r1. [I. , Rcutte, Tirol, "Tungsten", Druckschi-ift
150. 4. 59, Tiroler Graphik, Innsbruck, Inurain 27-29.

(9) Agte, C., and Vacek, J., Wolfram and Molybdin, Akadenile-Verlag (1959).

(10) "Tungsten Strand for Vacuum Metallizing", Technical Information Bulletin,
Sylvania Electric Products, Inc.

(11) Ogden, 11. R. , "Department of Defense Refractory Metals Sheet-Rolling Pro-
gram'', Status Report No. Z, Battelle Memorial Institut,, 1DMIC Report 176
(October 15, 1962).

(12) Rabensteine, A. S. , "Mechanical Properties of Commercially Pure Sintered
Tungsten Alloy Sheet From Room Temperature to 4500 F", Marquardt Corp.

Contract No. AF 33(657)-8706, Report 281-ZQ-3 (December 1, 1962).

(13) Parechanian, H., "Design Data Manual on Tungsten", Hughs Tool Go. , Aircraft
Division, Summary Report on Contract AF 33(616)-7385, Report HTC 6Z-1
(July, 196Z).

(14) "Tungsten", Brochure from Sylvania Electric Products, Inc. (1962).

(15) "Thermocouple Alloys", Brochure from Hoskins Manufacturing Co.

(16) "Tungsten Sheet and Plate, Powder Metallurgy, Unalloyed", General Electric Co.,
Product Data Sheet 1400-C (March 4, 1963).



A-53

(17) Hall, R. W. , and Sikora, P. F. , "Tensile Properties of Molybdenum and
Tungsten from 2500 F to 3700 F", NASA Memorandum 3-9-59E, Lewis Research
Center (1959).

(18) Silera, P. F. , and Hall, R. W. , "High Temperature Tensile Properties of
Wrought Sintered Tungsten", NASA TN-D-79, Lewis Research Center (1959).

(19) Stephens, J. R. , "Effect of Surface Condition on Ductile-to-Brittle Transition
Temperature of Tungsten", NASA TN D-676, Lewis Research Center (1961).

(Z0) Silora, P. F., and Hall, R. W. , "Effect of Strain Rate on Mechanical Properties
of Wrought Sintered Tungsten Above 2500 F", NASA TN D- 1094, Lewis Research
Center (1961).

(21) Foyle, F. A. , et al. , "Initial Investigation of Arc Melting and Extrusion of
Tungsten", NASA TN D-269, Lewis Research Center (1960).

(22) lmgramn, A. G. , et al, , "Notch Sensitivity of Refractory Metals", Battelle
Memorial Institute, WADD TR 60-278 (April, 1960).

(23) Ratliff, J. L. , et al. , "Development of a Ductile Tungsten Sheet Alloy", Battelle
Memorial Institute, Summary Report on Contract NOw-61-0677-C (1962).

(24) Ratliff, J. L. , Battelle Memorial Institute, unpublished data (196Z).

(25) "Investigation of the Properties of Tungsten and its Alloys", Union Carbide Metals
Go., WADD TR 60-144 (1960).

(Z6) Sell, 1-I. G. , et al. , "Physical Metallurgy of Tungsten and Tungsten-Base Alloys",
Westinghouse Lamp Division, WADD TR 60-37, Part 11 (1961).

(Z7) Glasier, L. F. , at al., "Mechanical and Physical Properties of the Refractory
Metals, W, Ta, and Mo Above 4000 F", Aerojet-General Corp. (1959).

(Z8) Bodine, G. C. , "Tungsten Sheet Roiling Program", Fansteel Metallurgical Corp.
Contract NOw 60-0621-C, Interim Reports 6 and 9 (1961- 196Z).

(29) Schoenfeld, W. J. , "Tungsten Sheet Rolling Program", Universal Cyclops Steel
Corp. , USAF, Interim Reports 3 and 4 (1962).

(30) Japka, J. E. , and Hoppin, G. S. , "Roll Forming Tungsten Rocket Nozzles",
General Electric Go., Final Report on Contract NOrd 88119.

(31) Pugh, J. W., "Tensile and Creep Properties of Tungsten at Elevated Tempera-
tures", ASTM Proceedings, 57, 906-915 (1957).

(37) Bechtold, J. H. , "Flow and Fracture Characteristics of Annealed Tungsten",
Transactions ASM, 46, 397-408 (1954).

(33) Stephens, J. R. , "Effect of Oxygen on Mechanical Properties of Tungsten",
National Aeronautics and Space Administration, NASA TN D- 1581 (April, 1963).



A-54

(34) Atkinson, R. H. and Staff of Metals Res. Group, Westinghouse Lamp Div.
"Physical Metallurgy of Tungsten and Tungsten-Base Alloys", WADD TR 60-37
(May, 1960).

(35) Green, W. V., "Short-Time Creep-Rupture Behavior of Tungsten at 2250 C to
280C G", Trans. AIME, 215 (Decemhber, 1959).

(36) Hum, J.K.Y. , and Doolevy, A., "Same Stress-Rupture Properties of Columbiurn,
Molybdenum, Tantalum, and Tungsten Metals and Alloys Between 2400 and
5000 F", Stauffer Metals Go. , paper presented at SAE National Aeronautic
Meeting, New York (1961).

(37) Foster, L. R. , and Stein, B. A. , "Tensile Properties and Sheet-Bending Fatigue
Properties of Some Refractory Metals at Room Temperature", National Aero-
nautics and Space Administration, NASA TN D-1592 (January, 1963).

(38) Magmisson, A. W. , and Baldwin, W. M. , "Low Temperature Brittleness",
J. Mech. Phys. Solids, 5, 17Z-181 (1957).

(39) Lenient, B. S., et al. , "Substructure and Mechanical Properties of Refractory
Metals", Contract No. AF 33(616)-6838, WADD TR-61-181, Part 1I (October,
1961).

(40) Weiss, V. , et al. , "Air Weapons Materials Application Handbook Metals and
Alloys", Syracuse University Research Institute, AFSC Supplement I to ARDG-

TR-5ý9-66 (August, 1961).



A-55

"Doped" Tungsten

1. Identification of Material

a. Designation: many, depending upon individual supplier

b. Chemical composition: doped tungsten consists of the addition of small aiounts
of alkaline silicates and aluminum oxide, most of which,
except the latter, evaporate in sintering to leave a

distillation residue(i); this residue is on the order of
0.02 per cent( 2 )

c. Forms available: sheet, foil, and wire(l, 3)

2. Physical Properties

a. Melting point: 6170 F (estimated to be the same as that for unalloyed tungsten)

b. Density: 0.697 lb/in. 3 (estimated to be the same as that for unalloyed tungsten)

c, Electrical resistivity: Figure A-36
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Temperature, C A-45856

FIGURE A-36. ELECTRICAL RESISTIVITY OF GENERAL ELECTRIC Z18
DOPED TUNGSTEN WIRE (3)
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3. Mechanical Properties

a. Tensile Properties at Roomn Temperature

Ultimate tensile strength: Table A-18
Figures A-37 through A-39

Tensile yield strength: Table A- 18

Elongation: Table A-18
Figures A-40 and A-41

b. Effect of Temperature on Tensile Properties

Ultimate tensile strength: ZZ, 500 psi at 2500 F for sintered, swaged, and
anmoaled (1/2 hour at 2730 F) material( 5)

Figure A-42

Elongation: Figure A-43

c. Creep and Stress-Rupture Properties

For sintered, swaged, and annealed (1/2 hour, Z730 F) material tested
at ?.500 F( 5 )

Stress, Mininmun Creep Rate, Rupture Life,

1000 psi per cent/hour hours

15.0 0 .070 105
Iz. 5 0. 16? 49
10.0 0.04 140

d. Other Selected Mechanical Properties

Hardness: fur General Electric 218 "doped" tungsten wire (8 mil)(4)

3-Minute Annealing Temperature, C
1750 Z000 2240 2750 2850

RH Hardness, DPH 544 435 396 391 391
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E
E

3- 00 ,

0 4-mil wire " __U L\• 8-rail wire ! tl•••••

S100 *12- mil wire -

S2 50

0 400 800 1200 1600 2000 2400

10-Minute Annealing Temperature, C

]11pri Weight Per :Cent

Mo 0.01
Fc 0.005
8i' 2  0.016
A' 2 0 3  0.00.1

E"1. 300 6- --- - --

S250--

150S 0 4-mul wire
Az 8-mil wire

- 12-mil wire _ _ _
Q) 50

I-
0 400 800 1200 1600 20002400

A- 45857
10-Minute Annealing Temperature, C

li i Weight Per Cent

Mo 0.02

Fe 0.05

SiO2  0.01

A1203 0. 000
Mg 0.001

N i 0.002

FIGURE A-37. EFFECT OF ANNEALING TEMPERATURE ON THE ROOM-TEMPERATURE

TENSILE STRENGTH OF DOPED TUNGSTEN WIRES(
2
)

Note: Analyses on powder.
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350

300 ______

S250

01

Sx Recrystallized, drown 11%o Recrystallized, drown 22%
100 o Recrystallized, drawn 44%

iN Recrystallized, drown 72%

50

0 400 800 1200 1600 2000 2400
A.-45858

10-Minute Annealing Temperature, C

FIGURE A-38. EFFECT OF REDUCTION AND ANNEALING
TEMPERATURE ON THE ROOM-TEMPERATURE
TENSILE STRENGTH OF DOPED TUNGSTEN
WIRES(N)

Impurit Weight Per Cent

Mo 0.04
Fe 0.002
SiO2  0.08
A1 2 0 3  0.010
Ni 0.001

Note: Analyses on powder.
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E 300E Legend
S275I-- %Q° 0 6 sec

0 I sec
Z~ 250 -l~e

S225- * 100 sec44 1
200

175ý

- 600 1000 1400 1800

Annealing Temperature, C

o. For primary recrystal lization

E 255 - ] I
F I1500 C

"200_

S150- 1

. 0oo -- 2200ýC -u vz- 21100. C-
C: 7 5 I.'

IT0.1 0 10 I00

A-45859
Time of Heating , minutes

b. For secondary recrystallizotion

FIGURE A-39. EFFECT OF ANNEALING TIME AND TEMPERATURE ON
THE ROOM-TEMPERATURE TENSILE STRENGTH OF
DOPED TUNGSTEN WIRE (8 MIL)(?)

ImPurit Weight Per Cent
Mo 0.05
Fe 0.013
SiO 2  0.16
A1203 0.006
Ni 0.001

Note: Analyses on powder.
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C

o 0 400 800 1200 1600 2000 2400

0)

LLJ
10- Minute Annealing Temperature, C

FIGURE A-40, EFFECT OF ANNEALING TEMPERATURE ON THIE
ROOM-TEMPERATURE DUCTILITY OF DOPED
TUNGSTEN WIRE (8 MIL)(7)

L11 , Weight .Pcr Ckent
Mo 0.05

Fe 0. 0l 3
SlOz 0. 16

A1zO0, U. 006

N i 0. 001
Note: Anatyses on powct-,r.

a)

U

- - r -
0
C

o I00 1400 18OO 120016002000 2400040

iJ1 3-Minute Anne aling Temper ature, C

FIGURE A-41. EFFECT OF ANNEALING TEMPERATURE ON THE
ROOM-TEMPERATURE DUCTILITY OF GENERAL
ELECTRIC EN8 DOPED TUNGSTEN WIRE (7 MIL)(3)
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*L 140 - - -

o 120
0-- 100 o_.

W, 60-
U) 40

"Ti 20- -

I- 0
1400 1600 1800 2000

Temperature, C

FIGURE A-42. EFFECT OF TEMPERATURE ON THE TENSILE
STRENGTH OF GENERAL ELECTRIC 218 DOPED
TUNGSTEN WIRE (8 MIL)( 3 )

25 _

S20 -- - -

0)

0 0

0 400 1200 2000 A-45861

10-Minute Annealing Temperature

FIGURE A-43. EFFECT OF ANNEALING TEMPERATURE ON THE
200 C DUCTILITY OF• DOPED TUNGSTEN WIRE
(8 MIL)(?-)

Jnip~Urity Weight Per Cent
Mo 0. 05
Fe 0.013
SiOz 0. 16
A1203 0. 006
Ni 0. 001

Note: Analyses on powder.
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4. Metallurgical Properties

a. Fabricability: sintered slabs can be forged at 2700 to 3300 F and warm rolled
to sheet (0. 040 inch) with intermediate stress-relieving treat-
ments (2280 F) at each 50 per cent reduction level; cold
rolling is used below 0. 040 inch to produce thin sheet or foil();
wire drawing is conducted at 1075 F(M)

b. Transition temperature: highly worked wire has useful roomn-temperature
ductility(?, 3)

c. Stress-relief temperature: 10 minutes at 1800 to Z200 F(M), 3 minutes at
2900 F(4), for as-heavily-drawn wire

d. Recrystallization temperature: 10 to 100 minutes at 3550 F or above( 2 ), 3
minutes at 4050 F(4), for as-heavily-drawn
wire
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W-0. 38TaG

1. Identification of Material

a. Chcmical composition: W-0. 38TaG

b. Forms available: ingot and fabricated shapes on a best efforts basis

A Physical Properties

a. Melting point: 6170 F (estimated to be the same as that for unalloyed tungsten)

b, Density: 0. 696 lb/in. 3 (calculated)( 1)

3. Mechanical Properties

a. Effect of Temperature on Tensile Properties

Ultimate tensile strength: Table A- 19

Tensile yield strength: Table A- 19

Elongation: Table A- 19

Reduction in area: Table A-19

b. Circep and Stress-Rupture Properties

Figure A-14
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TABLE A-19. HIGI1-TEMPERATURE TENSILE PROPERTIES OF W-0.38TaC ROD(a)(2.3)

Teansile Yield Strength Uniform. Total Redtlction in

Temperature, Strength, (0. 2% Offset), Elongation, Elongation, Area.

Condition F 1000 psi 1000 psi per cent per cent per cein

Extruded

Stress relieved 2500 40-44 40-42 1 12-l4 84-87

Recrystallizcd 2500 20-22 8-9 18-21 >S9->,M >32->40

Stress relieved 2700 32-35 M1-34 I D4-27 70-81

Rlecryslallized 270(0 17 8 13-15 25 2"1-24;

Recrystallized 3000 11-17 .5-L0 11-16 31->39 >27->36

S waged

Stress relieved 3060 >32 <32 -- >2 >2

Recrystallized 3000 19-20 12 1i1-18 >38-x>i) "33->x0

As swaged to 3000 22-32 16-26 -- 7-33 16-42

various reductions

(a) Test rate 30 per cent per hour.
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4. Metallurgical Properties

a. Fabricability: sintered billets can be readily extruded at 4000 F, followed by
large total swaging reductions at 3090 F(3)

b. Stress-relief temperature: 30 minutes at 2370 F for extruded and swaged
(77 per cent) material( 3 )

c. Recrystallization temperature: Figures A-45 and A-46
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W- lThO2

1. Identification of Material

a. Chemical composition: W-lThO2

b, Forms available: rod, strip, and wire

2. Physical Properties

a. Melting point: 6170 F (estimated to be the same as that of unalloyed tungsten)

b. Density: 0.690 lb/in. 3 (calculated)(1 )

3. Mechanical Properties

a. Effect of Temperature on Tensile Properties

Ultimate tensile strength: Figure A-47
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4. Metallurgical Properties

a. Fabricability: excellent rolling behavior has been obtained by breakdown rolling
of sintered compacts at 3270 F, intermediate rolling at 2550 to
2910 F, and final finish rolling at 2190 F( 3 )

b. Transition temperature: for sheet (0.035 inch)( 3 )

Transition
Temperature,

1-Hour Annealing Grain Size, F
Temperature, F grains/mmZ 8T 4T

1830 Wrought 345 345
2190 Wrought 435 435
3270 1425 660 690

c. Stress-relief tcmnperature: 1 hour at 2190 to 2370 F( 3 )

d. Recrystallization tenmperature: I hour at 2910 F for material reduced 80 per
cent(3)
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W-ZThO 2

1. Identification of Material

a. Chemical composition: W-ZThO2

b. Forms available: rod, strip, and wire

2. Physical Properties

a. Melting point: 6170 F (estimated to be the same as that for unalloyed tungsten)

b. Density: 0.683 lb/in. 3 (calculated)(1)

3. Mechanical Properties

a. Effect of Temperature on Tensile Properties

Ultimate tensile strength: Table A-20
Figures A-48 and A-49

Tensile yield strength: Table A-20

Elongation: Table A-20

Reduction in area: Table A-20

b. Creep and Stress-Rupture Properties

For annealed rod(5 )

Stress, Time to Rupture,

1000 psi hours

15.0 4.4
12.5 5.7
7.5 10.5

Figure A-50
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TAIlI,P A-20. EFFECT OF TEMPERATURE ON TME TENSILE PROPERTIES OF W-2I110 2 ROD

Tensile Yield Strength

Temperature, Strength, (0.%6 Offset), Elongation, Reduction in
l- (:ondition 1000 psi 1000 psi per ell t Arca, per cent Reference

2600 Worked GO per cent 37.0 35.0 20 (2 (2)

Worked 80 per cent 42.0 41. 0 12 73 (2)

2700 Antealed 1/2 hour 2910 F 33.0 32.0 14 3p (2)

Amnnaled 1/2 hour 3810 F :12.0 3 ., 17 01 (2)

3000 Annealed 1/2 hour 2910 V 2"7. 0 2i.0 4 16 (2)

Amieniaed 4 hours 3540 F 1h. 41 10.9 22 2"3 (3)

A nuealed 1/2 hotur 3990 E1 14.8 10.0 22 19 (3)
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Metallurgical Properties

a. Fabricability: excellent rolling behavior has been obtained by breakdown rolling
of sintered compacts at 3270 F, intermediate rolling at 2550 F to
2910 F, and final finish rolling at 2190 F(6); swaging and forg-
ing can readily be accomplished at 3090 F( 7 )

b. Transition temperature: for sheet (0. 035 inch)(6 )

Transition
Temperature,

1-Hour Annealing Grain Size, F

Temperature, F grains/mam 2  8T '4T

1830 Wrought 345 345
2190 Wrought 365 365
3270 2125 615 660

Figure A-51

c. Stress-relief temperature: I hour at 2190 to 2370 FI 6 )

d. Recrystallization temperature: I hour at 3090 F for material reduced 80 per
cent(6 ); 1/2 hour at 4350 F(2)

Figure A-52
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W-0. 6cb

1. Identification of Material

a. Chemical composition: W-(O, 5-0. 6)Cb

b, Forms available: ingot and fabricated shapes available from suppliers on a best
efforts basis

2. Physical Properties

a. Melting point: ~6160 FO1 )

b. Density: 0. 692 lb/in. 3 (calculated)

3. Mechanical Properties

a. Effect of Temperature on Tensile Properties

Ultimate tensile strength: Tables A-ZI and A-?Z
Figure A-53

Tensile yield strength: Tables A-2I and A-UZ
Figure A-53

Elongation: TablesA-A I and A-ZU
Figure A-53

Reduction in area: Tab'lJes A-AL and A- Z
Figure A-53

). Creep and Stress-Rupture Properties

For material as extruded (3550 F) and tested at 3000 F(a)(5)

Stress, Time to Rupture, Elongation, Reduction in
1000 psi hours per cent Area, per cent

25.0 0.8 4Z.7 94
z0.0 3. 8 53.3 89
15.0 32.45 51.2 89.6

(a) Analyses 0.001IW/cO, 0.01200/o C, <0.0001% 1 , 0,0009W/ N, .0.0010"/o Al,
0, 0005o/ Fe, 0.0005O/c Ni. <0. 0020% Si, and 0. 62'51 Cb.
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TABLE A-21. EFPECT OF TEMPERATURE ON THE TENSILE
PROPERTIES OF ARC-CAST W-0.6 Cb

Tensile Yield Strength Reduction
Temperature, Strength, (0.2% Offset), Elongatioli, in Area,

F Condition 1000 psi 1000 psi per cent per cent

Reference 2. 0.02 Inch per Minute Crosshead Speed

2800 As extruded, 3400 F (a) 49.2 45.5 18 92

3000 As extruded. 3400 F (5) 42.5 38.4 15 99
3000 Annealed 1 hour 2900 F(a) 24.8 20.7 33 95

Reference 3, 0.02 Inch per Minute Crosshead Speed

3000 As swaged, 2650 F(b) 60.13 50.0 20 82

Reference 4, 300 Per Cent per Hour

3000 As swaged, 2800 F(c) 42.74 41.4 13.3 8.1.2
3000 As swaged, 2800 F(d) 4b.0 43.5 14.0 89. I

Reference 5, 0.02 Inch per Minute Crosshead Speed

3000 As extruded, 3550 F(e) 38.21 35. 071 32. 6 80
32b0 As extruded, 3150 F(e) 22.64 1M.66 46. 9 63.2

3100 As extruded, 3550 F(e) 13.01, 7.71 bb. (; (I. 7
'1000 As extruded, 3550 F(.) ".21 4,5 81.7 90

Notc;
Analyses

Amisosnt Present, ppssl

Elecment (at) (h) (c)_ (d A

C 180 100 10 18 120

0 g0 40 17 9 10
11 <10 -- 1 <1 <1

N 180 -- 22 14 9
Al .. . .. 10 <10
Ca .. .. .. <10 --

C l 0.68% 0.571. 0. G8% O.74% 0.62%

Cr .. .. .. '-10 --

Cu .. .. .. <10 --

Fc 180 .. .. 10 5
Mg .. .. .. ..10 --

Mn .. .. .. <10 --

Mo 300 1000 -- 25 --

Si . .. 10 '20
Ta 50 .. .. .. ..
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TABLE A-22. EFFECT OF FORGING TEMPERATURE AND REDUCTION ON THE
3000 F TENSILE PROPERTIES OF W-0. Wb(6)

Forging Tensile Yield Strength

Tctmperattirc, Reduction, Strengtrh, (0.2% Offset), Elongation, Reduction in
1: per cent 1000 psi 1000 psi per cent Area, put cent

2000 20 46.6 43.6 9.3 9. 1
2000 40 42.0 40.5 3.2 14.2

2,100 20 41.18 39.2 5.0 45.9

2400 60 58.1 53.6 7.2 711.2
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4. Metallurgical Properties

a. Fabricability; extrusion temperatures of 3400 to 3800 F have been used to con-
vert arc-cast billets into wrought form(2 , 4, 5); some problems
have been encountered in high-temperature forging(4); swaging

is performed at 2650 to 3000 F(3,4,
5 )

b. Transition temperature: 575 F for arc-cast and extruded W-0. 52 Cb tested at
0. 02 inch per minute crosshead speed(7)

c. Stress-relief temperature: 1 hour at 2700 to 2900 F for material reduced 55
per cent by forging(4 )

d. Recrystallization temperature: 1 hour at 3100 to 3200 F for material reduced
55 per cent by forging( 4 ); 1 hour at 3400 F for
extruded material(

6 )
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W-2Mo

1. Identification of Material

a. Chemical composition: W-ZMo

b. 'Forms available: ingot and fabricated shapes available from suppliers on a best
efforts basis

Z. Physical Properties

a. Melting point: 6125F(l)

b Density: 0. 685 lb/in. 3 (calculated)

3. Mechanical Properties

a. Tensile Properties at Room Temperature

Ultimate tensile strength: 40,000 psi for centrifugally arc-cast and stress-
relieved material( 2 )

Elongation: 0 per cent for centrifugally arc-cast and stress-relieved
material(Z)

Reduction in area: 0 per cent for centrifugally arc-cast and stress-
relieved material(Z)

b. Effect of Temperature on Tensile Properties

Ultimate tensile strength: Tables A-23 and A-Z4

Tensile yield strength: Tables A-23 and A-24

Elongation: Tables A-23 and A-24

Reduction in area: Tables A-23 and A-24
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TABLE A-23. EFFECT OF TEMPERATURE ON THE TENSILE PROPERTIES OF CENTRIFUGALLY ARC-

CAST AND STRESS-RELIEVED BUT NOT MECHANICALLY WORKED W-2Mo(
2
)

ITemperature, Tensile Strength, Yield Strength, Elongation. Reduction in
F 1000 psi 1000 psi per cent Area, per cent

'0 40.0 -- 0 0
600 45.0 30.0 2 13
850 52.55 26.0 25 22

1000 49.0 27.0 25 35
J.500 42.0 31.9 -- -

0000 30.0 -- 26 --

TABLE A-24. LOW - AND IIIGII-TEMPERATURE TENSILE PROPERTIES Or CENTRIFUGALLY ARC-
CAST, EXTRUDED, AND FORGED UNIVERSAL THIN SECTION OF W-2Mo(a)(

3
)

Yield Suength

"lTemt perature. Tensile Strength, (0.21/6 Offset). Eloingation, Reduction its
F OssO psi tut)(] psi per censt Area, per cenlt

St, hi! -( hi For Ijiti

31o 1t5.701 -- 4.6 0

"3015 L40299 139.801 12.1 9.1
460 133.00b M31. 733 13.6 29.0

540 124.3si Mi. 82.00 1M.9 33.0
655 1 I5.163 t14.286 13.1 35.0)

2800 51.() 34.7 23. 1 94.1
3000 52.3 44.7 2b.6 91.8
3900 8.4 6.4 85.7 94.1

3900 0.8 6.3 96.8 96.5

5000 1.2 -- 19.5 50.0
5o90 1.8 1.5 22.2 58.6

Coin Forging

310 161.194 160.448 4.8 1

400 144.279 143.283 15.1 11.9
540 121.800 121. 300 13.8 27.4

655 117.413 116.915 10.6 29.9

3000 52.4 47.1 22.1 78.8

3900 8.3 6.2 91.0 99.1
0000 1.9 1.5 22.1 61.7

5000 1.6 -- 23.0 52.8

(a) Test rate 0.02 inch per minste crosshead speed.
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4. Metallurgical Properties

a. Fabricability: centrifugally arc-cast cylindrical shapes or rectangular slabs can
be rolled directly to heavy-gage sheet at temperatures as low as
1830 F; subsequent hot-cold rolling can be used to produce thin
gage sheet(-); significantly higher temperatures are required for
successful extrusion and forging( 3 )

b. Transition temperature: Figures A-54 and A-55

c. Recrystallization temperature: centrifugally arc-cast material cold rolled 30
per cent recrystallizes at 3090 F, producing a
grain size of ASTM 6-7(Z)
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W- i5Mo

1. Identification of Material

a. Chemical composition: W-l5Mo

b. Forms available: ingot and fabricated shapes available from suppliers on a best

efforts basis

2. Physical Properties

a. Melting point: 5970F(1)

b. Density: 0.615 lb/in. 3 (calculated)

3. Mechanical Properties

a. Tensile Properties at Room Temperature

Ultimate tensile strength: Table A-A5

Tensile yield strength: Table A-25

Elongation: Table A-Z5

Reduction in area: Table A-25

Modulus of elasticity: 59.7 x 106 psi( 2 )

b. Effect of Temperature on Tensile Properties

Ultimate tensile strength: Tables A-26 through A-31
Figures A--56 and A-57

Tensile yield strength: Tables A-Z6 through A-33
Figures A-56 and A-57

Elongation: Tables A-Z6 through A-31
Figures A-56 and A-57

Reduction in area: Tables A-26 through A-31
Figures A-56 and A-57
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c. Creep and Stress-Rupture Properties

For material as extruded (3680 F) and tested at 3000 F(a)( 6 )

Stress, Time to Rupture, Elongation, Reduction in

1000 psi hours per cent Area, per cent

25.0 0.65 35.3 73
20.0 3.89 33.0 74

15.0 5.02 45.9 83.4

12.5 12.82 46.7 79

(a) Analyses 0.00221.O, 0.0019YIo C, <0.0001%o H. Q.UoiP NN, 14.9b bivo,

<0.001o0  Al, O.QO1OCo Fe, <0.0001% Ni, and <0.002()/o Si.

Figures A-58 and A-59
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TABLE A-25. ROOM-TEMPERATURE TENSILE PROPERTIES OF W-15Mo

Tensile Yield Strength

Strength, (0.21. Offset), Elongation, Reduction in

Form or Condition 1000 psi 1000 psi per cent Area, per cent Reference

0.250-inch bar 41.1 -- 0 -- (2)

(a) 45.0 -- 0 0 (3)
0.105-inch round(b) 181.5(L) 174.5 (L) 2.6 (L) 1.9 (L) (4)

164.2('£) 158.6(.) 4.7(T) 3.5(T) (4)

(a) Centrifugally cast and stress relieved but not mechanically worked.
(b) Test rate 0.02 inch per minute crosshead speed. Properties for highly worked (web) section of

universal forging. "L" and "T" relate to grain orientation of original extruded forging bar; forging

direction perpendicular to extrusion direction.

(ABLE A-*6. EFFECT OF TEMPERATURE ON THE TENSILE PROPERTIES OF CENTRIFUGALLY ARC-
CAST AND STRESS-RELIEVED BUT NOT MECHANICALLY WORKED W-15Mo(A)

Temperature, Tensile Strength, Yield Strength, Elongation, Rednctlon in

F 1000 psi 1u00 psi per cent Area, per cent

70 41 -- 0 (
600 42 28 5 6
80U 50 22 6 6

I00 50 20 20 20

1500 45 20 15 20
2000 50 ......

2600 42 ...

TABLE A-27. LOW-TEMIIERATURE TENSILE PROPERTIES OF EXTRUDED

I'OWDER- METALLURGY W-IbMo(a)(
5

)

Tensile

Temperature, Strength, Yield Polint, 1000 psi Elongation, Reduction in
F 1000 psi Lower tipper per cent Area, per cent

390 85.6 .. 0 0
500 88.6 .... 0 0

545 99.5 .... 0 0
580 92.5 .... 0.3 0

615 100.0 86.6 96.0 27 72

"715 74.6 77.1 102.0 1.3 5

385 82.1 .... 0 0.3

510 103.5 87.6 104,0 59 19

615 95.5 89.6 102.0 68 24

(a) Data for two extrusions. Test rate 0.02 Inch per minute crosshead speed.
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TABLE A-28. HIGH-TEMPERATURE TENSILE PROPERTIES OF ARC-CAST

AND EXTRUDED W-15Mo(a)(6)

Yield Strength

TemnpCrature, Tensile Strength, (0. 2010 Offset). Elongation, Reduction in
F 1000 psi .1000 psi per cent Area, per Cent

3000 36.0 34.5 27. 8 18

3250 24.45 23.5 34.0 80

3500 11.19 8.06 85 95

4000 5.57 1.108 125 97

it) Extruded at 3680 V1. Test rati 0.02 illlh per nilhinte crosshicad speed. Analyses 0. U002'o 0,
0.00191% C, <0.It)0% II, 0.0(110°% N. 14.90 % M., <0. 10°00/o A1, U.00o10% Fe, <.o.0 01o, Ni,

and "o.00200°] Si.

TABLE A-29l. I.OW-TEMI'EItA'TlIRli TENSILE' PItOPERTIES OF A W- lIMo

UNIVERSAI. FORGING(a)(0

Yield Streng th

Temsaperatulre, Tenisile Strenigth, (O. 2'lo Offset), Elolngation, Rednuctiosl in
F 1000 ps) 1000 psi per cent Area, per cent

285 103.8 90.46 9.5 16.1

435 98.86 86.26 8,9 34..4

530 91.25 78.57 6.5 30,9

(a) Test rate 0.02 inch pet minute crosshead speed.
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TABLE A-30. HIGH-TEMPERATURE TENSILE PROPERTIES OF A W-15Mo

U NIVERSAL FORGING(a)(6)

Tensile Yield Strength

Specimen Temperature, Strength, (0.2%o Offset), Elongation., Reduction in

Location F 1000 psi 1000 psi pe cent Area, per cent

Web 3000 38.021 36.813 22.8 55

Thick edge 3000 43.118 42.964 20.7 G8

As extruded 300D 36.0 34.5 27.8 78

Web 3500 11.40:1 8.7"1 68.3 71

Thick edge 3500 10.496 7.020 98.6 92.5

As extruded 3500 11.190 8.060 85 95

(a) Test rale 0.02 inch per ininute crosshead speed.

'TABL.E A-31. AVERAGE TIENSII.E PROPERTIES O0 W- If~o AT DIFFERNT TIEMPEIXATUJRI',
II{SLI)ING TIMES, AN 1 STRAIN io.TEs(a)(

2
)

Tinme at
'['etperature, Tensile Yield Strength Elotigatihs Loading Time

Temperature, Psior to Strength, (0.V2'k Offset), 11 2 In., to Fracture,

F Loading, sec 1000 psi 100 p per cent sec

75 -- 41.1 -- 0 1.8
1o00 10 31.0 21.1 0.8 15.8

2U00) 10 29.6 18.2 13.8 20.5
3000 ID 24.7 21.5 16.8 22.0

4000 10 7.05 4.7 20.5 22.8

1010 30 25.9 23.6 0.5 0.7

2000 30 32.8 18.5 16.0 1.0

3009 30 32.6 2G.3 18.5 1.1
4000 30 14.7 12.1 22.0 1.3

(a) Specillmens heated to test temperature within 20 seconds. Two nolmrinal strain rates were used;
0.0005 inch per inch per second, estimated to cause fracture in 20 seconds. atd 0.01 Inch per

inch per second, estimated to cause fracture In 1 second.
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FIGURE A-56. LOW -TEMPERATURE T ENSILE PROPERTIES
OF ARC-CAST AND EXTRUDED W-15Mo(5)

Test rate 0. 02 inch per minute. crosshead speed.
Data for four extrusions.



A-101

II " r' .. ! M ! I

FIGURE A-57. LONGITUDINAL AND TRANSVERSE TENSILE PROPERTIES
OF HIGHLY WORKED (WEB) SECTION OF W-15Mo
UNIVERSAL FORGINGS (0. 105-INCH ROUND)( 4 )

Test rate 0. 02 inch per minute crosshead speed.

Longitudinal and transverse relate to grain orientation of
original extruded forging bar; forging direction perpendicular
to extrusion direction.
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4, Metallurgical Properties

a. Fabricability: arc-cast and powder-metallurgy billets can be successfully
extruded at 3680 F; subsequent forging to complex structural

shapes can be accomplished at significantly lower temperatures
using conventional die steels and heating and forging equipment( 6 );
centrifugal cast (graphite mold) rings can be rolled directly to
sheet at about 1830 F(3)

h, Transiftion temperature:

For as-extruded material tested at 0. 020 inch per minute crosshead speed
(0. 160-inch rod)(7)

Transition Temperature,
Method of Consolidation F

Arc 480-590
Powder 450-590
Corefined powder 300

Figure A-60

c. Stress-relief temperature: -1 hour at Z600 F for arC-m-rie]tord enld extruded (6: 1)
mn;rterial (5)

d. Recrrystallizatir tLcriperaturc: Figure A-61
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FIGURE A-61. ONE HOUR RECRYSTALLIZATION CURVE FOR ARC-MELTED
W- 15Mo EXTRUDED AT A 6:1 RATIO AT 3680 F( 5 )
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W- 3Re

1. Identification of Material

a. Designation: 3D (General Electric)

b. Chemical composition: W-3Re

c. Forms available: wire(l)

2. Physical Properties

a. Melting point: 46120F(2 )

b. Density: 0. 699 lb/ in. 3 (calculated)

c. Electrical resistivity: Figure A-62
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3. Mechanical Properties

a. Tensile Properties at Room Temperature

Ultimate tensile strength: Table A-30

Tensile yield strength: Table A-30

hlongation: Table A-30
Figure A-63

b. Effect of Temperature on Tensile Properties

Ultimate tensile strength: Figure A-64

c. Other Selected Mechanical Properties

Hardness: for 3D wire (8 inil)(1)

3-Minute Annealing Temperature, C

1750 2000 ZZ40 Z500 2750 2850

RT Hardness, DPH 465 464 414 410 407 377
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TIABLE A-:iO. TENSILE PRIOPEIRTIES OF 31) WIRE (8 MIL) AT ROOM 1EMPEllATUIUE(a)(G)

As 3-Minutlt i C

prol)rty Drawn MlWO '2000 2240 26Oo0 2'7:,0 261/0 3000

ITcsiklc Stlcyglil,. 1000 psi .11;G0 266 24,0 221 .12 20 203 1I; 7

Yield Strivgth, 1)0)0 psi 390 11O G0 238 219 201 18 I h)ý, 14()

Eloni1 atiull, per QWst 1.8 9.2 18 20 2 3 2£'. 7 27. G 9

(i) Test a•tu 0.1 inch per inch per uuihiwe.
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,I. Metallurgical Properties

a. Fabricability: sintered ingots can be swaged to rod followed by wire drawing

using conventional practice; as reduction proceeds, working tem-

peratures are dropped from 2910 F for initial swaging to 1560 F

for the final drawing pass providing warm-cold work exceeding 99

per cent reduction in area(
3
)

b. Transition temperature: highly worked or annealed wire has useful room-
temperature ductility(

3
)

c. Stress-relief temperature: 3 minutes at 4060 F for as-heavily-drawn wireC3)

d. Recrystallization temperature: 3 minutes at 5430 F for as-heavily-drawn wire(3)
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W-51ke

1. Identification of Material

a. Chemical composition: W-5Re

b. Forms available: wire(l)

2. Physical Properties

a. Melting point: 6060 F(1)

b. Density: 0.701 lb/in. 3

c. Electrical resistivity: 12.7 microhnm-cm for 8 mil wire(Z)

Figure A-65
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3. MeCfhanical Properties

a. Tensile Properties at Room Temperature

Ultimate tensile strength: Table A-31

Tensile yield strength: Table A-31

7longation: Tanle A-31

b. Effect of Temperature on Tensile Properties

Ultimate tensile strength: Figures A-66 and A-67

Elongation: Figure A-66

c. Other Selected Mechanical Properties

Hardness: for 8-mil wire(2)

3-Minute Annealing
Temperature, C

2000 2750 2850

RT Hardness, DPH 503 424 389
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TABLE A-32. TENSILE PROPERTIES OF W -51c WIRE (8 MIL) AT ROOM TEMPERATURE(O)(
2

)

A s I-Mintelc Allltia hg Tcictperatltre, C.
Property Drawn 17,50 20(00 2240 21500 2750 2 50 3000

Teltsilc Strength, 1000 psi 481 280 241, 21(Z 22f, 217 220 182

Yield Sirtength, 100 psi 39 0 271 2d1 2110 2I1 108 147 137

EIhmoatiiui, pcr culIt 1.1 1 . lo. 3 [9. 3 18.0 16.0 23.9 11.:,

(a) Test rIlu 0. 1 illcl [-r icl pertIf Iiltlle.
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4. Metallurgical Properties

a. Fabricability: sintered ingots can be swaged to rod followed by wire drawing

using conventional practice; as reduction proceeds working tem-

peratures are dropped from 2910 F for initial swaging to 1560 F

for the final drawing pass providing warmi-cold work exceeding

99 per cent reduction in area(2)

b. Transition temperature: highly worked or annealed wire has useful room-
temperature ductility(

2
)

c. Stress-relief temperature: 3 minutes at 4060 F for as-heavily-drawn wire(2)

d. Recrystallization temperature: 3 minutes at 5430 F for as-heavily-drawn wire(Z)
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W-26Re

1. Identification of Material

a. Chemical composition: W-Z6Re

b. Formff available: tubing and wire (l,)

2. Physical Properties

a. Melting point: 5650 F(l)

b. Density: 0.714 lb/in. 3

c. Electrical resistivity: Figure A-68
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3. Mechanical Properties

a. Tensile Properties at Room Temperature

Ultimate tensile strength: for wire(l)

Wrought Recrystallized

1000 PSI 305 200

Elongation: for wire(l)

Wrought Recrystallized

Per Cent 7 11

b. Effect of Temperature on Tensile Properties

Ultimate tensile strength: Figure D- 11-2

Elongation: Figure A-69

c. Other Selected Mechanical Properties

Bend ductility: for 15 mil wire( 3 )

Wrought Recrystallized

RT Bend Radius, T 1 1
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4. Metallurgical Properties

a. Fabricability: laboratory-produced arc-cast ingots can be forged at 2730 F;
flat and rod rolling can be conducted as low as 1650 F(

3
)

b. Transition temperature:

Wrought(Z) Recrystallized(Z)

Temperature, F -200 -100

c. Recrystallization temperature: hardening effects of cold working are retained to
approximately 1000 F higher than unalloyed
tungsten(Z)
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