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SI. SUMMARY

Tensile properties of commercially pure sintered tungsten sheet are
presented at test temperatures ranging from room temperature to 45000F for 0.020-
inch thick material and from 15000 to 4500OF for 0.045-inch thick material. Creep-
rupture properties at temperatures ranging from 20000 to 4500OF for both the 0.020
and 0.045-inch thick material are included. Bend transition-temperature test data
for 0,030-inch thick material are presented at temperatures ranging from 200* to
5400F using I T & 2 T radii.

Strain rate to YS = 0.001 in./in./sec

Strain rate from YS to UT'S = 0.01 in./in./sec

"Gage length - 1.0 inch
Material condition - Uncoated, as rolled, and stress relieved

Test atmosphere = Argon - 7% hydrogen

Test direction for tensile and creep-rupture tests = Longitudinal
to rolling

Test direction for bend transition-temperature tests = Transverse
to rolling

II. INTROLUCTION

Studies of advanced aerospace systems have established that refractor
metal alloys must be employed in applications where uncooled metallic structures
are required for operation at temperatures in excess of 20000F. The molybdenum
base alloys have been subjected to a more intense concentration of research effort
than the other refractory metals and thus offer, at the present time, the greatest
potential for near term applications, since they are the most readily available and
several oxidation resistant coatings have been developed. However, each of the
other refractory metals (i.e., columbium, tantalum, and tungsten) offer certain
advantages over molybdenum alloys, but are presently limited in their usefulness
in that there is a lack of satisfactory oxidation protective coatings and only very
limited design data are available to adequately describe the performance of these
materials under the conditions attendant to advanced systems. The work reported
herein may offer some solution to the utilization of tungsten in certain aerospace
applications by those engaged in aerospace research and development.

III. TEST MATERIALS

Several sheets of commercially pure sintered tungsten 0.020. 0.030,
and 0.045-inch thick were obtained from the Fansteel Metallurgical Corporation for
the elevated temperature tensile, creep-rupture, and bend-transition tests de-
scribed in this report. Table I shows the process information, diamond hardness
values, and interstitial gas contents for the 0.020 and 0.045-inch thick sheet.
Hardness values and gas contents were not determined for the 0.030-inch sheet.

UNCLASSIFIED - 1 -
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IV. TEST PROCEDURES

All testing was conducted with the Marquardt TM-1A Elevated Tempera-
ture Test Machine (See Figure 1). Strain rates used were 0.001 in./in./sec to the
yield strength and 0.01 in./in./sec to fracture. Specimen heating was accomplished
by self-resistance for both the tensile and creep-rupture tests. Temperatures from
room temperature to 3200OF were controlled and recorded by a calibrated platinum/
platinum-13% rhodium thermocouples and a millivolt null type potentiometer. For
temperatures in excess of 32007F, calibrated tungsten/tungsten-26% rhenium thermo-
couples were used. The material was tested in the uncoated condition under a pro-
tective atmosphere of argon-7% hydrogen. A drying train was situated between the
gas source and the test chamber for purposes of minimizing any residual moisture
in the gas. In addition, calculations of load cell and ram friction were made to
allow presentation of data with a high degree of accuracy. These friction effects
were found to be particularly critical in the high temperature tests where the
specimens were of small cross-sectional areas and required only small leads.

The tensile and creep-rupture test specimens were produced by Elox

machining. The specimen configuration is illustrated in Figure 2.

V. TENSILE AND CREEP-RUPTURE TESTS

A. Tensile Tests

Elevated temperature tensile tests were conducted with 0.020 and
0.045 inch thick sheet from room temperature to 4500F. The test results are pre-
sented in Tables II and III and Figures 3 and 4. These plots show the tensile
properties from room temperature to 4500*F, and from 30000 to 45000F, respectively.

Room temperature and 1000OF tensile data were not obtained for the
0.045-inch thick sheet due to premature fractures which occurred in the grip area
of the specimens during testing. However, room temperature and 1O000F tensile data
were obtained for the 0.020-inch thick sheet. Typicel brittle stress-strain, (i.e,
no plastic deformation) characteristics were evident at room temperature for both
sheet thicknesses.

B. Creep-Rupture Tests

The creep-rupture properties for 0.020 and 0.045-inch thick tungsten
sheet were obtained over a temperature range of 2000' to 4500OF for a 30 minute
maximum time. The test results are shown in Tables IV through IX for the 0.045-
inch thick sheet and Tables X and XI for the 0.020-inch thick sheet. Graphical
representations of the test data from 30000 to 4500F are shown in Figures 5
through 8 for the 0.045-inch thick sheet wid Figures 9 through 12 for the 0.020-
inch thick sheet. A comparison of 1 percent plastic creep and rupture on a stress
versus temperature basis is presented in Figure 13.

UNCLASSIFIED - 2-
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In order to obtain short time plastic creep and rupture values, the
stresses employed were above the 0.2% yield stress and at times approached ultimate
strength values. As a result, high values of strain occurred during loading.
Where stresses were below the elastic limit of the material at each temperature,
low values of loading extension were obtained which were accompanied by relatively
slow rates of plastic creep. In this way, the creep-rupture properties were ob-
tained for times ranging from a few seconds to 30 minutes.

VI. BEND TRANSITION-TEMPERATURE TESTS

Bend transition temperature tests were performed using 0.030-inch
thick tungsten specimens cut transverse to the rolling direction. The specimens
were abrasively sectioned from the sheet material to a size of 1/2 inch wide and
2 inches long. Bend radii of one and 2X material thickness were used in the tests
(i.e., I T and 2T). The results of these tests are shown in Table XII.

VII. DISCUSSION

A. Tensile Properties

Variations in the tensile behavior for the two sheet thicknesses
tested in this program clearly indicate the effects of strain hardening (cold work)
on tungsten tensile transition temperature. Hot-cold working is known to reduce
the relatively high tensile and bend-transition temperatures of tungsten in addi-
tion to increasing its strength properties. Grain size has a significant effect
on the ductile to brittle transition characteristics of tungsten (Reference 1) and
is dependent on the amount of cold work given to an individual piece of tungsten
sheet (Figure 3). Mention should also be made here of the effects of surface con-
dition on the ambient temperature properties of tungsten sheet. For instance, a
relatively rough surface, and in some cases surface imperfections at the micro-
scopic level contribute significantly to brittle behavior and/or reduced tensile
properties at room temperature.

The tensile properties for 0.020-and 0.045-inch thick tungsten sheet
are compared in Figure 3 for temperatures up to 4500"F. The difference in strength
properties reflects the susceptability of tungsten to strain hardening. The elon-
gation characteristics exhibit a sharp increase at approximately 2600OF for the
0.020-inch thick sheet, and approximately 2800OF for the 0.045-inch thick sheet.
This sharp increase in elongation is attributed to recrystallization. These test
results represent a classic example of the effects of strain hardening on recry-
stallization temperature. That is, a lower recrystallization temperature results
as the amount of cold work is increased. This effect on microstructure can also
be seen in Figure 14. Complete recrystallization occurred at 27507F after a 5
minute exposure for the 0.020-inch thick specimens whereas the 0.045-inch thick
sheet only partially recrystallized. Figure 4 depicts the high temperature
strength properties for the 0.020 and 0.045-inch thick sheet. Ultimate strengths
are within experimental scatter while the yield strengths show variations up to
approximately 3500 0 F.

UNCLASSIFIED - 3
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B. Creep Rupture Properties

Creep behavior followed a normal pattern for most of the tests. How-
ever, the 2500*F tests for the 0.045-inch thick sheet exhibited anomalous creep.
Similar results in the temperature range of 25000 to 2700OF have been reported by
other sources (Reference 1). The reasons for anomalous creep can be attributed to
several sources:

1. Recovery and partial recrystallization of the specimens during
the tests

2. Minute amounts of porosity located at the grain boundaries,
usually associated with powder metallurgy material

3. The effects of impurities on mechanical and recrystallization
behavior (References 1 and 2)

4. Variation in consolidation practice in sintering (Reference 1)

No abnormal creep behavior was observed with the 0.020 inch thick sheet at 2500OF
(See Table X).

Comparisons of the creep-rupture properties for the 0.020-and 0.045-
inch thick tungsten sheet (See Figure 13) showed that the thinner sheet is supe-
rior. This is attributable, at least in part, to a larger grain size which re-
sulted from earlier recrystallization of the 0.020-inch thick sheet and subsequent
grain growth. A comparison of yield strength-to-density ratio and the creep-
rupture properties for tungsten with the properties of the other refractory metals
is shown in Figures 15 through 17. The superiority of tungsten sheet at high
temperatures is clearly demonstrated.

C. Bend Transition-Temperature Tests

It can be seen from the results shown in Table XII that a 1800 bend
was produced over a minimum bend radius of 2 T at temperatures above 4007F. All
specimens bent over a 1 T radius fractured prior to reaching a full 1800 bend, at
temperatures up to 5400 F. A graphical representation of the bend data is given in
Figure 18.
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TABE, I

PROCESS INFORMATION AND IMPURITY ANALYSIS
FOR COMMERCIALLY PURE SINlTERED TUNGSTEN SHEET

Heat Treat Sheet DPH Interstitial Gas
Supplier Condition Thickness Hardness Content in Dm

(in.) 02* 2* N2 **

Fansteel Stress O.045 468 10 0.8 14
Metallurgical Relieved

Fansteel Stress 0.030 -- -- -- --

Metallurgical Relieved

Fansteel Stress 0.020 503 20 1.0 30
Metallurgical Relieved

* Vacuum fusion analysis
** Kjeldahl analysis

UNCLASSIFIED - 6 -
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TABLE II

TNSILE PROPERTIES FOR
COMMERCIALLY PURE SINTERED TUNGSTEN SHEET (0.020 inch)

Test Conditions:

Machine = ETTM Atmosphere = Argon-7% Hydrogen
Method of heating = Resistance Gage length = 1.0 in.
Hold time at Sheet thickness = 0.020 in.
temperature = 5 min. Material = Uncoated, as-rolled,
Strain rate to YS = 0.001 in./ and stress relieved

in./sec Specimens Longitudinal
Strain rate from YS = 0.01 in./
to UTS in./sec

0.2% Ultimate
Specimen Test Prop. Yield Tensile Elongation Modulus of

Number Temperature Limit Strength Strength in 1.0 in. Elasticity
(0F) (Ksi) (Ksi) (Ksi) (%) (x 100 psi)

74F RT .. .. 185.0 -- 49.0
75F RT .. .. 202.0 -- 47.0
76F RT .. .. 236.0 -- 51.8

77F 1000 70.0 127.0 146.0 2.5 37.0
78? 1000 73.0 124.0 142.0 2.5 36.0
79F 1500 70.5 119.0 135.0 3.0 34.0
8oF 1500 68.o 115.0 129.0 3.0 35.0

81? 2000 54.o 91.0 105.0 4.0 31.8
82F 2000 58.0 93.8 108.0 4.5 34.0

83F 2500 26.o 51.9 53.5 4.0 28.0
84F 2500 35.0 56.8 58.0 4.5 26.0

85? 2750 -- 12.0 23.3 14.0 --
85 2750 -- 14.8 23.9 15.0 --

86F 2750 -- 36.7 38.5 5.0 --

86 2750 -- 24.8 31.5 8.0 --

87F 3000 00 16.1 24.5 12.5 --

88F 3000 -- 12.1 24.0 15.0 --

89F 3200 -- 9.3 16.8 18.0 --

90o 3200 -- 11.8 19.3 14.o --

512F 3500 4.0 7.1 13.0 14.0 9.0
513F 3500 5.1 8.3 14.4 13.0 8.0
514F 4000 -- 7.8 11.0 16.o --

515F 4000 4.4 7.0 1O.6 14.o --
516F 4000 4.9 7.6 11.6 14.0 --

517F 4500 -- 4.6 6.6 10.0 --

.518F 4.500 -- 4.9 7.4 12.0 -

519F 4500 -- 6.2 9.0 11.0 --

Reference: MPM 20.181

UNCLASS IFIED 7 7 -
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TABLE III

TENSILE PROPERTIES FOR
COMMERCIALLY PURE SINTERED TUNGSTEN SHEET (O.0o5 inch)

Test Conditions:

Machine = ETTM
Method of heating = Resistance
Hold time at temperature = 5 min
Strain rate to YS = 0.001 in./in./sec
Strain rate from YS to UTS = 0.01 in./in./sec
Atmosphere = Argon-7% Hydrogen
Gage length = 1.0 in.
Sheet thickness = 0m045 in.
Material = Uncoated, as-rolled, and

stress relieved
Specimens = Longitudinal

0.2% Ultimate
Specimen Test Prop. Yield Tensile Elongation Modulus of

Number Temperature Limit Strength Strength in 1.0 in. Elasticity
(OF) (Ksi) (Ksi) (Ksi) (%) (x 100 psi)

340D 1300 39.0 72.0 85.5 3.5 48.o

341D 2000 42.0 69.2 78.0 6.0 41.0
342D 2000 39.0 62.0 72.1 5.5 36.5
344D 2500 33.0 4-.7 49.0 8.0 29.5
345D 2750 9.0 18.9 28.7 11.0 20.0
346D 2750 20.0 31.0 34.8 8.0 24.0

347D 3000 5.0 10.8 24.0 16.0 15.0
348D 3000 5.3 9.8 21.8 18.0 16.0

349D 3200 -- 9.3 19.4 13.5 13.3
350D 3200 3.0 7.6 18.8 20.0 15.4

520F 3500 -- 9.2 15.7 15.0 --

521F 3500 5.9 8.5 14.6 15.0 7.0
523F 4000 4.8 6.5 10.8 13.0 --

524F 4000 5.1 6.2 10.9 14.o --

526F 4500 -- 4.2 5.4 7.0 --

527F 4500 -- 5.2 7.6 9.0 --

528F 4500 -- 4.2 6.3 11.0 --

Reference: MPM 20.181

UNCLASSIFIED - 8 -



7,

UNCLASS IF IED VAN NUYS. CALIFORNIA IMPORT PR 281-2Q-5

Ea NtE 0

0

0+'0 .4 0 c

00

t4U2 \ I I

P, m 0 0

A 0

P-4 I
bCO

k r-l - 4tp At

m, 
00~

0) w

u to :Ja

-p ( ho u ' 0 0 0 - pl

C))

+3 ýo cI _ _ gW
UNLASIoE -) 9+



TABLE V

CREEP-RUPTURE PROPERTIES FOR COMMERCIALLY PURE

SINTERED TUNGSTEN SHEET (0.O45 inch) AT 2500'F

Test Conditions:

Machine = ETTM
Method of heating = Resistance
Gage length = 1.0 in.
Atmosphere = Argon-7% Hydrogen
Sheet thickness 00.045 in.
Material Uncoated, as-rolled,

and stress relieved
Specimens Longitudinal

Approx.
Spec. Stress Thermal Loading Time (seconds) to Produce Time to Elong.
NO. Exp. Strain Indicated Plastic Cree - Rupture

(Ksi) (in.) (%) 0.05% 0.2% 0.5% 1.0% 2.0% (see) (%)

608D 45 0.0032 0.15 7 54 131 160 178 180 6.0

607D 41 0.0032 0.25 .. .. .. .. .. 2 9.0

606D 41 0.0032 0.20 3.5 23 39 57 64 76 5.5

605D 37 0.0032 0.20 .. .. .. .. .. 2 6.0

604D 34 0.0032 0.10 0.3 1.2 5.0 8.6 10 14 7.5

Reference: •M 20.180
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TABLE XII

BEND TRANSITION-TELPERATURE TESTS FOR COMMERCIALLY
PURE SINTERED TUNGSTEN SHEET

Test Conditions

Machine = Baldwin
Heating = Oil Bath
Bend rate = 1.0 in./min
Sheet thickness = 0.030 in.
Specimens = Transverse to rolling direction

Bend
Specimen Bend Temperature Angle Remarks
Number Radius (0F) (deg)

22F IT 300 35 Fractured
23F IT 300 40 Fractured
24F IT 400 41 Fractured
25F 1T 400 90 Fractured
46F 1T 400 95 Fractured
44F IT 425 91 Fractured
45F IT 425 130 Fractured
27F IT 450 105 Fractured
28F IT 450 126 Fractured
29F IT 500 129 Fractured
31F IT 500 120 Fractured
30F IT 540 120 Fractured

37F 2T 200 0 Fractured
38F 2T 200 0 Fractured
39F 2T 300 55 Fractured
40F 2T 400 80 Fractured
41F 2T 400 103 Fractured
42F 2T 425 180 OK
43F 2T 425 110 Fractured
35F 2T 450 180 OK
36? 2T 450 180 OK
33F 2T 500 180 OK
32F 2T 540 132 Fractured
34F 2T 540 180 OK

Reference: MPM 20.180
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TEST SPECIMEN CONFIGURATION
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TENSILE PROPERTIES OF COMMERCIALLY PURE
SINTERED TUNGSTEN SHEET

TEST CONDITIONS:
MACHINE - E.,T.T.M.
METHOD OF HEATING - RESISTANCE
TIME TO TEST TEMPERATURE - 2001F/sec
HOLD TIME AT TEMPERATURE - 5 min
STRAIN RATE TO Y.S. - 0.001 In./In./sec
STRAIN RATE FROM Y.S. TO U.T.S. -

0.01 In./In./sec
GAUGE LENGTH - 1.0 In.
ATMOSPHERE - ARGON - 7% HYDROGEN

240 MATERIAL - UNCOATED, AS ROLLED,
AND STRESS RELIEVED

SPECIMENS LONGITUDINAL
0.020 In. THICK

-- - - 0.045 In. THICK
200 0 ULTIMATE STRENGTH

6 0.20. YIELD STRENGTH
0 ELONGATION

160 N

.IA~,120

80 20

400,

00

0 800 1600 2400 3200 4000 4800
TEMPERATURE, -F
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HIGH TEMPERATURE TENSILE PROPERTIES
OF COMMERCIALLY PURE SINTERED TUNGSTEN SHEET

TEST CONDITIONS:
MACHINE - E.T.T.M.
METHOD OF HEATING - RESISTANCE
TIME TO TEST TEMPERATURE - 2OO°F/sec
HOLD TIME AT TEMPERATURE - 5 min
STRAIN RATE TO Y.S.- 0.001 In./In./sec
STRAIN RATE FROM Y.S. TO U.T.S. -

0.01 In./In./sec
GAUGE LENGTH-1.0 In.
ATMOSPHERE - ARGON - 7% HYDROGEN
MATERIAL - UNCOATED, AS ROLLED,

AND STRESS RELIEVED
SPECIMENS LONGITUDINAL

30 0 ULTIMATE STRENGTH
4, 0.2%. YIELD STRENGTH

0-0 0.020 In. THICK

25 0---@ 0.045 In. THICK ..

20
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STRESS TO PRODUCE 1% PLASTIC CREEP AND RUPTURE
IN 10 MINUTES FOR COMMERCIALLY PURE SINTERED TUNGSTEN SHEET

TEST CONDITIONS:

METHOD OF HEATING- RESISTANCE
GAUGE LENGTH - 1.0 In.
ATMOSPHERE - ARGON - 74 HYDROGEN
MATERIAL- UNCOATED AND STRESS

RELIEVED
SPECIMENS -- LONGITUDINAL

0.020 In. THICK

.......... 0.045 In. THICK

14

12-.

4 _ _1/ PLASTIC. CREEP" ____

0
3000 3200 3400 3600 3800 4000 4200 4400 4600
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L
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MAG.: 500 X
ETCHANT: MURAKAMIS ETCH

TESTED AT 2750 OF TESTED AT 2750*F

CA 39914-1
FIGURBE 14 - Microstructure of' Commercially Pure Sintered Tungsten Sheet
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0.2% YIELD STRENGTH TO DENSITY RATIO
FOR VARIOUS REFRACTORY METALS AND ALLOYS

TEST CONDITIONS:
METHOD OF HEATING " RESISTANCE
STRAIN RATE TO Y.S. - 0.001 in./

In./sec
STRAIN RATE FROM Y.S. TO U.T.S.

0.01 In./in./sec
ATMOSPHERE - INERT GAS

40 MATERIAL - UNCOATED AND STRESS
RELIEVED

SPECIMENS LONGITUDINAL

SY.MBOL MAAIELR1L.
0 Mo -0.5 TI-0.07 Zr
A Mo-0.5 TI

0 0 Ta - 10W
Cb (F-82)

-q Ta (BATTELLE MEM. INSTo DATA)
0 w

na.

10 ... .

0 800 1600 2400 3200 4000 4800 5600
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STRESS TO PRODUCE 11 PLASTIC CREEP IN 10 MINUTES
FOR VARIOUS REFRACTORY METAL ALLOY SHEETS

TEST CONDITIONS:
METHOD OF HEATING - RESISTANCE
ATMOSPHERE - INERT GAS
MATERIAL - UNCOATED AND STRESS

RELIEVED
SPECIMENS LONGITUDINAL

70

SYMBOL MATERIAL
60 0 Mo - 0.5 Ti- 0.07 Zr (EH-2 SERIES)

60• \ Ta- 10W ARC CAST
0 Ta- 10 W ELECTRON BEAM-MELTED

W COMM. PURE SINTERED 0.045 In.
W COMM. PURE SINTERED 0.020 In.50
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STRESS TO PRODUCE RUPTURE IN 10 MINUTES
FOR VARIOUS REFRACTORY METAL ALLOY SHEETS

TEST CONDITIONS:

METHOD OF HEATING- RESISTANCE
ATMOSPHERE - INERT GAS
MATERIAL - UNCOATED AND STRESS

RELIEVED
SPECIMENS LONGITUDINAL

80

70 SYMBOL MATERIAL
o M - 0.5 TI - 0.07 Zr (EH-2 SERIES)
L, T- low ARC CAST
0 Ta-lOW ELECTRON BEAM MELTED

60 W COMM. PURE SINTERED 0.045 In.
60• W COMM. PURE SINTERED 0.020 In.
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