NASA TN D-1310

C Y799

| g |

0 o

- 4

!
NbD 1 ATRE
NASA TN D-1310

1

/
Is

TECHNICAL NOTE

D—1310

OBSERVATIONS OF PROPERTIES OF SINTERED WROUGHT

TUNGSTEN SHEET AT VERY HIGH TEMPERATURES

By E. C. Sutherland and William D. Klopp

Lewis Research Center
Cleveland, Ohio

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

WASHINGTON

February 1963

/

1 h

7 3



NATTONAL AERONAUTICS AND SPACE ADMINISTRATION

TECHNICAL NOTE D-1310

OBSERVATIONS OF PROPERTIES OF SINTERED WROUGHT
TUNGSTEN SHEET AT VERY HIGH TEMPERATURES

By E. C. Sutherland and William D. Klopp

SUMMARY

The mechanical properties of tungsten sheet from five typical com-
mercial lots were examined at temperatures from 3650° to 5200° F. The
properties varied widely with the material lot as well as with the type
of test. (The variations at very high temperatures appeared greater
than those observed at lower temperatures. )

The presence of trace elements appears to affect significantly the
properties of tungsten sheet. These impurities exert solid-solution-
strengthening effects and grain-growth-inhibition effects, both of which
influence the tensile and creep properties at elevated temperatures.

INTRODUCT ION

With the present emphasis on higher operating temperatures in the
missile and space-vehicle programs, it has become necessary to look
critically at the contribution that refractory metals can make to the
need for material strength at very high temperatures. Within the present
state of the art, work with molybdenum, tantalum, and columbium has pro-
duced metals and alloys that have very promising properties up to
3000° F. At temperatures above 3500° F, most of these alloys do not have
sufficient strength for structural applications. Tungsten appears to
have the most potential for development as a high-strength material above
3500° F and may find application to at least 5000° F, since its melting
point is 6170° F.

One factor limiting the application of tungsten metal at elevated .
temperatures is the lack of design data concerning its behavior at these
temperatures. Previous work (ref. 1) presented the tensile properties
of tungsten rod up to 4500° F, but there appears to be a near void on
sheet data at temperatures near 5000° F.




Most of the structural applications of tungsten, within NASA in-
terest, involve the use of this material in sheet form. Since proper-
ties of refractory sheet metal have frequently been observed to differ
from those of rod and bar stock, an evaluation of the high-temperature
mechanical properties of powder-metallurgy tungsten sheet was undertaken.
Material from several different lots was studied, since work at the
Lewis Research Center and elsewhere indicated sintered wrought tungsten
had considerable property variation among lots.

In this investigation, five lots of tungsten from different sup-
pliers were evaluated by tensile tests at temperatures ranging from
3650° te 5200° F. In addition, short-time stress-rupture properties at
4800° F were determined and the ductile-to-brittle transition temperature
in a bend test was evaluated for each lot of material. The differences
in mechanical properties are correlated with observed differences in
microstructure and chemical composition.

MATERTALS

The materials as chosen were to be representative of typically pure
tungsten sheet with normal processing variables. Five lots of commer-
cially pure undoped tungsten sheet (99.9 percent tungsten, min.) proces-
sed by the powder-metallurgy method were therefore obtained from dif-
ferent sources. Processing history of the sheet was unavailable since
most producers consider such information to be proprietary.

The material studied was 0.040 inch thick trimmed to 6 by 24 inches,
except for lot E, which was 0.060 inch thick. Inspection of the as-
received sheet showed that one sheet (lot A) had laminated edges. This
edge material was discarded to a depth of 1/2 inch. The microstructure
of the sheet from four lots showed the highly stressed fibrous structure
typical of cold-worked tungsten metal (fig. 1), while the microstructure
of the remaining sheet (lot D, fig. 1(d)) indicated that the sheet had
been given a partial recrystallization anneal.

All the materials were given complete spectrographic analyses, and
chemical determinations were made for carbon, sulfur, oxygen, hydrogen,
and nitrogen. The analyses are given in table I. Average pycnometric
densities determined for three stress-rupture samples from each lot after
testing are included.

APPARATUS AND PROCEDURE
Test Specimens

Sheet specimens of the type shown in figure 2 were used in this
study. In order to minimize fabrication costs, rectangular specimens




with no reduced test section were used for the high-temperature tensile
tests. The specimens were prepared by cutting the as-received tungsten
sheets with a 0.015-inch abrasive wheel with the test direction parallel
to the final rolling direction of the sheet. The specimens were nomi-
nally 0.040 inch thick (0.060 in. for lot E), 0.625 inch wide, and 6
inches long (fig. 2(a)).

For the stress-rupture study, a standard sheet tensile specimen
(fig. 2(b)), recommended in reference 2, was adopted, and a technique
was employed whereby the specimen could be cut by a commercial electric-
discharge machine. With proper design of the electrode and close con-
trol of operating conditions, the entire specimen was cut within the
specified tolerance in one operation. Figure 3 shows the machine and
tooling setup.

The bend-test specimens were cut in the same manner as the tensile-
test specimens but were 0.040 inch thick (0.060 in. for Lot E), 0.625
inch wide, and 1.5 inches long (fig. 2(c)).

High-Temperature Stress-Rupture Tests

Stress-rupture studies were conducted in vacuum (= l><lO'4 mm Hg)
at 4800° F on a conventional constant-load beam machine (Plg, Ak T
order to accommodate sheet specimens, the equipment was modified from
the usual cylindrical heating element to a flattened tube-type heater.
The overall dimensions of this heater (fig. 5) were approximately 0.375
by 1 by 3 inches. The center of the 0.375-inch dimension contained a
slot 0.0625 inch wide and 2.375 inches long. Use of the relatively short
heater permitted the 6-inch-long strip specimen to be gripped outside
the heating element by 0.25-inch-diameter pins in l-inch-diameter tung-
sten grips. FExtension of the specimens was measured from loading rod
movement.

At high temperatures, vaporization of tungsten caused relatively
rapid deterioration of the tungsten heating elements and limited the
stress-rupture tests at 4800° F to a maximum of 500 minutes. (Evapo-
ration of tungsten leads to development of a hot spot and subsequent
localized melting of the heating element. ) .

The average grain diameter of the tungsten sheet specimens after
stress-rupture testing was determined by metallographically counting,
in at least three areas, the number of grain boundary intercepts n
with a circle 48.3 centimeters in circumference C at a magnification
M of 250. The average grain diameter L was calculated from the
relation

16 C

= 15M




High-Temperature Tensile Tests

Tensile tests were conducted in vacuum (~1X10~% mm Hg) at tempera-
tures ranging from 3650° to 5200° F with test equipment (fig. 6) and
techniques described previously (ref. 3). The methods of specimen grip-

ping and heating were the same as those used for the stress-rupture tests.

The effective gage length was determined by the temperature profile
of the specimen. Temperature measurements indicated that the zone of
constant temperature at the center of the specimen was approximately
1.125 inches long, and an effective gage length of 0.5 inch was used.
This area was marked by resistance welding two 0.0l0-inch-diameter tung-
sten wires across the edge of the specimen (fig. 2(a)).

The tensile specimens were brought to temperature in 15 to 25
minutes, soaked for 2 minutes, and then pulled to fracture at a con-
stant crosshead speed of 0.030 inch per minute, which gave a strain
rate during plastic flow of approximately 0.020 inch per inch per minute
in the gage length.

The average grain diameters of the tensile specimens were determined

after testing by the grain-boundary intercept method described previously.

’

Bend Tests

Bend tests were conducted on a commercial hydraulic-driven compres-
sion machine (fig. 7) with a test fixture designed in accordance with
recommendations of reference 4. The bend radius was selected as four
times the sheet thickness, or 0.160 inch. Heating (in air atmosphere)
was achieved by surrounding the fixture and the specimen with a small
resistance-wound muffle furnace. Temperatures were determined with a
thermocouple located directly below and within 1/52 inch of the specimen.
The apparatus was brought to a constant temperature and soaked for 10
minutes before testing. The specimen was bent at a crosshead speed of
4 inches 8er minute until fracture occurred, or to a bend angle of at
least 120~. Ductility was measured as a percentage of the 120° angle
before fracture.

RESUITS AND DISCUSSION
Stress-Rupture Properties
Data from stress-rupture studies at 4800° F on the five lots of

commercial tungsten sheet are presented in table II. The variations in
second-stage (minimum) creep rate € and rupture life t, with stress




o are shown in figure 8. Data at 4892° F on commercial powder-
metallurgy tungsten from an earlier study (ref. 5) are included for com-
parison.

Tt is apparent that the stress-rupture properties vary considerably
among lots. The stresses for equivalent creep rates and rupture lives
for lots A and B are approximately double those for lots C and E. For
comparison, data from reference 5 on powder metallurgy tungsten indicate
creep strengths intermediate to those of lots B and D in the present
study. Althou%h the data from reference 5 are at aoslightly higher tem-
perature, 4982~ F, they may be interpolated to 4800~ F by using the ob-
served creep activation energy of 160,000 calories per mole. This cor-
rection does not change significantly the position of these data rela-
tivertol LloksiB and D.

The dependency of creep rate and rupture life on stress e seen
to differ between the present study and the earlier study (ref. 5). In
the present study, a fifth-power dependency on stress, as suggested by
the recent review by Sherby (ref. 8), adequately correlated both the
creep rates and rupture lives for each lot. In contrast, in reference 5
it was observed that the creep rates varied according to the 6.5 power
of stress. Sherby also concluded that, at high temperatures, the creep
rate varies with the square of the grain size. This conclusion is in
distinct contrast to earlier observations (refs. 7 and 8), which indicate
that large-grained materials exhibit lower creep rates at high tempera-
tures than do fine-grained materials. The relation derived by Sherby is

: 5
& =.g1ep (9) (1)
E
where
€ creep rate, sec™
S congtant — 1657 om™*
L average grain diameter, cm
D self-diffusion rate, (cmz)(sec'l)
0] stress, psi
E modulus of elasticity, psi

Although comparison of the observed creep rates with the calculated creep
rates is not possible because of lack of data on the high-temperature
modulus of polycrystalline tungsten, equation (1) predicts that creep
rate varies directly as the self-diffusion rate and as the square of

the grain diameter. 1In order to determine the relation between creep
rates and grain sizes, the average stress creep-rate parameter €0t

is plotted against the average grain diameter for each of the five tung-
sten lots in figure 9. It is seen that a line of slope 0.5, as predicted




by equation (1), approximately correlates the data for lots A, B, C,
and D but not for lot E. The stress creep-rate parameter for lot E is
quite high in relation to the parameters for lots A, B, and D, which
exhibited about the same grain size.

A plot of creep rate compensated for average lot grain size éL'z
against stress o is shown in figure 10. In contrast to the relatively
large creep-rate differences shown in figure 8, the modified data for
lots A, B, C, and D fall in a narrow band through which a single line of
slope 0.2, as predicted by equation (1), may be fairly drawn. These
data indicate that the stress-rupture property variation among these
lots is primarily a result of their different grain sizes. The data
for lot E generally fall below this line, which indicates that the
properties of this lot are affected by a factor in addition to grain
size.

It is apparent from the preceding discussions that the creep-
rupture properties of lots A, B, C, and D, while showing considerable
variation among lots, are adequately correlated by the introduction of
the grain size factor described by Sherby. The properties of lot E,
which showed relatively low creep strength, are not correlated by this
factor. However, consideration of the residual impurity levels for the
various lots, as given in table I, shows that lot E was relatively impure,
especially with regard to oxygen, carbon, aluminum, chromium, nickel,
and silicon contents. Since creep is assumed to be controlled by the
rate of self-diffusion, the presence of these impurities apparently suf-
ficiently distorts the atomic structure to affect significantly the
self-diffusion rates and thus the creep rates.

It is of interest to note (table II) that, in lots A, B, D, and E,
no grain growth could be detected during creep exposure. The data sug-
gest that slight grain growth may have occurred during testing of lot C,
although the observed grain size increases are judged within the error
limits for grain size measurement. This behavior is attributed to minute
compositional differences among the various lots. Tt is well known that
undetectable impurities, often sodium salts added as "doping" agents,
affect significantly the grain growth characteristics of tungsten.
Although the five lots of tungsten in this study were nominally "undoped, "
it is considered probable that the minor amounts of residual impurities
in each lot produce fine precipitate particles that tend to restrict
grain growth. Electron photomicrographs of material from lots B, C,
and E (fig. 11) tend to confirm the relation of grain growth to the
presence of impurity particles. TIot C, which had the largest grain size,
is seen to be relatively "clean," while lot E, with a much finer grain
size, contained visible particles at the grain boundaries.




High-Temperature Tensile Tests

The results of the short-time tensile tests are given in table IIT
and are shown in figure 12. The average grain diameters, measured after
testing just inside the specimen hot zone, are included in table TIII and
are also presented in figure 13. Representative microstructures from
the fracture areas of the various specimens are shown in figure 14.

The high-temperature tensile properties of tungsten are seen to
vary considerably from one lot to another in a manner similar to that
observed for the creep-rupture properties. A significant difference
exists, however, in that lot E, which exhibited low creep strength, dis-
played the highest tensile strength. Both the yield and ultimate tensile
strengths of lot E were approximately three times higher than those of
lot C (see fig. 12(b)). All lots, however, exhibited the normal decrease
in strength with increasing temperature, with exception of a small in-
crease in the strength of lot A in the vicinity of 46707 B.

Marked differences in the tensile ductilities of the five lots were
observed, as indicated in figure 12(c). TLot C, which had the lowest
tensile strength, exhibited very hi%h ductilities and knife-edge frac-
tures at all temperatures from 3640~ to 5270° F. This material also
exhibited abnormal grain growth resulting in exceedingly large grains
in the fracture area (figs. 14(a) and (c)). This grain growth is appar-
ently associated with the large amount of plastic deformation accom-
panying necking and fracture. Lots A, B, and D, which had similar
strengths below 4600° F, showed moderately increasing ductilities above
3800° F. This behavior is typical of powder-metallurgy tungsten, which
normally exhibits a ductility minimum in the range from 3600° to 4000° F
(refs. 1 and 9). Ductility in this range increases with increasing
strain rate (ref. 9), which suggests that the minimum may be associated
with diffusion of an unidentified impurity, analogous to the frequently
observed low-temperature strain-aging phenomenon associated with inter-
stitial impurities.

At 4900° and 4980° F, lot A showed a sharp increase in ductility
as compared with the lower temperatures. The fractures at the high
temperatures had a knife-edge appearance, similar to those observed for
lot C. Abnormal grain growth also occurred near the fracture under these
conditions, as shown in figure 14(d). Concurrent with the sharp increase
in ductility and the abnormal grain growth in the fracture area, lot A
showed an increase and then a decrease in strength with increasing tem-
perature relative to lots B and D.

Iot E, in addition to being the strongest of the five lots studied,
displayed contrasting ductility behavior. Although the other four lots
showed high or increasing ductility over the temperature range studied,
the ductility of lot E decreased significantly from 4040° to 4940° F
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(fig. 12(c)). This behavior appears to be associated with the relatively
high impurity content of lot E. As seen in table I, this lot had the
highest analyzed levels of oxygen, carbon, aluminum, chromium, nickel,
and silicon. If it is assumed that the normal ductility minimum at

3500° to 4000° F in powder-metallurgy tungsten is related to the dif-
fus1on rate of an impurity such as iron, the low ductility of lot E at

5000° T may be similarly related to the diffusion rate of a different
impurity, such as aluminum or silicon.

The strengths of lots A, B, C, and D appear related to the respec-
tive grain sizes, as measured away from the area of severe deformation.
Although a quantitative correlation has not been attempted, it is seen
that the yield and ultimate strengths decrease with increasing grain
size. Lot C, the weakest lot, exhibited the largest grain size at all
temperatures, while lot A, the strongest at temperatures below 4800° F
(With exception of lot E), had a much finer grain size. It thus appears
that grain size, which was shown to affect significantly the creep
properties, also affects the tensile properties to a considerable degree.

The tensile strength of material from lot E appears to be strongly
affected by its relatively high level of impurities, as discussed earlier
with regard to creep properties and tensile ductility. The apparently
anomolous combination of low creep strength and high tensile strength,
which characterize lot E, is analogous to the behavior of iron-carbon
alloys. Although carbon additions increase the tensile strength of
iron, it was pointed out in reference 6 that carbon increases the self-
diffusion rate and thus the creep rate of iron at a given stress. Tt
is likely that one or more of the impurities in lot E, such as aluminum
or silicon, similarly produce solution strengthening during tensile
testing but increase the self-diffusion rate of tungsten and thus lower
the creep strength.

Bend Test

Inasmuch as the transition temperature for ductile-to-brittle frac-
ture is commonly used as an indication of sheet quality and formability,
a test in bending was made on the five lots of material in the as-
received condition. In this study it was of interest to determine what
correlation, if any, there was among the low-temperature ductility, the
high-temperature mechanical properties, and the chemical composition of
the various lots. Results of the bend transition temperature studies
are shown in figure 15. These tests showed that the ductile-to-brittle
transition occurred over a very narrow temperature band for each specific
lot. Lot A had the lowest transition temperature at 335° F. The re-
malnlng temperatures in increasing order were: lot C, 405° EsiliotaD),
455° s S iliot Bl 475° F; and lot B, 720° F. The high transition tempera-
ture for lot B was unexpected as it was not indicated by any previous




test. Also of interest was the effect of small laminations on the tran-
sition temperature. As noted earlier, the edges of lot A sheet had
laminations probably caused by shearing. When this edge material was
tested, the transition temperature was in excess of 800° F, compared with
only 335° F for sound material from the same sheet. The 0.060-inch sheet
of lot E was tested over the same 0.160-inch radius, which may possibly
have caused the transition temperature to be a little high, but it was
not expected to change appreciably with a radius four times the sheet
thickness.

There does not appear to be any consistent correlation between bend
transition temperature and high-tempersture strength or ductility. Lot A,
which had the lowest transition temperature, had average hlgh—temperature
strength, while lot B, which had a transition temperature nearly 400° F
higher, had essentially the same strength as lot A in the high-temperature
tests. At the same time, lot C had a higher transition temperature than
lot A but very low high-temperature strength. The lowest transition
temperatures, however, are associated with lots A and C, which also
exhigited explosive grain growth and excellent ductility at about
4900° F.

The analytical data of table I suggest a correlation between tran-
sition temperatures and chemical composition. If lot E is eliminated,
the transition temperature of the various lots increases with increasing
oxygen content. A similar relation may be noted with the hydrogen con-
tent (fig. 16). It is generally assumed that the presence of this ele-
ment, in the very small quantities in which it occurs in tungsten, is
not detrimental; however, the sixfold increase in hydrogen between lots A
and B may have contributed to the large difference in transition tempera-
ture.

Little correlation is apparent between microstructure and transi-
tion temperature for the lots of tungsten evaluated in this study.
Ordinarily, a heavily fibered microstructure is associated with low-
temperature ductility; however, lot D, which appears to be partly re-
crystallized (fig. 1), had a ductile-to-brittle transition temperature
lower than that of lots B and E, which exhibited heavily fibered struc-
tures.

CONCLUSIONS
The following conclusions are drawn from a study of the high-
temperature mechanical properties of tungsten sheet from five different

commercial sources:

1. The stress-rupture propertles at 4800 T and tensile properties
of commercial tungsten sheet at 3640° to 5270° F vary significantly from
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one lot to another. Twofold variations in rupture strengths and tensile
strengths were observed. The ductile-to-brittle bend transition tempera-
tures of the as-received materials varied from 335° to 720° F.

2. The variations in creep and tensile strengths of lots A, By €,
and D are correlated with the grain sizes of the various lots as measured
after testing. The grain size, in turn, appears to be controlled by the
presence of Impurity precipitates, which tend to restrict grain growth.

3. The variations in creep and tensile strengths of lot E relative
to the four other lots studied are attributed to fairly high impurity
levels in lot E. The high tensile strength of lot E may result from
impurity solution strengthening. Conversely, these impurities apparently
increase the self-diffusion rate of tungsten and greatly reduce the
stress-rupture strength for lot E.

4. The ductile-to-brittle bend transition temperature increased
with increasing oxygen and/or hydrogen content of the tungsten sheet.

Lewis Research Center
National Aeronautics and Space Administration
Cleveland, Ohio, September 13, 1962
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TABLE I. - ANALYSES AND DENSIT'TES OF COMMERCIAL
TUNGSTEN FROM FIVE DIFFERENT SOURCES

[<, not detected and therefore less
than quantity indicated. ]

Element Impurities, ppm
Lot
A B € D E
Density, g / ce
19222 1 19 238 9224 EN90 22 RN 625
Oxygen 5 19 8 15 29
Hydrogen @58 1030 [H0. 53065 0.13
Nitrogen 28 1L 18 24 6
Carbon 15 20 25 10 30
Sulfur <10 <10 <10 10 <10
Aluminum <2 <2 <2 <2 40
Boron <2 <2 <2 <2 <2
Calcium <10 <10 <10 <10 <10
Chromium <5 <5 <5 <5 US
Copper <1 <)t <1 <1 <1
Iron 30 20 10 15 10
Manganese <l <1 <1 <38 <l
Molybdenum 15 10 50 10 <10
Sodium 10 10 10 10 <10
Nickel 7 2 7 a5 13
Lead <10 <10 <10 <10 <10
Silicon <3 <3 <3 <3 10
Ein <5 <5 <5 <5 <3
Thorium <30 <30 <30 <30 <30
Phosphorus | <20 <20 <20 <20 <20
Potassium <10 <10 <10 <10 <10




TABLE IT.

TUNGSTEN AT 4800° F

- STRESS-RUPTURE PROPERTIES OF

Lot |Stress, Minimum Rupture Average
psi creep rate, 14 fe, grain
aeen min diameter,
cm
A | 1500 5.55x10'2 319.3 2.9xlo‘§
1800 5.75x10'5 240. 4 2.8><10'3
2500 4.09x10" o M e
Av. value 3.OXlO'3
B | 1740 8. 34x1076 155. 7 3.7x1o‘§
1940 3. 17%10"~ 70,1 1 4s5x107
2470 7.59%10™° 22.9 | 4.5x103
Av. value 4.3><10"5
c 720 3. 33%10"°0 512 1.5%10™2
960 1.32x10'i 208. 8 1.4x1o'§
1460 127em0" 1% Ps {1 sans
Av, value l.4><10'2
p | 1020 5.35x1o'g oM (L T z
1550 1.17x1o'5 121.0 4.5><10'3
1800 2.97x10" 53,9 4.5><1o'3
2500 3.08x10”, 4.6 | 3.6x1075
3000 1.02x10" 2.8 | 4.7x10”
Ay, value 4, 3107
E 250 4.16X10:; SAOHO. . = | e mminis
670 1.42x10 g R AR =
1000 1.02x10~ 91.8 | 3.3x10°
e h e S S R 0 e R e
1815 2,93x10™O 7.5 8, 5107
Av. velue 3.4%107°

13
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TABLE III. - PROPERTIES OF TUNGSTEN FOR SHORT-TIME TENSILE TESTS

Lot | Test tem- | Tensile Hshieinids Reduction | Elonga- | Average
perature, |strength, | strength, |in area, tion, grain
O psi psi percent | percent | diameter,
cm
A 3880 6950 4570 14,3 28.2 2.7X10™5
4040 5400 3500 21.6 25.0 |emmmmmeee
4150 5430 3530 29.4 27,3 2.5%10~5
4380 4500 2880 36.0 el B
4540 3480 2860 s e |-
4550 3730 s 36.2 S e m———
4670 3950 3300 47.8 42.5 2.9x10~2
4700 3600 s 46.2 T- PR
4900 2240 1910 99 31.3 3.8X10-5
4980 2060 1980 99 CAha L
B 3870 6710 4070 12.2 2L 1 R T
4040 5280 3270 31.0 42.5 3.2%x1072
4180 5350 3500 25.3 5.5 |ememmmmaa
4300 4650 3120 28.9 29.5 |emmem-—--
4410 3650 2890 30.7 25,8 3.1x10"3
4680 3080 2230 33.3 40.6 4.4X10"
4900 2750 2260 32.7 38.2 4.2X10"
C 3640 7070 3190 99 62.5 3.5X10™9
3870 6590 3330 99 62,5 3.4%X10-3
4030 3770 2260 99 Srael e
4250 3120 1670 99 36.4 7.1X1073
4410 2520 1250 99 65.1 7.7X10™3
4670 2150 960 99 49.2 9.5%10-3
4950 1750 900 99 54.8 [L.40x10-2
5270 1335 675 - e
D 3880 6200 3390 20.5 25.0 3.0X10"5
4020 5500 3160 28.5 Soh e
4230 3940 2840 31.3 34.3 3.7X10-3
4470 3520 2300 37.1 4000 ==
4700 3000 2580 39.1 48.5 4.1X10-3
4960 2430 1960 41.6 s 4.2x10-3
5050 2440 1910 426 49.3 |r=meec==-
B 4040 6700 4530 47 48.5 2.3X10-3
4240 5510 4050 30.8 37.5 2.9x10-3
4440 5080 3860 31.7 S5 e
4700 4340 3490 17.4 22 2.6X10™3
4940 3620 3220 10.8 11 2.9%X10-3
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(a) Lot D. (c) Lot E. C-60859

Figure 1. - Microstructures of five typical lots of tungsten in as-received condition.
Etchant; KOH + KSFe(CN')S; X250.
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(a) Tensile specimen.

Q250"

N
/< A

0.375" rad.

(b) Stress- -rupture specimen.

0:625"

CD-7357
(c) Bend-test specimen.

Figure 2. - Test specimens.
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(a) Test bar cutting tool.

- Cutting apparatus for preparation of stress-rupture test specimens.

Lt
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(b) Electric-discharge cutting machine.

Figure 3. - Concluded.
test specimens.

C-58019

Cutting apparatus for preparation of stress-rupture



Figure 4. - Stress-rupture apparatus.
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C-58016
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Figure 6. - Tensile test apparatus.
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Autotransformer

—— Muffle furnace
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Bend plunger — |8

Bend specimen—— —
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Figure 7. - Bend
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(a) Creep rate.

Figure 8. - Variation of creep rate and rupture life of tungsten with stress at 48000 F.
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(b) Rupture life.

Figure 8. - Concluded.

Variation of creep rate and rupture life of tungsten with stress at 4800° F.
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Figure 9. - Variation of average stress creep-rate parameter with average grain diameter for commercial

tungsten at 4800° F.
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Figure 10. - Variation of structure-compensated creep rate with stress for commercial

tungsten at 4800° F.
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(a) Lot B; X19,000.

Figure 11. - Electron photomicrograph of tungsten after stress-rupture
test at 4800° F. Etchant; KOH + KzFe(CN)g.
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Figure 11. - Continued.

(b) Lot C; X19,000.

Electron photomicrograph of tungsten after

stress-rupture test at 4800° F. Etchant; KOH + KzFe(CN)g.
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(¢) Lot E; X9700.

Figure 11. - Concluded. Electron photomicrograph of tungsten after

stress-rupture test at 4800° F. Etchant; KOH + KzFe(CN)g.
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(2) Ultimate tensile strength.

Figure 12. - Variation of strength end ductility of tungsten with temperature.
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(b) Yield strength.
Figure 12. - Continued. Variation of strength and ductility of tungsten with temperature.
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(c) Reduction in area as a measure of ductility.

Figure 12. - Concluded.
with temperature.

Variation of strength and ductility of tungsten
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Figure 13. - Average grain dlameter of tungsten sheet after high-temperature testing.
Data, except those at 4800° F, were obtained from tensile specimens. Data at
48000 F are averages from several stress-rupture specimens.
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(a) Lot A. DNote excessive grain growth at 4900° F.

Figure 14. - Microstructures of tungsten near fracture at high temperatures.
Etchant; KOH + KzFe(CN)g; X250.
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g (b) Lot B.
Figure 14. - Continued. Microstructures of tungsten near fracture at high temperatures. )
Etchant; KOH + KzFe(CN)g; X250. : a
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i Figure 14. - Continued. Microstructures of tungsten near fracture at high temperatures.
- Etchant; KOH + K.Fe(CN)g; X250. :
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(d) Lot D. Note minor grain growth.
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Figure 14. - Continued. Microstructures of tungsten near fracture at high temperatures.
Etchant; KOH + KzFe(CN)g; X250. _




4040° T 4245° F ]

4700° F 4940° F
(e) Lot E. Note absence of grain growth.

- Figure 14. - Concluded. Microstructures of tungsten near fracture at high temperatures.
Etchant; KOH + KzFe(CN)g; X250. !
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Figure 15. - Transition temperature of bend test for five lots of tungsten sheet.
minute; radius, 0.160 inch.
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Figure 16. - Transition temperature as function
of oxygen and hydrogen content of tungsten.
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