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SUMMARY

The tensile-strength properties of sintered wrought molybdenum -
were ‘investigated at temperatures from 1800° to 2400° ¥, as well as
the effects of swaging, recrystallization, and "test-section" area on
these tensile-strength properties. Additional studies were made on
stress-rupture properties, types of fracture, directional tensile prop-
erties of rolled plate, and metallography of swaged and recrystallized
molybdenum.

At temperatures in excess of 1800° F, commercially pure sintered
wrought molybdenum metal had excellent tensile strength, ductility,
and stress-rupture life comparable with or superior to other proposed
high-temperature materials. At a temperature of 1800° ¥, the short-

- time tensile strength varied between 25,310 and 33,670 pounds per
square inch. At 2400° F, the tensile strength varied between 13,070

and 26,100 pounds per square inch, depending upon manufacturing
swaging veriables and whether the evaluation temperature was above
or below the recrystallization temperature of the specimen evaluated.

Recrystallization lowered the tensile strengths of molybdenum at
all temperatures. Recrystallized metal had ductility at elevated
temperatures but was brittle at room temperature. The amount of
swaging on the particular bar sizes investigated had little effect
upon increasing the tenslle strength, but increasing amounts of
swaging progressively lowered the recrystallization tempersature.
Increasing the test-section cross-sectional area of a specimen had.

e negligible effect upon the evaluation of the tensile strength.

Wrought molybdenum had a 100-hour stress-rupture life at approxi-
mately 19,300 ¥300 pounds per square inch at 1800° F. Recrystallized
metal had a 100-hour life at approximately 10,000 pounds per sduare
inch.

"As-swaged" molybdenum exhibited a transgramiler failure under

‘tension at all temperatures until effective recrystallization occurred.




2 NACA TN 2319

Recrystallized molybdenum exhibited intergranular failure at room
temperature; from 1500° to 2000° F, the fracture was predominately
transgranular; from 2000° to 2400° F, the fracture reverted to the
intergranular type. ' »

Rolled molybdenum plate possesséd definite directional proper-
ties, having the greater tensile strength in the transverse direction
t0 rolling and the greater ductility in the longitudinal direction of

rolling.

Different manufacturers' products, having a similar swaging
reduction, had considerably different strength and recrystallization
properties.

INTRODUCTION .

The present need for engineering materials having satisfactory
mechanical properties at temperatures in excess of 1800° F has
necessitated thorough investigation of all promising materials.
Although the element molybdenum is a tough, dense, refractory metal
with a melting point of 4750 #50° F, it has never been considered
suitable for use at elevated temperatures, in other than a vacuum
or controlled atmosphere, because of its poor oxidation resistance.
Recently, however, coatings have been developed that protect ‘
molybdenum from oxidation at elevated temperatures.

A literature survey disclosed almost no avallable data on the

elevated-temperature mechanical properties of molybdenum (except in
 the form of wire a few tenths of a millimeter in diameter) menufac-

tured by powder-metallurgy methods. In the temperature range of

room temperature to 1600° F, 0.625-millimeter molybdenum wire has a

tensile strength of 105 to 56 kilogrems per square millimeter (149,500

to 79,700 1b/sq in.) (reference 1). Some data have been published

on the elevated-temperature properties of arc-cast molybdenum

(reference 2).

A limited amount of unpublished data was obtalined from one of
the manufacturers of wrought molybdenum on 0,400~ to 0.410-inche
diameter swaged molybdenum rod. The values obtained for the swaged
bars varied considerably:
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Testing | Tensile Klongation -
temperature| strength in 2 inches
(°F) (1b/sq in.) (percent)
Room 76,400 £2400 | 18.5 13,5
400 56,000 2000 | 18,0 4.0
800 46,800 $3800 [12.0 %4.0
1200 44,500 +4500 | 10.5 .5
1500 33,000 £6000 | 10.5 #2.5
1900 27,500 £6500 | 9.0 #2.0

Ag few data are availsble on the properties of swaged molybdenum
rod, an investigation was started at the NACA Lewis laboratory to
determine some of the mechanical properties of swaged molybdenum rods

‘and rolled plate in the temperature range of 1800° to 24OOO,F°

Ductile molybdenum is being economically fabricated by powder-
metellurgy end arc-casting methods. This report includes only metal
fabricated by the following powder-metallurgy method: Pure molybdenum
powder is cold-pressed into bar compacts and then sintered in a
reducing atmosphere at temperatures near the melting point of the
metal. The sintering is followed by hot swaging and drawing or
rolling. Swaging and other reduction methods, performed hot, are
supposedly done at a temperature below the recrystsallizstion tem-
perature of the material and therefore impart beneficial cold-working
effects t0 the metal, which result in high strength and ductility at
room temperature.

The investigation included the following parts:
l. The high-temperature tensile properties as influenced by
swaging, recrystallization, and tensile "test-section"

ares of swaged bars

2. Stress-rupture strength for 100~hour life at 1800° F of a
1/2-inch-diameter swaged bar

3., The types of fracture in these tests
4. The directional properties of rolled plate

Studies on the metallography of molybdenum metal are presented
herein and in the appendix.
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MATERTALS
Various bar sizes of high-purity, cold-pressed, sintered and
swaged molybdenum were procured from two separate menufacturers. .
Each bar size was fabricated from a different ingot and received a
different amount of swaging. Each lot of metel therefore had possible

different physical and mechanical properties. The following teble
gives the fabrication history:

Source A B
Ingot dimensions a1 1 9 5 '
R 1= x 1=z X 24 = x = x 24
(in.) 8”8 16 * 8
Weight of ingot 5,00 1.41
(k) ,
Manufacturers' [0.0l ironj 0,015 nonvola~|0,005 iron;
chemical analysis| tiles; balance, 0,003 carbomnj
- (percent) molybdenum balance
molybdenum
Number of ingots 1 3 2 2 1 1
swaged ,
Swagedpbar diameter 1 1lo.698 1 1 1
(in.) 7 2 , 4 2
Reduection of ingot 96 85 70 38 86 44
cross-sectional
ares, (percent)
Specimen testw 04125 [04250 [0,1.25 {0,500 | 0.125 {0,250
section diameter «250
(in.) 375
500

Directional properties of rolled plate were determined from a
longitudinal rolled plate (1/4 by 1-5/8 by 80 in.) procured from
source A. The plate was rolled to size from a S-kilogram ingot.

Three lots of 1/2-inch-diameter stock from source A were used in the
investigation. One lot (lot number 3, table II), which was used for
stress-rupture evaluation, was heterogeneous and contained many flaws.
The data from the sound bars of this lot have been included only as a
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matter of interest. Of the two good lots, one was used to determine
short-time tensile strengths and the other the 100-hour stress-rupture
strength of molybdenum. Both lots of materisl were comparable with
respect to tensile strength at room temperature and 1800° F, and
varied only slightly as to grain size.

For determining the effect of tensile test-section cross-sectional
area upon the evaluation of the mechanical properties of molybdenum,
the 0,698~inch-diameter bar of source A was chosen for three reasons:

l. The recrystallization temperature of the materisl was above
the highest evaluation tempersture, thereby eliminating a trouble-
some variable. ‘

2¢ The material was swaged a sufficient amount to allow the
effects of swaging to penetrate to the center of the bar.

3. After receiving a medium amount of swaging, the bar remained
large enough in diameter to permit the fabrication of tensile speci-
mens with test-section diameters of 1/8 to 1/2 inch.

DESCRIPTION OF APPARATUS
Short-Time Tensile Evaluation of Molybdenum
Tensile-testing machine. - A commercial hydraulic-type tensile-

testing machine with a low scale of BOOO-poundpload capacity was used
to fracture tensile specimens.,

Heating furnace. - The tensile specimens and the gripping mechanism
were heated in a platinum-wound, resistance-type, tube furnace (fig. 1),
which was sealed at both ends with fire brick snd glass wool,.

Atmosphere protection. - Because molybdenum oxidizes rapidly in
air at temperatures in excess of 1200° F, a protective atmosphere of
helium gas was provided. A metal tube was placed around the entite
length of the exposed parts of the tensile specimen, and a sufficient
flow of helium gas was introduced through a smaller tube attached to
the large one to exclude excessive oxygen. (See fig. 1.)

Temperature control. - The temperature of the specimen and the
furnace was controlled by a thermocouple adjacent to the test section
of the tensile specimen in conjunction with a potentiometer pyrometer.
A parallel power circuit, with a variable resistor in the line, was
used in conjunction with the standsrd on~off power controller to
maintain e more constant temperature than could be obtained
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with the on-off controller alone. This electrical arrangement provided
current to the furnace at all times and thus made it possible to main-
tain the indicated temperature to #3° F at the evaluation temperatures.

0602

Tensile specimens. - The test sections of the tensile specimens
were machined and finisheground to 5 to 16 rms. The types used and
the dimensions are detailed in figure Z.

Specimen-gripping mechanism. - Tensile specimens with either
tapered or threaded ends were held in split ecollets and grips attached
to extension arms with air-cooled pins. All metal parts used within
the heating zone of the furnace were fabricated from Inconel X, which
met all requirements of strength and oxidation resistance at the maxi-
mum test temperature of 2400° F.

Instrumentation. - Temperatures of the test section of the speci-
mens were indicated on a potenticmeter pyrometer with two 22-gage
chromel-alumel thermocouples. The thermocouples were inserted through
an opening in the atmosphere-protection tube and placed against the
test section of the specimen. Preliminary calibration tests, using
four thermocouples equally spaced along the entire length of the
tensile specimen between the grip faces, showed a maximum variation
of #3° F in temperature at the evaluation temperatures.

Stress-Rupture Evaluation of Molybdenum

Stress-rupture machine and furnace. - A lever-arm-type rupture "
machine and a nichrome-resistance-type tube furnace (fig. 3) were
used to determine stress-rupture values.

Atmosphere protection. - A protective atmosphere of argon gas
with The use of cobalt-base-alloy grips proved to be the most satis~
factory. An atmosphere-protection tube (fig. 3) was placed around
the rupture specimen and recessed at both ends into the Haynes
Stellite No. 25 alloy grip, which afforded constant atmosphere
protection while the specimen was elongating.

Preliminary rupture testing with Inconel X grips and helium
gas for a protective atmosphere proved unsatisfactory. Severe
" corrosion of the molybdenum occurred in contact with or closely
adjacent to the Inconel X. This corrosion effect was accelerated
with increasing volumes of helium. ‘

Temperature control. - A temperature-control system, similar 3

to that described under "Short-Time Tensile Evaluation of Molybdenum"
was used and provided a control of +50 F gt an indicated temperature

of 1800° F. ; o
o
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Stress-rupture specimens. - The test sections of the stress-
rupture specimens were finish-ground to 5 to 16 rms (mlcr01n.).
Dimensions are detailed in figure 2.

Instrumentation. - A chromel-alumel thermocouple was placed
adjacent to the furnace wall in conjunction with a pyrometer indi-
cating controller. The temperature of the rupture specimen was
recorded on a potentiometer pyrometer with two 28-gage, chromel-
alumel thermocouples, wired as illustrated in figure 3.

PROCEDURE
Short-Time Tensile Evaluétion of Molybdenum
Heating. - Evaluation temperatures were attained as rapidly as

possible and maintained for 1/2 hour to allow for temperature stabili-
zation throughout the specimen vefore application of the load.

Testing | Soaking|Time to reach
temperature| period | temperature
(°F) (min) ()
1500 30 1,75 $0.2
1800 30 2.25 .2
2000 30 2.50 *.2
2200 30 3.00 .2
2400 10 3,50 #,2

The specimens eveluated at 2400° F were soaked at 2390° F for
only 10 minutes because of thermocouple difficulties at this high
temperature. Before the load was applied, however, the temperature
was raised to 2400° F.

Corrosion. - Adequate atmosphere protection was provided. A
tensile specimen, heated to 2400° F and soaked for 10 minutes, had
its test-section diameter reduced only 0,0002 inch.

Rate of loading. - An approximate rate of loading of 2500 pounds
per minute was used for all sizes of specimens up to the load at
which the specimen began to yield appreciably. Above this load, the
rate of loading was increased as rapidly as possible to eliminate
possible short-time stress-rupture factors and to prevent serious
deformation of the gripping mechanism.
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Elongation measurements. - Percentages of elongation were calcu-
lated by measuring the increase in the length of the specimens between -
two notches placed above and below the test section on a larger diam-
eter than the test section (fig. 2). The elongation between these
+two notches was then calculated in terms of the actual test-section

lengtho

At elevated temperatures, the rate of strain beyond the yield
point may produce variations in the percentage elongation. Because
.the rate of strain beyond the yield point was not controlled, the
elongation values sre probably influenced by this factor. This
influence may account for some of the variation, other than material
irregularities, in the ductility values reported.

Stress-Rupture Evaluation
'The rupture specimens were heated to the test temperature in

approximately 4 hours and soaked for 1/2 hour before the full tension
load was gpplied.

Recrystallization
Bars from both sources, intended for both tensile and stress- “
rupture testing, were recrystallized at various times and temperatures
prior to testing in a helium protective atmosphere, except as other-
wise noted in tables I and II. I

RESULTS

High-temperature tensile properties as influenced by recrystal-
lization, swaging, and "test-section” area. - Table I lists the short-
time ultimate tensile strengths of commercial molybdenum at room tem~
perature and over the elevated-temperature range of 1800° to 2400° F.
The strength of swaged bars at 1800° F varied between 25,310 and
33,670 pounds per square inch and between 13,070 and 26,100 pounds
per square inch at 2400° F,

Recrystallization has a detrimental effect upon the ultimate
tensile strength of molybdenum both at room and elevated tempera-
tures (table I and fig. 4). The ductility of recrystallized metal
remained approximately the same as "as-swaged" material in the tem~
perature range of 1500° to 2000° F (table I) but was negligible i
at room temperature and lower at temperatures in excess of 2000° F. ‘
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Swaging had a negligible effect on increasing the ultimate
tensile strength (fig. 5), but had a pronounced effect on lowering
the recrystallization temperature. Bars that had a swaging reduc~
tion of 85 percent or more had a rapid drop in strength between 2000°
and 2200° F, as the recrystallization temperature was within or lower
than this range. Those bars that received less than 70~percent reduc-
tion had recrystallization temperatures above 2400° F and therefore
showed only a slight decrease in strength with increasing temperature.

The effect of additionel swaged area, that is, increased test-
section cross-sectional area, on the strength properties of a fairly
homogeneous swaged rod is shown in figure 6. The strengths, with
increasing test-section area and temperature were nearly the same,
being within the general experimental scatter band, which indicates
uniformity of properties across the areas investigated.,

Stress-rupture strength for 100-hour life at 1800° F of l/z-inch—
diameter swaged bar. -~ The values of stress-rupture life for both
as-swaged and recrystallized molybdenum are listed in table II. A
logarithmic plot of these values (fig. 7) places the 100-hour life of
as-swaged metal at 19,300 300 pounds per square inch and that of
recrystallized metal at approximately 10,000 pounds per square inch.

Types of fracture. - As-swaged molybdenum exhibited a reasonably
ductile, transgranular failure at all temperatures up to the recrystal-
lization temperature. Recrystallized metal exhibited a brittle, inter-
granular failure at room temperature; from 1500° to 2000° F the frac-
ture was ductile and predominately transgranular; from 2000° to 24000 F
the fracture reverted to the intergranular type with a decrease in
ductility. )

Directional properties of rolled plate. -~ Rolled plate, 1/4 inch
thick, was found to possess 10 to 15 percent greater tensile strength
in the transverse direction than in the longitudinal (table III and
fig., 8) at both room temperature and 1800° F. The ductility, however,
was greater in the longitudinal direction (table III).

DISCUSSION OF RESULTS
High-Temperature Tensile Properties as Influenced by Swaging,
Recrystallization, and Test-Section Area
Effect of swaging and recrystallization. - When swaged metal from

source A was subjected to either a 70-, 85-, or a 96-percent swaging
reduction, the ultimate tensile strengths of all bars at each
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*
evaluation temperature from room tenperature to 2000° F were essen-
tially the same (fig. 5). N
The 1/4- and 1/2-inch-diameter (96- and 85-percent reduction) o
material showed a rapid drop in strength between temperatures of 3
o

2000° and 2200° F and a less rapid drop as 2400° F was approached.
This rapid rate of change of strength was caused by the "effective"
recrystallization of the metal (by "effective" is meant that recrys-
tallization which affects the strength properties)'during the period
it was subjected to elevated temperatures. The photomicrographs in
figure 9 show the grain directionalism imparted by the swaging opera-
tions and the structure of the metal after having been fractured in
tension at a temperature of 1800° F (figs. 9(a) and 9(c)). Fig-
ures 9(b) and 9(d) are views of the same materials after fracture

at 2200° F showing the recrystallized structures in both the 1/4-
and 1/2-inch-diemeter material.

The 0.698-inch-diameter material having a 70-percent reduction
(fig. 5) showed a uniform decrease in strength up to 2400° F; such a
decrease indicated that "effective" recrystallization had not occurred.
Photomicrographs (figs. 9(e) and 9(f)) show no evidence of recrystal-
lization. Two subsequent specimens heated for 48 hours, one at 1800°
and one at 2200° F, showed no decrease in the 1800° F tensile strength.
A third specimen tested at 2600° F, heated by induction, showed an . ~
apprecisble drop in strength, which is evidence that the 1-hour recrys- I
tallization temperature would be approximately 2500° F. .
. {

The l-inch-diameter swaged bar having a 38=percent reduction had -
a 15- to 25-percent-lower tensile strength than the other swaged bars
(table I and fig. 5) at both room temperature and 1800° F, From 1800°
to 2400° F, the uniform decrease in strength with no rapid drop indi-
cated absence of effective recrystallization. Examination of fig=-
ures 9(g) and 9(h) reveals no essential difference in the nicrostruec-
ture of the specimens tested at 1800° and 2200° F, respectively.

The l-inch bar exhibited a microstructure different from the
other bar materials. The structure shown in figures 9(g) and 9(n)
represents a central core approximately l/Z-inch in diameter sur-
rounded by an outer layer of grains similar to but larger and less
fibrous than the grains of figure;9(a). The grains within the core
material (75 to 100 percent of the area of the cross section of the
specimen test section) were rather uniform, showing a mixture of fine
strained and fragmented grains with only slight directionalisme. '
Recrystallization studies of the core metal indicated a l-hour
recrystallization temperature of approximately 2825° F.
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The evaluation of as-swaged molybdenum indicates that swaging had
a negligible effect on increasing the tensile strength of the metal at
all temperatures below the recrystallization temperature. The effect
of swaging upon lowering the recrystallization temperature, however,
is pronounced and limits the usefulness of molybdenum metal in the
higher-temperature applications. Increased swaging reduction decreases
room-temperature brittleness, but only if the swaging adds "effective"
cold work to the metal. Brittleness is not evident in radially swaged
material; it is evident in rolled plate in a direction normal to the

plate surface.

In order to determine the over-all effect of reerystallization
on the elevated-temperature tensile strengths of molybdenum, material
from source B was used. The as-swaged l/2-inch-diameter bar did not
possess a very uniform crystalline structure. Representativevphoto—
micrographs from two tensile specimens (figs. 10(a) and 10(b)) showed
elongated structures with definite directionalism, but a considerable
difference in grain size.

Complete recrystallization (fig. 10(c)) was obtained by heating
specimens for 48 hours at a temperature of 2400° F., This recrystal-
lized structure possessed considerably less strength and less duc-
tility than the original as-swaged material at room temperaturc. At
1800° F the tensile strength was sbout 80 percent of that of the
original as-swaged material (table I). Above 2000° F, the as-swaged
meterial was subjected to a temperature high enough and for & long
enough time during testing to allow "effective" recrystallization to
take place. The strength values obtained at 2200° and 2400° F for
as-swaged material from source B end plotted in figure 4 therefore
approach the values of the fully recrystallized material and are not
true comparisons of strength between recrystallized and actual
as-swaged molybdenum.

The recrystallization of this material had considerable effect
upon the ductility. At room temperature the metal was brittle and
possessed much less ductility than the as-swaged material. From
1500° to 2000° F, the metal exhibited 20- to 30-percent elongation,
which dropped rapidly to sbout 4 percent at 2400° F.

The determination of the 75-hour recrystallization temperature
of 1/2-inch-diameter bar stock from source A shows an excellent example
of the initial changes in mechanical properties caused by recrystal-
lization., Figure 11(a) shows the elongated grain structure of the
as-swaged material, which had a transgranular fracture at room tem-
perature. Figure ll(b) shows that the material remained essentially .
in the as-swaged condition but with a few recrystallized grains
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after having been hested for 75 hours at a temperature of 1800° F. :
This limited amount of recrystallization had no effect upon the ' ) »
strength, the ductility, or the type of fracture at room temperature. ‘

After heating for 75 hours at 1900° F (fig. 11(c)), almost
complete recrystallization was attained. A few unrecrystallized
grains remain, the material not having had sufficient time at tem~
perature to recrystallize completely. These specimens when tested
at room temperature, failed with an intergranular-type fracture and
at a strength that was 77 percent of the as-~swaged strength. Also,
the percentage elongation dropped from approximately 1.0 percent to
ZEero.
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The tensile strength at 2000° F was about 86 percent of the
as-swaged strength. The ductility, though, remained essentially
the same and there was a greater tendency toward an intergranular
fracture at 2000° F. ’ ‘

The tensile strength of the recrystallized l-inch-diameter
molybdenun decreased to 43 percent of the as-swaged strength at
room temperature and the percentage elongation decreased from
1.2 percent to zero (table I). At a temperature of 1800° F, the
strength was 88 percent of that of the as-swaged material and the
ductility was good.

Stmmary of recrystallization studies. ~ The data illustrate .
the importance of the recrystallization tempergture when molybdenum
is to be considered for elevated-temperature applications. If this -
recrystallization time~temperature limit is exceeded during spplice~
tion, detrimentsal changes occur, which would limit the usefulness of
the material at both room and elevated temperatures.

, A table summarizing all the recrystallization temperatures and-
times is included in the appendix.

Effect of tensile-specimen test-section area. - In the process
of swaging, the metal adjacent to the circumference of a bar receives
more mechanical working and reduction in area than the metal in the
center of the bar. f this difference in the amount of working
imparted considerably diff'erent mechanical properties to the material
in the center and to that material removed from the center, the
strength data obtained from a tensile specimen with a small test-
section diameter would not be representative of the entire cross
section of the bar. : t

The 0.698-inch bar had a typical over-all swaged structure con-
sisting of elongated, severely strained grains, which were slightly
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more fibrous near the circumference of the bar. The grains were
fairly uniform in size and shape across the diameter of the bar

stock but varied somewhat along the length of the bar. The X25

photomicrographs in figure 9(e) and 9(f) are typical examples of
this variation.

The strengths obtained for all specimens regardless of test-
section area varied only a maximum of sbout 3500 pounds per square
inch at both room and elevated temperatures (fig. 6), which is
within material variations. Other materials subjected to more
severe swaging, and therefore having a more uniform structure, also
had a strength fluctuation of several thousand pounds per square
inch at the same temperature. If a difference of mechanical prop-
erties does exist from the center to the outside, it is too small
to detect. It was found in the study of the effeet of swaging that
a considerable difference in the amount of swaging was necessary to
change the strength enough to be detected and this large difference
in metal working probably does not exist from the circumference to -
the center of this bar,

No difference in hardness was perceptible from the center to
the circumference of the swaged bar. Rockwell A hardness readings
varied from 53.5 to 56.0, with no definite pattern. A considerable
difference in the amount of mechanical working has been found to be
necessary before a definite trend in hardness could be detected
(reference 3).

The effect of test-section area upon duetility could not be
deternined from the elongation values obitained because the ratio
of test-section length to diameter of the different sizes of speci-

mens varied from to 6. The fractures of all the specimens eval-

uated at elevated temperatures were similar. Because fracture type,
tensile strength, and hardness did not vary appreciably with test-
section area, it is believed that ductility would also remain
essentially constant.

Stress-Rupture Strength for 100-Hour Life
at 1800° F of l/Z#InéhpDiameter
‘ Swaged Bar ’
The value of 19,300 pounds per square inch for the iOO-hdur

rupture life at 1800° F of this lot of material was taken from the
logarithmic plots (fig. 7) of a number of tests at specified loads
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and could easily vary *300 pounds per square inch because of the

' shallow slope of the curve and becsuse close reproduction of rupture
life at any one stress could not be obtained. Table II shows that
these scattered values of rupture life occurred at all loads for all
metal evalusted. A metallographic examination was made of all rup-
tured specimens and did not reveal any appreciable deviation in
crystal structure from that in figure 12(a).

The 100=-hour recrystallization temperature was in excess of
1800° F; therefore, this variable did not affeet the evaluation of
as-swaged metal in the long heating period required.

The rupture values reported for recrystallized material were
obtained from specimens that were fully recrystallized in a hydrogen
atmosphere (fig. 12(b)). Attempts were made to recrystallize this
naterial fully in atmospheres of both helium and argon, snd also in
a vacuum (0.5 micron) but were unsuccessful as to the outer edges of
the material. This fringe of as~-swaged material (10 to 20 percent of
the area of the test section) had a noticesble effect on the rupture

lifeo ’

The excellent ductility and the lower strength of recrystallized
molybdemum at 1800° F were much more evident in the rupture tests
than in the short-time tensile tests., A rupture specimen had a
100-hour rupture strength of approximately 10,000 pounds per square
inch and elongated about 100 percent before failure, with most of the
elongation occurring within the l/Z-inch-longvtest section, This
elongation and the resulting strain during evaluation were sufficient
to hot-cold work the recrystallized grains into a grain structure
similar in appearance to metal that had been subjected to S50 or more
percent reduction by swaging during menufacture (fig. 12(c) and 12(d)).
Probably this structure was formed after the test section had been
appreciably reduced in diameter and therefore the rupture specimen
was subjected to a much higher unit stress.

A third lot of 1/2-inch-diameter molybdenum, from another
sintered and swaged ingot (source A), was also evaluated in rupture.
This material was found to be extremely heterogeneous and unlike
other material that had received an approximately equivalent amount
of swaging. Many fractured rupture specimens were metallographically
examined and found to contain hollow pipes and cold shuts in the test
section. The data obtained from sound bars of this material (1ot
number 3, table II) have been included, however. '

The test section of these specimens contained from O to 100 per-

cent of very small fragmented grains (fig. 13), perhaps l/lOO the size -

of a typical grain, and the balance of the area was made up of 'the

0603
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typical, average-sized grains. The fine-grained material was found
to be centrally located in the bar with a few streaks of typical
material interspersed in some specimens, Table II liste the approxi-
mate percentage of fine-grained material in the test-section cross-
sectional area of the spe01mens. No evident relation exists between
the amount of fine grains present and the rupture life; however, the

' 100-hour rupture strength of this lot (approximately 19,700 1b/sq in.)

is higher than that of the other lot containing no flne-gralned
material.

Types of Fracture

As-swaged and recryutalllzed molybdenum exhibited six distinct
macro types of fracture at room temperature and from 1500° to 2400° F
(fig. 14). A general description of the dlfferent types and thelr

‘reductlons in area is as follows:

1. Pin point; transgranular with 70~ to 90-percent reduction in
area, , .

2. Approximately 45C shear either transgranular or 1ntergranular
with 10- to 40-percent reduction in ares

3, Honeycombed tear; predominately transgranular with 50- to
99~percent reduction in area; torn or honeycombed surface .
along test-section length

4. Tear; predominately transgranular with approximately
40-percent maximum reduction in ares

5, Brittle; transverse, transgranular or intergranular w1th
essentially no reduction in area

6. Ductile transverse-transgranular with O~ to 25-percent
reduction in area.

Molybdenum from both sources showed similar types of fracture
for both as-swaged and recrystallized material. The as-swag ed metal,
worked sufficiently to give a fairly uniform grain structure from the
circumference to the center of the bar, had a transgranular fracture
with good elongation at all temperatures up to the recrystallization
temperature. That material which was only partly recrystallized
before or during testing had a torn fracture that was a mixture of
both transgranular and intergranular failure similar to types 3 and
4 at temperatures above 2000° F, Type 3, with the honeycombed
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surface, appeared to be an intergranular separation of the grains on
the surface, as shown in the photomicrograph in figure 14(c), but was
predominately transgranular.

When molybdemum is fully recrystallized, the grain boundaries
are weaker than the grains at both room temperature and at tempera-
tures above 2000° F; this boundary weakness results in an inter-
granular failure with low elongation. At temperatures from 1500° to
2000° F, the metal showed ductility as great as or greater than the
as-swaged material. Figure 15(a) shows that in this temperature
range the fracture was predominately transgranular. The grain
bounderies apparently possessed sufficient strength and ductility to
allow ‘transgranular rupturing. Comparison of the photomicrographs
(figs. 14(b) and 15(b)) of the test section, remote from the frac-
ture zone, shows greater grain strain and deformation at 18000 F
and shows higher elongation before fracturing. This change from a
brittle, intergranular fracture at room temperature to a ductile,
transgranular fracture from 1500° to 2000° F, reverting again to a
much less ductile, intergranular fracture above 2000° F, seems
rather odd, but is borne out in part by the work reported in refer-
ence 4, This work on recrystallized 0.025-inch-diameter wire showed
an intergranular fracture at room temperature and a transgranular
fracture at 5720 F, '

Directional Properties of Rolled Plate

Longitudinal rolling of molybdenum plate produces an anisotropic
material, which is still strong and ductile in both the transverse
and longitudinal directions (fig. 8). The material at room tempera-
ture is about 10,000 pounds per square inch stronger in tension in
the transverse direction and at 1800° F about 5000 pounds per square
inch stronger. There is little difference in ductility regardless
of direction, at room temperature, but at 1800° F the transverse per-
centage elongation is about S0 percent of that in the longitudinal
direction., The ductility in a direction normsl to the surface,
although not determined in this investigation, is known to be very
1low because of the brittle planes of weakness parsllel to the rolling-
surface plane.

Because of the rolling, the tensile fractures were wedge-shaped
below the recrystallization temperature, the sharp edge of the wedge
being parallel to the rolling surface. Above the recrystallization
température, the fracture changed to a rough tear type.

v Photomicrographs of the tensile specimens fractured at 1800° F
(figs. 16 and 17) show that the rolling produced thin, flat grains
with a longitudinal dimension of approximately one and cne~half times

»
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to twice the length of the transverse dimension. The greatest elonga~
tion would be expected to occur along the axis of the long dimensions
of the grains. This expectation was borne out by the elongation
measurements (table I). A photomicrograph of & plane parallel to

the rolled surface of a longitudinal tensile specimen (fig. 16(b))
shows a greater elongation of the grains at the fracture than the

same view of a transverse specimen (fig. 17(b)) in which the tension
force was along the short dimension of the grains.

Manufacturing Variables

In the evaluation and comparison of the two manufacturers'
products, a considerable variation was found to exist in properties,
particularly at elevated temperatures. Because different ingot sizes
were used by the two manufacturers, a comparison of material on the
basis of finished swaged bar size could not be made. Therefore, g
comparison was attempted between material that had received approxi-
mately equivalent amounts of ingot-area reduction.

Molybdenum from source A had a fairly clean, uniform, fibrous
grain structure in all the bar sizes except the l-inch-diameter size.
Sufficient Tabrication uniformity was maintained to produce a product -
that possessed a progressively lower recrystallization temperature and
a tendency toward higher strengths with increasing amounts of swaging.
Molybdenum from source B did not show any similar systematic change in
. properties for equivalent amounts of swaging, nor did it possess nearly
the uniformity of grain structure. . ‘

The heavily swaged metal of both menufacturers had a rather uni-:
form, fibrous, grain structure, but the material from source B had a
recrystallization temperature approximately 125° F higher than that
of A and -recrystallization occurred over a gregter range of
temperatures, :

Material from source B that was lightly swaged (44-percent
reduction in area) had a very nonuniform grain structure, unlike any
other material examined. The grains varied considerably in size
(figs. 10(a) and 10(b)) and appeared to have some porosity. The
strength of the material below the reerystallization temperature was
20 to 35 percent higher than material from source A that had received
an equivalent amount of swaging. Material from source B, moreover,
had a recrystallization temperature approximately 600° F lower than
source A material. This recrystallization temperature, strangely,
was about the same as for other molybdenum from source B that was
swaged gbout twice as much. ’
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The lightly swaged molybdenum from source B (figs. 10(a) and
10(b)) had a grain structure that resembled recrystallized material
much more closely than the fibrous as-swaged structure found in other
material. This material was probably subjected to a temperature in
- excess of the recrystallization temperature of the metal during the
latter part of the swaging treatment for a sufficient length of tinme
to cause full or partial recrystallization to occur. Further swaging
at lower temperatures might then produce some smaller fragmented
grains as evident in figure 10(a). Possibly a large amount of previous
effective swaging was lost when recrystallization occurred. It is diffi-
cult to explain why the material still possesses excellent strength
below the recrystallization temperature for the small amount of total
ingot reduction. Therefore, total ingot reduction 1s not considered to
be a criterion by which mechanical properties can be predicted.

2090

Material Comparison at EleVated'Temperatures

Molybdenum, as-swaged or recrystallized, has tensile properties
from 1800° to 2400° F equivalent to or higher than other high-
temperature materials, as shown by figure 18. Figure 19 is a
comparison with these sanme high=-temperature materials on a strength=-
to-weight-ratio basis.

The 100-hour stress-rupture strength at 1800° F is shown in fig-
ure 20 to be higher than several other high~temperature materials.

SUMMARY OF RESULTS

The following results were obtained from an investigation of
the properties of high~purity sintered wrought molybdenum metal at
temperatures up to 2400° F: -

1. Commercislly pure sintered wrought ("as-swaged") molybdenum
possessed tensile strength and ductility in the temperature range of
1800° to 2400° F comparsble with or higher than other proposed high-
temperature materials. At a temperature of 1800° F, the short-time
tensile strength varied between 25,310 and 33,670 pounds per square
inch. At 2400° F, the tensile strength varied between 13,070 and
26,100 pounds per square inch, depending upon manufacturing swaging
variables and whether the evaluation temperature was above or below
the recrystallization temperature of the specimen evaluated.

2. At 1800° F, the stress for the 100-hour stress-rupture life
of as-swaged molybdenum was approximately 19,300 ¥300 pounds per

W
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square inch, which is higher than that of other proposed high-
temperature alloys. The stress for 100-hour life of recrystallized
molybdenum at 1800° F was approximately 10,000 pounds per squere
inch,

3. Recrystallization lowered the tensile strengths of molybdenum
at all temperatures. Recrystallized metal was quite duetile at

- elevated temperastures but extremely brittle at room temperature.

4. Swaging, from 38- to 96-percent ingot-area reduction, has
little effect on increasing the room-temperature and the elevated-
temperature tensile strength, but had a pronounced effect upon
lowering the recrystallization temperature.

S. The effect of tensile-specimen "test-section" cross-sectional
ares upon the ultimate tensile strength was negligible.

6. As-swaged molybdenum exhibited a transgranular failure under
tension at all temperatures at which "effective" recrystallization
did not occur. . _

7. Recrystallized metal exhibited an intergranular failure at
room temperature; from 1500° to 20000 F the fracture was predominately
transgranular; and above 2000° to 2400° F the fracture reverted to the
intergranular type.

8. Rolled plate 1/4 inch thick possessed definite directional
properties. The tensile strength in the transverse direction was
10 to 15 percent higher than that in the longitudinal direction at all
evaluation temperatures below the recrystallization temperature,
Ductility in the longitudinal direction was slmost double that in the
transverse direction at elevated temperatures.,

9. Molybdenum with similar amounts of ingot reduction but from
two manufacturers possessed considerably different strength and
recrystallization properties.

Lewis Flight Propulsion Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio, December 10, 1950.
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APPENDIX - METALLOGRAPHY OF SINTERED AND
SWAGED MOLYBDENUM BARS

Metallographic Technigues

Polishing. - Conventional metallographic polishing methods proved
inhadequate for the preparation of molybdenum because of a worked sur-
face layer that resisted final polishing methods.

Rough-polishing procedures were standard to 2/b metallographic
polishing papers and were extended to include a 25- and a l4-micron
diamond-paste lap. Final polishing was accomplished by the use of
electrolytic methods.

Electrolytic polishing methods, described in referencevll, gave
excellent results. The process required careful control, and there-
fore added details and method deviations are itenized as follows:

(1) A current density of 21 amperes per square inch at a 3%—inch

electrode separation gave the most consistent results. A source of
steady current was a prime requisite. Too high a current resulted in
specimen pitting and too low, resulted in etching.

(2) Specimens during electro polishing were agitated in a
vertical, in preference to a horizontal, position, which provided.
easier escape of gas bubbles from the specimen surface.

(3) The solution of 35 millimeters of concentrated sulphuric
acid in 140 millimeters of distilled water gave the best results.

(4) Recommended polishing times were reduced to 15 to 20 seconds
in order to obtain minimum polishing relief. When porosity was pre-
sent in the molybdenum, a 6-micron diamond finish and a 5- to lO-second
polish were used.

(5) As many as three specimens were polished in one Lucite mount.
with good results. When the area of one single specimen exceeded
0.300 square inch, however, pitting along the specimen edge and
etching in the center resulted from unequal current distribution.

Etching. - Macro observations required a 1:1 nitric acid etch
_ for 30 to 60 seconds followed by a concentrated hydrochloric acid
rinse. This procedure gives a brilliant and very detailed etch, but
one that lacks grain contrast for photography. After the macro etch
with these solutions, swabbing with one part of 10-percent sodium
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hydroxide in one part of 30-percent potassium ferrocyanide (KzFe (CN)g)

improves the grain contrast. For micro observations, the caustic-
cyanide etchant was the most satisfactory of the standard molybdenum
etchants and gave excellent detail and contrast for microscopic exami=-
nation and photography. Etching was accomplished by irmersion for 35
to 60 seconds, recrystallized structures requiring the longer times.
This etchant gives a very light preferential stain depending upon
grain orientation (see figs. 22(b) and 26(e)), which can be used to
advantage or can be removed ag desired by a few seconds rinse in con-
centrated hydrochloric acid.

As~Swaged Structures

A study of the metallography of sintered and swaged molybdenum was
was confined to l-inch- and l/2—1nch diameter bars swaged from a
rectangular sintered ingot. (See "MATERIALS" section of the report. )

Initial swaging of molybdenum bars produced a superimposition of
hot and cold working resulting in complex structures. Although initial
swaging is a high-temperature, manually operated, forging operation
with a reheat after each 10 to 15 percent reduction and each reheat is
at a progressively lower temperature, a limited amount of actual cold
work oceurs.

Continued working in the reduction of the l-inch- to the 1/2-inch-
diameter bars greatly improved the homogeneity of the molybdenum; how-
ever, structure variables still persisted and it was evident that
initial structure patterns were not completely eliminated.

1l-inch-diameter bars. - Figure 21 shows typical as-swaged struc~
tures of the l-inch-diameter bars. Because swaging imparts greater
deformations near the surface than at the center, recrystallization
probably occurred near the outer part of the bar during one or more
of the reheats. Further swaging reduction instigated a breakdown of
these reformed grains, whereas in the bar center area the deformation °
was accumulative. '

In figure Zl(a) is shown a 6-inch length of l-inch-diameter bar

'prepared in 0.020-inch steps showing the structure from bar center

to bar circumference. An outside layer of large grains surrounds a
fine-grained center or core.

A transverse view (fig. 21(b)) shows the core to be noncircular
because the bar was swaged from a rectangular ingot. The forging
flow lines are evident and locate the corners of the original ingot
shape.
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An example of a strain gradient is shown along the line A-C of
figure 21(b). During swaging no recrystallization occurred from A
to B. The very large grains at B indicate critical straln with

 limited deformation after recrystallization. The fine grains near C
were not core~type grains, for higher magnification indicated severe
fragmentation after recrystallization. '

Detail of the large-grained area is shown in photomicrograph
Zl(c). Adjacent grains that received similar amounts of deformation
show congiderable variance in strain merkings, which probably origi-
nated from prior grain orientation.

The detailed core structure (fig. 21(d)) is the smallest, most
uniform, and least fibrous as-swaged grain structure encountered in
this investigation. This core structure is close to the "as-sintered"” .
structure. The black circular spots are porosity, which varied
between bars, always decreasing from bar center to bar circumference.

Exceptions were found where the core area did not have the
uniform small-grained structure shown in figures 21 and 22. These
were cores intermixed with both large and small grains or an extension
of the larger grains into the normally small-grained area, as shown in
figure 23. These structure deviations are due to manufacturing vari-
ables that were not investigated. A reasonable surmise for these
strueture varigbles is that the large molybdenum bars during swaging
were not uniformly worked along their length or were not uniformly
heated, which resulted in varying depths of recrystallization. The
structures in the insets of figure 23(a) are very similar to fig-
ures 21(c) and 21(d), which seems to substantiate the belief that
the typical and nontypicel structures encountered are s matter of
depth of recrystallization during fabrication. These core variables
would influence the correlation of the properties obtained on this
large bar size and also the structure of smaller-diameter bar sizes.

1/2-inch-diameter bars. - As-swaged structures of the 1/2-inch-
diameter bars were of two general types, and neither contained a
core area., One bar type (fig. 24) was small grained throughout,
whereas the other bar type (fig. 25) was large grained throughout.
Both types, however, were similar in that the larger grains were
found near the bar surface. The bars of each lot, or shipment,
received fell into one of these two general types, although there
were variations and deviations in each type and within each lot.
Varistions of structures are believed to have originated in the
originsl powder~-particle size, or to have been introduced by the
swaging variables, as previously discussed.
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As-swaged structures are shown in detail in figures 26(a) and
26(b). As deformation increased, grain strain and fragmentation
became greater although most of the grains did not lose their identity
and grain boundaries were still apparent. Strain markings are very
similar in both the small-grained (fig. 26(a)) and large-grained
(fig. 26(b)) types with little evident porosity. '

Recrystallization Studies

Preliminary recrystallization studies were limited to l-hour
heating periods at temperature, The temperatures were lowered and
heating periods lengthened to a maximum of 74 hours. These extended
times were used to simulate possible high-tempersture service cone
ditions for molybdenum when the mechanical properties would be
adversely affected by recrystallization. Recrystallization was
sluggish in this metal because the degrees of "effective" cold-work
varied considerably,

l-inch-diameter bars. - The over-all uniformity and small grain
size of a typical recrystallized core area of the l-inch diameter
bars is shown in figure 22. Structure details and recrystallization
studies are summarized as follows:

(1) This grain structure (fig. 22(b)) was more equiaxed, slightly
smaller, and appreciably more uniform than others encountered in these
studies, '

(2) Recrystallization temperatures of the core could be more
" closely defined than the material in bars of smaller diameter because
of more uniform and constant recrystallization characteristics.

(3) Partial recrystallization in varying amounts was attained
at a temperature of 2800° F in 1 hour. Total recrystallization was
achieved within 24 hours at 2800° F. At 2700° F for periods of
72 hours, total recrystallization was obtained in only a few samples.

Recrystallization characteristics of the large graiﬁs within
the general core area are shown in figure 23.

Figure 23(b) is the other half of the as-swaged specimen shown
in figure 23(a) after being heated 24 hours at 2800° F. Both specimens
were mounted together to assure identical polishing and etching
treatments., The effect of heating is shown by comparison of the
microstructures in the left insets. Some of the severe strain
markings so prominent in the as-swaged grains have almost disappeared.
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The sbsence or near absence of these markings indicated that either
recrystallization or stress relief had taken place. Recrystalli-
zation is always evident on microscopic examination by grain
reformation; however a comparison of the X13 macrographs and the
insets indicates no such reformation. In a further attempt to
classify these large heated grains, it was felt that a micro-
hardness survey and a comparison with hardnesses of known recrys-
tallized grains would give further evidence as to their nature.
The Pollowing microhardness results when compsred to the recrys-
tallized grain hardness indicate that no recrystallization had
occurred, and that the left inset photomicrographs do show some
degree of recovery or stress relief: ‘

Knoop hardness

number
2 kg load
(a) Severly strained as-swaged grains 220
(v) smooth as-swaged grains 209
(¢) Grains (a) after 24 hours at 2800° F 212
(d) Grains (b) after 24 hours at 2800° F 213
(e) Recrystallized grains 184

1[2-inch-diameter bers. - A rather complete recrystsllization
study of the l/z-inchpdiameter bars is presented in figures 24 and 25.
Recrystallization consistently began in the bar center and progressed
to the surface. Figures 24 and 25 therefore contain photomicrographs
from both the bar edge and the center. This recrystallization
behavior is attributed to the difference in the amount of effective
strain hardening during the swaging operation.

‘ Figures 24(b) and 25(b) show the difference in time periods
required to induce approximately equivalent amounts of initial
recrystallization. Complete recrystallization except at the edges
(figs. 24(c) and 25(c)) was obtained after heating 20 hours at 2000° F
for the small-grained type, whereas a temperature of 2200° F for

20 hours was required for the large-grained type. Although the per-
centage reduction was the same for both types of structure, the larger
as-swaged grain size had a 200° F higher recrystallization temperature,
for the same time period, than the small-gresined type.
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Grain growth, in this material, was not observed even at tem-
peratures 300° to 400° F higher than those used'for the previous
recrystallization studies. Comparison of figures 24(c) with 24(d)
and 25(c) with 25(d) shows no detectable grain growth.

Figures 26(c), 26(d), and 26(e) are supplementary to figures 24
and 25 and show added structure details., Recrystallization seemed to
begin in the most severly fragmented areas. The two recrystallized
grains in figure 26(c) appear to have started in such an area.

The recrystallized structures of the small- and large-grained
types (figs. 26(d) and 26(e)) show how the recrystallized grain sizes
are closely similar to, and also retain some of the directionalism of,
the as-swaged grain sizes (figs. 26(a) and 26(b)).

Often a small but varylng amount of these similar fragmented
areas did not recrystallize at the temperatures and times used.
Because such areas (fig. 26(d)) appear to have been severly frag-
mented, it would seem that they should show early reformation char-
acteristies, Much higher temperatures and soaking times, however,
were necessary to recrystallize these areas,

It is suspected that the small, deeply etched areas in fig-
ure 26(d) result from impurities, such as oxides, surrounding the
molybdenum grains which did not recrystallize.

Summary of recrystallization determinations. - The following
table is a summary of all the recrystallization temperature-time
determinations of all the material evaluated in this report:

Source | Bar Grain type Recrystallization temperature
diameter (°r)@
(in.) Time, hr
1 20 75
A 1/4 -—-- —— 1800
Small 2150 - 2000 -
A 1/2 |\ varge | 2300 2200 1900
A 0.698 2500 Y ———
A 1 2800~2850| 2775~-2800 | 2700~2750
B 1/4 2350 2200 ————
Small 2150 2000 -
B 1/2 Large and small| 2250 2150 ———
mixed
84500 F,
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Microhardness readings were made on a Tukon tester using the

The size of the
pyramidal indentestions can be obtained by referring to flgures 24(a)
and 25(a) Hardness results are summarlzed as follows:

Knoop indenter with an applied load of 2 kilograms.

Bar Bar condition Average
diameter KoHoNo /
(in.) | 2 kg
1 As-swaged, large outside grains| 2212
1 As-swaged, core area a219
1/2 As-swaged, large-grained type b2z
1/2 As-swaged, small-grained type bao2 |
1 Recrystallized, core areé 184
1/2 - |Recrystallized, lerge-grained | ©170
1/2 Recrystallized, small-grained 180

apverage of hardness values taken at 0.050-in.
intervals across center step of fig. 21.(a).

bAverage of hardness values taken at 0.036-in.
intervals across bars of figs. 24(a) and

zs(a).

CTrue graln hardness because 1ndentat10ns aid

not cross any grain boundaries.

)
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TABLE I - SHORT-TIME TENSILE STRENGTH OF SINTERED WROUGHT MOLYBDENUM BARS

Test Ultimate| Test- Elonga- Test- Type Remarks Test Ultimate| Test- Elonga- Test- Type Remarks
temper-| tensile |section | tion in section of temper-|tensile [sectlon | tion in [section of
ature |strength|length test~ diameter | frac- ature |strength|length test- diameter| frac-
(°F) (1v/sq | {in.) | section | (in.) ture (°F) (1b/sq | {in.) | section | (in.) ture
in.) length (a) in.) length . (a)
(percent) (percent)
1/4-in. diameter; source A. 1-in. diameter; source A.
Room 89,550 | 0.750 26.3 0.1254 8 Room 70,820 | 1.250 1.3 0.4976 5
1800 32,270 18.1 L1249 - Room 75,180 1.1 .5050 5
2000 28,940 17.2 .1250 1 Room 31,370 0 .5037 5 (k)
2000 30,400 22.4 .1253 1 1800 25,310 61.9 .5032 1
2200 20,080 29.1 .1248 3 1800 22,270 40.0 .5044 4 (k)
2200 20,400 34.2 .1250 3 2000 23,850 - .5013 1
2200 21,770 35.3 .1255 1 2200 21,310 48.6 .5041 |1 and 3
2400 18,460 35.3 .1255 3 2200 . | 23,500 21.2 .5044 2 (m)
2400 19,180 20.8 L1248 3 2400 19,940 35.1 .5040 3 ’
2400 19,260 28.2 11246 3 2400 20,880 31.7 .5044 3
1/2-in. diameter; source A. 1/4-1n. diameter; source B.
Room 83,450 | 1.500 0.4 0.2500 5 Room 92,300 | 0.750 16.9 0.1249 6
Room 89,640 1.2 .2504 5 Room 92,770 17.86 1247 6
Room 62,900 0 .2509 S b Room 94,450 24.6 L1247 [
Room 70,550 4] .2508 S o) 1500 33,280 21.9 1245 1
Rocm 86,900 .3 .2508 S c 1800 28,530 17.7 .1250 1
1800 33,250 26.6 .2515 1 1800 28,880 20.7 .1255 1
2000 29,460 28.6 .2506 1 2000 25,740 22.1 .1246 1
2000 28,170 27.5 .2502 1 2200 22,040 25.4 .1248 1
2000 24,920 38.4 .2507 |1 and 4 ébg . 2400 18,030 18.2 .1248 3
2000 28,680 25.3 .2497 4 4 2400 18,030 35.3 L1245 3
00 0,1 .7 .2
ggoo ?7’238 25_4 .2288 é 1/2-1n. dlameter; source B.
2400 14,760 8.4 .2502 4 Room 86,040 1.500 6.3 0.2498 5
2400 15,280 7.3 .2503 2 (d) Room 89,700 15.1 .2497 6
_ . Room 36,010 .5 .2500 S n
0.698-1in. diameter; source A. Room 10,080 - 15510 : Eng
Room 90,170 0.750 2.1 0.1246 5 1500 38,320 19.3 .2504 1
Room 90,550 . 750 .8 .1255 5 1500 28,560 27.8 .2490 2 (n)
1800 32,760 .750 21.1 .1252 1 1800 31,950 19.7 .2505 1
2000 26,690 .750 16.9 .1268 1 1800 33,670 17.5 .2503 1 [
2000 27,900 . 750 19.8 .1254 1 1800 26,070 29,0 .2510 2 (n)
2200 25,640 . 780 13.3 .1254 1 2000 29,600 16.1 .2509 1
2200 26,860 .750 14.6 L1285 1 2000 28,960 17.3 .2495 1
2400 25,800 .750 11.1 L1254 1 2000 22,030 . 19.8 .2492 2 (n)
2400 26,100 750 7.2 .1249 1 2200 22,700 ——— .2500 3
Room 89,750 1.500 5.6 L2472 S 2200 17,810 8.4 .2503 2 (n)
1500 40,740 | 1.500 16.1 .2450 1 2400 16,280 ——— .2503 3
1800 33,640 1.500 23.7 2454 1 2400 15,510 40.7 .2502 3
2000 29,170 | 1.500 23.2 2468 1 2400 13,070 4.1 .2510 2 (n)
2200 26,100 1.500 17.7 .2466 1
2200 28,480 1.500 20.4 .2470 1 :
2400 23,720 | 1.500 16.9 .2486 1 W
2400 23,960 1.500 19.3 .2470 1
Room 87,680 1.625 1.3 .3658 5
1800 32,500 1.625 29.9 .3754 1
1800 30,260 1.625 34.7 .3703 1 éeg
1800 30,500 1.625 29.3 .3693 1 £
2000 29,700 1.625 27.4 .3760 1
2000 27,310 | 1.625 21.3 .3730 1 (g) :
2200 25,840 1.625 21.5 .3680 1
2400 24,100 1.8625 26.7 .3704 1
2400 23,680 1.625 23.1 L3730 1 g
2600 18,520 1.625 19.3 +3690 1 g
2000 29,490 1.250 44.8 .4990 1 (gXh
2400 27,330 1.250 41.2 .4997 1 glli
2600 17,380 1.250 37.1 L4970 1 gXJ

apor explanation of numbers, see "Types of Fracture" in DISCUSSION OF RESULTS.
Heated 75 hours at 1900° F (partly recrystallized).
Cheated 75 hours at 1800° F (no recrystallization).

ecrystallized before testing. .
Heated, 48 hours at 1800° F before testing (no recrystallization).

Heated 48 hours at 2200° F before testing (no recrystallization). .
rought up to temperature in 5 minutes by induction heating (loss of metal by oxidation was estimated).
0.001 in. of dlameter subtracted because of oxidatioén. .

0.0015 in. of diameter subtracted because of oxidation.

k0.002'in. of diameter subtracted because of oxidation.

Heated 20 hr at 2800° F (recrystallized).

45° ghear fracture. .

Heated 48 hr at 2400° F (recrystallized).

0b50¢
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TABLE II - STRESS-RUPTURE STRENGTH AT 1800° F OF 1/2-INCH-
DIAMETER SINTERED WROUGHT MOLYBDENUM BARS

Rupture Rupture|Test-section|Fine grain Remarks
stress life diameter in test
(1b/sq 1in.)| (hr) (in.) section
(percent)
Lot number 2
20,000 46.0 0.2440
20,000 23.2 .2484
20,000 8.6 .2518
19,500 85.8 .2512
19,500 44 .5 .2510
19,500 42.2 .2510
19,500 115.7 .2503
19,000 267.1 .2488
19,000 141.4 .2516
19,000 36.7 .2512
20,000 1.5 .2507 Recrystallized (1 hr
at 2500° F in argon)
20,000 .8 .2495 Recrystallized (1 hr
at 2500° F in helium)
19,000 .2 .2512 Recrystallized (1 hr
at 2300° F in hydrogen)
15,000 2.5 .25086 Recrystallized (1 hr
at 2300° F in hydrogen)
10,000 98.7 .2512 Recrystallized (1 hr
at 2300° F in hydrogen)
Lot number 3
21,000 56.2 0.2503 0
21,000 45.2 .2503 90
20,000 151.9 .2514 30
20,000 140.7 .2500 100 Test stopped; no fracture
20,000 90.4 .2510 80
20,000 78.8 .2506 0
20,000 64.3 .2505 40
20,000 60.6 .2504 80
20,000 56.7 .2505 50
19,500 208.5 . 2508 0 Test stopped; no fracture

“Iﬂ‘;"ﬁ
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TPABLE III - SHORT-TIME TENSILE STRENGTH .OF 1/4-INCH SINTERED

ROLLED MOLYBDENUM PLATE

Direction Test Ultimate Test- |[Elongation| Test-
temper- | tensile section| in test- |section
ature | strength length section diameter
(°F) {(1b/sq in.)| (in.) | 1length (in.)
_ , (percent) ‘
Longitudinal Room 88,730 0.750 1.1 0.1246
direction of Room 85,950 3.6 .1251
rolling .| 1800 35,190 ©30.1 .1250
2000 33,780 28.5 L1247
2000 30,990 ' 17.7 .1245
2200 29,270 19.4 .1254
2200 28,200 16.3 L1247
2400 22,350 : 9.6 .1253
: 2400 - 22,170 o 11.4 .1255
Transverse to | Room 96,300 0.750 1.0 0.1246
direction of Room 99,500 : 2.7 .1202
rolling 1800 40,650 14.5 .1246
2000 34,960 11.8 .1250
2000 35,040 15.0 .1251
2200 27,290 : 9.2 .1246
2200 26,720 - 14.5 L1244
2400 24,310 ‘ ——— .1249 -
fﬂ‘usnpr
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Figure 1. - Apperatus for high-temperature tensile tests.
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&
Type a b c d e "
(in.)| (An.)| (in.)| (in.)| (in.) ¢
Threaded| 0.125{0.750|1.000{ 0.250|1.750 E

Tapered .250[1.500{1.875| .500{3.000
Tapered .375|1.625|2.250| .687(3.500
Tapered .500{1.250|2.000|1.000;4.250

e *i i e i
— | 4 | |
| a I d a |
o ‘ ™ b J
: Elongation
r c I notches f c
(a) short-time tensile specimens.
"
r o |
1”
E 1/4H

“!ﬂ!;"’

Figure 2. - Short-time tensile and stress~-rupture specimens.

(b) Stress-rupture specimen.
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Figure 3, - Apparstus for high-temperature stréss-rupture testing.
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Figure 4. - Effect of recrystallization on ultimate tensile strength of 1/2-inch-diameter molybdenum

bar (source B).
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Evaluation direction'

O In longitudinal direction of rolling
O Transverse to direction of rolling

[02]
(@)

Ultimate tensile strength, 1lb/sq in.
[e2]
O
// /

/)

N\
:\\
BN
)

W‘ AN

20 |
0

400 800 1200 1600 . 2000 2400
Temperature, OF ‘

Figure 8. - Directional properties of 1/4-inch rolled molybdenum plate.
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X150

X2s

(a) 1/4-inch-diameter bar; fractured at (b) 1/4-inch-diameter bar; fractured at
1800° F, 2200° ¥,

X150

(¢) 1/2-inch-diameter bar; fractured at (a) 1/2-inch-diameter bar; fractured at

1800° F. 2200° ¥,
SNACA

C-26808

Figure 9, -~ Effects of swaging as shown by longitudinal vlews remote from fracture area
through center axls of molybdenum tensile specimens., X150 and ¥25 (reduced 15 bercent),
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(c) Recrystallized; intergranular failure.
Figure 10, - As-swaged and recrystallized molybdenum ae shown by longitudinal views of

tensile specimens from source B fractured st room temperature, 1/2-inch-diameter bers.
X150 (reduced 15 percent). '
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X25 X150

(a) As swaged; no recrystallization.

X25 X150

X25 X150

(c) Heated 75 hours at 1900° F; recrystallization almost complete. C-26811

Figure 1l. - Effects of recrystallization as shown by longitudinal views of molybdenum
tensile specimens fractured at room temperature. 1/2-inch-diameter bars, X25 and X150
(reduced 15 percent),
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(a) As-swaged; before rupture., X75, (v) Recrystallized in hydrogen; before
rupture, X75,

~_NACA —~

t : C.26812

(c) Recrystallized specimen ruptured at (d) Recrystallized ruptured specimen;
1800° F and 15 ,000 pounds per square view remote from fracture, X75,
inch; 23-howr life. X8.

) Figure 12, - Structure of molybdenum stress-rupture specimens before and after testing as
. showvn by longitudinal views, X75 and X8 (reduced 15 percent).
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13

(a) Ruptured at 1800° F; 20,000 pounds per square inch. X8.

o
©
(-1
N
»
(&

X75.

Ruptured specimen; view remote from fracture,

(v)

X8 and X75

pture specimen.,

Figure 13, - Longitudinal views of heterogeneous stregs-ru

(reduced 15 percent).
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X150 . X100

X150 X100

(e) Type 5; heated 48 hours at 2400° F; fractured at room temperature.

X150 X100

(f) Type 6; as-swaged; fractured at room temperature, C.26815

Figure 14, - Concluded. Types of fracture as shown by longitudinal views at fracture
| (left) and remote from fracture (right) of molybdenum tensile specimens. X150 and
X100 (reduced 15 percent),
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(a) At fracture. X150.

C.26816

(v) Remote from fracture. X100,

Figure 15. - Ductile, transgranular fracture of recrystallized molybdenum as shown by
longitudinal views of tensile specimen., Heated 24 hours at 2400° F; fractured at
1800° F. X150 and X100 (reduced 15 percent).

55
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C-26817

(b) View parallel to rolled surface.

Figure 16. - Views at fracture (left) and remote from fracture (right) of tensile
specimens of 1/4-inch rolled molybdenum plate with long axis of test-section

parallel to longitudinal direction of rolling. Fractured at 1800° F. X100
(reduced 15 percent).

57
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(b) View parallel to rolled surface.

Figuré 17, ~ Views at fracture (left) end remote from frac
speclmens of 1/4-inch rolled molybdenum plate with lo:
transverse to direction of rolling. Fractured at 1800

percent).

59

~NACA ~

C-26818

ture (right) of tenslle
axls of test-section
F., X100 (reduced 15
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"“—-——~_______ ‘ Molybdenum‘
20 I 1]
———— [
|
~—
» ~__ 757
5 ~__ [~ (reference 10)
o' ]
g ~~ .
£ 15 \\
- e N
n e ——] =~
8 \\ . \‘
4{/—3 —.__._\‘_-§ --\.\\ X-40 T —
—~—1_ I s Sy SN (reference 6) 1y
~d— —— —d
~— [—— T — —_—
T~ /1 1" =
Stellite 21 (Vitallium)— ] \74 - —
1o (reference 8) L
. ' ‘ & cast S-816 ] —
(reference 10)

5
10 20 30 40 60 80 70 80 90 100
Rupture time, hr

Figure 20. - Stress-rupture properties of 1/2—inch—diameter sintered wrought
molybdenum bars and several other materials at 1800° F:
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(b) Trahsverse view showing swaging flow
lines., X4.

(c) Longitudinal structure-detail in (d) Longitudinal structure detail
large-grained area. X100. in core area. X150

(a) Longitudinal stepped cuts showing

core and circumferential structure.
X1.5. .

C-26819

Figure 21. Typical structures of l-inch-diameter as-swaged molybdenum bar. X1.5 to
: X150 (reduced 15 percent).
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22

X13.

(a) Entire cross section showing small-grain uniformity.

C-26820

X150.

(b) Structure detail.

X13 and X150 (reduced 15 percent).

Longitudinal views of recrystallized typical core area from l-inch-diameter

molybdenum bar after 72 hours at 2700° F.

Figure 22,
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b) Nonuniform core after 24 hours at 2800V F. NACA
( )
C-26821

Figure 23. Example of deviation from uniform core structure of l-inch-diameter molyb-
denum bar. X13; insets, X150 (reduced 15 percent).
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°p.

in structure after 20 hours at 2300

(d) Gra

Recrystallization of small-grained l/z-inch;diameter molybdenum bare

Longitudinal views at bar edge (left) and bar center (right).

percent).

Figure 24.

X35 (reduced 15
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(d) Grain structure after 3 hours at 2600° F.

C-26823

Figure 25. Recrystallization of large-grained l/2-inch-dia.meter molybdenum bar.
Longitudinal views at bar edge (left) and bar center (right). X35 (reduced 15
percent).
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(a) As-swaged, small grained.

(b) As-swaged, large grained.

ATTEE

A >

(c) Initial recrystallization as shown in figure 24 (b).

C-26824
(4) Completely recrystallized, small

grained.

(e) Completely recrystallized, large

grained.
Figure 26.

Structural detail at center of 1/2-inch-diameter molybdenum bars. X150
(reduced 15 percent).

NACA-Langley - 3-29-51 - 1100

75



(9P1S ®saeasy uUO 30BIISAY) i

TS6T Udael
6122 NI VOVN

Tesd Y °*H pPuB ‘SNIQ °*D *M ‘SuoT Y °*Y 4g

d 50092 03 dn saangeaadwe] 98 TBISN TnUSPqATON
1YSNoIM PaI93uTs A TInd~U3TH Jo sotaasdoxg suog

VOV

$°2°C asangdnyg=-ssaaqs ‘geotqaedoad fsTBTIaYEN

(sP1S @saeasy uo 308I38QY)

TS6T UdIey
6T¢e NL VOVN

Jeog °*Y °*H pue foNIQ °D °*M ‘Suol °*V .°4 49

d 0092 0% dn saangeledwsl 9B TBISW UNMUSPAATOW
QUSNOIM Poxejuts L3TINg-USTH JO SaTqaadold Swos

R

T°2°C oTTsua] ¢sotqaadoxd ‘STBTISIBR

(°PTS 98I3A3Y UO 308IISQY)

TS6T YoIBR
6T22 NL VOVN

xeeg °y °*H PuUs ‘oNTQ °D °¥ ‘Suol °V °¥ £d

d 50072 03 dn saingeradws], 48 T8ON UNMUSPIATON
4USNOIM paIeuTs LTInd-U3TH Jo sotqaadoxg swog

- TN

2°S sopqasdord ‘STBTIYBN

(9PTS osasasy uo 30BI3SQY)

TS6T UydIel
6T¢2 ML VOVN

Tesg *Y °*H pus ‘oyIQ °*D °*) ‘SuoT °V *¥ £g

d o00%2 03 dn ssanjexsdws] 38 TBISW UNUSPAATOW
1UEnoaym peJasiuts L3Iand-uysTH Jo soTargadoxrd swog

— VN

$°1°S Sutystsay~gesy ¢sfLoTTV




AeGo

. *20JN08 FUTJINGOBINUBW DPUB

faanyeraduag ‘uUoT)BZTTTEISLIOSX fBUTNIOM PTOD WOATI093IS,,

JO 98J35p U3 TA POTIBA POJENTBAS STBTISLBU JO soTjradoxd

8yl *UdUT axenbs xod spunod 00¢T 00¢ 6T JO I o008T

98 yjduaals Inoy-00T {yout sxenbs xod spunod 00S¢.Z

PUB 0L9°CE JO d o00¥2 03 o008T WOII SYITUSIGS STTsusy
(aa8 pajaodas satjasdoxd TeOTUBUDSW SUTPUBLSINQ

*UMUSPQATOU POZTTTBAISAIOSI PUB PogBMS

Jo Auydex3orTeiow pue ¢s38Td perTox JO sergxadoad TBUOTY

=09aTp ‘aan3osay Jo seddy ‘sarquaadoad sanjdni-ssogqs

U0 SpBW dJoM SITPNYS. TBUOTFTPPY *BOIB ,UOTI098-3897%,,

PuUB ‘uoT1BZITTBISAI0SI ‘Burldems JO UOsISY]L $909JJ° pue

d 50072 03 sarqasdoad y33uaIys-3TISUSY O3 S8 PIBITISOAUT
sen TBlow umuspadTouw Jysnoxms ‘pagequrs ‘Lytand-ysSIH

108I38qY

*20JN08 SUTIMAOBINUBWL PUB

feanyeaadwal ‘UOT3RZTTTRISAIOSI ‘BUTHIOM PTOD WBATI08]1]18,,

JO 98J39p UJITH POTIBA PIJBNTBAS STETIONBW JO goTqaadoad

SUL *yout axenbs xod spunod 00CE 00£6T JO d o008T

3B YjBuaags anoy-00T {yout axenbs aed spunod 00g¢LZ

puB 0L9¢cg Jo 4 00072 O3 L008T WOoXJ sYlJuaggs STTSUIY
‘aqe pajaodsx setjasdoad TeOTUBYISW SUTPUBISIND

*‘UMUSpPQATOW POZITTRISAIOSI PUB DPoIBMS

Jo AydsiSorTessu pus ‘eqeTd peTTOX JO saTjIedoad TBUOTY

-0a1Tp ‘aanqovay Jo sadfy fsstqasdoad sanydnx-ssaaqs

UOC Speul dJ8M SSTPRYS TBUOIRTPPY °BSIB ,UOTI098=-389%,

PUB ‘UOT1BZITTR)SLI0SX FSUTSRMS JO UODISY $1093J9 pue

i ooowm.mp soTqaadoad Uy3Busxqs~oTTSUSY O3 £B POYBITASSAUT
SBA TBlouw umuspqdATou jysSnoxn ‘pasxsqutrs ‘L£11and-yITH

308I38qY

*20aN08 FUTINGOBINUBHE PUB

foangeradwsg ‘UOTyBZTTTRLSAIOSI ‘BuTyIon pToO WOATIORIIS,,

JO 93133p U3TM POTIBA PIBNTEAS STBTJISBW Jo sorqaadoad -

SuL *udut axenbs gad spunod 00gE 00S6T JO d ,008T

78 Y3Buaals anoy-00T fyour axenbs xod spunod 00s¢LZ

PUB 0L9°ce JO I o00F2 03 o008T WOIF sUjTusigs eTTsus)
‘oae pajaodsa saTqxedoad TeoTUBYOSW SUTPUBLSINQ

SUMUIPQATOU POZTTTBISAI08L pUB pagens

Jo Auydexdorreisu pu ‘aqeTd poTTox Jo soTyxedoxd TBUOTS

~-02a1p ‘oxnqowvay Jo sadfy fsstiredoxd sanqdna-ssaaqe

UC SpBWl o10M SSTPNIS TBUOTITPPY *BOIEB ,UOTI095-1839,,

PUB ‘UOT3BZITTRISLI00X ‘Suidems JO uooIoyl 5903JJ9 pum

d o00%2 03 soTjaedoad yjBusxls-oTISUS] O3 SB PI3BITISOAUT
SBA TBjeuw uMuspglTou 3USnoaM ‘pagsqurs ~hpﬂnsmc£mHm

308I38qY

*90Jn08 SUTINGOBINUBW PUB

‘oanjessduwey ‘U0T3BZTTTBISAIOST SUTHIOM DPTOD WOATI09335,,

JO Sa3aFsp UJTM PITIBA POJBNTBAS STBTISGBW JO soTjxadoxd

UL °yout agenbs xod spunod Q0gE 00S¥ET JO d 00ST

18 yjduaals Jnoy-00T fyout axenbs Jod spunod 00s¢.L2

pue 0L9¢¢e Jo 4 00072 03 o008T WoxF SYj33uaI}s STTSUSY
tox8 pajaodaa sarjasdoxd TeoTusyosu SUTPUBLSINQ

*UMUIPQATOW POz ITTBISAIOSI PuB poFems

Jo fydeaSoTTessu pus ‘a38Td psTroX Jo satqasdoad TBUOTY

-09ITP ‘aanjoeay Jo sadfy fsorqredoxd sanydni-ssaass

UO opeul aJ8M SSTPNYS TBUOTFTPPY °*BaI8 ,UOT3098-3897%,,

pue ‘uoTyBZITTBISAI0SI ‘FuTSems Jo uosIa) S408J19 pue

d 50072 03 seTjasdoad yj8uUSIIS-oTTEUSY OF S§B POGBSIISOAUT
SBA TejaW umuspqdTow jySnoam ‘pagsqjuts ‘L3 Tand-ySTH

30BILEqY




