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the accuracy, completeness, or usefulness of any
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OXIDE STRENGTHENED MOLYBDENUM-RHENIUM ALLOY

1. Field of the Invention. -

The present invention relates to a molybdenum-rhenium alloy having improved high

temperature resistance, ductility and strength. The present invention also relates to a

, method of making the molybdenum-rhenium alloy.

2. Background of the Invention.
,,

Molybdenum-base alloys have been used for high temperature applications, such

as furnace heating elements, radiant heat shields, susceptor rings for induction furnaces,

electrical posts for lamp filaments, high-temperature springs, high-strength fiber

reinforcements; high-strength dies, high-strength tubing for ballistic applications, and creep

resistant boats for sintering. Molybdenum-base alloys can be strengthened by solid-

solution &tre,ngthening, precipitation or dispersion strengthening, strain or work hardening

and grain size refining, and retaining a fine-grained worked microstructure to high

temperatures.. For service at elevated temperatures, only the last three or a combination
,.

on any of them have the potential for success.

Commercial molybdenum-base alloys generally do not possess sufficient creep and

“ tensile strength to survive operating temperatures above 1315“C. Molybdenum TZM and ‘

TZC alloys, strengthened by a combination of alloying, such as solid-solution

strengthening, and carbide particles, precipitation strengthening, plus thermomechanical

processing, experience substantial degradation of their mechanical properties above

131 5°C. This led to’the development of an oxide dispersion strengthened (hereinafter

f ‘QDS”) molybdenum alloy, which provides enhanced stability at temperatures above

131 5°’C. ODS molybdenum alloy is formed by the following steps:

a slurry is first formed by dispersing molybdenum oxide and a metal salt in

an aqueous mediumi the metal oxide being selected from nitrates and acetates of

lanthanum, cerium or thorium;

the slurry is then heated in the presence of hydrogen to forma molybdenum
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powder and a metal oxide;

the molybdenum powder is pressed to form a molybdenum compact;

the molybdenum compact is sintered in the presence of hydrogen to form a

molybdenum ingot; and .

the molybdenum ingot is compacted to reduce the cross-sectional area of the

molybdenum ingot and form an ODS- molybdenum alloy containing a metal oxide.

The creep-rupture life of unalloyed molybdenum at 0.65T~ (1600”C) is increased by

approximately 4 to 5 orders of magnitude by using the ODS method.

Other attempts to improve the high temperature properties of molybdenum include

adding rhenium at amounts up to 50 ‘Yoby weight. U.S. patent no. 5,437,744 discloses a

molybdenum-rhenium alloy which contains 42 up to less than 45% by weight rhenium.

This patent does not-disclose a molybdenum-rhenium alloy containing La, Ce, orTh, which

has been formed using the ODS method described above. The creep-rupture life of

unalloyed molybdenum at0.65T~(1600”C) is only increased by approximately one order
...

of magnitude with up to 50 ?ko by weight addition of rhenium.

While ODS molybdenum alloy provides enhanced stability at elevated

temperatures, there is still a great need for further improvements in the high temperature

stability of ODS molybdenum.

SUMMARY OF THE INVENTION

An objective of the present invention is to provide a method of making an ODS

molybdenum-rhenium alloy having enhanced stability at temperatures above 1315°C,

enhanced ductility and improved strength.

Another objective of the present invention to provide an ODS molybdenum-base ‘

alloy having enhanced stability at temperatures above 1315“C, enhanced ductility and

‘improved strength.
)

The above objectives and other objectives are surprisingly obtained by the novel

method of making an ODS molybdenum-rhenium alloy which includes the steps of
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(a)

(b)

(c)

(d)

(e)

(f)

3

forming a slurry comprising molybdenum oxide and a metal salt dispersed

in an aqueous medium, the metal salt being selected from nitrates or

acetates of lanthanum, cerium or thorium;

heating the slurry in the presence of hydrogen to form a molybdenum

powder comprising molybdenum and an oxide of the metal salt;

mixing rhenium powderwith the molybdenum powder to form a molybdenum-

rhenium powdefl

pressing the molybdenum-rhenium powder to forma molybdenum-rhenium

compact;

sintering the molybdenum-rhenium compact in the presence of hydrogen or

a vacuum to form a molybdenum-rhenium ingot; and

compacting the molybdenum-rhenium ingot to reduce the cross-sectional
,

area of the molybdenum-rhenium ingot and form a molybdenum-rhenium

alloy containing said metal oxide.

The present invention also provides a novel molybdenum-rhenium alloy having

enhanced strength and ductility comprising molybdenum, rhenium and a metal oxide

selected from oxides of lanthanum, cerium or thorium, the molybdenum-rhenium alloy

being formed by the “method comprising the steps of

‘(a) forming a slurry comprising molybdenum oxide and a metal salt dispersed “

in an aqueous mediu’m, the metal salt being selected from nitrates or acetates of

lanthanum, ce~um or thorium made;

(b) heating the slurry in the presence of hydrogen to form a molybdenum powder

comprising molybdenum and the metal oxide;

(c) . mixing rhenium powderwith the molybdenum powdertoform a molybdenum-

rhenium powde~

(d) pressing the molybdenum-rhenium powder to forma molybdenum-rhenium

compact;

(e), sintering the molybdenum-rhenium compact in the presence of hydrogen or.

‘ under a vacuum to form a,molybdenum-rhenium ingot; and

\
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Fig. 2

Fig. 3

(f) compacting the molybdenum-rhenium ingot to reduce the cross-sectional

area of the molybdenum-rhenium ingot and form the molybdenum-rhenium alloy

containing the metal oxide.

BRIEF DESCRIPTION OF THE DRAWINGS

illustrates a graph of the ductile-to-brittle transition temperature as a function of

average grain diameter or width for worked and recrystallized molybdenum and

alloys thereof.

illustrates a graph of the temperature versus reduction in area of worked
b

molybdenum-base alloys.

illustrates a graph of the temperature versus reduction in area of recrystallized

15 molybdenum-base alloys.

Fig. 4 illustrates a graph of ultimate tensile strength

molybdenum alloys and unalloyed molybdenum.

20

versus temperature of ODS

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

The invention provides a novel ODS molybdenum-rhenium alloy containing a

dispersion of fine metal oxide particles. The metal oxide is at least one oxide of

25 lanthanum, cerium or thorium. Preferably, the metal oxide is an oxide of lanthanum. The

metal oxide can be present in an amount of about 2!40 to about 6?40by volume (about 1-61%0

by weight depending on the particular metal oxide), preferably from about 2% to about 4%,

based on the total volume of the molybdenum-rhenium alloy. Rhenium is present in an

amount from about 5% to about 25Y0, and more preferably from about 7% to about 14’?40
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by weight, based on the total weight of the molybdenum-rhenium alloy.

The ODS molybdenum-rhenium alloy provides enhanced ultimate tensile stress in

‘ combination with enhanced ductility over a broad range of temperatures. The ODS

molybdenum-rhenium alloy is capable of providing ultimate tensile stresses of greater than

120 ksi, preferably at least about 129 ksi, and more preferably at least aboutl 50 ksi, in i

combination with exhibiting a ductile-to-brittle transition temperature of below -100° F,, .’

preferably below about-200°F, and most preferably below about -300°F. Thus, the ODS

wiybdenum-rhenium alloy is well suited for high temperature applications, such as

furnace heating elements, radiant heat shields, susceptor rings for induction furnaces,

electrical posts for lamp filaments, high-temperature -springs, high-strength fiber

reinforcements; high-strength dies, high-strength tubing for ballistic applications, and creep

resistant boats for sintering.

The ODS molybdenum-rhenium alloy can be formulated by an improved ODS

method including the steps of

(a)

)

(b)

(c)

(d)

(e)

(f)

forming a slurry comprising molybdenum oxide and a metal salt dispersed

in an aqueous medium, the metal salt being selected from nitrates or
o

acetates of lanthanum, cerium or thorium;

heating the slurry in the presence of hydrogen to form a molybdenum

powder comprising molybdenum and an oxide of the metal salt;

mixing rhenium powder with the molybdenum powder to form a molybdenum-

rhenium p“owde~

pressing the molybdenum-rhenium powder to forma molybdenum-rhenium

compact;

sintering the molybdenum-rhenium compact in hydrogen or under a vacuum

to forma molybdenum-rhenium ingot; and

compacting the molybdenum-rhenium ingot to reduce the cross-sectional

area of the molybdenum-rhenium ingot and form a molybdenum-rhenium

alloy containing the metal oxide.

The slurry can be formed in step (a) using any conventional method for forming a

. —. ..-. —.
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slurry. The preferred aqueous medium is water. The metal salt can be added in an

amount which provides from about 2-6?40 by volume (about 1-6Y0 by weight), preferably

from about 2-4% by volume. The preferred metal salt is lanthanum salt.

The heating step (b) should be conducted at a temperature and for a time period

sufficient to obtain substantially complete reduction of the molybdenum oxide to

molybdenum metal and convert the metal salt to the corresponding metal oxide. One

skilled in the art will easily be able to determine when complete reduction has been

rexhed by the color and weight change of the powder. Suitable temperatures have been

found to be from about 500 to about 1000 “C, preferably from about 600 to about 700”C,

for from about 6 hours to about 24 hours, with lower temperatures requiring longer times.

Preferably, the slur~ is pre-dried at a temperature of from about 125 to about 150”C to

remove most of the aqueous liquid, before raising the temperature to reduce the

molybdenum oxide.

The rhenium powder should be sufficiently mixed with the molybdenum and metal..
oxide during step (c) to form a hornogenous mixture. Any suitable method for forming a

homogeneous mixture can be utilized. For example, ball milling the mixture for at least

about 18 hours has been found to be suitable for forming a homogeneous mixture. The

rhenium oxide can be added in an amount which provides from about 5°A to about 250A,

more preferably from about 71?X0to about 14?40by weight rhenium metal, based on the total

weight of the molybdenum-rhenium alloy.

The pressing step (d) should be conducted in a manner which provides a compact

suitable for sintering. The formation of compacts is well known in the art and one skilled

in the art will be able to form the desired size compact without undue experimentation.

For example, to form a 1.5 inch diameter cylindrical compact, suitable pressures have

been found to be at least about 30 ksi, preferably from about 30 to about 40 ksi, for at least

about 5 minutes, preferably from about 5 minutes to about 150 minutes.

Preferably, the sintering step(e) is conducted at a temperature and for a time period

sufficient to provide a density of greater than about 90$+0,preferably greater than about

97%, of the theoretical density of molybdenum. For a molybdenum-rhenium alloy
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containing lanthanum oxide, suitable sintering temperatures in an atmosphereof hydrogen

or vacuum have been found to be from about 1900 to about 1950”C for from about 2 to

about 7 hours, preferably at least about 4 hours. If desired, the compact can be cleaned

in a hydrogen containing atmosphere before the sintering step (e). Suitable cleaning

temperatures are from about 500 to about 1200”C, for from about 2 to about 7 hours,

preferably at least about 4 hours.

The compacting step (f) can be conducted in any suitable manner to provide the

d=sired level of total reduction in area. Examples include, but are not limited to, hand

swaging, machine swaging, extruding, or drawing. Preferably, the ingot is heated before

or during’the compacting step (f) to provide thermomechanical processing. The desired

temperature will depend on the type of thermomechanical processing utilized. For ,
,-,

example, suitable tempe~atures for extrusion include from about 600 to about 1500”C.

A preferred method of compacting the ingot comprises the steps of cladding the ingot;

heating the clad ingot to about 1350°C for at least about 30 minutes, extruding the ingot,

and then hand-swaging. Preferably, the compacting step is conducted such that the total

reduction in cross-sectional area is at least about 90Y0, preferably at least about 98?40.The*

total reduction in cross-sectional area (’(RA”) can be determined by the following formula:

%ti= (AIJ-Af)/& Xloo%

where & is the initial area and/+ is the final area after compacting.

The invention will now be described in further detail with reference to the following

non-limiting examples.

Examples 1 through 3 and Control.
. .

Three ODS molybdenum-rhenium alloys were produced according to the present

invention having the components shown in Table 1. One ODS molybdenum alloy control

was formed having the components shown in Table 1.

.- -— -- ,., .-,.T-.. ~-— — -
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The examples and control were formed using the following method. Molybdenum

‘dioxide, M002, powder and an aqueous lanthanum nitrate solution were mixed to form a

slurry. The slurry was pre-dried at about 125°C to about 150”C and then heated to about

650”C to about 690°C for at least six hours in a dry, flowing hydrogen atmosphere to

5 pyrolyze the lanthanum nitrate salt to lanthanum oxide particles, and to reduce the

molybdenum dioxide’powder to metallic molybdenum. In examples 1 through 4, rhenium

powder, having an average particle size of 5 microns, was combined with the reduced and

pyrolyzed molybdenum’ powder and mixed thoroughly using a ball mill for at least 18 hours

to’form a homogeneous molybdenum-rhenium powder. The control was treated similarly,

10 except that no rhenium powderwas added. The molybdenum-rhenium powders and control

molybdenum powder were cold isostatically pressed (CIP) into 1.5 inch diameter cylindrical

compacts using about 30 to about 40 ksi pressure for at least about 15 minutes. The

compacts were cleaned in flowing dry hydrogen at about 11OO°C for at least about four

hours, and then sintered in a dynamic vacuum (<10-5 torr) at about 1950°C for at least

15 about four hours, to form molybdenum-rhenium ingots and a molybdenum ingot. Each

molybdenum-rhenium ingot ‘and molybdenum ingot was placed into a separate unalloyed

molybdenum ,extrusion canister and sealed by tack welding on a lid. Each canister was

preheated in flowing dry hydrogen at aboutl 350°C for at least about 30 minutes and then

dynamically compacted at about a 6:1 reduction ratio using a high-rate extrusion press to

20 , form a molybdenum-rhenium alloy containing lanthanum oxide and a molybdenum alloy

containing lanthanum oxide. Each molybdenum-rhenium alloy and molybdenum alloy was

preheated in flowing dry hydrogen and hand swaged to a 0.200 inch diameter with the

molybdenum cladding in place. The cladding was removed by centerless grinding,

producing alloy rods having a 0.180 inch diameter. The details of each processing step are

25 disclosed in Table 2.

--, ,,:;,.;.,., , . - , ,,,, ,7>., ..A, ,,, .,:,-., ,.,,. ,. .7-.,,,.,,. .,---..,.,.<,,.....,.>~.>,.” ... ~- x,~;--+ -.. — ... —
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Table 2

5

4

10

Process Step Diameter Incremental Total Preheat
(inch) Reduction in Reduction in Temperature

Area (%) Area by (“c)
Working (%)

Initial 2

Cold Isostatic 1.7 28 20

Pressing

Hydrogen Cleaning, 1.65 6 1100

Vacuum Sintering 1.5 17 1950

Extrusion 0.612 83 83 1350

Hand Swaging* ‘ “ 0.403 57 93 1200

0.302 44 96 1000

0.188” “ 61 98 800

Declading and 0.180 Not Applicable Not Applicable 21
Trimming

*Several passes with no one pass resulting in greater than 159f0reduction in area.

15

20

25

The chemical composition of.each powder mixture was measured using both inert

gas fusion and plasma spectrometry techniques. The results for the control molybdenum

alloy (hereinafter “Mo-ODS alloy) and each molybdenum-rhenium alloy (hereinafter “Mo-

Re-ODS alloy) are shown in Table 3. The microstructural properties of the Mo-Re-ODS -

alloys are also shown in Table 3 and compared with typical characteristics of unalloyed

‘molybdenum (PM-Mo), Mo-1,4 Re (solid-solution) alloy, and the Mo-ODS alloy. The

microstructure of the Mo-Re-ODS alloys in the as-swaged condition exhibited elongated

grains having average widths of about 0.3 roils (8 Km) and 0.2 roils (5 ~m) for the Mo-7

ReODS and Mo-14.Re-ODS alloys, respectively. The average aspect ratio (average grain

length/width) for the as-swaged alloys was 10 (Mo-7 Re-ODS) and 5 (Mo-14 Re-ODS).

-—— -- ......? . ..- ,-. .... .. -,y~y —— >.
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Both agglomerates and discrete oxide particles were observed in the microstructure of

the, two new Mo-Re-ODS alloys. It is believed that agglomerates and coarser oxide

particles may have contributed to the larger grain size in the Mo-Re-ODS alloys.

\



\

12

I,. Table 3

1
,.,..,.,,, Alloy Average Grain Width (roils) Average Oxide Particle Size Average Vickers Hardness

:j (roils) (kg/mm’)
>:,
:,:1
J 5 ODS Mo, 7% Re‘,. 0.3 - 0.06 260:+,.L.,,,,

1

ODS Mo, 14% Re
,L.

,,- 0.2 0.16J,: 305 “
~

Unalloyed PM Mo 0.6 “:- .’ . nla 225
$.,

Mo, 7% Re 0.04 nla 300

ODS MO 0.02 0.01 262

., 10

,,-.,.!
? .

.

I
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The room temperature yield stress and ultimate tensile stress, percent elongation
.

to failure, reduction in area, and ductile-to-brittle transition temperature ((’DBTT”) for each

alloy was measured and the results are shown in Table 4 and graphically in Fig. 1. The

temperature at which the DBIT occurred was determined by examination of the fracture

surfaces. The effect of temperature on the tensile reduction in area for molybdenum, Mo-

14Re, and Mo-14Re-ODS alloys are presented in Fig. 2 for material tested in the worked

and stress-relieved condition and in Fig. 3 for material in the recrystallized condition. The

Mo-1 4Re-ODS alloy exhibited significantly better ductility than the Mo-14Re binary alloy

both in the worked and stress relieved condition and in the recrystallized condition.

J1O

—..-— — . ;- :Z,m-, , ,,,,, ... . . ,W.. ,, T, T,-f ~. Z-?3mTm--- ‘- ‘-~—
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Alloy 0.2?40Offset Ultimate Elongation to Reduction in DBTT (“F)
Yield Stress Tensile Failure (%) Area (Yo)

(ksi) Stress (ksi)

Swaged Alloys (> 90% reduction in area) ~

ODS Mo, 120 156 12 40 -320
14% Re

ODS Mo, . 86

I
129 13 I 42 -240

7% Re

Unalloyed . 78 I 90 15 I 72 -10
PM MO

Mo, 7%’ Re 123 130 13 50 -150

ODS MO ~ 108 120 13 59 -100

Recrystallized Alloys.

ODS Mo, 50 105 27 38 -58
14% Re -

ODS Mo, 37 85 30 30 0
7% Re ‘

~nalloyed 43 70 5 14 120
PM MO

Vlo, 7% Re ‘ 46 77 38 49 0

9DS MO 53 76 29 65 75

The effect of oxide dispersion strengthening on”the yield stress, ultimate tensile

stress and DBTT of the Mo-Re alloys was unexpected. For molybdenum, 0.2T~ is 305° C

(581 ‘F) and as test temperatures are reduced below this value, the yield stress increases.

As the DBTT is approached, the rate of ,increase is greater until the yield stress exceeds

‘the fracture strength and failure is characterized by brittle fractures, The slopes of the

yield stress curves for unalloyed molybdenum and Mo-ODS are similar even though the

..— — ,,- ,,-.,;~,.. >,.,. . ,- ,: ,=,-,;zrr:.. ~
.,, . . . . ...!-- ‘~-”’~7 .. —. —.-<+.



..
.

.
~.

5

10 ‘

15

,,

20

25

15

Mo-ODS has a higher yield stress. The addition of 14 wt.’Yo rhenium to molybdenum

decreased the temperature, at which the yield stress begins to increase, to approximately

-200C (-4° F or 0.09 T~). Below -20°C the rate of yield stress increase is similar to pure

molybdenum: Ttie” change in slope below -80° C (-1 10° F) is a result of the fracture

~changing from predominantly ductile to predominantly brittle in nature. The combination

of the 14.wt.% rhenium addition and oxide dispersion strengthening (“ODS”) further lowers

the transition temperature, where the flow stress becomes temperature dependent, to -
\

IOO”C (-148°F orO.06 T~):

The elevated temperature tensile properties of the swaged and stress-relieved

alloys were measured by uniaxially loading a round bar tensile specimen to failure in a

dynamic vacuum(< 5x10-5 torr) at temperatures ranging between 10OO°C and 1600°C

(1830° - 2910” F). The yield and ultimate tensile stress, percent elongation to failure, and

the reduction in area were determined over the range of test temperatures. A graphic

comparison of the ultimate “tensile stress of the Mo-14Re-ODS alloy with unalloyed

molybdenum, a Mo-14Re alloy, and a Mo-ODS alloy is presented in Fig. 4. The Mo-1 4 Re-

ODS alloy exhibited the highest UTS of the four between 10OO°C and 1250°C (1830°-

‘22800 F).

The time dependent deformation of the Mo-14Re-ODS alloy is significantly better

than the binary Mo-1 4 Re alloy. The addition of 14 wt.% Re to Mo does not appear to

have any negative effect on the creep rupture behavior of Mo. The Mo-1 4Re-ODS alloy

evaluated at 1000”C ‘(1830° F) and 30 ksi ruptured after 137 hours. This compares with

a rupture life of 0.05 hours for unalloyed molybdenum and 0.5 hours for Mo-14Re tested

under the same conditions.

By adding rhenium, enhancements in the low temperature “ductility of oxide

dispersion strengthened molybdenum alloys were realized. In Mo-Re alloys, additions of

rhenium suppressed the temperature dependent component of the flow stress. It has now

been found that additions of rhenium in combination with oxide dispersion strengthening

(“ODS”) appear to surprisingly enhance this behavior.

.. ,,-,+..-,x .-. .,.- ,—. ~ w, . . . . . . . . --- —::-,’..$, .,
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Test Methods:

Tensile and creep rupture specimens were machined from the 0.180 inch diameter

rod. Specimens were eiectropolished at room temperature in a solution of four parts

I concentrated reagent grade sulfuric acid and one part distilled or deionized water, using

5 a 0.010 inch thick Type 304 stainless steel cathode and a dc voltage of 6-7 volts to remove

from 0.002 to 0.003 inches from the gauge section diameter.

Samples were removed from each end of the swaged rods for light optical

metallographic examination and Vickers hardness measurements. A longitudinal and

transverse orientation of each specimen was prepared by sectioning, mounting in Bakelite,

10 “ and polishing through a series of declining grit sizes. The final relief polish used was 0.05

micron alumina powder. The mounts were swab etched with Murakami’s etchant (1Ograms

potassium ferricyanide, 10 grams potassium hydroxide, and 100 milliliters distilled water).

The average grain size of the final rod product was measured using the linear intercept

method, per ASTM Standard E89. The average size and shape of the oxide particles was
1.-

15 determined from unetched optical micrographs using a similar method. A minimum of five

Vickers hardness (VHN) determinations were made” across each specimen using an

automated hardness tester, a Wilson Tukon Series 200. A diamond indenter with a five

kilogram load and a ten second dwell time was used.

The following mechanical properties were measured for the ODS molybdenum-

20 rhenium alloys: (a) 0.2% offset yield stress, (b) ultimate tensile stress, ‘(c) percent

reduction in area, and (d) total elongation to failure. “The ductile-to-brittle transition

temperatures (DBTT) of the swaged and recrystallized (one hour vacuum anneal at

1600°C or 2910° F) alloys were measured by uniaxially loading a round bar tensile

specimen to failure at temperatures ranging from+200”Cto-196°C (+390° to -320” F) per

25 ASTM Standards E8 and E21 at a strain rate of 0.05 rein-l (0.00083 see-l).

The elevated temperature tensile properties of the swaged and recrystallized alloys

were measured by uniaxially,loading a round bar tensile specimen to failure in dynamic

vacuum (<5x1 0-5torr) at temperatures ranging from 10OO°C to 1600°C (1830° to 291 O°F)

and a strain rate of 0.05 rein-l (0.00083 see-l). The fracture surface of each tensile

-— -- --,--------- ,, - - .,, .~,-., .-..~-. .. ,- ..:. ..,, ,,-. -—- ... .
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specimen was evaluated with a scanning electron microscope (SEM), Amray Model 1810,

to identify the mode of fracture; i.e., ductile or dimpled, cleavage, intergranular, or mixed-

/ mode.

The creep behavior of this new alloy was also evaluated via constant load uniaxial

creep tests at 10OO”C (1830° F) and at 1600°C (2910° F) in dynamic vacuum (< 10-6torr).

Around bar creep rupture specimen in the swaged condition was pin loaded into the creep

test vacuum chamber. The system was sealed, baked-out for fourteen hours under

dynamic vacuum at”225’°C (437°F) to remove all adsorbed moisture and gases from all

internal surfaces, and subsequently leak rate checked. The test specimen was initially

heated to’ the desired test temperature and held for thirty minutes with no load on the

specimen. An initial length measurement between the shoulders of the specimen was

made optically for reference. The initial load was then applied, and the first strain
/

measurement was made. Strain measurements were taken at frequent intervals to define

the, creep deformation behavior of the specimen. The fracture surfaces of ruptured

specimens were analyzed with the SEM to identify the type of fracture.

.$

While the invention has been described in detail and with reference to specific

embodiments thereof, it will be apparent to those of ordina~” skill in the art that various

changes and modifications can be made to the claimed invention without departing from

the spirit and scope thereof.
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ABSTRACT OF THE DISCLOSURE

5

Provided is a method of making an ODS molybdenum-rhenium alloy which includes

the steps of

(a)

(b)

(c)

10 ,“

(d)

(e)

15 (f)

The present

method.

\

forming a slurry containing molybdenum oxide and a metal salt dispersed in

an aqueous medium, the metal salt being selected from nitrates or acetates

of lanthanum, cerium or thorium;

heating the slurry in the presence of hydrogen to form a molybdenum

powder comprising molybdenum and an oxide of the metal salt;

mixing rhenium powderwith the molybdenum powder to form a molybdenum-

rhenium powde~

pressing the molybdenum-rhenium powder to forma molybdenum-rhenium

compact;

sintering the molybdenum-rhenium compact in hydrogen or under a vacuum

to form a molybdenum-rhenium ingot; and
,.

compacting the molybdenum-rhenium ingot to reduce the cross-sectional

area of the molybdenum-rhenium ingot and form a molybdenum-rhenium

alloy containing said metal oxide.

invention also provides an ODS molybdenum-rhenium alloy made by the

23.
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Fig. 2
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Fig. 3
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