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DEVELOPMENT OF A MOLYBDENUM-RHENIUM ALLOY FOR SPACE NUCLEAR REACTORS

Lynn 5. Lundberg

1. The study of Mo-Re alloys was prompted by the revelation that eairller
OBTT data Indicated no major reduction in the transition tempei-ature
above about 10 wt% Re.

2. Solution softening Is the mechanism that drives the reduction In DBTT.
It also causes a reauctlon In flow stress and elastlc rwdulus. Solu-
tlon softening occurs In Group VIA metals and alloys that contain small
quantities of VIIA or VIIIA metals, and It Is manlfe;ted at temper-
atures < 0.16 Tm. It Is an Intrlnslc effect rather than either a
purity or Interstlttal extrlnslc effect. It appetirsto be caused by
an electronic effect.

3. The 140-Reequlllbrlum phase diagram does not q!ve any lndlcatlon of
solutlon softentng as previously shown for Mo-Re In the 10-15 wt%
range.

4. The Mo-Re alloy development efforts supported by Los Alamos have in-
cluded: (1) studies on vacuum arc cast (VAC) alloys at theAMAX
Materials Research Center, (2) production of alloy VhC products for
Irradlatlon experiments, (3) creep studies on VAC sheet, and (4)
studies on powder metallurgically produced alloys.

5. The Mo-Re development effort at AMAX Materials Research Center (ARML)
Included the production of llght alloy compositions In the form of
approximately 35 lb. VAC Ingots with Re contents from 5 to 17 wt% at a
2% tnterval. A second Mo-13 Re ingot with carbon added to about 75
wppm. All eight alloy Ingots were hot extruded Into rectangles,
warm.rolled and finally cold-rolled Into plate from whtch samples were
machined. These specimens were evaluated by measuring their rr,omtem-
perature hardness, determining recrystallization temperatures, mess.
urlng low temperature tensile mechanical behavior, measuring dyn~mlc
elastlc modull, determining gas-tungsten arc (GTA) weldablllty, and
measuring the coefflctents of thermal expanston from room temperature
to 1375 K,

6. The VAC Mo-Re alloys were produced by first blendlng the metal powders
in the desired proportions and then cold-pressing and slnter!ng the
powder blend Into a bar to be used In the consumable electrode vacuum
arc melter. Alloy Ingots about 3-1/2 Inches diameter by about 18
Inches long were produced In the vacuum arc melter at AMRC. These
electrodes were extruded to rectangles at AMRC using an area reduction
ratio of about 5.1.

7, The mlcrostructures of Mo-7.2 (+0.06 C) and 7,4 (+0,03 C) at,% Re VAC
alloys were comparable and free of second phases. Even at the higher
carbon level, no carbide preclp!tates were found.



8. As expected from the previous work by Joe Stephens and others at NASA
Lewis, the ductillty of Mo-Re alloys passes through maximum at about
11 wt Re at room temperature. However, as the temperature was reduced,
the ductlllty peak shifts to higher Re contents. The high carbon
alloys had much higher ducttllty than the low carbon alloys.

9. The varlatton of room temperature yteld strength with Re content Is
also Indicative of the solutlon softening phenomenon In 140-Re alloys.
‘“ie ultimate strength shows a general Increase as the rhenium content
Is Increased beyond about 5 wt%.

10. The thermal expansion behavtor was measured for all the VAC alloys
proluced by AMRC. The variation of the coefftclent of thermal ex-
panston (CTE) with rhenium content does not agree with RussIan data at
813 K.

11. The work at AMRC Indtcated an optimum Re content of 12 t 1 wt%,
maximum carbon content of 100 wppm, maxtmum nttrogen content of 20
wppm, maxtmum oxygen content of 30 wppm, and maxtmum hydrogen content
of 5 tippm.

12. A good variety of Ho-11 to 13 wt% Re products were made for Irradla
tlon experiments. T;~ese products Included Mo-13 Re plate sheet and
tub!ng primary for the study of the fast neutron Irradlatlon behavior
of the alloy and Mo-11 Re tubing for fuel claddlng.

13. lhe room iempelature tensile propertt~s of PM Mo-13 Re are comparable
to the h~gh carbon VAC Mo-13 Re alloy. The ducttllty Indicated by
total elongation and reduction of area Is very high,

14, lhe excellent room temperature ductlltty of the PM Mo-13 Re Is lndl-
cated by the broken tenstle specimens, More plastlc tnstablllty Is
observed for the spec$mens wlti the stress- relleved condltlon.

15, The fractographs of Mo-13 Re Ind’
llzed sample shows transqranular
samples do not exhlblt classlcal
boundarv separation might be tnd
transverse dlrectlon.

cate brittle fatlure as the recrystal.
cleavage, and I.l,e stress. relleved
cup and cone ductile failure, Grain
cattve of reduced ductlllty In the

16. Seamless tubtng has been made successfully from VAC Moll Re and Mo.13
Re using a process that tnvclves warm swiigtng extruded bar to near the
tube blank diameter, gun-drllltng a ho:: down the center of the swaged
bar, and cold-drawing the blank through a hardened steel d!e while
using a bullet-shaped floattng mandrel to malntaln the Internal dia-
meter of the tubtng at a value dictated by the desired wall thickness
reductton, In-process stress rellef of the tub~ng was required ufter
about every 8C% reductlot~ of the wall cross- sectional area, These
alloys were sttess-relleved by heating In dry hydrogen at about 1200 K
for 15 minutes.



17. A single length Mo-11 Re tubtng was clrawnto nearly 15 ft from a bar
that was only about 2 ft long. The tubing was dellvered In the stress-
relleved condltlon. The tubing was accidentally bent during shlpptng
which contrasts with a prevtous experience In which a pure molybdenum
tube arrived broken Into about four pieces after slmllar treatment
during shipment.

18. A variety of weldablllty studies have been performed on both VAC and
PM Mo-Re alloy products. Longltudlnal EB welds were placed In VAC
Mo-13 Re tubing, and ring tension tests were performed on several sec-
tions of this welded tubing. Mo-”13 Re end caps were successfully EB
welded Into Mo-11 Re claddlng tubes. EB weld trials were also per-
formed on PM Mo-13 Re tubes with PM Mo-13 Re end caps. Gas-tungsten
arc (GTA) weldlng studies were performed at AMRC on both Ho-11 Re and
Mo-13 Re using Mo-20 Re filler metals. Plates 3/16” thick were suc-
cessfully welded Inslcle a htgh purtty Inert gas glove box. Room tem-
perature tensile tests were performed on samples having the weld zone
acros$ the center of the test sect!ons.

19, The r?sults of the ring tests on the EB welded Mo-13 Re tl.!blng shows
strength and ductlltty comparable to the pare~t metal.

20. Mlcrostructures of EB welds In VAC Mo-11 Re were sound and pore-free,
whtle EB welds In PM Mo-13 Re were sound but somewhot porous. Both
welds were hel~um leak tight.

21, Ductile GTA welds were obtained In both Mo-II Re and IMo-13 Re using
Mo-20 Re filler metal . Ho-11 Re gave the best ductlllty, Both the
elongation and the yield stress were fairly strain-rate Insenslttve
over-four orders of-magnitude, The fat lures were seen to oc
In the welds or heat affected zones (HAZ).

22, The reassembled GTA welded tensile test specimens show the h’
temperature ductlllty of the Mo-11 Re specimen.

ur equally

gher room

23. A survey of the creep beh~vlor of three of the VAC Mo-Re alloys was
performed at ORNL In high vacuum facllltles, Test temperatures in-
cluded 1400, 1500, and 1600 K, and stresses Included 2000, 3000, and
4000psi, Step Increases In both stress and temperature to obtain a
qutck survey of creep behavior. Tests at 1500 K, 3000 psl were run to
>4000 h.

24. The creep strengths of the VAC Mo-Re alloys are somewhat ‘ower than
predicted from publtshed data for electron Learn melted alloys, This
difference Is more llkely due to a difference In creep mechanism at
the lower stress rather than the difference In meltlng process.

2s, lhe productbtltty of low Re content Mo-Re alloys ts crucial to thclr
useage. The AMRC study and the production of test iaf~ples for the
Irradlatlon experiments demonstrated their optlmutn composttlon and
their ablllty to be formed Into use-bl products. Their jotnablllty by
LB and G~A weldlng methods has also beep demonstrated.
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DUCTILE-BRITTLE TRANSITION
FOR RECRYSTALLIZED Mo-Re ALLOYS
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?igurm 1 - r4icro8tructura Of Rocrwtallized UC+-ReAlloyD.
(a) Ho-7.2Ra-O.06C, (b) Mo-7.4Ra-O.02c
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MWRG DUCTILITY PEAK IS
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OPTIHUP! VAC MO-~O
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WELDA@lLITY STUDIES
HAVE BEEN PERFORMED I
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Mo43R9 EBWHD STRENGTH AND DUCTHJ’IY
INDICA- BY RING TENSION TESTS

UTS RA
(kd) (%)

PARENT METAL 75 11

WLDED TUBE 81 14’

‘Parent metal fracture, weld also failed
with about 3% R&
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UPPER YIELD LOWER YIELD UTLINATE ELONGATION REDUCTION

STRENGTH STRENGTH STRENGTH OF AREA

coNDITION (MPa) (FIPa) J&ill_ (%) _W__

RECRYST. 29S 270 560 43 43

305 270 560 50 51

sTREss- 670 --- 670 32 61
RELIEVED 480 --- 660 42 62
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VACMO+80CREEP SURVEY

STRESS TEST TEMPERATURE (K)

(HPB) 1400 I 1500 I 1600

tlo-9Ra
13.8 tlo- 1 IRe

tIo- 13Re+C

Ho- 11 Re
Mo-9Ru

20.7 Mo- 1 lRe tlo-1 lRe
Ho-13R9+C

tlO- 13Re+c
Mo-13Re+C

Mo-9R0

27.6 Ilo- 1 lRe
Ho- 13R~+c

v
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VAC ALLOYS APPEAR TO
HAVELOWERCREEPSTRENSTH
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