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DEVELOPMENT OF A MOLYBDENUM-RHENIUM ALLOY FOR SPACE NUCLEAR REACTORS

Lynn B. Lundberg

The study of Mo-Re alloys was prompted by the revelation that eailier
DBTT data indicated no major reduction in the transition tempeiature
above about 10 wt% Re.

. Solution softening 1s the mechanism that drives the redurtion in DBTT.
It also causes a reduction in flow stress and elastic modulus. Solu-
tion softening occurs in Group VIA metals ard alloys tnat contain small
quantities of VIIA or VIIIA metals, and 1t is manifested at temper-
atures < 0.16 Ty, It s an intrinsic effect rather than elther a
purity or interstitlal extrinsic effect. It appeirs to be caused by
an electronic effect.

. The Mo-Re equilibrium phase diagram does not ¢ive any indication of
solution softening as previously shown for Mo-Re in the 10-15 wt%
range.

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

. The Mo-Re development effort at AMAX Materials Research Center (ARML)
included the production of 1ight alloy compositions in the form of
approximately 35 1b. VAC ingots with Re contents from 5 to 17 wtX at a
2% interval. A second Mo-13 Re ingot with carbon added to about 75
wppm. A1l eight alloy ingots were hot extruded into rectangles,
warm-rolled and finally cold-rolled into plate from which samples were
machined. These specimens were evaluated by measuring their rcom tem-
perature hardness, determining recrystallization temperatures, meas.
uring low temperature tensile mechanica! behavior, measuring dynamic
elastic modull, determining gas-tungsten arc (GTA) weldability, and
measuring the coefficients of thermal expansion from room temperature
to 1375 K.

. The VAC Mo-Re alloys were produced by first blending the metal powders
'n the desired proportions and then cold-pressing and sintering 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.

. The microstructures 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 precipitates were found.
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. As expected from the previous work by Joe Stephens and others at NASA

Lewis, the ductility of Mo-Re alloys passes through maximum at about

11 wt Re at room temperature. However, as the temperature was reduced,
the ductility peak shifts to higher Re contents. The high carbon
alloys had much higher ductility than the low carbon alloys.

. The variation of room temperature yleld strength with Re content is

also indicative of the solution softening phenomenon in Mo-Re alloys.
e ultimate strength shows a general increase as the rhenium content
s increased beyond about 5 wt¥%.

The thermal expansion behavior was measured for all the VAC alloys
produced by AMRC. The variation of the coefficient of thermal ex-
pansion (CTE) with rhenium content does not agree with Russian data at
873 K.

The work at AMRC indicated an optimum Re content of 12 + 1 wt¥%,
maximum carbon content of 100 wppm, maximum nitrogen content of 20
wppm, maximum oxygen content of 30 wppm, and maximum hydrogen content
of 5 wppm.

A good variety of Mo-11 to 13 wt% Re products were made for irradia-
tion experiments. These products included Mo-13 Re plate sheet and
tub*ng primary for the study of the fast neutron irradiation behavior
of the alloy and Mo-11 Re tubing for fuel cladding.

The room temperature tensile properties of PM Mo-13 Re are comparable
to the high carbon VAC Mo-13 Re alloy. The ductility indicated by
total elongation and reduction of area is very high.

The excellent room temperature ductility of the PM Mo-13 Re 1s ind\-
cated by the broken tensile specimens. More plastic instability is
nbserved for the specimens wit the stress-relieved condition.

The fractographs of Mo-13 Re indicate brittle fallure as the recrystal.
117ed sample shows transgranular cleavage, and the stress-relieved
samples do not exhibit classical cup and cone ductile fatlure. Grain
boundarv separation might be indicative of reduced ductility in the
transverse direction.

Seamless tubing has been made successfully from VAC Mo 11 Re and Mo-13
Re using a process that invclves warm swaging extruded bar to near the
tube blank diameter, gun-drilling a ho’'> down the center of the swaged
bar, and cold-drawing the blank through a hardened stee)l die while
using a bullet-shaped floating mandrel to maintain the internal dia-
meter of the tubing at a value dictated by the desired wall thickness
reduction. In-process stress rellef of the tubing was required after
about every BCX reduction of the wall cross-sectional area. These
alloys were stress-relieved by heating in dry hydrogen at about 1200 K
for 15 minutes.
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A single length Mo-11 Re tubing was drawn to nearly 15 ft from a bar
that was only about 2 ft long. The tubing was delivered in the stress-
relleved condition. The tubing was accidentally bent during shipping
which contrasts with a previous experience in which a pure molybdenum
tube arrived broken iInto about four pleces after similar treatment
during shipment.

A variety of weldability studies have been performed on both VAC and
PM Mo-Re alloy products. Longitudinal 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-i13 Re end caps were successfully EB
welded into Mn-11 Re cladding 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) welding studies were performed at AMRC on both Mo-11 Re and
Mo-13 Re using Mo-20 Re filler metals. Plates 3/16" thick were suc-
cessfully welded inside a high purity inert gas glove box. Room tem-
perature tensile tests were performed on samples having the weld zone
across the center of the test sections.

The rasults of the ring tests on the EB welded Mo-13 Re tubing shows
strenqgth and ductility comparable to the parent metal.

Microstructures of EB welds in VAC Mo-11 Re were scund and pore-free,
while EB welds in PM Mn-13 Re were sound but somewhat porous. Both
welds were helium leak tight.

Ductiie GTA welds were obtained in both Mo-11 Re and Mo-13 Re using
Mo-20 Re filler metal . Mo-11 Re gave the hest ductility. Both the
elongation and the yield stress were fairly strain-rate insensitive
over four orders of magnitude. The fatlures were seen to oc-ur equally
in the welds or hzat affected zones (HAZ).

The reassembled GTA welded tensile test specimens show the higher room
temperature ductility of the Mo-11 Re specimen.

A survey of the creep behavior of three of the VAC Mo-Re alloys was
performed at ORNL in high vacuum facilities. Tect temperatures in-
cluded 1400, 1500, and 1600 K, and stresses included 2000, 3000, and
4000 psY. Step Ancreases in both stress and temperature to obtain a
quick survey of creep behavior. Tests at 1500 K, 3000 psi were run to
>4000 h.

The creep strengths of the VAC Mo-Re alloys are somewhat ‘ower than
predicted from published data for electron beam melted alloys. This
difference s more 1ikely due to a difference in creep mechanism at
the lower stress rather than the difference in melting process.

The producibility of low Re content Mo-Re alloys is cructal to their
useage. The AMRC study anJd the production of test samwples for the
frradiation experiments demonstrated their optimum composition and
their abi1itv to be formed into use ul products. Their Joinabiiity by
EB and GTA welding methods has also beer demonstrated.
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SOLUTION SOF_'TENING N Mo-Re ALLOYS -

. Flow stress elastic modulus
- and DBTT reduced

.- Oceurs in Group VIA metal alloys
_containing small quantities of
JVIlA o] VIIIA metals <0. 16Tm

. IntrlnSIc effect
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MOLYBDENUM-RHENIUM
EQUILIBRIUM PHASE DIAGRAM
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¢ AMAX VAC ALLOY STUDIES

¢ IRRADIATION EXPERIMENT MATERIAL

o CREEP STUDIES

o PM ALLOY STUDIES

Los Alemos



Mo-Re DEVELOPMENT
STUDY AT AMRC

o VAC Alloyn 8, 7, 9, 11, 18,
13+, 18, end 17 wiiR Rs.

e All olioye kot sutrudad to
rectangieon, warm-roiisd, ond
cold-relisd to plaits.

 Evaluatione included haordness,
recryataliization, low-tamparaturs
tonelis bahcvior, slaatic modull,
OTA waidabiliily, and CTE.

Los Alamos



|BLEND PURE METAL PMERS'

[COLD-PRESS AND SINTER ELECTRODE|
[VAC ELECTRODE |

|EKTRUDE BILLET, 1700 KX, 5:1'
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Figure 1 - Microstructure of Recrystallized Mc-Re Alloys.
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Mo-Re DUCTILITY PEAK IS
TEMPERATURE DEPENDENT
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OPTIMUM VAC Mo-Re
¥ALLOV COMPOSITION

e Rhonium Coniont = 1221win

o Carben Contant = 100 wppm NMen.
* Nitrogan Content = 20 wppm Mox.
e Onygon Contont = 30 wppm Mon.

e Hydrogen Conteont = 8 wppm Max.

Los Alemos



Mo-Re PRODUCTS FOR
IRRADIATION EXPERIMENTS

Ha={30a

 Bienicl Crasp Tubing (with baor for
ond cope) - 0.230" 0.d. x 0.018"
thick well.

o Plots for End-Cape - 0.8" thick.

* Plots for Chorpy Spocimene -
0.28" thiek.

e Shoot fer Fusl Pin Spocsrs -
0.828" thick.

e Bhost for Tonsiic ornd Bond
Spocimone - 0.030" thiek.

Ha=118a
e Fusl Clad Tubing - 0.300" 0.d. x
0.028" thick wall (witk ber).

Los Alemos
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Mo-ike SEAMLESS TUBE
FABRICATION 2ROCESS
WARM-SWABE EXTRUSION

|

SUN-DRILL BLANK

I

COLD-DRAW OVER FIXED MANDREL

l |

STRESR-RELIEVE IN NYDRO®OEN
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Mo-11Re CLAD TUBE

e s e !
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WELDABILITY STUDIES
- | HAVE BEEN PERFORMED

* ELECTRON BEAN WELDING STUDIES

= Lonaitudinal Wselds in He-13Re
Tubse have bosn Evaolusted.

= Cladding Tube Closure Welds
wers Guulifisd in Ne-11Res.

o OGTA WELD STUDIES

- Room Tomporateurs Tonsile
Tonte Perfermoed on Wolds.

Los Alemos
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Mo-13Re EB-WELD STRENGTH AND DUCTILITY
INDICATED BY RING TENSION TESTS

UTS RA
(kel) (%)

PARENT METAL 75 11
WELDED TUBE 81 14¢

‘Parent metal fracture, weld also falled
with about 3% RA.

W,
/ Los Alamos




EB-WELDS IK Mo-Re

J / /,f‘

PN Ne-13Re
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DUETILE GUra CIELLE
WITEH Wo-40@30 FILLED

=1 1R
STRAIN 0.2 YIELD ULTIMATE FRACTURE
RATE ELONG. STRESS STRESS BEHAVIOR
(1/7s) (%) (MPa) (MPa>
10°% 16 250 511 IN-YELD
1073 12 281 S00 2-HAZ, 1 IN-YELD
1074 14 315 548 HAZ
107! 11 364 537 IN-WELD

Lo sWATamo s
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- ROOM TEMPERATURE TEYSILE
{ DBUAVIOR OF P Mo-18Rs

UPPER YIELD LOWER YIELD UTLIMATE ELONGATION REDUCTION

STRENGTH
CONDITION (MPa)

RECRYST.

STRESS-
RELIEVED

Lea Alomos

295
305

670
480

STRENGTH STRENGTH

(MPa) (MPa)
270 560
270 o560
--- 670
-—- 660

OF AREA
(%) (%)
43 43
S0 )|
32 61
42 62



" Mo-19Rs BXEHIBITS BEXCELLENT

{ ROOM TEMPERATURE DTVETILITY

Loe Alamos

Stress-Relieved

Recrystallized

Original Sample



Stress-Relieved
PM Alloy

10 uym
Ll
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Recrystallized
PM Alloy

20 pm
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lVAC Mo-Re CREEP SURVEY'

STRESS TEST TEMPERATURE (K)
(MPa) 1400 1500 1600
Mo-9Re
13.8 Mo-11Re
Mo-13Re+C
20.7 Ho-11Re Do N, | Mo-11Re
' Mo-13Re*C | o-13Resc | MO-13ReeC
Mo-9Re
27.6 Mo-11Re
Mc-13Re+C

Los Algmos



VAC ALLOYS APPEAR TO
HAVE LOWER CREEP STRENGTH

10° T TT] T T Y[ T YT YI[ T T 1Ip 7T VvIT) ¥ TTII] T T T1(Q
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980 °C

B _Q,.._-O——"”‘o' .

10° |- 1346°C

s [ y——73 1650°C -

2 1127°C

w 10 - 1227 °C =

1%} o -

x L ALLOY CONDITION TEST TEMP. .

n a ¢ Mo-10.7 Re AS-SWAGED, #175-925°C 980°C |

o O Mo~ 10.7 Re AS-SWAGED, 1175-925°C 1316 °C |

10" |- A Mo-10.7 Re AS-SWAGED, 1175-925°C 1650 °C -

- V Mo~ 10.7Re ANNEALED th, 4425°C 1316 °C ]

~ O Mo- 11 Re  ANNEALED th, 1377°C {127 °C -

- ® Mo— 11 Re  ANNEALED 1h, 1377°C  1227°C -

1% ol U SN I 5 A DU T O HNN U I O N TN O W A TN I N IO I Y I N |
10~10 1079 108 1077 1076 t0~3 04 . 1073

STEADY STATE CREEP RATE (in./in./s)
Los Alamos



ALLOY PRODUCIBILITY
IS CRUCIAL

\

e Optimum Alloy Componition

wis Detarminad from AHAX
Work.

* Fabricabllity found to bs
Qoud.

° Jolnabllity Studise Included
EB® and OTA Walding,

Los Alemos



