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N INITIA EVPlljATION (W NOLYBOENUN-RHENIUM ALLOY FM REACTWf HEAT PIPES

H. A. Merrigen md L. B. Lmdberg

Los Alms National Laboratory
Los Alamos, New *XiCO

AESTRKT

f401ybdenm-rhenlus alloys containing lQSS
than 15X Re h~ve been Invastlgated for space nu=
clear pouer system hppllcbtlons. Aductile-
brlttle trafic!tlom teqeratureof less than 135 K
has been dml$tr~tdd for recrystallized Mo+3
wt% Re alloy. inemphyslcal properties have
been masured over the temperature ran e from

‘1mblentto lWOK M,d theelastlcmodu us determ-
ined to be ?89 6Pa. Thermal conductlvltyof the
alloy at tmerature has bean damcnstrated as
cowsrable to pure molybdemm. Fabrlcabllltyof
thematerlal has bmn damnstrated and M fnves-
t19Ltlon of welo charhcteristlcs initiated. @-
timizatic~ of alloy composition for the plmed
application Is continuing.

INTRODUCTION

Alloy choices for high t~rature heat pipes
plmsd for use In ur~lun-oxide-fueled space
nuclear reactor designs havo been llmited to
molybdenum, tmgsten, and their alloys by avail-
ability and compatibility considerations. Mlyb-
denun has been the materialof choicefor heat
pipe reactors at temperatures near 15DDK. HI h
density and poor fabrlcabllity limit the useo !
tmgsten for space poiier heat pipes except where
necessary to meet extreme ta~erature require-
ments.

Theprlncipil dlsadvantagtof molybden~ In
this application Is the hlqhductlle-brfttle
transition tawrtture DBTT), .,iich Is normally

1above room tmeratur? or recrystallized mate-
r!al. This Is of concern In the reactor heat
pipe appltcatlon, to sw extent because of fab-
rication problants, but prlmarlly becaube of the
posslblllty of damage to the system from dynrntc
loadtng during lmmch and oroltal transfer. Sys-
tem taqeratmes during transfer from 10U Earth
orbit to geosynchronous orbit may be as 10H as
2WIK. Interest exists, therefcre, In the devol-
o~nt uf refractory alloys that are urantmoaide
fuel mtd alkali mtal c~at!ble Md dfspley low
DBTT fn the recrystallized condltlon.

BMK6RWND

Alluylnq ~~f wlybden-with rhenfw in the
interest of l~rcvlng low twsrature dwtlllty

and 19werln ‘the ductile-brittle transition tem-
Iperature (O TT) has been the subject of a number

of prior investigations (l-4). Arevlau of these
earlier investigations (5) indicated that a duc-
tlllty peak could be expected between 9 md 14
wt~ Re, In agrewnt with models explaining the
softenln on the basis of alloy ●lectron concen-

!tratlon 3).

The pronomced peak in room temperature elon-

!
atlon Indicated In Fig. 1, reproduced from
e;. 5, for 10U rhenlun content alloys has led to

questlms of possible secondary causes in material
processing differences between Invas;lgators.
Extrenm material purity has been suggested as an
explanation for the hf h ducttllty dfs layed by

? !some electron baam (EB mslted materla s. Similar
considerations apply to the varlatlon of DBTT
with rhenlwn content Indicated In Fig. 2 (also
reproduced from Ref. 5). The present lnvestlga-
tlon has been directedto an attemt to duplicate
the high ductlllt end low DBTTevldenced by 10U

frhenium contenta 10YS In prior Investlgctions
with prodwtion sized lots of ❑aterial. Plans
are to produce romd bar, ttilnc, end wire of low
rhenlun content alloys and demonstrate their fab-
rlcabillty, w~ldablllty, Compatibility, and gen-
eral cppllcablllty to high-tenperatur, space
nuclear pwer systems.

@@L~

mlmLlu CWTCMT Mul

Fig. 1. Effect of rhenfmcmtent on room
tmqwature ductility.
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Fig. 2. Ductile-brittle transition far recrystal-
llzod molybdanun-rhenlun alloys.

FABRICATION DEVELOPMENT

Primary Alloy Production

Production of an Initial lot of molybdenun-
rhanlun alloy was wdertaken using arc cast molyb-
denum bar stock and hl h purity rhenlwn shoot

!stock as stwter mater als. Thase ntolybdenun and
rhenlwn materials were surplus from prior Los
Alunos Laboratory programs. The molybdenum bar
material had been obtained from Cllmax 1401ybdenm
Corporation (Melt No. CIOO07). Typical chemistry
of this mattrtal Is given In Table I. The molyb-
denun had been stress relleved at 1325 K anduas
In 5X recrystallized condltlon. The rhentwn plate
used In the alloy production had been purlfled by
electron beam maltfng. Chemistry for tha refln~d
matorlal Is given in Table 11.

Initial plans were to have the molybdenum and
rhenlun materials electron beam melted at Oak
Ridge Natlontl Laboratory (ORNL)to produce an
alloy of 13wt% Re. However, because of schudule
conflicts in the use of the electron baam miter

TABLE 1
CHEMICAA CCMPOS1TION OF MOLYBDENIJM BAR STOCK

(CllIMlt (R)molybdenun 75mn-dlamurought bar)
(*it ~~. C1OOO7)

Elenmnt Wts

c 0.009
0 0.0002
H c’ O.000

<
:8 ::%’?
N1 4 0.001
$1 < 0.001
no major

* indicates less than the stateddetect’on IIdt.

TAELE 11
CHEMICAL ANALYSIS OF RHENIUM PLATE

Element &l!@!

Re :jor
o
c <5
ti 12
LI < 15
B < 15
Na < 50
Si 60
P ~ 150
TI < 15
v ~ 15
Cr < 15
m <5
Fe 50
co ~ 15
Zn < 150
i’r < 150
Mb < 1600
Sn < 15

<2
:: < 15
m < 150

at ORNL the materials were transferred to Cabot
Corporation tn Kokomo, !ndlana. Plons wert to
produce 100-mn-dlam Ingots by doublo melting from
electrodes prep&red from the Los Alanm starter
matarlals by Thermoelectron Corporation. The
●lectrodes were fabrlcatad by tungsten-lnert-
gas (TIG) arc welding the rhenln plate to the
surface of tna tilybdanun bar. Attempts to elec-
tron beam melt the resultlng ●lectrodes at Cdbot
Corporation failed due to Insufficient cooltng
capacity In their melxer. As an alternative the
electrodes were transferred to ORNL and vacuun-
arc-melted for initial consollrlatton. Tne result-
ing Ingots were prepared for extr~slon oyMccals
D~v~ston of Thermoalec:ron Corporation tnd ex-
truded at ORNL. Tha materftil was reduced from
1024mn Llam to 50-ImI dlam In the txtrulun pro=
cess. Tho extrusfon was conducted at a tempera-
ture of about 1920 K and high role. Chemical
analysts of the re$ultlnextrusion indicated
high-carbon levels, lead n to renewed Intarest

%In alectron beam malting o the material for pur-
Iflcatlon. The axtruslons were therefore shipped
to the Rocky FlatsPlant oparated by cockwell
Intarnattonal for the Oapartmcnt OT Cnery for

?remelttng b electron beam. kth extrus ons were
{first EB ma ted and cast as 50-tIsn dlun ingot.

Part of thamaterthl w~s thm’i remaltud by EB and
cast as 100-nsn-dlam fn@. A total o? 16 kg of
the double malted matarlal WM reduced and us-d

!for the Irvestigationsuf :Bw ted Ib-13SRe
propertir~ tlescrfbed htrefn.

A second sampl~ of 10U rhenlunconteni 1A11OY
was prccui-ed fro’ the Matalluerk-Plansee Corpori-
tlon, Austrfa. This material uhlchtias produced
by pmder metallurgical tocimlqws has a meisured
rhantwn content of 14.5 wti. Preparatbn of the
matertal Involvad machanlcal mixing of molyodenun
and rhenium powders, cold pressing, #nd ttnterlng



In hydrogen. The material was fwntshed as
15.4* -all-, 0.89+n-thick tubing.

Chamlstr~

CFemlc~l malysls of the cast Ingot Indicated
a r~ius content of 13.8 wt~ and an Imurity
contantm given In Table 111. Tho chemlc~l anal-
ysts of the M-14.5 Re ttilng made by Pl&lsee
from ~der mtallurglcally producad stock Is
also listed In Table 111.

TA8LE 111
CHEMICM CCFWOSITION OF

MOLYBDENW-RHENIUIII

EB !ngot No. 1 Plm\see Tuba
Element AS rtceived As received.— —

Re 13.8 ut~ 14.5 Wt%
o 25 pm
c & < 5*
N 19 20
H 5
LI ~ 25
B < 25
Na < 240
SI 70 ~ 300
s < 20
P ~ 20
Ti c 20

~ 70
L ~ 10
ml 2
Fe ~ 25
co < 25
Zn < 700

< 70
$ < 730

< 70
: ~ 70

< 2400
:1 c 240

30

Wallogr#phy Gf the EB cast material did not
disclose proftrcntlal attack of the grain boum-
darlcs in etchin

!’
suggesting that the cont&mi-

nants w@’@ dlstr buttd thrOIJQhOUtthe Wtorial.
llw In ot wss prgparad f“r cxtruston by machlnlng

1approx m~tcly 2 msnfrom the outw surfaco and
wrapping in pure wlybdonm fofl. Prthoating
consist~d of 30 mln at 1920 K. Tho ingot was
reductd to 3.6 cm diem fn the oxtruslon, -n area
::duction of 8.13 to 1. Initial axtrusi~ prcs-
surcnas 950 tons and final was 550. Tho #x-
trudmd bar was rohsat@d to 1275 K and straightened
in a hydraulic prass.

A 50-cm length of tha bir was s,p~rttod and
gwt drfllod for usa In fabrication of a test h~tt
pips. SWIQL of the material M oxtrudodwaro
tbkan @t thlt tlm. Tha remainder of tho nmtorfal
wts a.nntalodat 1645 K for 1 hr and suag~d to
1.85 cmdl~. Ap&rt of thlfi rod wafi annoalod a
s~cond tlrn tid stiaged to 0,762 cm dim. Strips
for band t~sts ucrc machlncd from this 0.762 cm
material am wart 0.636 cm diam t~nsllc spaclms.

Sqles tak&I from th 1.1)5-cmbar were ustd for
thermal conductivity measurements and for weld
SQ1OS.

~chanical Properties Studlcs

Band Tests. The bend test speclmns uwe sub-
jected to 4-fbend tests #t 215 K. The r~sults
corroborated the Im tmparature ductillty indl-
catod by the tensi!a Spclrms. Bmd M 10S ot

135” and 45” were observed for rocrystall zed ma-
terial md 70” for wrought material.

Ihlaxlal Tensile TCSLS. Unlaxial tensile tests
wero perforimd on both he M-13.8 Re ~lted StOCk
wd the Mo-14.5 Re PM tubing. Subsize, ASTM ten-
sile specimens wele prepared from tha 0.762 cm
diam swtged rod taken fr~m the first In ot of

‘1M-13,.9 Rematerlal and tensile tasted n wrought
condition at rcm twerature and in recrystal-
lized condltlm et room temperature, 2!XIK,
135 K, and 75 K with an In%tron est machine at a

Istrain rate of about 7 x 10-4 s- . The t*n-
sI19 test sPeclmef13displayed upper and lower
yield point behtvior as Indtcated In the room
t~ertsture stress strain curve seen In Fig. 3.
This yield pGint bahavlor was observtd at tem-
peratures to as low as 135 K for the recrystal-
lized s&nples. and was detectable In the wrought
samplo at room temperature, As can ba seen from
the test results seen in Table IV, the rccrystal-
l’lzedsan?plesoxhlblted ttw hl~hect total plastic
elongation, 41%, at room temperature, and the

fduct lity did not disappear Mtil the temperature
was reduced below 21J0K. Ow currtnt estirntteof
the OBTT for the set of rocrystcllized samples is
150 K.

Speclmm neckin lika that soon in Fig. A r@-
‘!suiting from plast c instability at failuro uas

ob’,ervaddown KO 200 K. Examination of the frac-
ture surfaces of the broken tcnslle specimens
lndlcat~d that tl~ failuro rtsulted prtmarlly
from transgrtnular clea~age with a minor amowt
of Intergranular cletiJge doun to 200 K with an

!3
!

Fig,

1- -b

3. Room teqmaturo sttess-strain behavior
of racrystallizod W-13 Ra.



Sample Candttlon

As-swaged

vacuum Mnealed
1 h at 1625 K

Vacuun innealed
1 h at 1625 K

Vacuun annealed
1 h at 1625 K

Vacuun annealed

TMLE IV
TENSILE TEST RESULTS FOR ~-13.8 Re SU&XD ROD

Test Yield Strength (PfPa~ Ulttmate Total Plastlc Reduction
Taqmrature Upper Lower Strength Elong:tlon of Area

~- . . -@l_

300 720 710 703 32 65

300 483 340 568 41 49

200 643 510 725 28 33

135 707 621 675 5 2

75 8roke In threads prematurely

Increase In Intergranular cleavage observed below
this twerdturem Intergranular cleavage was
never fouid to he the dominJnt mode of failure In
these speclnwns as Is comnonly seen In recrystal-
lized molybdenum. A typical fracture surface Is
shoun In Fig. 5.

% extensometer was attached to the tensile
speclmns tested at room temperature, and th~
●lastic modulus of this alloy was determined from
the two stress-strain curves obtained at room
temperature to be 289 GPII. This value Is lower
than observed for pure mlybdenum (32@ GPa).

Plansee performed unfaxlal tension tests on
two speclmen$ of the Mo-14.5 Re tubln that they
fabricated from powder ~tal stock. ! ectlons of
tubhg were used for the test speclnms, which
were held ~n serrated grips for the test. The
tube dlnter was suppurted with a stee; plug.
The results of their experiments on as-drwri and
hydro en anntaled spec{mens are listed In Table V.

!It wt 1 be noted that the strength values for the
tubing contal,ling 14.5 wt%Re are comparable to
those found f6r the bar stock conttlnln 13.8wtX

?Re. They also determlnod the DBTT and o~d that
It was betwotn 75 and 205 K fw the as-dram
material Md less then 21O K for the annecled
mateplal.

xfilwllllfllllllll:lllllllllillllllllilllllll;[llql

Fig. 4. Ho-13Re tensile test specimen
after fat lure.

Fig. 5. Fracture surface of Mo-13 Ro tensile
test sp*ctmn.

Ring Tenston Tests. Twelve 2-inn long samples
of the . -mfi lam by 0.89-nsn wall thickness Phl
1;9-14.5 Re tubtngwera rfng tension tlsted In an
apparatus that applles hydraulic pressure to the
tnslte of the tube. Strain ga es were attached

?to the outside circumference o the rings so tha$
stress-strain data could be obtained. The strain
was not masured continuously so that only thu
Young’s modulus and the0,2Xyleld strength could
be determined. Rtng+amplas were tested In the
as receivedcondltton and wlt~ five different
heat treatirmts. The test results are Included
In Tibl@ V. The average Young’s modulus measured
for the rtng s~les Is 316: 15GPa, whtch Is
comparable to pure molybdenum end slightly greatar
than ntmerved for the Mo-13.8Re alloy.



TMLE v
R~ TEIWERATURE TEMSILE TEST DATAF~ W-14.5 Re PM TUBING

Tast TYIM 0.2S Viald Strength Ul:lmete ElonaatlonS~lQ Condltlon Young’s
Nodulus
_@)_

295
324
305

ND

ND

310
32B

352
328

309

323

300

320

303

Ring 676
:;9

746
763
715

No
ND
No

As-received

k-received Tube tension

Ttie tension

Ring

Ring

Ring

Ring

719 sol 2.6

~ h, tip, 1475 K 355 595 23.4

88.3 h, in VtCW
1400 K

367
374

537
538

ND
ND

2 h, In vacw,
1525 K

293
307

502
483

ND
ND

525310 ND

312

310

463

468

ND

ND

2 h, In v&cw,
1645K

+66.3 h, In vacuo,
1400K

Ring 231

254

460

410

Ho

NO

ND - not determined

TJennophyslcal Pfoporttes

A test ssmple of the swaged bar stock pro-
dKed frcin the cast material was submitted to the
Thermophyslcal Properties Research Laboratory of
Purdue Mlversfty for high tempertiture property
measurements. The bulk dens;tyof the sample was
de:e tried fromtha geocatry end mass to be 10.86
gIS/c$. Thethermal ritffwlwlty wasdetermlned
using the laser flash dfffuslvlty method. The
test apparatus employed a Korad K2 laser, a high
tiacwsbell jer system, a tantalum tube hcdter
Surromdfng the $qle, &fIInfrared detector MId
appropriate instrumntetlon. Amlnl-c~uter-
based digitaldata acqulslt!m systemcapableof
40iJsdate sampllngwas ued.

Measwedvtlues for tha dlffuslvlty ai’eglvm
In Table V] for the temperature ranga from Mbi@nt
to l~K. Temperttu~e dependence of the dlf-
fuslvlty values IS 18s$ than 3.2S over this tem-
perature range with a grtdual Increase frwn3f!0
tO 890k and a decroasg at higher t~erature.

SWclflc heatof thematerlal utismaasured
u$!hg a PQrkin-Elmr Nodel OSC-2 Dlfforentlal
Scrnnln Calorlmter with sapphlru as the refer-

!cnce ma erlal. The differential pc~er requlrad
to hsat ttw smnplts et the SeIM rete was recovd~d
tnc the spnc!flc htet of the sunplo detemlned

7A8LE VI
MEA5uRED VAIUEStWl OIFFUSIVITY

Temperature
(K)

——

296
396
482
574
68?
709
075
973

1095
1226
1333
1485

D;:W#~j~

0.278
0.278
oo~~
0.292
0.295
0.296
0.295
0.292
0.290
0.290
0.204
0.200

from the mans of the sepphir@ standarcland the
mmole, the diffdrenttalpwer, md the known
specificheat of sapphire, 14murmnts extended
;POM room tempwttwe to 950 K. Table YII pre-
sents the rtisults. The masured valws a ree

?clokelywlth val~s calculated from the m xlng
rule uslnq raferencu valua; for pure molybdenum
and rhenlun. 141xlng rule valws were therefore
wed to ●xtrapolate tha specific heat to 1500 K.



Thermal conductivity for the mlybden~-
rhenlun s~le vms calculated from the density-
speclflc heat-d if fuslvlty product. The resulting
values plotted In Fig. 6 show an Increase with
increasing t~erature as expected for alloys.
The thermal conductivltyof pure mlybdenw, Is
also Indicated In the figure. The cross over
point at which the alloy conductivity equals th
condoctlvlty of pure mlybdenun Is about 1500K,
the upper end of the wasuremnt range. The value
of 93.4 U/cm-K for the alloy &t 1500 K Is In
reasonable agreement with val~s extr~olated
from manufacturers data for higher rhenlwn content
alloys.

O.eo -

O.eb -
\

w “

\

0,7b-

O,m ~ 1 h 1
m m MO m

7SMKMTW (K)

Fig. 6. Thermal conductlvltyof Ho-13Re alloy.

T#JiLE VII
SPECIFIC HEAT

Tewerature
(K)

320
325
350
375
400
425
420
475
500
525
550
575
600
625
650
675
700
7?5
750
175

::
850
075

E
950

Spectfl
(Hsw

3.24
0.24
0.24
0,24
0.24
0.24
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.26
0,26
0.26
LJ.26
0.26

16

‘!
i5
8
16
13
‘2 .
15
8
13
‘e
15
la

‘:
16
‘5

0.2652
Q,~661
0.2672
0.2600
0.2689
0.2698
0.2700
0.2716
IJ.27i?5

DISCUSSION

M density of these alloys 1$ law than
expected from a Vegard’s law prediction; however,
the values masured are close to those calculated
from published attlce constants for mlybdenun-
rheniun alloys. 1 The variation of density with
rhenlm content is illustrated In Fig. 7. By
carefully examlnlng this curve,one can detect a
slight knee h the 10 to 15 ut~ region tilth a
trend toward a more rapid Increase In density at
the higher rhenium contents.

13.0

12.s

12.0

a=-

i
11.6

g

B
11.0

10.s

10.0 o~
w

Uss sh81h9

Fig. 7. Effect ~f rhenlwh content on the
density of solid solution molybdenum-
rhenlun alloys.

The elastic modulus of the mlybdenun rhenlun

)
alloys studied Is otierthan that pI,#DllSh@d by
Savitskll, ●t al., for alloys containing O to
30 wt% Re. They report mdulus values of 333 GPa
at 5X Re, 353 GPa at 10S Re, and 383 GPa at 30%
Re. The handbook value for pure mlybdenm Is
316 GPa. This observation suggests the need for
some basic studies of the bonding found In the
Mo-Re alloys In the solid solution regime. Podu-
lus reduction in this composition reglmarnWbo a
reflection of the general alloy softening reported
by Ste?hens and Hltzke3 for low rherium content
nnlybdenum-rhenium alloys. The bonding of these
alloys, as reflected by the Youmg’s modIJILIs,ap-
pearf to be less than expected from a slnple rule
of mixtures. Thts maybe an electronic effuct
slmtlar to that hypothesized by Stephens and
Ultzke.3 A comparison of the strength data for
the different samples tested In this study lndl-
cate a trend toward high ductll~ty for annealed
and recrystallized smples. Although the Pf4 mate-
rial appears to be somewhat less ductile, It snows
good promise and with hmproved processing might
be as duct~le as the malted stock. All strengtn
values aro comparable for comparable heat treat-
ments. Perhaps more slgntficant for metal working
concerns Is the shape of the stress strain curve.
Tbeyleldpolnt henomenon seen In the recrystsl-

!llzedmaterlal ( lg. 3) may lead to compllcat.ions
In metal forming operations. Aclosti exemlnatlon



●

of the brokan tensllcs@cfaan In Fig. 4 will
reveal orange-peel In the necked region. Thenw-
mech~lcil processing will probably have to be
developadto avoid these dlfflcultles.

The DBV observed for these alloys IS close
to th?t previouslyestlmatedby Lmdberg.5
Further uork Is needed to detenslne t9e effects
of Iqmrlties end strain rate on DBTT, but the
results so ftr are very encouraging.

CONCLUSIONS

The results obtslned to date indicate the
suitability of M-13% Re alloy for use in space
reactor heat pipe appllcat:w. The lW DBTTfor
the mterlal In recrystallized condltlon Is par-
ticularly promising. T:Ils alloy shows significant
l~rovemn: In lW t~rature dutlllty ever
both pure mlybdenm and T2Mmlybdenun alloy.
Its lou temperature stren th Is c~arable to
TM. 7thermal conduct vlty of the alloy at
1~ K :-arable to pure molybdenum.

Further Investlg&tlons are needed to dsison-
strate fuel cmnpatibillty, high temperature creep
resistance, radiation sensltlvi’.y and other crlt-
Ical properties. Further st~dies are needed to
OptidZe the C~J$;tlOn Of this alloy fOr the
current application.
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