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ABSTRACT

MoSi2 based composites represent an important new class of’ “high temperature

structural silicides”, with significant potential for elevated temperature structural

applications in the range of 1200-1600 ~C in oxidizing and aggressive environments. The

propeties of MoSiz which make it an attractive matrix for high temperature composites are

describedand the developmental history of these materials trae.ed. Latest resultson
elevated temperaturecreep resistance,low temperaturefracture toughness,and composite
oxidation behavior are summarized. Importantavenues for future MoSi2 based eamposite

development are suggested.

lNTRODUCT’ION

MoS~~ based composites arc attracting increasing iiucntion as high temperature

structural materials [l]. T4e purpose of the present discourse is to provide a perspective

on these silicide-based materials, describing their characteristics, highlighting key recent

rcsmch results, and suggesting important avenues for further development.

The interinetallic compound MoSi~ was tlrst investigated by Hoenigsehmid in 1907

12]. Due to itsexcelknt high temperatureoxidation resistance and brittle charac~crisiics at
low temperatures, it was initially used tis an oxidation resistant coating material fur metals.

I ~[cr, based on ifs electrical conductivity’, it was cmployul as a heating ulcmcnt nlii[criiil

for electrical resistance turnwxs [.{], ‘l’his twatirtg clcmcnt application continues to the

present.

In the early [950”s. Maxwell !irst suggested the use of’ MoSi~ M an clcvatcd

tcmpcraturc stru~tltriil matcri:d [41, ilfl(t dmcrminwl sonw o!’ its high tcmpcralure

lllCChilniCill propcrlics, However, due to the low tcmpcraturc bri[tlc niit(lrl: of” M~)Si~,

hliixw~ll ‘S work Wiis IVII coniinuwl. fincu IIW []~itt~rii~l~ ~()[ll[~~~i[lltv i~t tlli{t timc (i id Il(}t

possess the tools M dcd with bri[tlc s(r~]c[ilrid Inalcriills.

[n [hc !970”s, I’itzcr began examining MoSip ~oilipo~itc~” rcintorcmt with Al~()~,

Si(:, and Nb wire as a meansto improve the tn~~htii~i~.i[l properties of’ MoSi~ [ ? j,

lhmnmging results obtained hy I:itzcr Iml to ii review artklc by !khlichting [()],

suggcs[ing the usc ()( MoSi~ il~ i~ nmfrlx iniit~rii~l for high tcl~lpcriitt~w ~trurtllrill

~xmlposilcs,

Two kcy articles wrrc published in 1985, ‘I’IW Iirst Wil!; illl ;Irliclr by I’itm illld

Ikmmclc [7], describing in dctitil lhcir invcstigathmsof Nh wire-MoSi~ mittrix

uonqmsitcs. III particular, Ihcy showed[Imt Nh wire rcint’orccmeuis signi ftcant Iv itnploved

Ihc ruom temperature mechanicalprqertics of suchcomposites. ‘I”hc.sccondarticle wus
by Gac and Pelrovic [8], in which they establishedthe feasibility of SiC whisker-MoSi2



I

:nalrlx composites. ticm(m~trimnu Imnrofwnwn[s ,:1 rlwm !c:nmmturu mcngm MU fractur~
iOUghflCS.

In 1988, Carter CL.:LI. [Q] mablished [Iut wkmmon SiC .::hislimhloSi~ mwrix

uomposiles exhibited mcchww.d propertws Jvithin l!lc ri~n:c o~ Ilich temperature

engineering duplications. “Ilis ;ml m an il~~~l~ri~!i:~n (11”rcwarch interest In these nmwrials

hy industry. acwlcmia. imd government l;dmramrius. 11 November ls~ 1, the Firs: High

“rcmpcraum Structural Silicidcs Workshop was held ,~t NIST in Gailhcrsburg, NID under

\lmIv t~f Ihc rt:ccnt rc.search rcsulfs[he sponsorship of the OtXcc of Naval IWcarch. .

discussed here were prcscntcd ilt Ihat Workshop.

PROPERTIES OF MoSi2

Of the many known silicicle compounds, MoSi~ appearsthe mostpromising for

elevated temperaturestructuralapplications,due to the following combination of

properties. MoSi2 possesses a high melting point, 2030 W, and excellent high

temperatureoxidation resistance. Although brittle at !OWtemperatures,it exhibits a brittle-

to-ductile transitionat approximately 1O(X)OC (compressivedeformation of single
crystals), with deformation by dislocationplasticity above this temp’atum. MoSi2 is

thermodynamically stablewith potentialceramic reinforcementssuchas SiC, ZQ,

Si3N4, A1203, TIB2, and TiC [10], and may also be alloyed with other high melting point

silicides suchas WSi2 [11]. MoSi2 is an abundant, low cost material which is non-tcxic

and cnvironmentsdlybenign. Additional y, t!uc to its low electrical resistivity (10 micron-
ohm cm at room tempemturc), it can be eleetro-dischargemachined, which is a significant
benefit for the low cost fabricationof components.

The crystal structure of MoSi2 is tetfagonal, with c = 0,785 nm md a = 0.32 nm.

I)lslocations in MoSi2 have ham obsenwd to have e 100>, c 110>, and 1/2< 1I I >

burgers vectors [121. Studies of the elevated temperature compressivedeformation of

single crystalshave indicated :In onsetof ductility fit 1000 W’: and yield stresshwcls of

.WO-8U) MPa at 1lW W“ and 50-270”MPa m 1500 W’, dqnmding on crystallographic
orientation [13]. Bend Icstson low oxygen content, large griined, polycrystallirw MoSi~

indicatea brittle-to-ductile transition in flcxure in the vicinity of 1350 W. with a tlcxural

yield strrssat 1400 W d’2 10 MPiI [ 141, The rmn mnpmturc fracture mughnc$sof

polycrystallinc MoSi~ is J Ml}i~ In l/~ , iln(l thr (racturc Ill(ldc is 7S% !filll!i~rillllllilr illld

‘5% intcrgrarmlarilt room Icmpcraturc I I5]. I IS hildllWiS is ‘1 ( il]il. ‘l-h! lhWll!ill-.

cxpimsioncocllkicnt ol MoSi~ is 7-10 x I()-h (1””1 in Ihc rilflgC of 3). I 4(R)”(”, illl(l is a

reasonablyclosc match 10 that of Al~().\. Its Ihcrmilt conductivity is h5 W/IIIK ilt room

tcmpemtureand decreasesto N) W/mK at 140(.)W’. ‘I”hcscconductivity viduts tire
inlr :mediatc between Si~N4 and SiC.

The clcwttcd temperatureoxidation resistance01 MoSi2 is similar 10 Ihat d’ Si(’,

since it forms n very protective, wthcrent. Imd coherentSi02 li~y~r. Rcwnt work [ I (I i has

shownthat the maximum oxidation rntcoccursilt W W, an intcrmedititctcmpcrmure
range where oxidation pcstingcan occur umlcr certain conditions, However, pestIwhuvior
is not obscrvodin stress-t’rcesinglecrystalsof MoSi2, or in dcnxcpolycrystallinc



MoSi2 COMPOSITES

MoSiz possesses excellent elcvmed tcmperamre oxidation resistance. However, for

MoSi2 to be used as an oxidation-resistant elevated temperature structural material, both its

high and low temperature mechanical propxties mustbe significantly improved. This
dictatesimprovements in high tempeniture strength and crtq resistance, and low

temperature titure toughness.

ltie ~mpositc approach with MoSi~ as the matrix can praluce such mechanical

property improvements. MoSi2 is stable with a large number of carbide, nitride, oxide,

and boride c.mtmic reinforcements, such as SiC, TiC, Si3N4, Z-, Al~03, ‘Y203, TiB2,

and ZrB2 [1, 101. It is reiictive with refractory metals such as Nb, Ta. Mo. and W, MoSi2

also reacts with carbon.

Significant issues for MoSi~ composites include reactivity of reinforcement and

matrix, thermal expansion coefficient mismatch, low temper; llure fracture toughness,

elevated temperature creep resistance, and both intermaliate and high temperature

oxidalion resistance, “R) date, the most extcnsirrcly studied MoSi2 based composites have

been SiC-MoSi2, Zr02-Mc?Si2, C- MoSi~, A120~-MoSi~, “ri132-MoSi?, and refractory

metal-MoSi2. Key research findings on the propwics ot selected MoSi~ composites will

now be disclmed.

COMPOSITE EI.KWA’l’Ii!) ‘l”I;MPEWATU RI; CKIXP Rli!SISTANCII

Adt+tliltc crccp rcsisl:mcc is il ~.~ntrill issue for high wmpcr;~turc \tr[i~[[llill

lllillCriill S, The crccp bf’i:nvim t~t Si(’-MoSi: (wmposilcs 11;1sbum L’XillllillLXl IIw III(M

uxtcnsivciy tO diltC [ 19,20.2 I j, ob.%’lVLXl crcvp riik!i ilr(: shown in l’;lhll! 1.

A number of aspectsmay hc no[cd in ‘1’ilbi~ 1. Absolute crcrp rntc values rqxmted

by [he different investigators are not lotally coll:;istcnt with wc iitlt)th~r, “I”his mily he

rclnted 10 differences in prorcssing of the WI icus nliltcriais examined. Kcinkmxmcnt

with SiC whiskers significantly reduces ti~c creep rate by more than an order of mtignitudc,

while incorporating WSi~ in solid solution with .MoSi2 also leads to Iowcr creep rales.

low crccp rates iir~ observml in SiC rcint’orml composites wi[h a MoSi~-WSi~ alloy solid

solutiorl matrix, suggestingaddilivc effects ot rcinff]rccmmtl ml solid ‘solution on creep

rii[c. Creep riitcs in tension ilre higher lhan in compression, The crccp rate of il K 2 I () >

oriented MoSi~ single crystal is similar to th;lt ot” polycrystaliinc MoSi~,



‘i-he Iowesc creep mm oiwmui M ! 1(OUW.; ,’.nd 50 AIRI I’or curren[ hfo!ji: ixlsed

composites are of [he order or 10-d $-1. Such creep rate lCWCISIVOUIII lead to I !% crccp

strmn in approximately .300 hours m this tcmperatt”re and stress. 13y way of comparison,

[he creep rate under

orders of magnitude

Table 1.

\laterial

MoSi~ HP

MoSi2 HP

MoSi2 HIP

50/50 MoSi2-WSi2 HP

50150 MoSi2-WSi2 HP

20% SiC(w)-MoSi2 HP

20% SiC(w)-MoSi2 HP

these conditions for a MA R-A1-50!J ‘,uperal]oy is .3 x 10-5$-1. [hree

higher thw [he MoSi~ imsed compusl[es,

20% SiC(w)-MmSi2 HIP

20% SiC(p)-MoSi2/WSi2

20% SiC(w)-MoSi@VSi2

20% SiC(w)-MnSi2NSi2

Creep Rates

111P

}IP

HP

MoSi~ slnglc cryrmd <210>

(Iiilii in

for hloSi~ Materials at

r~>l r~m

Compresmon

Compression

Compression

Comprc8sion

Comprcxaion

Compmalon

Compmsaion

Comprwwn

Comprwsmn

Compression

Tension

Compression

1200” WI and 50 hlPa

~rmm Rale (d) ~

1.5 x lo~ 19

9X lo~ 20

4 x 10-7 20

lsxlc!~ 19

1.6 X 10-”) 20

1.6 X @ 19

I.b x IO-7 20

I.R x 10-8 Z()

6 X 10-8 20

5 x 10-~ 21

2.5 X 10-8 21

I %IO-7 20

II P = hot prwwd 111P H II()[i~mhllcuilvprfswd

(lbscmed crccp pilramctcrs for MoSi2 materials are summarized in ‘~ablc II. The

Table II provide .somc initial insight into crccp mechanisms in MoSi2 materiills,

( ‘rccp stress exponents arc in [he npproxi nuuc rimgc of 2-3. A crccp stress exponent of !
i$ indicative of viscous Ilow proccsscs. I{xponcn[s in th~ rilllgc of I --l SU~gC!it il

combination of viscous tlow and power lilW Llislocilticm crwp. Slrcss exponents 013-4

indicate dislocation rceovery cormollcd by self diffusion, while cxpuntnls grei~tcr than 4

iir~ taken to indicate the glidciclimb of dislocations,

The stress exponent results (or polycrystidlinc MoSi~ malcrials suggest that

dislocationprocessesplay a major role in creep deformation, It is also possitdc that grain

boundaq sliding with invitation duc to Ihc presence of viscwls silica phases at the grain
boundaries is an additional crctp mechanism in current mawrials, This may ii(.C()~nt f;)r

[hc ob.served creep rate differences in tcnsiun ml cmnprcssion, Self diffusion ilCliViNiWt

mcrgies in MoSi~ ~re not WCII known, “1.hcacliviition energy for Si diffusion in MoSi2 is

indiciltedto be approximately 250 Ulmolc [22,231, Bawd on creep data, Sadanandact.id.
[19] have inferred an activation energy of 350-540 Id/mole t’or Mo diffusion in MoSij,



;nechanisms.

11 :Uenal

kfOSi~

.M0Si2

50150 MoSi2-WSi?

50/50 MoSi2-WSi2

20% SiC(wpMoSi2

20% SiC(w)-MoSiz

20% SiC(w)-MoSi2/WSi2

20% SiC(p)-MoSi2/WSi2

20% SiC!(w)-MoSi2/WSi2

MoSi2 single crystal

(-rcep Parameters (or hloSi~ hla[erials

Compressmn

Compre..sion

Compression

Comprasion

Comprcssmn

Cmnpre9sion

Tension

COmpressiOn

Tump.

~YJ

I [00-l Md

I200

1100-I3OO

1200

1101450

1200

l15&1225

I200

1101200

I200

$Iress

Iixrnmcnt

1.75

3

2.27

3

2.63

3

2.3

3

3.2

J

.AclivflllOn

EI!Eu!
~ld/m(>le]

380

306

540

3(%

3(X

312

306

557

25 I

NJ

19

20

19

20

19

20

2i

20

21

20

COMPOSITE FRACII.JRE TOUGHNESS

Since MoSi2 is a brittle material below its brittle-to-ductile transitiontempemture,

composite approachesio improve low temperaturefracture toughnessgenemlly follow
those employed for structural ceramic materials. Evans [24] has recently summarized such

approaches, indicating that composite toughening mechanisms decrewe in effect in the

following order: continmms !Ibers, metal dispersed particles. transtorrnation toughening,

whiskers7platelets/piirticles, microcracking,

“rable III. Room Tcmpmturc f;racturc ‘I”oughncss of MoSi~

.1YW[J[ R(.lnf~r~c~\ ~J,@wsI rriiclilr~ ‘l{)u~hn~s~

W I’M,#)

Rcfradory meld (Nh, W, Mu) wlrc~ GMtcr lhan I5

20 vd, % TB particles 10

20 vd. % ZK)2 pmliclsw 7.N

XI vd, % SiC whiskcrH 4,4

20 vd. % SiC pmliclcx 4.0

Pdycrystelline MoSi2 3

Based Colnpos:tcs

7, 25

26

21

2R

2.9

Is



Current low [Jlnpcrmurc [racturc mu~ilnesb rukIlts (or \loSl~ imw l:laterl:lisi.irc

summarized in Tdble 111. [[ is cvldent trom “rilble 1[1 Ihat \loSi~ uomposltcs can po~sess

~ignillcantly higher room tcmpermure irac[ure toughness [lIan polycrysulline NfoSin.

Refractory metal wires :md par:icics have cxhiblwt [hc highest toughness Icvels 10
dale. However. the oxidation resistance oi such composi[cs cwi bc poor. [n d,ii[ion,

MoSi~ is not thermodynamically smble ~ i[n [hc rctractorv mcials. znd [bus coatings are

required on refractory metal reinforcements in order m minimize reaction effects.

Concemi[ig such effects, hlaloney and Hecht [251 Imvc oknwd [hat oxide “plugs” form

over the refractory metal Iibers of W--l% Rc tlbcr rciniorcwi MoSi~ composites when

exposed ! .ir at 1400 W, which protect the fibers from fuflher oxidation. They have

employed A12C)3 coatings on the tibers to minimiie reaction effects with MoSi2.

Zr02 transformation toughening effects can produce substantial toughening in

MoSi2 based materials. Highest toughness !evels to date have been obtained with

unstabili~ ZrQ, and appear to be associated in part with microcrack toughening

mechanisms. A very intriguing additional aspect occurring in unstabilized Zr02-MoSi2

composites is the “pumping” of dislocations into the MoSi2 matrix as a result of the

volume change associated with the spontarmus ZI-02 tetragonal-to-monoclinic phase

transformation [27’1. Upon cooling from the fabrication temperature( i700 oC), this

transformationinitiates in the vicinity of 1175 oC, The unstabilized zirconia

transformation tern~rature is above the biittlc-to-ductile tiiinsition of MoSi2, and so

dislocation ‘pumping” occurs as a . .sult of the spontaneous Zr02 tmnsformation strains.

R-curve behavior and synergistic toughening effects with combined Zr02-SiC

reinforcements have also been obsemx! [27]. Presence of Z@ cims not significant] y

degrade the elevat~d !cmpcrature oxidation resistance of ZrOL-MoSi2 composites [30].

Only moderiite room temperature toughening effects are derived from submicron

SiC whiskers and particles. Toughening levels for these reinforcements are similar to those

observed in ceramic matrix composites [3 I ], and arc ussociatcd with mechanisms such as

crack deflection and crack bridging.

A very impottant rcccnt observation is that grain boundary silica phases, resulting

from oxygen on the surfaces of commercial MoSi2 pwdcrs, have a detrimental effect on

Ihe elevated temperature frticturc toughness of polycrystalline MoSi~ rrmterials [32,33].

“rhis occurs because pIuscrIcc of [hc silica phase promotes grain boulxlar) sliding

deformation mechanism. When the grain boundary silica is removed by reaction with

carbon additions, frauturc hmghrwss increa.scs with increasing tcmperwurc, duc to the
operation of dislocation plasticity mechanisms. ‘rhc fracture toughness of@

MoSi2 containing 2 wt. % carbon hasbeen rcpnruxl 10 bc 1I,5 MPa m

a “Emccful failurcm stress-stmin response duc to plasticity ctfccts [331.

~OMFUqITE OXllJATloN lU1}lAVlOR

fcrystalline

~~ U(~, with

It is important Ihat MoSi~ compmitc dcvclopnwnt avenues Icad to nlillcri;ll~ with

acceptable oxidation behwi, )r at both devated and intermediate temperatures. The
oxidationof MoSi2 basedcompositeshasrecently been invcstiga!cdby Cook ct.al, [34],



Cyc]ic oxidation results tlom [hi~ study :]re summarized in Table IV.

“rable IV. 72 Hour C}ciic Oxidation of MoSiq (“ompositcs at IJOO ‘Y tind IS(X) oC

.MoSi~ ().1

30% SiC-MoSi2 0.01

30% TiB~-MoSi2 0.6

30% HfB2-MoSi2 0.7

30% ZrB2-MoSi2 2.7

These cyclic oxidation results indicate that SiC-MoSi2

0,4

0,5

2.8

2.0

7.3

compositespossessthe kst ekvatd

tempmtrc oxidation resistance in comparison to pwe MoSiz, and that TiB2-MoSiz and

H@-MoSi2 also possessreasonableoxidation resistance.

Ccmket.al. [34] also @ormed intermediatetemperatureoxidation studiesat 5(X)

W, for both static and cyclic conditions. With the exeeption of the SiC reinforcement,

none of the materials in Table IV exhibited oxidation pest behavior. Pest behavior was not

observed either statically or after 1200 oC.cycling for the SiC-MoSi2 composites, but was

observed after 1500 oC cycling. The occurrence of pest behavior was attributed to the

large particle size of the SiC reinforcement, since particles on the order of 50 microns were

present in the composite matrix. It is likely that these large particles in combination with

the thermal expansion mismatch between SiC and MoSi2 Imi to thermal stress-induced

cracking and associated pesting.

These intermediate temperature oxidation results make it cl-r that thermal

expansion coefficient mismatch and reinforcement size effects must be kept in view in

MoSi2 based composite development. For SiC reinforcements, this dictates that the size of

the SiC phase should be kept as small as possible, so as to eliminate lhcrmally induced

cracking. [t may also indicate the use of pest inhibiting additives such as MoGc~ [7] in

developmental composite approaches.

IMPORTAIW” AVENUES FOR FUTURH MoSi2 FIA!WI) COMK)SITE

13EV1:.1KIPMENT

Important aspects of future MoSi2 bawd composite development can be roughly

divided into the three ~encral areas of matctials, processing, and properties. Kcy research

avenues for each arm arc indicated in Table Vi In pursuing the various aspects of MoSiz

based compositedevelopmcru indicated in Table V, it is important to keep in view the fact

that MoSiz is a -~c intcrmetallic compound, due to its mixtxl metallic/covalent/ionic

a~~,mic ~nding s~tc. This rnatcrial possesses ceramic-like brittleness at room Icmperature,

anct metal-like plasficity at elevated temperatures. In addition, MoSi2 composites require
__!P ..-. ..-1 ---- r-a.i~-- - # ..mrn~- .-inh-am-nt- ad hmh nmrgmip gnri nleial



:mxssmg techniques are impoflant r’or their m’mpmnt. ‘~li [he above r-actors tiicute

[hat the optimization or’ hloSi~ nascu cmn~slks WIII1require [he combines skills or hwh

ceramists and metallurgists.
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Tabk V. Key Research Areas for MoSi2 BasedCom~site Development

Ms!aw

O Elimhticm of MoSi2 pin boundary silica ~

o H.igb qulky starting powders (subrnicrm, high puiity, low oxygm cm-t)
o Rmmvat with cub.t additicms

O MoSi2 alloying with other high melting point silicides

o Binary and ternuy silicide phsse diagruns

O Investigations of MoSi2 single crystals

o Basic information on mechanical behtivior, diffusion, oxidatirm

Mz?wl18

O Development of important MctSi2 composite processing tahnologies

o Discontinuous fiber/particle, continuous tkr, Iayerat composites
o Presswelas sintering
o HIP, Sinter/HIP
o Plssrnm spraying
o Hot working
o osprey praw
o In-sire composites
o Mdmnic.al alloying
o Rapire tine, unifoml dispersions of second phnae cmnstiluents

(1 Improve MoSi~ composite rrrechumcal pro~rtles while rctalnmg clev~ted and Inlermcdlalc Temperature

{Jxdatmn re..istsnce
o !mprove elevat~ te~mtum Stmngti/c~p re iWnce

o Increase low temperature frscture toughnearr
o Ixiwer britt Ie-to-ductile transition temperature
o Improve thernwl shockhhernd fatigue raiwnce

o Optirrh mdmnicsl fatigw behsvior
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