
BY _PPLIED _ _ R,





Los Alamos National Laboratory is operated by the University of California for the United States Department of Energy under contract W-7405-ENG-36

TITLE:Mechanical Behavior of MoSi2 and MoSi2 Composites

AUTHOR(S): 50]113. J. Petrovic, lIST-/.,.

SUBMITTED TO:3rd International Conference on High-Temperature Intermetallics
May 16-19, 1994
Hyatt Islandia
San Diego, California

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their

employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-

mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.

By acceptance of this article, the publisherrecognizesthat the U.S. Government retainsa nonexclussve,royalty.tree license to publishor reproduce
thepublished form of this contribution, or to allow others to do so, for U.S. Government I:)urposes.

The Los Alamos National Laboratory requests that the publisher _dentily this articleas work performed under the auspicesof the U.S. Department of Energy.

los Alamos,NewMexico87545
FORM NO. 836 Ra

sT..o.2s295,s_ 131STRIBUTION OF THIS DOCUMENT IS UNLIM;TED



MECHANICAL BEHAVIOR OF MoSi2 AND MoSi2

COMPOSITES

John J. Petrovic

Ceramic Science & Technology Group

Materials Science & Technology Division

Los Alamos National Laboratory

Los Alamos, New Mexico 87545

ABSTRACT:

MoSi2 is a keymember of the new class of high temperature structural silicide

materials. Important features of the mechanical behavior of MoSi2 and MoSi2 composites

are reviewed. The mechanical properties of MoSi2 single crystals, polycrystalline MoSi2,

and MoSi2-based composites are discussed in association with properties such as elevated

temperature deformation and low temperature fracture toughness. Interrelationships

between single crystal, polycrystal, and composite mechanical behavior are identified.

INTRODUCTION:

Materials based on the silicide MoSi2 hold considerable promise for a wide variety

of elevated temperature structural applications at temperatures above 1000 °C [1-3].

J Industrial applications include furnace elements and components, power generation

components, high-temperature heat exchangers, gas burners, lances for liquid metals and

glasses, igniters, and high-temperature filters. Aerospace applications include turbine

aircraft engine hot-section components such as blades, vanes, combustors, nozzles, and

seals. Automotive applications involve components such as turbocharger rotors, valves,

glow plugs, and advanced turbine engine parts.
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MoSi2possessec a combinationof propertieswhich make it attractiveas a high

temperaturematerial. It has a high meltingpoint of 2030 °C, with excellent high

temperatureoxidation resistance,essentiallyequivalent to the oxidationresistanceof the

silicon-basedstructuralceramicsSiC and Si3N4. It exhibitsa brittle-to-ductiletransition in

the vicinity of 900 °C, as determinedby the compressionof singlecrystals. MoSi2is

thermodynamicallystable with a wide varietyof potentialceramicreinforcementsfor

composites, includingceramicssuch as SiC, Si3N4,ZrO2,AlzO3,mullite,YAG, Y203,

TiB2,and TiC. Its stabilityextends essentiallyto the full rangeof important structural

ceramicmaterials. MoSizcan be alloyedwith other high melting point silicidesas another

potential avenue to improve its properties.Possiblesilicidealloying species are WSi2,

NbSi2,CoSi2,MosSi3,and TisSi3. MoSi2is an abundant,relativelylow cost material

which is non-toxic and environmentallybenign. Because of its relativelyhigh electrical

conductivity,MoSiz and MoSi2-basedmaterialscan be electro-dischargemachined

(EDM).

There are four generalaspects to the structuraluse of MoSi2 materials. The first is

as a matrix forMoSi2-basedcomposites. This aspect has seen the most activity to date.

However, a second aspect is the use of MoSi2as a reinforcementfor structuralceramic

matrixcomposites. Very littlework has been done to date in this area. Third,MoSi2is a

potential high temperaturejoining materialfor structuralceramics,dueto its oxidation

resistanceand high meltingpoint. Finally,MoSi2-basedmaterialscan serveas oxidation-

resistantcoatings for refractorymetals and carbon-basedmaterials.

The silicideMoSi2can best be describedas a borderlineceramic-intermetallic

compound. A generic definitionof a ceramicis that a ceramicis a solid, iono-covalent,

inorganiccompound. Applying this definitionto MoSi2indicates its borderlinenature,

since it differsfrom a ceramic only because its atomicbondingis a mixtureof covalent and

metallic. MoSi2possesses ceramic-likehigh temperatureoxidationresistance,and metal-

like electricalconductivity. This materialexhibitsceramic-likebrittlenessat room

temperature,and hence fracture toughness is a major issue. It also shows metal-like

plasticityat elevatedtemperatures,with the resultthat creep resistanceis a majorissue.
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For MoSi2-basedmaterialsto be successful in elevated temperature structural

applications, it is necessaryto improveboth high temperaturestrengthand creep

resistance, as well as low temperaturefracturetoughness. In this paper, importantaspects

of the mechanicalbehaviorof MoSi2and MoSi2composites are reviewed. This is best

accomplishedby consideringthe behaviorof singlecrystals, polycrystals, and composites

based on this material.

SINGLE CRYSTAL MoSi2:

Thecrystal structureof MoSi2is the C1lbtype, as shown in Figure 1. It can be

viewed as the stackingof three body centeredsub-unit cells. Unal et.al. [4] and Maloy

et.al. [5] have analyzedthe possible slip systemsin MoSi2. Potential slip systemsare

shown in Table 1. Importantburgersvectors for slip are shown in Figure2. In general,

the Peierlsstress for a given slip systemis expected to decreasewith increasingratio of

slip plane spacing/Burgersvector, d/b. Thus, in Table 1, the slip systemswith the highest

values of d/b mightbe expected to be favoredin the deformationof MoSi2. However,as

will be shown, this is not necessarilyalways the case for this material.

The mechanicalbehavior of MoSi2singlecrystalshas been studied to a limited

extent [5,6-10]. Umakoshi et.al. [7] werethe first to determinethe compressive

deformationof MoSi2single crystals as a function of temperatureand crystallographic

orientation. They determinedthat the onset of plastic deformationin singlecrystalsbegan

at a temperatureof approximately900 °C. They also showed that crystallographic

orientation had a significanteffect on yieldstress. Specifically,the yield stressof crystals

in the [001] orientation was observed to be very much higherthan the yield stress in other

crystallographic orientations.

Yield stressesof MoSi2single crystalsas determinedby Maloy [5,10] are shown in

Figure 3. As with previouswork, the onset of plastic deformationappears to occur at 900

°Cin MoSi2singlecrystals. Yield strengthsin the [001] orientation were observed to be

significantlyhigher than those reported by Umakoshiet.al. [7], with a yield stress value of

600 MPa at 1600°C observed. Yield stressvalues in the [001] directionwerenoted to be



sensitive to the appliedstrain rate, and increasedsignificantlywith increasingstrainrate.

Strengths in other crystallographic orientations were much lower than those in the [001]

direction.

Slip systems which have been observedto operate in elevated temperature

deformation of MoSi2 singlecrystals are shown in Table 2 [5,10]. At the lower

temperatures, the {013}1/2<331> slip system is observed to be active, as well as the slip

systems {011}<100> and {110}1/2<111>. At higher temperatures, the {110}, {011},

and {001} slip planes have been observed, with <100>, <110>, xnd 1/2<111> Burgers

vectors.

Nakamura et.al. [9] have determined the elastic stif_esses and compliance

constants for MoSi2 single crystals. These values are shown in Table 3. From these

values, they have estimated the following values for polycrystalline MoSi2: Bulk modulus

K = 210 GPa, Young's modulus E = 440 GPa, Shear modulus G = 19 | GPa, Poisson's

ratio v _0.151.

POLYCRYSTALLINE MoSi2:

Thestrength of polycrystallineMoSi2 generallydependson the silica content and

the grain size of the material. High silicacontents and smallgrain sizes tend to promote

grain boundary slidingas a deformation mechanism,which can operate at lower stress

levelsthan dislocation plasticity. The yield stress behaviorof low silicacontent, relatively

large grainedMoSi2polycrystallinematerialhas been studiedby Aikin[11], and is shown

in Figure4. Undercompressive deformation, polycrystallineMoSi2can exhibit significant

plastic deformationat temperaturesas low as 900 °C. However, in bending deformation,

the brittle-to-ductiletransitiontemperaturehas been observedto be between 1300-1400

°C. As shown in Figure4, the yield stressof polycrystallineMoSi2is in the vicinityof 200

MPa at 1400 °C for both compressionand bendingmodes of mechanicalloading.

Gibalaet.al. [12] have shown that prestrainingpolycrystallineMoSi2at an elevated

temperatureof 1300 °C can significantlylowerthe brittle-to-ductiletransitiontemperature

of the materialas measuredin compression. The prestraininghas been observedto lower
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the transitiontemperatureto as low as 750 °C. This transitiontemperatureloweringis

attributedto the introductionof mobiledislocationsinto the materialas a result of the

elevatedtemperatureprestrain. The presence of greaternumbersof mobile dislocations

then promotesincreasedplastic deformationat the lowertemperatures.

Sadanandaet.al. [13] have shown that the elevatedtemperaturecreep behaviorof

polycrystallineMoSi2is sensitiveto grain size, as shown in Figure 5. This sensitivityof

creep rateto grain size in MoSi2is higherthan expected, since elevated temperaturecreep

appears to be controlledprimarilybydislocationglide/climbprocesses, as well as grain

boundaryslidingaccommodatedby dislocationplasticity. The grain size exponent

observed for MoSi2is in the range of 5-8. ForNabarro-Herringcreep one expects a grain

size exponent of 2, while for Coble creep a grain size exponent of 3 is expected. These

grain size effects on the elevated temperaturedeformationof polycrystallineMoSi2are

unusual and not fullyunderstood at the presenttime. However, they also occur in other

intermetallicsystems as well [13].

At low temperatures,polycrystallineMoSi2is a brittle material that is similarto

ceramics in this characteristic.Wade and Petrovichave determinedthat at room

temperature,the fracturemode of MoSi2is 75%transgranularand 25%intergranular [14].

The roomtemperaturefracture toughness of MoSi2is 3 Mpa m_rz[14,15]. This fracture

toughness value is similarto that of a polycrystalline,equiaxed Si3N_ceramicmaterial

which is densifiedwithout the use of densificationaids.

The presence of a silica phase in polycrystallineMoSi2has been observedto have a

detrimentaleffect on the fracture toughness of this material,particularlyat elevated

temperatures [16]. Figure 6 shows fracture toughness as a function of temperature,for

polycrystallineMoSi2both without and with carbonadditions. Without a carbonaddition,

silica in the MoSi2microstructurecauses the toughness to decreasewith increasing

temperature, dueto grain boundaryfractureeffects. However, with carbon additions,the

toughness increases, due to the operation of dislocation plasticity. A fracture toughness of

nearly 12 Mpa ml/2is observed at 1400 °C forpolycrystallineMoSi2with addedcarbonto

removethe silica phase. A transitionfromintergranularto transgranularfracture in
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polycrystallineMoSi2 at elevated temperatureshasbeen observedas a resultof these

carbonadditions[16].

MoSi2-BASED COMPOSITES:

Creep Behavior:

The creepbehaviorof MoSi2-basedmaterialshas recentlybeenreviewedby

Sadanandaand Feng [17]. A numberof factorshave been observed to improve the

elevatedtemperaturecreep resistanceof these materials. The introductionof SiC

whiskers significantlyimproveshigh temperaturecreep resistance. Creeprates of material

containing 20 vol.% SiC whiskershave been reportedto be approximatelytwo ordersof

magnitudelower than those of polycrystallineMoSi2. Alloyingwith WSi2has also been

observedto improvecreep rates,but to a lesserextent than SiC whisker additions. Effects

of whisker additions and alloying have been seen to be additive. SiC whiskers have

generallybeen observedto be moreeffective than SiC particlesin termsof improving

creep resistance, indicatingan importanceof reinforcementshape morphologyon creep

behaviorof these composites.

An important observation which has been made is relatedto the competing effects

of SiC reinforcingadditionvolume fraction and associatedgrainsize of the MoSi2matrix

on the creep resistance of SiC-MoSi2composites. As SiC is added, the grain sizeof the

MoSi2is reduced. This leads to a maximumin the composite creep ratewith volume

fraction of SiC addition, as shown in Figure7. Creep rates for 5,10, and 20 vol.%SiC

particlereinforcedcomposites are higherthan those of unreinforcedMoSi2,whilecreep

ratesof a 40 vol.% SiC particle composite are substantiallylower. This behavioris related

to the fact that, with increasingSiC addition,the grain size of the MoSi2matrix is reduced.

The reducedmatrixgrain size then promotesthe operation of grain boundarysliding creep

mechanisms.

The creep mechanismsin MoSi2-basedcompositesappearto be a combinationof

dislocationglide/climbprocesses, as well as grain boundarysliding. The extent of grain
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boundary slidingdepends on the amount of silicaphasepresent in the composite

microstructure,as well as the grainsize of the MoSi2matrix. Wiederhornet.al. [I8] have

shown thatcreep rates in tension are higherthan creep rates in compression,due to the

operation of these grainboundaryslidingprocesses. Stressexponents for the creep of

MoSi2and many MoSi2composites are in the vicinityof 2-5, while creep activation

energies are in the rangeof 300-600 ld/mole. The stressexponents suggest dislocation

glide/climbprocesses and/orgrainboundaryslidingaccommodatedby dislocation

plasticity. Although self-diffusionvaluesfor MoSi2have not been extensivelyestablished,

publishedvalues are 250 Id/mole for Si in MoSi2and 350-540 kJ/molefor Me in MoSi2

[19]. Theseself-diffusionvalues are in the rangeof observedcreep activationenergies.

Figure 8 shows a comparisonof MoSi2composite creepratesto those of other

metals_andintermetailics[17]. It is clearthatMoSi2materialsare significantlymorecreep

resistantat elevatedtemperaturesthanthese othermaterials. AlthoughMoSi2-based

materialsare notyet as creep resistantas silicon-basedstructuralsilicidessuchas Si3N4

and SiC, with continuedmaterialsdevelopment,the creepresistanceof these structural

silicidematerialsmaymatchor even surpassthat of the structuralceramics.

Crack Growth Behavior:

The elevated temperaturecrackgrowthbehavior of MoSi2materialsunderstatic

and fatigue conditions has been studiedby Ramamurtyet.al. [20,21]. Crack growth

occurs by grain boundarycontrolledmechanisms. Crack growth behaviorhas been

observedto be significantlyaffectedby additionsof carbonto the microstructure[21].

Crack growth rates at 1300 °C are reducedbyapproximatelytwo ordersof magnitudeand

the AK for initialcrack growth increasedby a factor of two with the additionof c_rbon.

This reflectsa reduction in the amount of microstructuralsilica present,due to reactions

between the silica phase and the carbonto formin-situ SiC. Figure9 compares cyclic

fatigue crack growth ratesof MoSi2materialsto a numberof otherhigh temperature

materials[20]. The MoSi2materials comparequite favorably,both in terms of initialcrack

growth and the sensitivity of crack growth rate to the appliedcyclic stresses.
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Fracture Toughness:

Evans has nicely summarized the results of years of research on the toughening of

structural ceramic materials [22]. The toughest ceramics have been composites

incorporating continuous fiber reinforcements. The next toughest ceramics are those with

ductile metal second phase dispersions. This is followed by ceramic materials

incorporating zirconia transformation toughening effects. Second phase

whiskers/particles/platelets fall next in the heirarchy of toughening mechanisms. Finally,

matrix microcracking constitutes the least effective, although still significant, toughening

approach.

In the work performed on MoSi2 composites to date, the fracture toughness

heirarchy which has been observed for ceramics has also been observed for MoSi2

materials, as shown in Table 4. The toughest materials have incorporated refractory metal

wires. These materials exhibit the "graceful failure" fracture morphology observed in

continuous fiber ceramic matrix composites [23]. Composites containing Ta particles

have shown the ductile phase toughening effects associated with the plastic deformation of

ductile particles bridging the crack opening [24]. However, it is important to note that

refractory metal reinforcements in MoSi2 composites can exhibit significant reaction and

oxidation problems.

ZrO2 transformation toughening effects have been employed to toughen ZrO2

particle-MoSi2 matrixcomposites [25]. Figure 10 shows the fracturetoughnessof these

composites as a function of the amount of YzO3 stabilizer in the ZrO, phase. Unstabilized

ZrO2 is observed to produce the maximum toughening effects in these types of

composites. The unstabilized ZrO2 tetragonai-to-monoclinic martensitic phase

transformation occurs spontaneously upon cooling in the vicinity of 1100 °C. Thus, this

transformation occurs above the brittle-to-ductile transition temperature of the MoSiz

phase, where the MoSi2 is still ductile. Since the ZrO2 tetragonal-to-monoclinic phase

transformation produces an approximately 4% expansional volumetric strain, this

transformation effectively "pumps" dislocations into the MoSi2 matrix, with potentially
7
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beneficial effects on the brittle-to-ductile transition temperature of ZrO2-MoSi2

composites, as well as on improvements to the fracture toughness.

SUMMARY:

The above discourse has been an attempt to review the current salient features of

the mechanical behavior of MoSi2 and MoSi2 composites. The mechanical behavior of

MoSi2 single crystals was discussed, and possible and observed slip systems described. A

most interesting feature of single crystal behavior is the extremely high strengths seen in

the [001 ] orientation at elevated temperatures. The elevated temperature mechanical

properties of polycrystailine MoSi2 improve with decreasing silica content and increasing

grain size. The brittle-to-ductile transition temperature of polycrystalline MoSi2 can be

reduced by the introduction of mobile dislocations as a result of high temperature

prestraining. Transgranular fracture is the primary fracture mode of polycrystalline MoSi2

at room temperature. Carbon additions improve elevated temperature fracture toughness

by removing deleterious silica phases.

Creep, crack growth, and fracture toughness can be substantially improved by the

development of MoSi2-based composites. An important feature associated with creep

resistance is the balance between reinforcement strengthening and matrix grain size

reduction due to the reinforcing phase. Creep mechanisms involve dislocation glide/climb

and grain boundary sliding accommodated by plastic deformation. Good elevated

temperature crack growth behavior is exhibited by MoSi2-based composites, and is further

improved by carbon additions. Toughening mechanisms for MoSi2-based composites

parallel those for structural ceramics. Continuous fiber reinforcement, ductile phase

toughening, transformation toughening, second phase whiskers and particles, and matrix

microcracking are all mechanisms operative in MoSi2-based composites.
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Table I: Possible Slip Systems in MoSi2 [5].

Slip System Slip Plane Spacing Burgers Vector d/b ratio
d(nm) b(nm)

{013}<I00> 0.202 0.3204 0.630
{010)<I00> O.160 0.3204 0.499
{110}<II0> 0.226 0.4531 0.499

{110}I/2<I1I> 0.226 0.4531 0.499
{001}<I00> 0.131 0.3204 0.409
{011}<100> 0.0989 0.3204 0.309

{110} 1/2<331 } 0.226 0.7848 0.288
{013 } 1/2<331> 0.202 0.7848 0.257
{011}I/2<III> 0.0989 0.4531 0.218
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Table 2: Slip systems observed in MoSiz single crystals [5,10].

Crystal Temperature Strain Rate (s" Burgers Slip Plane
Orientation _ Vector

[001] 900-11oo _ 1/2<33]> {013}
1/2<111>
<110>

1200-1400 -_ < ! 00> {O01}
<I I0>

1/2<111> {llO}
1400-1600 _ < 100> {O01}

<110>

1/2<111> {llO}
[021] 1000-1200 "_ and _ 1/2<111> {llO}

1300-1400 "_ and_ <I00>
[7711 lO00-1100 "_ 1/2<331> {013}

l/2<l 11>
<llO>

- lO00 -_ <lO0>
1lO0-1300 "_ <lO0>

-- 1200-1300 "_ <100> {Oll}
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Table 3: Elastic stiffness and compliance constants for single crystal MoSi2 [9].

Elastic Stiffness C,I I Elastic Compliance S,I

ell 4.170 Sll 2.611
C33 5.145 S33 2.051
C_ 2.042 S_ 4.897
C66 1.936 $6_ 5.165
Ct2 1.042 St2 -0.586
Ct3 0.838 St3 -0.330
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Table 4: Room temperature fracture toughness of MoSi2-Based Composites.

Type of.Reinforcement Highest Fracture Toughness (Mpa mtr_)

Refractory metal (Nb, W, Mo) wires Greater than 15
20 vol.% Ta particles 10
20 vol.% Zr02 particles 7.8
20 vol.% SiC whiskers 4.4

20 vol.% SiC particles 4.0
Polycrystalline MoSi2 3
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Figure 1: Crystal structure of MoSi2.
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Fracture Toughness with Additions of Carbon

Figure 6: Effects of carbon additions on the elevated temperature fracture
toughness of MoSi2 [16].
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fractionsof SiC phase [13].
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Figure 8: Comparison of the creep resistance of MoSh-based materials to other
metals and intermetaUic compounds [17].
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Figure 10: Fracture toughness of ZrO2 particle-MoSi2 matrix composites as a
function of ZrO2 stabilizer [2S].






