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Preface

This volume is the written proceedings of Symposium F on High Temperature Silicides
and Refractory Alloys, which was held in conjunction with the 1993 Fall Materials
Research Society Meeting in Boston, Massachusetts, November 28-December 2, 1993. This
symposium was very successful with 82 oral presentations, over four days.

The first two days were devoted to recent developments in silicides and the last two
days to refractory alloys. This response is a reflection of the growing interest in refractory
metal based silicides, in particular, MoSi,, and the continued development of commercial
refractory alloys such as W, Mo, Ta, and Nb-based alloys. The symposium covered
synthesis, processing, microstructures, mechanical properties, oxidation behavior,
composites, multiphase materials and applications. Significant advances were evident in all
these areas.

The symposium was sponsored by The Office of Naval Research, Osram-Sylvania Inc.,
and the General Electric Company. We are very grateful for their support. We are also
pleased to acknowledge the support of the staff at MRS for their assistance in assembling
both the program and the proceedings. Finally, we would like to thank the session chairs,
the manuscript services, the speakers and all those who contributed to the success of this
symposium.

C.L. Briant
3.J. Petrovic
B.P. Bewlay
A .K. Vasudevan
H.A. Lipsit

January 1994
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OVERVIEW OF HIGH TEMPERATURE STRUCTURAL SILICIDES

J.J. PETROVIC* AND A K. VASUDEVAN®**

*Materials Division, Group MTL-4, Los Alamos National Laboratory, Los Alamos, NM
87545

**Office of Naval Research, Code 4421, 800 North Quincy St., Arlington, VA 22217-5660

ABSTRACT

High temperature structural silicides represent an important new class of structural

materials, with significant potential applications in the range of 1200-1600 °C under oxidizing
and aggressive environments. Silicides, particularly those based on MoSiy, are considered to

be promising due to their combination cf high melting point, elevated temperature oxidation
resistance, brittle-to-ductile transition, and electrical conductivity. Possible structural uses for
silicides include their application as matrices in structural silicide composites, as
reinforcements for structural ceramic matrix composites, as high temperature joining materials
for structural ceramic components, and as oxidation-resistant coatings for refractory metals
and carbon-based materials. The historical development of structural silicides, their potential
applications, and important issues related to their use are discussed.

INTRODUCTION

High temperature structural materials that can be used in oxidizing environments in the
range of 1200-1600 OC constitute an enabling materials technology for a wide range of
applications in the industrial, aerospace, and automotive arenas. Potential uses include
industrial furnace elements and fixturing, power generation components, high temperature
heat exchangers, gas burners and igniters, high temperature filters, aircraft turbine engine hot
section components such as blades, vanes, combustors, nozzles, and seals, and automotive
components such as turbocharger rotors, valves, glow plugs, and advanced turbine engine
parts. There is increasing interest in silicide-based compounds for such applications. In this
temperature range, for oxidation and strength reasons, the choice of materials is limited to the
silicon-based structural ceramics such as Si3Ng4 and SiC, and to the new class of "high

temperature structural silicides” {1].

While the number of known silicide compounds is large, potential silicides for elevated
temperature applications are essentially those based on refractory and transition metals, such
as MoSiyp, WSi, TiSij, CrSiy, CoSiy, MosSi3, and TisSi3. Of such materials, MoSij is
presently the most promising and the most developed, due to its combination of high melting
point, superb elevated temperature oxidation resistance, brittle-to-ductile transition, and
electrical conductivity [2]. Structural uses for silicides include their application as matrices in
structural silicide composites, as reinforcements for structural ceramic composites, as high
temperature joining materials for structural ceramics, and as oxidation-resistant coatings for
refractory metals and carbon-based materials. The purpose of the present discourse is to
provide an overview regarding these materials.
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HISTORICAL PERSPECTIVE:

A brief historical perspective on the development of structural silicides is given here.
A more detailed history of the development of structural silicides, with emphasis on MoSij
materials, is given in Reference [1]. W.A. Maxwell was the first person to suggest the use of
a silicide, MoSi», as a high temperature structural material. He performed interesting research
on structural siticides in the early 1950's at NACA, the predecessor to NASA [3].
Unfortunately, Maxwell's thoughtful initial work was not continued due to the fact that, at
that time, the high temperature structural matesials community was not yet ready to deal with
brittle materials. In the early 1970's, E. Fitzer in Germany began examinations of MoSiy
matrix composites reinforced with additions of Al03, SiC, and Nb [4). This work led
Fitzer's colleague, J. Schlichting, to publish a detailed review article in 1978, suggesting the
use of MoSi as a matrix material for high temperature structural composites {5].

Two important structural silicide articles were published in 1985. The first was an
article by Fitzer and Remmele describing work on Nb wire-MoSiy matrix composites with
improved room temperature mechanical properties [6]. In the second article, Gac and
Petrovic indicated the feasibility of SiC whisker-MoSis matrix composites, showing
improvements in room temperature strength and fracture toughness [7]. In 1988, Carter
demonstrated SiC whisker-MoSis matrix composites with mechanical property levels within
the range of high temperature engineering applications [8]. In 1990, Umakoshi et. al.
published investigations of the mechanical behavior of MoSi; single crystals, which indicated
interesting elevated temperature properties [9]. As a result of the growing interest in
structural silicides, the First High Temperature Structural Silicides Workshop, sponsored by
the Office of Naval Research, was held in November 1991 at the National Institute of
Standards and Technology in Gaithersburg, Maryland. This Workshop consisted of 32
presentations in the areas of silicide materials, processing, processing-properties,
microstructures, oxidation, mechanical properties, and coatings. Reference 1] contains the
proceedings from this Workshop.

SILICIDE MATRIX COMPOSITES

For silicides to be used as a basis for high temperature structural materials, both their
high and low temperature mechanical properties must be improved. This requires significant
improvements in high temperature strength and creep resistance, and in low temperature
fracture toughness. However, it is important that composite strategies adopted do not
degrade either the intermediate or the elevated temperature oxidation resistance of the
composite to a significant extent.

A number of composite approaches for silicides have been employed to date {1].
Reinforcement morphologies have included continuous fibers, discontinuous particulate or
whisker phases, and microlaminates. Reinforcement materials have been both oxide and non-
oxide ceramics, as well as refractory metals. Fabrication techniques for composites have
involved hot pressing/hot isostatic pressing, melting, plasma spraying, mechanical alloying,
microlamination, in-situ syntheis, and combustion synthesis.

Composite approaches have been shown to significantly improve the mechanical
properties of MoSi-based structural silicides [1,2]). For example, the use of SiC whisker
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reinforcements has been demonstrated to reduce elevated temperature creep rates by three
orders of magnitude over that of unreinforced MoSiz. Creep rates can also be reduced by

alloying with substitutional species such as WSip. Continuous fiber reinforcements have
yielded MoSiz-based composites with room temperature fracture toughness values in excess

of 15 MPa m!/2. Toughness values of 7.8 MPa m!/2 have been obtained with discontinuous
ZrO;, particulate reinforcements.

It is useful to compare MoSip-based structural silicides to silicon-based structural

ceramics (Si3Ng, SiC), since both of these material classes are candidates for 1200-1600 °C

structural applications [2]. The two central issues for the application of such materials are
those of reliability and cost, and a comparison of these aspects is given in Table 1.

Table 1. Comparison of MoSiy-Based Structural Silicides and Silicon-Based Structural
Ceramics

RELIABILITY ADVANTAGES

MoSiz-Based Structural Silicides:
O Brittle-to-ductile transition in a useful temperature range
o Potential higher fracture toughness at operating temperatures
O Alloying may be extensively employed to improve mechanical propertics
O Thermodynamically stable with a wide range of ceramic reinforcements
O Thermal expansion cocfficients a closer match to metals, thus easier to join to metals

Silicon-Based Structural Ceramics:
O No intermediate temperature oxidation "pest”
O Somcwhat more creep resistant, at least at present
O Lower thermal expansion coefficients, thus lower thermal stresses

COST ADVANTAGES

MoSiy-Based Structural Silicides:

O Can be clectro-discharge machined, thus lower cost machining
O Can be mclted, thus more versatility in processing
O Easer to densify, no densification aids required

Silicon-Bascd Structural Ceramics:
O None

Currently, there is a slight refiability advantage of the MoSi;-based structural silicides
over the silicon-based structural ceramics. With further development of the structural silicides
(which are currently at an early stage in comparison to the more mature structural ceramics), a
more dramatic reliability advantage is likely to emerge, as issues of structural silicide creep
resistance, fracture toughness, and intermediate temperature oxidation behavior are
addressed. However, Table I clearly shows that there is a distinct cost advantage of the
structural silicides over the structural ceramics. Because the silicides can be electro-discharge
machined, their machining costs will be significantly lower than the structural ceramics, which
must be diamond machined. Furthermore, unlike the structural ceramics which thermally
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decompose rather than melt, the silicides can be melted, leading to more versatility in
processing since melting techniques such as plasma spraying can be employed. Finally, the
silicides are easier to densify, and do not require the densification aids which must be
employed for structural ceramics.

SILICIDE REINFORCEMENT OF CERAMIC MATRIX COMPOSITES

An area that is little explored at present but which is potentially of major importance is
the use of silicides to improve both the reliability and cost of structural ceramics {2]. For
example, above its brittle-to-ductile transition temperature, MoSiy can be employed as an
oxidation-resistant, ductile phase in & ceramic matrix composite. This presents the
opportunity to significantly improve the elevated temperature mechanical properties of the
composite, such as strength, high temperature fracture toughness, creep, and slow crack
growth resistance. Such property improvements would constitute an important reliability
benefit. Additionally, at suitable volume fraction and morphology, the MoSi; phase may also
improve the machinability of ceramic matrix composites by allowing for electro-discharge
machining (EDM). This would constitute a major cost benefit.

There is very little published work in this area to date. The work that has been done,
however, definitely indicates a substantial improvement in elevated temperature mechanical
properties by incorporating a MoSi, silicide phase into SiC and Si3N4 structural ceramic
matrices [10,11]. Although no silicide phase work on benefits to ceramic machinability has
yet been published, such benefits are also anticipated in view of published resuits with
electrically conductive carbide, nitride, and boride phases in structural ceramic matrix
materials such as Si3N4. However, these carbide, nitride and boride additions do not possess

the high temperature oxidation resistance of silicides, and this fact has limited their usefulness.

SILICIDE HIGH TEMPERATURE JOINING MATERIALS

The high temperature joining of structural ceramic components has been a
longstanding difficulty. Structural ceramics such as Si3Ng and SiC possess thermal expansion
coefficients significantly lower than most metals, leading to mismatch stress problems. In
addition, conventional brazing metal alloys do not have sufficient elevated temperature
oxidation resistance. Silicides may have potential uses as higher temperature brazing
materials for the structural ceramics. Only one investigation has been performed to date in
this area. This study demonstrated that MoSiy and TiSi; may be employed as braze joining

materials for SiC [12]. Sound joints were obtained by heating in the range of 1750-1950 ©C,
and no reactions with SiC were observed.
SILICIDE COATINGS

Silicide based materials may have applications as advanced high temperature coatings

for refractory metals. Important factors for coatings of this type include coating oxidation
resistance, thermal stability and strength, high temperature chemical compatibility of the
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coating with the substrate, and thermal expansion coefficient mismatch between coating and
substrate. Recent work has shown that MoSi; based materials can provide an excellent high

temperature coating for niobium [13]. (Mo, W)(8i,Ge); coatings on niobium survived 200

one hour cycles at 1370 OC in air and 60 one hour cycles at 1540 ©C in air, due to formation
of a protective glassy film.

The use of silicides to coat carbon and carbon-carbon composite materials has not
been explored to any great extent as of the present time, although the potential for such
coatings may exist. One aspect here is the fact that silicides tend to react with carbon (for
example, MoSi5 reacts to form CMosSi3, the $o-called Nowotny phase), which may

necessitate the use of reaction barrier layers.

SIGNIFICANT ISSUES WITH SILICIDES

There are several significant issues which must be addressed in order to promote the
use of silicides in high temperature structural applications. These issues include minimizing or
eliminating the intermediate temperature oxidation pest behavior, increasing low temperature
fracture toughness, improving high temperature creep resistance, and obtaining basic material
properties.

Many silicides exhibit intermediate temperature accelerated oxidation, or even
oxidation pest behavior (catastrophic oxidation) under certain conditions. For example, in

MoSi; intermediate temperature (500 OC) accelerated oxidation and pest behavior occurs due
to the retention of MoO3 as a solid oxidation product, whose volume expansion can produce

microcracking. Means to minimize or eliminate this behavior include minimization of porosity
and microcracking, pre-oxidation formation of a continuous SiO7 surface layer, alloying to

alter oxide characteristics and oxidation mechanisms, and the use of metal coatings.
Improving low temperature fracture toughness is a significant issue. For many

applications, room temperature fracture toughness values below 10 MPa m1/2 will be
adequate, but for some high performance applications higher toughness levels will be
necessary. Composite strategies developed or in development for high toughness structural
ceramics should also be applicable to the silicides. Improvements in elevated temperature
creep resistance may be achieved by the minimization or elimination of glassy phases which
promote grain boundary sliding in preference to dislocation creep mechanisms. Dispersion
strengthening through the use of nanosized reinforcement phases dispersed intragranularly in a
relatively large grained material should produce a highly creep resistant microstructure.
Lastly, there are currently substantial gaps in the description and understanding of the
fundamental material properties of the silicides. Areas where little basic information exists
include self-diffusion coefficients and diffusion mechanisms, single crystal properties,
characterizations of ductile-to-brittle transitions and the factors which influence them,
oxidation mechanisms, and sintering behavior. It will be necessary to obtain this basic
information in order to be able to optimize the silicide materials for engineering applications.
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ABSTRACT

The mechanical and plastic behaviors of refractory silicide single crystals with Cl1,
(MoSi,), C40 (CrSi,, TaSi, and NbSi;), D8y (TiSi;) and C1 (CoSi; and (Cog,Niy,)Si;)
structures were investigated. The C40-type silicides were deformed by (0001)<1120> slip.
Their yield stress decreased sharply with increasing temperature but NbSi, and TaSi, which
were deformable even at low temperatures, exhibited anomalous strengthening around 1350°C.
Deformation of Ti;Si, whose ductile-brittle transition occurred around 1300°C was controlled
by twins and the brittle fracture occurred on the basal plane. In CoSi, the {001}<100> slip
was only activated at ambient temperatures but addition of Ni activated {110}<110> slip
as secondary slip system and improved the ductility. The creep behavior of MoSi, and CiSi,
single crystals were also investigated and was found to be controlled by the viscous and
glide motion of dislocations.

INTRODUCTION

New, extremely high-temperature tolerant materials for service at more than 1500°C are
required for aircraft gas turbines and spacecraft airframes. From the viewpoint of specific
gravity, clastic modulus, high~temperature strength and oxidation resistance, several transition
metal silicides with high silicon content are among the potential candidates for such ultra—
high temperature structural materials from a compilation of about 300 binary metallic and
metal-metalloid compounds that melt above 1500°C [1]. At high temperatures the silicides
exhibit excellent oxidation resistance since silicon atoms form viscous and protective SiO,
films which can infiltrate and cover micro cracks generated during the operating process.

In general, silicides have an intricate crystal structure and can rarely be deformed. From
crystal symmetry considerations, melting point and high-temperature strength, we should look
for several silicides with the Cl11, structure based on the b.c.t. lattice, and C40 and D8,
structures based on the h.c.p. lattice.

Some MSi,-type silicides with the elements Mo, W and Re are known to crystallize into
ihe Cl1, structure. Since the C11, structure is a long—period ordered structure derived by
stacking up three b.c.c. lattices and then compressing them along the long period axis, their
silicides possess the dcformation characteristics of b.c.c. crystals. The {110}<331] and
{103)<331] slips which comrespond to the {110}<111> slips in the b.c.c. lattices were
observed in MoSi, at around 1000°C, and with increasing temperature <100]-and <110]-slips
were activated [2, 3]. From the viewpoint of activated slip systems, polycrystalline MoSi,
is expected to have ductility since the number of slip systems is enough to satisfv the von
Mises criterion. However, even single crystals were brittle extremely at low temperatures and
the transition from ductile to brittle behavior occurred around 900°C.

One of the approaches to improve the ductility and fracture toughness is to develop
quasi-binary disilicides with two—phase microstructures composed of the Cl1, and C40
phases [4]. Detailed informations are needed on the mechanical properties and plastic
characteristics of both C40-type and Cl1,-type silicides to understand the plastic behavior

9
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of the component phases in quasi-binary silicide composites. However, to our knowledge
only limited studies on the slip system and the temperature dependence of the critical
resolved shear stress (CRSS) of CrSi, with the C40 structure have been reported using single
crystals [S].

For application to high-temperature structural components, not only high temperature
strength but also creep resistance which is ecven more important is required. The creep
behavior of polycrystalline MoSi, and MoSi,-based composites reinforced with SiC whiskers
has been investigated [6] but studies have not been made on the creep mechanism or
dislocation structure using single crystals.

In this paper, current knowledge of the slip behavior and deformation mechanism of the
Cl1,-type and C40-type disilicides including creep deformation is reviewed based on the
results of our recent studies on MoSi, with the C11, structure and CrSi,, TaSi, and NbSi,
with the C40 structure.

CoSi, with the Cl structure exhibits excellent oxidation resistance and some ductility even
at low temperature because of its f.c.c.-based structure. It is of considerable interest as one
of the duplex phases to improve the fracture toughness of silicide composites, although the
melting point of CoSi, is not high (T,=1326°C). CoSi, is primarily deformed by {001}<100>
slip systems and when the orientation of samples is controlled for the {001}<100>-slip,
some fracture strains arc obtained in single crystals even at room temperature [7].
Polycrystalline CoSi,, however shows high ductile-brittle transition temperature and therefore,
activation of additional slip systems is required to improve ductility. The effect of the
addition of Ni to CoSi, on operative slip systems and plastic behaviors is also described.

TisSi; with the D8, structurc is also a potential candidate as a refractory material. The
mechanical properties of polycrystalline Ti,Si; and unidirectionally solidified eutectic a Ti-~
Ti,Si; alloys [8], and the oxidation resistance of temary (Ti, X),Si; (X=V, Nb) have been
investigated but no detailed study on plastic behavior has been reported. Deformation and
fracture mechanisms of Ti,;Si; single crystals are also presented together with the deformation
structure.

EXPERIMENTAL PROCEDURE

The master ingots of binary MSi, (M=Mo, Cr, Ta, Nb or Co) and Ti;Si;, and ternary
(CoyoNiq,)Si, silicides were prepared by melting high-purity raw materials in a plasma arc
furnace. Single crystals of the binary and ternary silicides were grown from thesc ingots by
the floating zone method using an NEC SC-35HD single crystal growth apparatus at growth
rates of 5 and 10mm/h under a high—purity argon gas flow. Specimens for compression and
creep tests (approximately 2.5x2.5mm in cross-section and 7mm long) with selected
oricntations were cut from the single crystals by spark machining and mechanically polished
using diamond paste to observe surface slip markings. Compression tests were conducted on
an Instron-type testing machine in a purified argon gas atmosphere or in a vacuum at a
nominal strain rate of 1.4x107s™ at temperaturc ranging from 20 to 1500°C. Slip patterns
were then examined with an optical microscope using Nomarski interference contrast. Creep
tests of MoSi, and CiSi, single crystals were conducted under compression in an argon gas
atmosphere. The displacement of specimens was measured with a linear variable-differential
transducer.

Thin-foil specimens for electron microscopy were cut first from deformed specimens by
spark machining and finally ion-milled by Ar bombardment to perforation. The thin foils
were examined in a Hitachi H-800 electron microscope operated at 200KV.
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RESULTS AND DISCUSSION

(C11,~ type silicides)

MoSi, is extremely brittle even in single crystals at low temperatures but it becomes
deformable above 900°C. Activation of 1/2<331] dislocations which are thought to dissociatc
into three 1/6<331] superpartials bound by APBs was observed around 900°C. The slip
occurred on both closely packed {110) and {103) planes at all tested temperatures between
900 and 1500°C [2, 3]. The ductility was remarkably improved and the fracture strain
sharply increased accompanied by rapid decrease of the yield stress with increasing
temperature above 1200°C where <100}-and <110]-type dislocations were activated as shown
in Fig.1. Although the yield stress depends strongly on the strain rate, the low strain rate

T T T T
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Fig.1 Temperature dependence of fracture strain for MoSi, single crystals.

sensitivity of fracture strain around 1200°C suggests that adequate fracture toughness is
provided at high operating temperaturcs. Dislocation networks composed of <100] and <110]
dislocations were observed in MoSi, deformed at 1300°C. The climb mobility of the <100]
and <110] dislocations is already high and a dynamic recovery process takes place during
deformation.

To improve the ductility of MoSi, at low temperature, an approach to activate 1/2<111>
dislocations was donc based on the phase stability of the Cl1, with respect to the C40
sructure. A 1/2[111] dislocation can be dissociated into two 1/4[111] partial dislocations
bound by a stacking fault [3 9). If the stacking fault with a fault vector of 1/4[111] is
introduced on a (110) plane in the C11, structure, the atomic arrangements and the stacking
sequence on the (110) become cqulvalcm to those on the (0001) plane in the C40 structure.
Addition of alloying clements which destabilize the C11, structure of MoSi, with respect to
the C40 structure decreases the stacking fault energy resulting in the ductility improvement.
A sign of ductility improvement was noticed in the stress—strain curves for (Mo, g,Crog)Si,
single crystals [3]).

Figure 2 shows the carly stages of the creep curves of MoSi, single crystals at the
applied stresses of 15.2, 30.3, 49.6 and 100 MPa at 1400°C. The curves show a primary
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Fig.2 Creep curves of MoSi, single crystals deformed at 1400°C.

transient followed by a long period of steady-state 'crccp with minimum creep rate by which
the creep behavior can be evaluated. The empirical power law crecp relation represents the
strain rate at the steady-~state creep as a function of the applied stress.

¢=Ac"exp(-AHAT)

where & is the stcady-state creep rate, A
is a constant, o is the applied stress, AH
is the activation energy and n is the stress
exponent and depends on the ratc
controlling process. The stress exponent n
was determined to be 3 from the slope of
a straight line by plotting the logarithm of
the strain rate as a function of the
logarithm of the applied stress at 1200°C
as shown in Fig.3. The n value of 3
suggests that the creep of MoSi, is
controlled by the viscous motion of
dislocations. At high temperatures the
climb mobility of <100] and <110]
dislocations is already high and the
formation of dislocation networks proceeds
as shown in Figd4. The slower the
dislocation creep, the larger the
contribution of diffusion creep becomes.
Evidence of the transition from _the
dislocation creep (n=3) to the diffusion
creep (n=1) was found in MoSi, single
crystals crept at 1400°C under low applied
stress of 15.2 MPa . From the logarithm
plots of the steady state creep rate as a

S ey A -

Creep rate (sec™)

12

FEAON

0

-
e
b
TP
O,

T lI[lllll ?—Yﬁ—r‘lﬂ'

LLJ]II[

001 010 )
10¢ |- i -
— - t
£ O n=3 E 3
C | .
——
o —
- -
i at 1200°C T
107 .
r <I) 3
NIRRT S N I NNy
10 S0 100 500
Stress (MPa)

Fig.3 Variation of the crecp rate of MoSi,
single crystals deformed at 1200°C with

the applied stress.

Y



’
um
Fig.4 Dislocation structures in MoSi; single crystals
deformed at 1200°C with the applied stress.
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function of the reciprocal temperature as shown in Fig.5, the apparent activation energy was
determined to be 520KJ/mol. This value is rather higher than previous result of
AH=433KJ/mol for polycrystalline MoSi, [10]. Oricntation dependence of operative
dislocations and the effect of grain boundaries might be responsible for the difference.

(C40-type silicides)

Although possible slip planes are 2
expected to be (0001) and {1130} °
planes from the crystal structure of
C40-type, the (0001)<1120>-slips are
only operative in CrSi,, The CiSi,
single crystals are deformable above
700°C and the yicld stress decreases
monotonically  with  increasing
temperature. The stress-strain curves
exhibited considerable work hardening
after yielding below 900°C, but at
higher temperatures they exhibit a
yicld drop followed by a very oradual
work hardening or sometimes work
softening, and an improvement in
ductility. Hexagonal  networks
composed of three types of 1/3<1120>
dislocations are formed as shown in
Fig.6. On the (0001) plane, 1/3[2110]
dislocation was confirned to be
dissociated into two 1/6[2110] partial
dislocations  combined  with a Fig.6 Dislocation networks of CrSi, single
superlattice  intrinsic  stacking crystals deformed at 1300°C;
fault(SISF) as shown in Fig.7. The (a)g=1120 ,(b)g=0230, (c)g=3200, (¢)g=2030.
cross-slip or climb dissociation of
some scgments of the paired
partials, which may provided an
additional stress to the motion of
the entire dislocations and exhibit
the plastic anisotropy, is expected
to occur during moving on the
(0001). However, the CRSS for
(0001)<1120> slip did not
depend on crystal orientation and
it decreased continuously with
increasing temperature.

The creep test of CrSi, single 1um
crystals was camied out at a -
temperature  between 900 and Fig.7 Weak beam image of dissociated 1/3[1120]
1050°C under applied stress of dislocation in CrSi, deformed at 1000°C.

between 2 and 40 MPa. The
crecp curves showed a long period of steady-state creep after primary regime in single
crystals, while a primary region followed by inverse crecp with no development into a
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steady-state creep was observed in polycrystalline CrSi; tested above 1000°C. The stress
exponent n and the apparent activation cnergy for creep of CrSi, single crystals were
determined to be 2.9 and 360k)/mol from measurements of the temperature and applied stress
dependence of the steady-state creep rate. Numerous isolated 1/3<1120>-type dislocations
were observed on the basal planc in CrSi, single crystals crept at 1000°C. These results
strongly suggest that the creep of CrSi, is controlled by the viscous and glide motion of
1/3<1120>-type dislocations.

NbSi, (2200°C) and TaSi, (1930°C) have higher melting temperature than CrSi, (1550°C).
The high melting temperature which is closely related to the strong bonds is thought to be
disastrous for ductility of intermetallics. However, a distinct plastic flow was observed in the
stress—strain curve of NbSi, single crystal even at room temperature and a sharp increase in
ductility occurred with increasing temperature as shown in Fig.8. Serrations in the stress—
strain curves appeared at high temperatures and became remarkable between 1200 and 140
0°C. The transition from ductile to brittle behavior of TaSi, single crystals shifted to 300°C
but the stress-strain curves were similar to those of NbSi,.

60— gt 100 -

500 (‘ o —
0001 1310

400~ .

Stress (MPa)
§
T
1

g
T
1

100 1250C o —_ -
(W‘”"_m _
0 I C—
Strain (%)

Fig.8 Stress-strain curves of NbSi, single crystals.

Temperature dependence of the yield stress of NbSi, and TaSi, single crystals, together
with that of CrSi, is given in Fig.9. The yield stress of NbSi, and TaSi, decreased rapidiy
with increasing temperature and then increased reaching an anomalous peak around 1350°C.
The yield stress of NbSi, and TaSi, at low temperature is not high enough as expected from
their melting points, but the anomalous strengthening above 1000°C is attractive for high-
temperature structural application. The basal slip was confirmed in the temperature range
below the anomalous peak but the anomalous strengthening mechanism is not yet clear.
Investigations on orientation dependence of the CRSS and the anomalous peak temperaturc
of NbSi, and TaSi, single crystals are now in progress.
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Yield stress (MPa)

Temperature (" C)

Fig.9 Temperature dependence of yield stress of CrSi,,
TaSi, and NbSi, single crystals.

(D8,-type silicide)

TisSi; crystallizes in the
hexagonal D8; structure whose
stacking sequence on the basal
planes is ABACA. ... The atomic
arrangements of B and C layers are
related by 180° rotation about the ¢
axis relative to each other. TiSi,
single crystals are extremely brittle
at low temperature but they become
deformable above 1300°C. The yield
stress depends strongly on the
crystal orientations and decreases
rapidly with increasing temperature
as shown in Fig.10. The closed
triangle indicates fracture stress of
the tested specimen instead of yield
stress since the specimens broke
within a straight region of the
stress—strain relationship.

Deformation twins were very
often observed in deformed samples.
Figure 11 shows a twin in T,Si,
single crystal deformed at 1500°C,
whose twin plane lies almost
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Fig.10 Temperature dependence of yield stress of TiSi,

single crystals.
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parallel to an incident clectron beam. From the diffraction spots which were taken from the
matrix and the combined area of the matrix and the twin, the twin plane was determined to
be (1012). In consideration of an activated twinning system in a hexagonal lattice, a twinning
system of {1012}<1011> may be possible in Ti;Si, crystals.

Fig.11 A twin in TiSi, single crystal deformed at 1500°C.

Figure 12 shows the CRSS for the {1012}<1011> system calculated from the data in
Fig.10. The data on samples with orientations on the [1120]-[1010] boundary and

CRSS for {1012}<1011> slip (MPa)
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8

O~ O — -
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Fig.12 Temperature dependence of CRSS for {1012}<1011> of Ti,Si, single crystals.
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near the [0001] are excluded from the figure since these samples did not exhibit a marked
plastic flow. The good agreement of the CRSS with the Schmid law suggests that the
deformation of TisSi; single crystals may be controlled by the {1012}<1011> twins.

From the atomic armrangements on the basal planc, a possible slip system is
(0001)<1120> but the basal slip has not been observed. The brittle fracture occurred very
often on the basal plane in samples with orientations where only a small shear stress
component for the {1012}<1011> twin deformation was provided. Our recent measurements
of the thermal expansion coefficient of TisSi, single crystals showed the thermal expansion
cocfficient along the [0001] direction to be about 4 times more higher than that along the
[2110} direction [11]. Since the thermal expansion is due to the thermal vibration on the
basis of the repulsive and attractive forces between atoms, the higher thermal expansion
coefficient along the {0001] direction suggests a weak bonding force along this direction,
causing the brittle fracture to occur on the (0001) plane.

(C1-type silicides)

In crystals with the cubic C1 structure various slip svstems of {001}<110>, {110}<110>,
{111}<110> and {001}<100> are expected to occur. The difference in operative slip systems
of Cl-type compounds depends on the difference in the electrostatic nature of the core
structure. For example, the {001}<110>-slip is primarily activated in the ionic compounds
such as CaF,, BaF, and SrF,, while the metallically bonded compounds such as TiH, and
ZrH, are deformed by {111}<110> slip. CoSi, which has a combined character of strong
covalent and metallic bonding exhibits 2-4% fracture strains in single crystals even at room
temperature. However, it cannot be deformed in polycrystalline form since only the
{001}<100> slip is activated and the von Mises criterion cannot be satisfied, while activation
of {111}<110> and {110}<110> slips with increasing temperature provides a rapid increasc
in ductility[7]. Addition of small amount of Ni which is expected to increase the character
of metallic bonding activated {110}-slip as secondary slip in the sample deformed along
[123] as shown in Fig.13 and the ductility was improved.

R.T. 500°C 750°C Comperssive

50pm

Fig.13 Slip traces of (Cog,Ni,,)Si, single crystals.

CoSi, and (Coy,Niy,)Si, single crystals show similar temperature dependence of the
CRSS for{100}<001>-slip as shown in Fig.14. The stecp temperature dependence of the
CRSS below 200°C suggests that deformation of CoSi, and (CoygNiy,)Si, is controlled by
the Peierls mechanism as predicted by Takeuchi {12}, while at S00°C high activation volume
of 323b® was obtained for (Coo,Niy,)Si, single crystals. The lower CRSS of (CoyoNiy,)Si,
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in comparison with CoSi, at low temperatures suggests that addition of Ni reduces the
covalent bonding force resulting in improve ductility.
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Fig.14 Temperature dependence of CRSS for {100}<100>-slip in CoSi,
and (CogNiy,)Si, single crystals.

CONCLUDING REMARKS

MoSi, is belicved to be an attractive candidate of refractory materials operating above
1500°C. Although a hopeful indication was noted in the ductility improvement for MoSi,
with a small addition of Cr, it is very difficult to pursue good ductility in single phase
through alloying design and thermo-mechanical processing. A target in developing of
refractory silicides should be to focus on the improvement of toughness using multi-phase
microstructures. The transition metal silicides described in this paper may be suitable for
oxidation resistance at high temperature because of their high silicon content. For silicide
composites high strength is guaranteed by MoSi,-phase as a matrix, while the ductility and
toughness should be improved by dispersed phases with sufficient ductility at low
temperature. A good sign in low-temperature ductility of TaSi, and NbSi, together with
anomalous strengthening around 1350°C is attractive for usage as a dispersed phase. CoSi,
is also of interest as a dizpersed phase in silicide composites since a small added amount
of Ni activates {110}<1:0> slips in addition to {001}<100> slips and sufficient slip systems
for continuous plasticity of puiycrystals are provided, although the melting point limits its
operating temperature below about 1300°C. Good ductility at low temperature as well as
conventional alloys cannot be expected for refractory silicides, but in sharp contrast to
ceramics the silicides can be deformed by the motion of dislocations and become ductile at
high operating temperature. Composites composed of quasi~binary and ternary silicide phases
with the C11,, C40 and C1 structure may be able to improve fracture toughness at low
temperature and overcome difficult barriers in the development of structural materials for use
at extremely high temperature.
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Abstract

The temperature dependence of the flow stress and deformation mechanisms of single
crystal MoSi2 have been determined for compression along three different orientations, [001],

[021] and [771], at two different strain rates, 1x10-5/s and 1x10-4/s, and at temperatures between
900 and 1600°C. The flow stress along [021] is slightly higher than that along [771] while both
orientations gave a much lower flow stress than that along [001]). Along [021], slip occurs on the
{110}1/2<111> slip system between 1000 and 1200°C, while at 1300-1400°C, slip occurs on the
{013}<100> slip system. Along {771}, deformation occurs by the {011}<100> slip system while
cross-slip onto {013} and {o17) planes is observed at 1000-1300°C except that slip occurs on the
{013}1/2<331> slip system at 1000-1100°C for faster strain rates. Along {001], slip occurs on the
{013}1/2<331> system at 900-1100°C while slip is observed on the {011}1/2<111> system at
1300-1600°C. Strain rate jump tests from 1x10-5/s to 5x10-5/s at 1100°C revealed a stress
exponent of 7 along [771] and 20 along [021], while a rate jump test from 1x10-5/s to 2x 10-3/s
along [001] at 1400°C gave a stress exponent of 3.9.

Introduction

MoSi2 is a candidate material for high temperature structural applications as it has excellent
oxidation resistance [1], a reasonable toughness above 1000°C {2], and high creep and yield
strength when reinforced with SiC [3].

MoSi; has a body centered tetragonal structure, space group I4/mmm and lattice
parameters: a=0.3204 nm, c=0.7848 nm [4]. According to conventional dislocation theory, the
most likely perfect dislocations have Burgers vectors with the shortest lattice translations, and glide
on the densest packed planes. Thus, we expect <100> dislocations with b=0.3204 nm should be
most common, followed by 1/2<111> and <110> dislocations, both with b=0.4531 nm. These
latter vectors have the same length because of the hexagonal symmetry of the {110} plane. The
next two possible Burgers vectors are much longer, 1/2<331> and [001], both with b=0.7848 nm
(again the same length because of the hexagonal symmetry of the (110) plane). The densest
packed planes, in terms of both Mo and Si atoms, are {110} and {Q]3} [S]. Thus, elementary
dislocation theory would predict the {013)<100>, {110}<110> or {110)1/2<111>, slip systems
should have the lowest Peierls stresses. The possible slip systems in MoSi> are shown in Table |
and are labelled A-H in order of decreasing d/b (where d is the planar spacing and b is the Burgers
vector), since the Peierls stress is predicted to decrease with increasing d/b [6].

The purpose of the present work was to study the deformation behavior of single crystal
MoSiy at high temperatures. Single crystals of MoSi oriented along [001}, [021], or [771] were
deformed in compression between and 1600°C. For compression along [001], the Schmid
factors are zero for all slip systems except for {013)1/2<331> (H) and {011}122<111> (1),
thereby eliminating slip on the expected easy slip systems. For compression along [021], the
Schmid factors are high for the expected easy slip systems {013}<100> (A), {110}12<111> (D)
and {001 }<100> (E), while along [771], the Schmid factors are high for slip on {013}<100> (A),
{010}<100> (B) and {011}<100> (F) (Table 1). Along [001], {021], and [771], the strain rate
sensitivity was determined by performing rate jump tests at 1400, 1100, and 1100°C, respectively.
This paper will provide a summary of an in depth study on the mechanical properties of single
?{ygztgl ;\;]()Siz. For a more detailed description of results see Maloy (1993) {7] and Maloy et al.

) [8].
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Schmid Factors

Shp System d (nm) | b (nm) da/b [001] ] _[021)

A 013 1<100> 0.203 ] 0. 0.630 0 0.38 0.42
B 010}<100> 0.160 | 0.3204 | 0.499 0 0 —0.46
—C T10}<110> 0.226 | 0.4531 0.499 0 0.20 ]

D i0}1R<I11> 0.226 | 0.4331 0.499 0 0.40 0.20

E 0O 1<100> 0.131 0.3204 | 0.400 0 0.48 | 0.17
—F 01T1<100> 0.0080 | 0.3204 | 0.300 0 0.17 0.3

[¢] 1R<3I> 0.226 | 0.7348 | 0.288 0 0.36 0.12

H 03 233> 0.202 | 0.7848 | 0.237 0.39 0.46 | 0.43
— 1 OITI<ITIS 0.0989 | 0.3531 0.218 0.33 0.40 0.38

Experimental Procedure

Single crystals of MoSi2 were grown with orientations along [001], [021], and [771] using
MoSi2 seeds by the Czochralski technique at McMaster University by J. Garrett. Rectangular
parallelepipeds were cut, ground to approximately 1.5x1.5x5mm3, and polished through ipum
diamond paste. Samples were deformed at strain rates of either 1x10-4/s or Ix10-5/s at
temperatures between 900 and 1600°C on Instron testing machines equipped with high temperature
furnaces for testing in either vacuum or argon. SiC or single crystal YAG pads were used; BN
powder on the ends of each specimen served as a high temperature lubricant. Slip traces were
observed on the specimen surface after testing using an optical microscope with Nomarski contrast
imaging techniques. Thin sections from each specimen were cut paraliel to the slip plane afier
deformation. If no slip traces were observed, a foil was cut perpendicular to the compression
direction. Standard procedures were used to ion mill samples to electron transparency. The foils
were examined in a Philips CM30 transmission electron microscope (TEM) operating at 300 kV.
Standard g.b and trace analyses were performed to determine the Burgers vectors of the
dislocations and their slip planes.

A small amount of MosSi3 (~2 vol.%) was present in as-grown single crystals due to Si-
loss during growth. The second phase content was determined by grinding a small piece of each
single crystal into -300 mesh powder and quantifying using X-ray diffraction techniques. The C,
N, O and H contents of each single crystal were determined by Leco® analysis with the highest
impurity being C (< 91 wt. ppm) followed by O (< 39 ppm) and H (< 5 ppm).

Results
Mechanical P .

The yield stress of single crystal MoSia was determined by compression along [021],
{771), and [001}, and the results are shown in Figure 1. The yield stresses in the [001] orientation
are much higher than those in the [021] and [771] orientations. For compression in the [001]
orientation at 900-1100°C, the band shown in figure ! starting at ~600 MPa and ending at ~1400
MPa represents yielding, which occurred by a series of load drops followed by elastic reloading
until the test was stopped at the load limit of the testing machine. At 1200°C, the sample was
loaded to the load limit of the testing machine without yielding (as noted by an arrow pointing
upward). At teinperatures above 1200°C the yield stress sharply decreases with decreasing strain
rate and increasing temperature. For deformation along [771] and [021], the yield stress is not
very sensitive to strain rate and decreases with increasing temperature. At 1000°C along [771] and
[021], cracking occurred before a yield point was observed.

* Leco Corporation, 3000 Lakeview Ave., St. Joseph, MI 49085-2396
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Fig. 2 Stress/strain curves for rate jump tests performed in compression along [001] at 1400°C and
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Rate jump tests were performed at 1100°C along {021] and {771] and at 1400°C along
[001] as shown in Figure 2. For the test performed along [021], a stress exponent of 20 was
observed, while for the test performed along [771], a slightly larger stress exponent of 7 was
observed. Finally, for the test performed along [001] a stress exponent of 3.9 was found. The
stress exponents are in close agreement with those obtained from separate tests performed at strain
rates of 1x10-5/s and 1/104/s.

Slip Trace Agalysi

The slip trace analyses made after deformation along {001], {021}, and [771] are
summarized in Table [I. The characteristics of the slip traces varied depending on the temperature
and compression axis. For example, for deformation along [001] at 900°C, very fine {013} slip
traces were observed while the slip traces observed at 1000 and 1100°C were also fine but inclined
by ten degrees to the angle expected for {013} slip. At higher temperatures, no slip traces were
observed. For deformation along [021], distinct { 110} slip traces were observed after deformation
at 1000-1200°C, while at higher temperatures, slightly curved {013} slip traces were observed.
Finally, for deformation along [771], {013} slip traces were observed after deformation at 1000-
1100°C at a strain rate of 1x10-4/s and at 1000°C at a strain rate of 1x10-5/s. For deformation along
{771} at higher temperatures and both strain rates, primary slip occurred on {011} planes, while
cross-slip was observed on {013}, and {011} planes.

IEM Analysis

The dislocations' Burgers vectors and their glide planes determined from detailed TEM
analyses are also summarized in Table II. For deformation along [001] at 900-1100°C, 1/2<331>
dislocations were observed lying in the {013) plane. The 1/2<331> dislocations were often
observed to be decomposed into 1/2<111> and <110> dislocations (a further explanation of the

decomposition is given by Maloy et al. (1993) [9]). The extent of the decomposition reaction
increases with temperature, thereby effectively immobilizing the 1/2<331> dislocation at

Table II Summary of Slip Trace and TEM Analyses
Onientation | Temperature ] otrain  KRate p Traces | Dislocations ] Plane | Ship
(°C) (/s) Burgers vector System
[001] 1400-1600 104 none <100>, ©01) I
<110>
1/2<111> {110}
900-1100 10-5 {013} 172<331>, {013} [H
12<111>,
<110>
1200- 1400 10-5 none <100>, o1y 11
<110>
172<111> {110}
1021) 1000-1T200 104 and 105 | (110} 12<111> {110} [D
1300-1400 104 and 10-5 [ {013} <100> 0Ty A
1771} 1000-1100 104 {013} 172<331>, {013} |H
1/2<111>,
<110>
1200-1300 |04 {011} <100> {011}
Cross-slip
10-5 (015)sﬁ <100> {011} [A
cross-slip
[ TT00-1300 | 103 (1]§)] <100> [OIT} [F
cross-slip
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temperatures above 1100°C. After deformation at higher temperatures, <100> and <110>
dislocations were observed in the form of low angle grain boundaries, while in some areas,
1/2<111> dislocations were also observed, often lying on the {110} plane. The <100> and
<110> dislocations result from reaction of 1/2<111> dislocations.

For deformation along [021], 1/2<111> dislocations on {110} planes were observed at
1000-1200°C while <100> dislocations lying on the (001) plane were found at 1300-1400°C.
Finally, for deformation along [771], at 1000-1100°C and a strain rate of 10-4/s, 1/2<331>
dislocations were observed lying on the (013} plane. As observed for deformation along {001},
the 1/2<331> dislocations were decomposed into 1/2<111> and <110> dislocations. For
deformation at other temperatures, <100> dislocations were found on the {011} plane and the
formation of low angle boundaries occurred during deformation at 1300°C.

Discussion

From the slip trace and TEM investigations, the active slip systems were determined and
are listed in Table II. The slip systems are labelled as per Table 1. For deformation along {001) at
1300-1600°C, <100>, <110> and 1/2<111> dislocations are observed. Since the Schmid factor is
zero for deformation via the <100> and <110> dislocations and on the {110} plane, it is assumed
that the <100> and <110> dislocations are formed by reaction of 1/2<111> dislocations gliding on
the {011} plane (slip system I). For deformation along [021] at temperatures of 1300-1400°C, the
dislocations observed lie on the (001) plane. Since the slip traces involve slip on the {013} plane,
it is assumed that the dislocations climb after deformation via the {013}<100> slip system (A) to
position themselves on the (001) plane. For deformation along [771} at 1000°C, <100>
dislocations are observed lying on {011} planes. Since the slip traces reveal cross-slip from
{013} 1o {011} planes, it is assumed that the majority of slip occurs on the {013} plane via slip
system A.

Therefore, slip occurs on five different slip systems, depending on the orientation of the
compression axis, temperature and strain rate at which the test was performed. When deforming in
the hard orientation, [001], slip must occur via slip systems with long Burgers vectors and rather
open slip planes (H and I). On the other hand, when deforming in the easy orientations, [021] and
[771], slip may occur by means of slip systems with short Burgers vectors and dense slip planes
(D, A and F). Slip only occurs on a slip system with a long Burgers vector and the second densest
slip plane ({013}1/2<331>) when deforming along [771] at low temperatures and high strain
rates.

The rate jump tests reveal information about dislocation motion in MoSiz. The highest
stress exponent (20) is obtained for deformation along [021] at 1100°C. At this temperature
deformation occurs via the {110}1/2<111> slip system (D). The 1/2<111> dislocation can
dissociate by glide into two 1/4<111> partials separated by a superlattice intrinsic stacking fault
with an energy of approximately 255 m}/m2 (Evans et al. 1993 [10], Maloy 1993 [7]) on the
{110} plane. This lowers the Peierls stress for glide on this slip system which eases glide on slip
system D and may be the cause of the high stress exponent. The next highest stress exponent (7)
was recorded for deformation along [771] at 1100°C. At this temperature and strain rate,
deformation occurs by glide on the {011}<100> slip system, although cross-slip is observed on
the (013} and {011} planes. Although the lowest stresses are recorded for slip on the
{011}<100> system (F), the cross-slipped segments may hinder dislocation motion, yielding a
lower stress exponent than was measured along [021]. The lowest stress exponent (3.9) is found
for deformation along [001] at 1400°C. At this temperature, deformation occurs via glide on the
{011)}1/2<111> slip system (I). The yield stress is high and many low angle boundaries are
observed after deformation suggesting that the Peierls stress is high and climb is occurring. This
may be the reason for such a low stress exponent.

Conclusions

1) The temperature dependence of the flow stress in single crystal MoSiy has been determined at
temperatures between 900 and 1600°C at strain rates of 104/s and 10-5/s. The flow stress in the
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[001] orientation is an order of magnitude higher than thai measured in the [771] orientation at
1300°C. The flow stress decreases sharply with increasing temperature.

2) Five different slip systems can be activated, depending on the temperature and strain rate at
which the test is performed: {013}<100> (A), {110}1/2<111> (D), {011}<100> (F),
{013}1/2<331> (H) and {011}1/2<111> (I). Slip systems involving the densest planes, (A, D
and H), are activated at temperatures of 900-1200°C while those involving the shortest Burgers
vectors are activated at 1200-1600°C (AF, and I).

3) To investigate the strain rate sensitivity of single crystal MoSi», rate jump tests were performed
at 1400°C along [001] and 1100°C along {021] and {771] giving strcss exponents of 3.9, 7, and 20
respectively.
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ABSTRACT

A systematic study of the structure-mechanical properties relationship is reported for
MoSi-8iC nanolayer composites. Alternating layers of MoSi2 and SiC were synthesized by DC-
magnetron and rf-diode sputtering, respectively. Cross-sectional transmission electron microscopy
was used to examine three distinct reactions in the specimens when exposed to different annealing
conditions: crystallization and phase transformation of MoSi3, crystallization of SiC, and
spheroidization of the layer structures. Nanoindentation was employed to characterize the
mechanical response as a function of the structural changes. As-sputtered material exhibits
amorphous structures in both types of layers and has a hardness of 11GPa and a modulus of
217GPa. Subsequent heat treatment induces crystallization of MoSi; to form the C40 structure at
500°C and SiC to form the « structure at 700°C. The crystallization process is directly responsible
for the hardness and modulus increase in the multilayers. A hardness of 24GPa and a modulus of
340GPa can be achieved through crystallizing both MoSi; and SiC layers. Annealing at 900°C for
2h causes the transformation of MoSis into the C11}, structure, as well as spheroidization of the
layering to form a nanocrystalline equiaxed microstructure. A slight degradation in hardness but
not in modulus is observed accompanying the layer break-down.

INTRODUCTION

Enhancement of mechanical properties of nanoscale materials has been predicted and
observed in a number of multilayer structures [1-2]. Specifically, metal-metal systems have shown
increased yield and fracture strength [2-3]. The availability of fine scale high strength materials
may extend the applications of multilayered films into high temperature environments, such as
protective surface coatings for high temperature structural applications. Therefore, the
transformation of phases and the stability of layering are particularly important. This study
examines both issues for MoSiz-SiC multilayer structures.

MoSi3 is a potential matrix material for high temperature structural composites due to its
high melting temperature and good oxidation resistance at elevated temperatures [4]. The two
major drawbacks for structural applications are inadequate high temperature strength and poor low
temperature ductility. The need for composite additions has become the focus of extensive
investigations in recent years [5]. On the other hand, SiC, being elastically hard and brittle, has
been used as a reinforcing second phase in various intermetallic and ceramic compound matrices.
Specifically, the addition of SiC whiskers has provided significant improvement in the high
temperature yield strength of MoSi3 [6].

In a previous report (7], it was shown that these MoSiz-SiC multilayers exhibit superior
oxidation resistance and significant hardness increase through annealing at 500°C. In this study,
we have systematically investigated both the evolution of phases and the stability of layers by
varying the heat treating conditions. By monitoring the changes in hardness and modulus with
different structural changes, a trend in the structure-mechanical properties relationship can be
established in these multilayers.
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EXPERIMENTAL PROCEDURE

Altemnating layers of MoSi2 and SiC were prepared by sputter deposition at a pressure of
1.33Pa with an argon flow of 10sccm/min. Prior to deposition the chamber was evacuated down
to a pressure of 104 Pa. Silicon (111) substrates were used for most of the depositions. MoSiz
was sputtered from a planar magnetron target at a DC power of 100-200W. Silicon carbide was
sputtered from a SiC diode target at an rf power of 130-200W. The deposition rates of MoSiy and
SiC were 32 and 7nm/min, respectively, at a power of 200W. The MoSi-SiC layered composites
were prepared by cyclically passing the samples beneath the two targets at such a rate and target
power that the constituent SiC layers had a nominal thickness of 3nm and MoSi; layers 10nm. A
total of 90 sublayers of each kind were produced for each film. The multilavers were then
annealed at 500, 600, 700, 800°C foi' 1h and 900°C for 2h, respectively, in a vacuum of 108 torr.

Investigation of the surface hardness was performed using an indentation load-depth
sensing apparatus, commercially available as a Nanoindenter™ [8,9]. This instrament directly
measures the load on a triangular pyramid diamond indenter tip as a function of displacement from
the surface. Hardness is determined from the load data using the relation:

H=L(h)/A(h),
where L(h) is the measured load, and A(h) is the projected area of the indent as a function of the
plastic depth h. The area function is determined by an iterative process involving indents into
materials of known isotropic properties [9). Measurcments were made under a constant load rate
of 20mN-sec-! to a nominal depth of 70nm. Typically ninc indents were made on each sample and
the data averaged. The depth of the indents was chosen to be less than 10% of the total thickness
of the nanolayered composites [10]. As discussed by Doerner and Nix [11], the actual depth of the
indent includes the plastic depth as well as the elastic recovery of the material as the indenter is
removed. Following their analysis, we used the unloading portion of the curve to estimate the
elastic contribution to the total displacement. This analysis assumes a homogeneous material,
rather than a layered surface structure, but the limitation on the depth of the indentation should
validate this assumption.

As-deposited and annealed multilayers were made into cross-sectional transmission electron
microscopy (XTEM) specimens and were examined using conventional and high resolution
transmission electron microscopy (HRTEM) on a Phillips CM30ST microscope operating at
300kV. Optical diffractograms were taken from the lattice images; the patterns were then analyzed
to identify the phase and orientation of each pattern.

RESULTS
M Te. i

Fig. 1(a) shows the XTEM image of the as-deposited multilayers. The average layer
thickness was estimated to be 15nm and 2.7nm for MoSi2 and SiC layers respectively. Selected
area diffraction (SAD) patterns taken from the multilayered region revealed the amorphous
structure as is represented by the diffuse rings in Fig. 1(b). Annealing the multilayers at 500°C for
1h induces crystallization of the amorphous MoSiz to form the hexagonal C40 structure which is a
metastable structure of MoSiz [12]. SiC, on the other hand, remains amorphous.

Fig. 2(a), taken after anncaling at 700°C, shows that the layer structure is preserved.
Careful examination of the SAD pattern (Fig. 2(b)) indicates the presence of a few extra spots
(indicated by circles) superimposed on the continuous ring patterns of the polycrystalline C40
structure. Analysis of the extra spots discloses that these extra reflections can be matched to the
6H structure and possibly other polytypes of a-SiC. XTEM image of an 800°C 1h-annealed
multilayers is shown in Fig. 3(a). The two major differences between the 700° and 800°C annealed
specimens are that the MoSiy layer dimension changes and the SiC layer morphology changes.
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The average grain size within the MoSi2 layers has increased by ~20% from 15nm to 18nm. The
SiC layers have broken down to form discontinuous segments. Fig 3(b) shows a HRTEM image
of the layer structure. It can be seen that some parts of the SiC layers (originally ~2.7nm thick)
have spheroidized to form equiaxed shaped grains (grain size ~18nm) and extended into the
original MoSij layers. As a result, the grains in the MoSiy layers has grown outward towards the
adjacent MoSiz layers to take up the space originally occupied by the layered SiC. In addition to
the change in layer morphology, evidence from the SAD pattern suggests the onset of the phase
transformation of MoSij to the stable tetragonal C11, structure.

Fig. 1(a) XTEM micrograph showing the as-sputtered MoSiz-SiC multilayers. Darker layers are
MoSi2, and the lighter layers are SiC. Fig. 1(b) Corresponding SAD pattern showing the
amorphous structure in both layers.

Fig. 2(a) Layered structure of MoSi2-SiC multilayers annealed at 700°C for th. (b) SAD pattern

showing extra spots corresponds to 6H structure and possibly other polytypes of a-SiC (indicated
by circles) superimposed on polycrystalline rings of C40-MoSij.

29

e e s




= - Lo

900°C annealing for 2h has caused the break-down of the layered structure to form an
equiaxed nanocrystalline composite. Fig. 4(a) shows a dark field image of the composite. The
average grain size is in the range of 30nm, while there are a few larger grains (indicated by arrows)
having diameters between 200 and 400nm. Some of the very large grains were identified to be
6H-SiC. The SAD pattern indicates that all of the C40 phase MoSiz has transformed at this
temperature to form the stable C11y, structure. Fig. 4(b) shows a lattice image of an interface
between a MoSiy grain (dogp= 3.92A) and a 6H-SiC grain (djgi4=2.17A). The interface is free of
any glassy phase.

Fig. 3 (a) XTEM micrograph of an 800°C 1h-annealed multilayers. (b) HRTEM image showing
evolution of layered structure: spheroidization and growth of SiC into the original MoSi; layer.

Fig. 4(a) Dark field image of a 900°C 2h-annealed composites showing equiaxed microstructure.
The average grain size is ~30nm with a few large grains (as indicated by arrows) in the 300nm
range. (b) HRTEM lattice image of an interface between two neighboring grains of C11,-MoSiz
(dgoz= 3.92A) and 6H-SiC (d9j4=2.17A).
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Nanoindentation M

The hardnesses and moduli of the multilayered composites determined by nanoindentation
are listed in Table I. All indents have a penctration depth less than 10% of the total thickness to
avoid any influence from substrate effects. The scatter of the data is in average less than 4% of the
value averaged from the nine measurements. The measured hardness and modulus of the as-
sputtered multilayer are 11GPa and 217GPa, respectively. A 500°C-1h anneal has increased the
hardness by almost 80% (20GPa) and the modulus by 30% (290GPa). This effect is mainly due
to the crystallization of the MoSi layers. Another significant change in hardness and modulus
occurred after a 700°C annealing for 1h. An increase in hardness to 24GPa and in modulus to
326GPa corresponds well with the evidence of the SiC layer being crystallized at temperature at or
above 700°C in the multilayers.

Not much change in either hardness or modulus was detected by increasing the annealing
temperature to 800°C even though the layering started to show signs of breaking down. After the
layers spheroidized at 900°C, a slight decrease in hardness was observed from 23.8 to 21.6GPa,
perhaps due to grain size effect, while the modulus remained at ~340GPa.

Table I Hardness and Modulus of MoSis-SiC Multilayered Films

Condition Layer Structure | Phase: MoSi>/ SiC ]| Hardness (GPa) ] Modulus (GPa)
As-Sputtered Layered Both Amorphous 11.5 217
500°C-1h Layered C40 / Amorphous 20.8 290
700°C-1h Layered C40/a 24.0 326
800°C-1h | Partially Layered C40+Cl1 1/ 238 344
900°C-2h Equiaxed Cllya 21.6 338
DISCUSSION

The phase transformation behavior of MoSiy layers within the multilayers agrees well with
that of single phase MoSi; films [13,14]. It has been shown that, at ~500°C, the C40 structure
crystallizes from the amorphous structure, while at temperatures above 800°C it starts to transform
to the Cl11p structure. This agreement suggests that the presence of SiC layers pose no influence
on the crystallization process of MoSi2 within the temperature range studied.

The clue to the onset of layer spheroidization was obtained by examining the 800°C 1h-
annealed multilayers. The significant growth and coarsening of SiC into MoSiy layers, as
compared to the relatively mild grain growth in MoSi; layers, suggests that the coarsening process
may be favorable both thermodynamically and kinetically. One obvious driving force is the
reduction in interfacial area/energy through spheroidization. It has also been shown that the carbon
self diffusion rate through grain boundaries in SiC is several orders of magnitude larger than either
carbon or silicon lattice diffusion [15]. On the other hand, the diffusion of Mo and Si in MoSiy is
very slow below ~1200°C [16). No quantitative comparison can be made of the self diffusion
coefficients of Mo, Si and C due to the scarcity of comparable diffusion data. It can only be
speculated that the abundance in interface area may provide favorable diffusion paths for C (and
possibly also Si) to complete the growth process.

It has been demonstrated in this study that the mechanical properties are directly related to
the crystallization process in multilayered films. Significant improvement in both hardness and
modulus can be achieved through crystallization of both MoSiz and SiC layers while still
maintaining the layering structure. A maximum hardness value of 24GPa was obtained, which is
higher than either single crystal MoSiz, 10GPa (nanoindentation) [17}, or reaction sintered MoSi3-
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30v/0SiC, 14.2GPa (microindentation) [18]. One possible explanation for the high hardness value
is the nanocrystalline structure of these films.

The preservation of the nanocrystalline structure (grain size ~30nm) after 900°C annealing
may be attributed to two factors. One is the slow diffusion process in MoSij at this temperature.
Secondly, the presence of homogeneously distributed SiC among the matrix may be imposing
constraints on the MoSiz grain boundaries to prevent severe grain growth. The maintenance of
high hardness even after layer break-down shows the potential of the multilayers to be used for
high temperature coating applications. Future experiments have been planned to investigate the
effect of prolonged high temperature exposure on the mechanical properties.

CONCLUSIONS

Amorphous structures are present in the as-sputtered multilayers. Crystallization of MoSi;
and SiC layers significantly increases the hardness and modulus. A maximum hardness of 24GPa
and a modulus of 326GPa are obtained through annealing at 700°C for 1h where layered MoSi;
(C40) and SiC (o plus other polytypes) remain stable. The onset of layer spheroidization starts
when annealing at ~800°C. Increasing the temperature to 900°C for 2h causes the complete layer
break-down to form a nanocrystalline equiaxed microstructure and the transformation of MoSis to
the C11b structure. A slight decrease in hardness is observed accompanying this structural
change.
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SYNTHESIS AND PROPERTIES OF IN-SITU MoSiySiC COMPOSITES
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ABSTRACT

Compositionally-tailored, silica-free, MoSiz/SiC composites with SiC content ranging from 0
10 40 percent were synthesized through a novel processing scheme involving mechanical alloying
and in-situ reactions for the formation of the reinforcement. Room temperature indentation
fracture toughness and hardness measurements were obtained from these silica-free composites
and were compared with values obtained from silica-containing, conventionally-processed
MoSiy/SiC composites.

INTRODUCTION

Conventional powder processing techniques for the fabrication of MoSi; result in the
incorporation of silica (originally present as a surface layer on the powders) into the consolidated
samples. The presence of silica is believed to be detrimental, since the particles may serve as
crack nucleation sites at lower temperatures, while enhancing grain boundary sliding at
temperatures above the softening point of silica. Additionally, the overall matrix stoichiometry is
altered. Considerable efforts have therefore been made to eliminate or control the silica content
through the addition of deoxidants such as carbon [i-4] and erbium [5], through clean
processing [6,7], and through surface etching of the powders prior to consolidation [1].

In order to achieve the dual objective of silica elimination and control of the stoichiometry, a
novel process combining mechanical alloying with the carbothermal reduction of silica has been
used to synthesize MoSi»/SiC composites [2,4]. While mechanical alloying would result in a
microstructurally uniform and compositionally homogeneous alloy of the desired stoichiometry,
the carbothermal reduction would reduce the silica to SiC. Furthermore, MoSiy/SiC composites
with varying amounts of SiC could be produced by suitable control of the starting compositions
of the powders derived from the mechanical alloying process.

EXPERIMENTAL

Processing

The study focused on the processing and property evaluation of silica-free MoSi>/SiC
composites with reinforcement contents of 20 and 40 volume percent (v/o) produced through
mechanical alloying and in-situ displacement reactions. For this purpose, elemental powders of
molybdenum (3-7 um, Johnson Matthey), silicon (98% pure, -325 mesh, Cerac), and carbon
(99.5 % pure, -300 mesh, Johnson Matthey) were subjected to mechanical attrition for a period
of at least 24 hours. The choice of powder compositions was based on the 1600°C isotherm of
the Mo-Si-C system as proposed by several workers [8,9] (see Fig. 1). Nominal compositions
were chosen in the MoSiz + SiC + CMosSi3 (Nowotny phase) three phase field, close to the
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MoSi>-SiC tie line so that the volume fraction of undesirable phases would be kept t0 a
minimum; these corresponded to 20 and 40 v/o SiC (hereafter designated as MA20 and MA40).
Details concerning the processing rationale and the microstructural evolution during mechanical
alloying and hot consolidation can be found elsewhere [ 4, 10}.

To achieve the optimum microstructure in the
MA materials, the consolidation process is
carried out in two stages. The MA powder is
loaded in dies and a very low pressure (less than
10 MPa) is applied on the cold compact, so that
the sample has sutficient open porosity for the
entrapped gases to escape during the degassing
and silica reduction reactions. The sample is
ramped up to 1500°C and held at that temperature
for at least 30 minutes to deoxidize the matrix.
Subsequently, it is heated to 1650°C under an
argon environment (7 psi) and densified for an
hour under a uniaxial pressure of 35-40 MPa.
The pressure on the compact is subsequently
released and the sample cooled to room
temperature at 10°C/min. o Fig.1 Schematic of the ternary Mo-Si-C

It should be noted that processing variables isotherm at 1600°C as proposed by
such as the temperature and the partial pressures otny et al. (9.
need to be carefully controlled while processing
MoSi; and MoSiy/SiC composites. As Fig. 2a clearly indicates, the equilibrium dissociation
pressure of Si over MoSi; increases rapidly above 1650°C {11,12]. Thus, conditions typically
present during vacuum hot pressing, such as high temperatures and low vacuum ievels would

60

Si MoSi, MOSSiB Mo-Si Mo
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Fig. 2.(a) Equilibrium dissociation pressures of Si over MoSis, as adapted from [12].
(b_) BEI of the surface of a MA40 sample hot pressed at 1700°C, showing silicon depletion.
Light phase is the Nowotny phase, grey phase is MoSi and dark phase is SiC.

result in the progressive volatilization of elemental silicon from the silicide and result in
substantial weight losses. Such a volatilization reaction would be exemplified by the loss of
elemental silicon from the surface of the sample, and the resultant formation of a Mo-rich phase
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such as MosSi3 or the Nowotny phase. Fig. 2b is a backscattered electron image of the surface
of the MA40 material that had undergone silicon volatilization after being hot pressed under a
vacuum of less than 10-3 torr at 1700°C for 1 h. Similar effects have been reported during the
processing of monolithic MoSiz [13].

For purposes of comparison, composites with 20 and 40 v/o SiC reinforcement were
fabricated using the conventional approach of dry blending MoSi; (99.9% pure, -325 mesh,
Johnson Matthey) and SiC powders (< 1 um average diameter, 99.9% pure, Cerac) in the
appropriate proportions followed by hot consolidation (hereafter designated as C20 and C40).
Monolithic MoSij was also processed from commercial MoSi; powder (99.9% pure, -325 mesh,
Johnson Matthey). In order to facilitate the meaningful comparison of properties between the
conventionally processed and compositionally tailored in-situ composites produced by
mechanical alloying, the size distribution of the SiC powders was chosen such that they matched
the reinforcement sizes in the in-situ processed material. Hot pressing of the conventionally
processed composites was performed in graphite dies under a vacuum of 10-3 torr or better, with
a pressure of 35 MPa at 1600°C for a hold time of 1 h. Subsequently, samples were cooled at
the rate of 10°C/min to room temperature.

Specimens for microstructural characterization and Vickers indentation measurements were
electro discharge machined, ground to remove the recast layer, and polished to a 1 pm diamond
finish. Microstructural ai.«lysis of the consolidated samples was performed on a JEOL 6400
SEM equipped with a Tracor Northern EDS unit with light element detection capabilities, while
phase analysis of the consolidated mechanically alloyed samples was conducted by XRD using
Ni-filtered Cu Kq radiation on a Philips APD 3720 diffractometer with digital data acquisition.
Since MoSi; responds well to polarized light, grain size measurements in the composites and the
monolithic material were performed using cross-polarized light microscopy. Bulk density and
open porosily measurements were also made on all the hot pressed samples using the
Archimedes method with deionized water as the liquid medium.

Hardness and Fracture Toughness

Vickers microhardness indentations, each at least 3 mm apart (to minimize interactions
between neighboring cracks) were made on the surfaces of the samples polished to 1 um
diamond finish. The indentation loads spanned a range from 49 N to 245 N for a contact time of
15 s, with a minimum of 4 indentations per indent load per sample. The minimum indentation
loads were selected so as to achieve a minimum value of 2 for the ratio of the half penny crack
radius (c) and half the diagonal of the Vickers impression, a requirement recommended in
conventional practice for toughness measurements by indentation. In the case of the monolithic
MoSi; (examined as a control sample), extensive microcracking around the indenter prevented
the formation of well defined cracks for loads up to 196 N, in part due to the large grain size.
The lengths of the indent diagonals (2a) and the radial cracks (2c) were measured and the
hardness (H) and fracture toughness (K.) were calculated using the following equations [14]:

H =P /a2 (H
and
K. = 8 (B2 (Prc)’2 )

where P is the peak indentation load, o.= 2 for a Vickers indenter, 8 is a material independent
constant (8§ = 0.016) and E is the Young's modulus of the material. The Young's moduli of the
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composites were calculated using literature values for MoSij [15] and SiC [16] and assuming the
rule of mixtures behavior (Voight bound).

RESULTS AND DISCUSSION

Bulk density measurements of the various composites prepared during this study show that
near full densities (99% or greater) were achieved for the in-situ composites and the
conventionally processed (CP) composites for compositions up to 40 v/o SiC. It should be
noted that the estimation of the theoretical density of the in-situ composites was made after
determining the actual volume fraction of SiC in the composite through standard point count
techniques. The results of near-complete densification for the in-situ composites are significant
from the standpoint of processing, since it involved the deoxidization of SiO; and the effective
removal of the product gases CO and CO;, in order to avoid gas porosity in the samples.

Microstructures

Fig. 3a shows a backscattered electron image of the hot pressed specimen MA20. The
microstructure consists of a uniform distribution of 1-2 pm sized low Z particles dispersed in an
intermediate-Z matrix. XRD and EDS analysis together indicated that the low Z phase is SiC,
while the intermediate Z phase is MoSi;. In addition, minor amounts (< 1v/o0) of the high Z
Nowotny phase were observed. Furthermore, the relative volume fractions of these phases were
found to agree very well with the location of the nominal powder compositions in the 1600°C
Mo-Si-C isotherm of Nowotny. The grain size of the MoSip was relatively uniform and between
6-8 um. Polarized light microscopy indicated that the SiC particles were located primarily at the
MoSi; grain boundaries. Occasionally, large SiC grains were also observed. Previous TEM
analysis of similarly processed material [4] revealed that the grain boundaries were free of the
siliceous intergranular phase.

The microstructure of the hot-pressed MA40 alloy (Fig. 3b) shows a dispersion of SiC in the
MoSi; matrix. However, the SiC size is considerably larger and the distribution considerably
more inhomogeneous than the MA20 material, possibly due to the diffusion-controlled
coarsening of SiC brought about by the smaller interparticle spacing associated with high volume
fraction of SiC. Indeed, the presence of necks between adjacent SiC particles as in Fig 3b is
indicative of coarsening by coalescence. This coarsening leads to a wider size distribution and a
higher mean particle size, and results in a wide variation in the MoSis grain size distribution due
to varying Zener drag on the grain boundaries. The MoSi; grain size varies between 2 and 7 um,
with the mean grain size close to 5 um The SiC is irregularly shaped, with a size range from 1
-10 pm.

The microstructures of the conventionally-processed (CP) composites C20 and C40 are
shown in Figs. 4a and 4b and are typified by an inhomogeneous distribution of the SiC particles.
These microstructures are characterized by particle-free islands of MoSiz surrounded by a
network of irregularly shaped SiC particles. It should be recognized that in this case, the
inhomogeneous distribution is due to the relative starting powder sizes of the MoSi; and SiC.
The size of the SiC is much greater than the initial starting size of less than I pm, indicative of its
coarsening during consolidation. Both of these microstructures are exemplified by a wide
distribution of matrix and reinforcement grain sizes. The C20 composite has a MoSi; grain size
range ranging from 2 - 10 um, with a mean of 7 um, while for the C40 composite, these values
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range from 2 - 8 pm, with a mean of around 5 um. These relatively wide distributions in the
matrix and reinforcement grain sizes are significant since they may enhance the magnitude of the
thermal mismatch stresses between the two phases.

X

of (a) MA20 and (b) MA40. Phase designations are the same as that of Fig. 2b.
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Fig. 4 Secondary Electron Image of (a) C20 and (b) C40.

Properties

Fig. 5 shows the variation of the Vickers Hardness as a function of reinforcement content of
the composites. For the purpose of comparison, the hardness of the composites as predicted by
a simple rule of mixtures is also plotted. It should be noted that while the hardness values of
single phase MoSiz (~20 pum grain size) studied in this investigation is 8.561 0.5 GPa, a slightly
higher value was used in the rule of mixtures calculation in order to account for the smaller grain
size of the matrix in the composites ( ~10 pum or less). Indeed, previous studies {13] on
monolithic MoSi; have shown the hardness to be structure sensitive, with slight increases with
decreasing grain size. The hardness value of SiC used in the rule of mixtures estimation was 25
GPa {17].

The results show that the room temperature hardnesses of the MoSiySiC composites increase
with increa