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Abstract 
 
A brief overview of the temperature dependence of yield strength 
for the different slip systems of MoSi2 is presented and 
mechanisms for the yield stress anomaly are discussed. Recent 
results on the atomistic simulation of the dislocation core 
structures and mobility are presented next. Finally, we present 
experimental results on substitutional alloying of polycrystalline 
MoSi2 with 1-2 at.% Re, Nb and Al. Re resulted in an order of 
magnitude increase in compressive strength at 1600 °C, Al caused 
solution softening at near-ambient temperatures, and Nb caused 
softening at low temperatures and hardening at high temperatures. 
The quaternary MoSi2-Re-Al alloys showed strengthening at 
elevated temperatures and reduction in flow stress with enhanced 
plasticity at near-ambient temperatures. The mechanisms of 
solution hardening and softening are discussed using insight from 
transmission electron microscopy observations of the dislocation 
substructures and atomistic simulation results.  
 

Introduction 
 
MoSi2�based intermetallic composites have been applied in a 
variety of high temperature industrial applications, e.g., heating 
elements for air furnaces up to 1900 °C, blade outer air seal in 
hot sections of aerospace engine gas turbines, diesel engine glow 
plugs, industrial gas burners for O2-natural gas mixtures, molten 
metal lances and glass processing, etc. [1, 2]. These applications 
utilize one or more of the following properties of MoSi2: high 
melting point (2020 °C), lower density (6.3 g/cm3) compared to 
superalloys, excellent oxidation resistance, high thermal 
conductivity, and thermodynamic compatibility with many 
ceramic reinforcements [1-4]. However, low fracture toughness 
at near-ambient temperatures, low strength at elevated 
temperatures (> 1200 °C) in the monolithic form and accelerated 
oxidation (�pest�) at ~500 °C have seriously limited the 
development of MoSi2-based structural materials. Recently it has 
been shown that pest resistant MoSi2-based materials may be 
developed using Si3N4 reinforcement [5] or alloying with Al [6].  
 
With regard to the improvements in mechanical properties, most 
of the early work focused on composites with ceramic 
reinforcements such as ZrO2, Si3N4, SiC, etc. [1-4]. These ceramic 

reinforcements enhance the high temperature strength of MoSi2 
but have little effect on the room temperature fracture toughness.  
Ductile metallic reinforcements such as Nb react with the MoSi2 
matrix to form other silicides and have limited practical use for 
long-term high temperature applications, although improvements 
in toughness have been demonstrated in these composites [7]. 
Hence, there is a need to understand the intrinsic deformation 
behavior such as dislocation core structures and yield stress 
anomaly, and to explore methods to improve the toughness and 
high-temperature strength of the MoSi2 matrix material before 
composites for structural applications can be developed. 
 
In this investigation, we present results of our recent atomistic 
simulation of dislocation core structures and mobility of pure 
MoSi2 and experiments on pure and alloyed MoSi2. Suggestions 
for further simulation and experiments are made.  
 

Mechanical Behavior of Unalloyed MoSi2 
 
Slip Systems in MoSi2 
MoSi2 has the body-centered tetragonal C11b structure (Fig. 1) 
with unit cell parameters a = 0.3206 nm and c = 0.7848 nm. The 
c/a ratio is close to √6 and so the closed-packed {110} planes 

<100> 

Fig.1 Body-centered tetragonal  
unit cell of MoSi2; slip vectors 
are shown by arrows. 
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have a pseudo-hexagonal symmetry. The {110} planes have an 
AB stacking sequence with a 1/4<110> shift between successive 
planes. The second most closely packed planes are the {013} 
planes, which have an unusual five-layer ABCDE sequence with a 
1/5<301> shift between successive planes. The commonly 
observed Burgers vectors are <100>, 1/2<111> and 1/2<331> [8-
11]. 1/2<111> and 1/2<331> dislocations are observed to slip 
respectively on the {110} and {013} close-packed planes, while 
<100> dislocations have been reported to slip on {010}, {023} 
and {001}, as well as on the close-packed {013} planes [8-11] 
The observation of the 1/2<331> Burgers vector is surprising 
because of its large magnitude, 0.7848 nm, the same as that of the 
c parameter. (For simplicity, we use the {} and <> cubic-system 
notation to represent families of planes and directions 
respectively. It is implied that for tetragonal structures only the 
first two indices are interchangeable). 
 
Early work on MoSi2 was performed on powder-processed 
polycrystals and the minimum temperature at which plasticity was 
reported ranged from 900-1300 °C [1]. Later, studies on float zone 
processed single crystals revealed compressive plasticity at 
temperatures as low as �100 °C [9], for orientations other than 
[001] where <100> or 1/2<111> slip vectors are observed. 
However, for the �hard� [001] orientation, compressive plasticity 
is only observed above 900 °C [9]. For this orientation, the 
Schmid factor for any slip system containing the <100> or 
1/2<111> Burgers vector is zero. Hence, the {013}1/2<331> slip 
system is operative [9] which has a very high critical resolved 
shear stress (CRSS) due to the large Burgers vector and non-
planar core dissociation. In polycrystals, generally only 1/2<111> 
and <100> are observed and these account for only 4 independent 
slip systems [11].  For general polycrystalline ductility, 5 
independent deformation modes are necessary [12]. The 
observation of low temperature compressive plasticity in single 
crystal MoSi2 provides hope of altering the critical resolved shear 
stress of the slip systems through alloying so as to activate all 
three slip vectors, (1/2<111>, <100> and 1/2<331>), and obtain 
polycrystalline ductility. Before we discuss the results of the 
alloying studies, some peculiar features of the deformation 
behavior of unalloyed MoSi2 are discussed.  
 
Dislocation Core Structures and Mobility 
 
As shown in Fig. 1, the <100> dislocations are perfect and no core 
dissociation is reported for these. The 1/2<111> dislocations are 
reported to be dissociated into two co-linear 1/4<111> partials and 
a stacking fault on the {110} glide plane. The partial spacing 
varies from 4.4 nm in the screw orientation to 6.3-6.8 nm in the 
near-edge orientation as deduced from weak beam or atomic-
resolution imaging of 1/2<111> dislocation cores [9, 11, 13]. 
Using these partial spacings, fault energies are estimated to range 
from 365 mJ/m2 in the screw to 275 mJ/m2 in the near-edge 
orientations [9,14]. We have calculated the fault energy as 
follows: 213 mJ/m2 with the modified embedded atom method 
(MEAM) [15] and 269 mJ/m2 with the ab initio method [15, 16]. 
The details of these atomistic calculation methods are described 
elsewhere [15, 16]. Waghmare et al. [17] had reported a fault 
energy of 370 mJ/m2 based on ab initio calculations. Note the fair 
agreement between the calculated and experimentally measured 
fault energies. Preliminary calculations of the dislocation mobility 
were performed using atomistic simulation with MEAM 
potentials. A 60o oriented 1/2<111> dislocation on {110} glide 
plane was observed to glide at shear stresses ≤ 400 MPa at 1000 

K. Experimentally measured CRSS for this system, at the 
simulation temperature, are typically a factor of 2-3 lower [9-11]. 
It is should be noted that the calculated stress is an upper-bound 
since it considers the motion of a straight dislocation over its 
Peierls barrier.  The nucleation and migration of double kinks on 
dislocations may allow the barrier to be overcome at lower 
stresses. The simulation of dislocation mobility will be described 
in more detail elsewhere [18].  
 
For the 1/2<331> dislocations, the core structure is significantly 
more complex, and unlike the 1/2<111> dislocations, there is no 
unique configuration that is both predicted by theory and observed 
through high-resolution imaging.  To start with, we show the 
CRSS for <331> slip in MoSi2 as a function of temperature in Fig. 
2. The data are taken from ref. [9-11], and plotted as by Mitchell 

et al. [15] using a log-linear scale. A linear fit to the data on the 
log(stress)-linear(temperature) scale is consistent with a Peierls 
controlled glide behavior [19], as opposed to completely diffusion 
controlled deformation. At high temperatures (> 900 °C), 
compression along [001] gives rise to <331> slip. Due to the 
strong temperature-dependence of CRSS below 1000 °C, fracture 
before yield is observed at temperatures < 900 °C for compression 
along [001]. <331>{013} slip is again observed at temperatures 
below 400 °C but for compression along <100>.  This indicates a 
strong stress asymmetry for <331>{013} slip: CRSS is lower for 
<100> orientations as compared to the [001] orientation, at low 
temperatures. For compression along <100> above 400 °C, the 
<331>{013} slip system is not observed, rather slip is on 
1/2<111>{110} system.  
 
The key experimental observations of the core structures of 
1/2<331> dislocations are summarized as follows:  
(i) Maloy et al. [11] used high-resolution transmission electron 
microscopy (HRTEM) to observe the core of a 1/2<331> 
dislocation lying along the [010] direction in a sample compressed 
along [001] at 900 °C and observed the following core 
dissociation that may involve climb:  
1/2[331] => 1/6[331] + 1/6[331] + 1/6[301] + 1/2[010]       (1) 
(ii) At higher temperatures, the following decomposition reaction 
has been reported by both Maloy et al. [11] and Ito et al. 
[9,10,20]: 
1/2<331> => 1/2<111> + <110>        (2) 
(iii) Ito et al. [20] have also reported the following two-fold 
dissociation for [0 15 1] crystals deformed at 300 °C on the {013} 
glide plane for both screw and mixed orientations: 

Fig. 2 Plot of log(CRSS) vs. temperature for 
the <331>{013} slip system for MoSi2 single 
crystals compressed along [100] and [001]. 
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1/2<331> => 1/6<331> + 1/3<331>        (3) 
(iv) In the narrow temperature range of 900-1000 °C, screw 
1/2<331> dislocations are reported [20] to be dissociated on 
{110} planes as follows: 
1/2<331> => 1/n1<331> + fault on {110} + 1/n2<331>      (4) 
Since {110} are not glide planes for 1/2<331> dislocation, this 
core dissociation results in sessile dislocations.  The core 
structures of the 1/2<331> dislocations in MoSi2 are being studied 
in more detail by us [15, 16] using both MEAM atomistic 
simulations and ab initio calculations, following the earlier work 
of Rao et al. [21]. The two most common faults are the anti-phase 
boundaries, denoted APB(1) and APB(2).  The former is produced 
by 1/6<331> shear in the {103} plane while the latter is produced 
by 1/3<031> (or, alternately, -1/6<331>) shear in the same plane. 
Various calculated core configurations are considered by Mitchell 
et al. [16, 22] to explain the stress asymmetry of the 1/2<331> 
dislocations, i.e., shear along the positive and negative 1/2<331> 
directions require different stresses. As an example, 1/2[331] 
dislocation can be dissociated into three 1/6[331] partials on the 
intersecting (0 1 3), ( 1 03) and ( 1 10) planes. Shear in the 
direction that creates the lower energy APB(1) fault requires 
lower stress than shear in the opposite direction creating the 
higher energy APB(2) fault. All other energetically favorable 
dissociated core configurations of 1/2<331> were shown to result 
in stress asymmetry as well [16]. This translates into the CRSS 
asymmetry observed for compression along <100> vs [001] as 
shown in Fig. 2.  This asymmetry is similar to the case of 
1/2<111> screw dislocations in bcc metals [23].  
 
Preliminary dislocation mobility simulations for 1/2<331> 
dislocations on {103} lying parallel to <010> revealed only core 
spreading over 1 nm distance and no discernible partial 
dislocations. The dislocation was found to be immobile even at a 
stress of µ/100 where µ is the shear modulus. Clearly, simulation 
of dislocation mobility is an area where more work is needed. 
Specifically, we will be performing these simulations using kink 
nucleation and migration to overcome the Peierls barrier rather 
than moving the complete straight dislocation segment, and 
studying mobility of appropriately dissociated dislocations. 
 
Yield Stress Anomalies 
    
As shown in Fig. 2, the CRSS for <331> dislocations increases 
with increasing temperature in the 1000-1250 °C temperature 
range. Similarly, yield stress anomalies are also observed for 
1/2<111> and <100> dislocations. The mechanisms for yield 
stress anomalies are not clearly understood. Ito et al. [9,20] 
observed serrated stress-strain curves in the intermediate 
temperature region where the yield stress increases with 
increasing temperature, and hence, attributed the anomaly to the 
extrinsic Portevin-Le Chatelier effect (i.e., interaction of 
dislocations with mobile impurities) for the 1/2<111> 
dislocations. No mechanism was proposed by Ito et al. [9,20] for 
the yield stress anomaly of <100> dislocations, while dislocation 
decomposition was proposed as a possible mechanism for the 
1/2<331> dislocations. Recently, Mitchell et al. [15] have 
indicated that yield stress anomalies in MoSi2 occur at different 
temperatures for different slip systems. Hence, these could all be 
explained by an intrinsic process (i.e., a change in the dislocation 
core structure with temperature). For example, in the <331>{013} 
slip system dislocation decomposition as shown by reaction (2) 
could lead to the yield stress anomaly. The 1/2<111> dislocations 
prefer to slip on {110} planes (but the Schmid factor is zero for 

compression along [001]) and must of necessity move on an 
inclined plane such as {011}, {112} or {123} with a higher 
Peierls stress. The <110> dislocations have a zero resolved shear 
stress on them. Furthermore, the cross-slip of screw 1/2<331> 
dislocations from the {013} glide planes to the {110} planes 
where the core may be dissociated according to reaction (4) would 
also lead to immobile dislocations. In the <111>{110} slip 
system, the yield stress reaches a maximum at ~1100 oC. Around 
this temperature, the 1/2<111> dislocations are dissociated by 
climb [11]: 
1/2<111> => 1/3[001] + 1/6<331>   (5) 
and sometimes the 1/6<331> dislocation is further dissociated into 
1/6<301> + 1/2[010]. In either case the dislocation is sessile. 
Finally, in the <100>{0kl} slip system, the preferred slip plane is 
{011} at low temperatures. At high temperatures it is more likely 
{010}, {013}, or {023}. The yield stress is a maximum at ~800-
850 °C. A possibility is that the <100> dislocation splits into a 
pair of 1/6<301> partials or 1/2<010> partials or 1/10<531> 
partials. All involve a decrease of strain energy and could occur 
by glide or climb. Cross-slip or climb would be required to 
continue deformation and so a higher yield stress would be 
necessary [15].  
 
 The extent to which the CRSS and operation of these slip systems 
are affected by alloying needs to be studied in detail. The 
operation of all three slip vectors, <100>, 1/2<111> and 
1/2<331>, is critical to achieving room-temperature ductility in 
polycrystalline MoSi2. The results of our recent alloying studies 
on arc-melted polycrystals are discussed next.  
 

Substitutional Alloying 
 
Recently, several investigations have been performed on the 
effects of substitutional alloying on the structure and properties of 
MoSi2, as summarized in Table 1 [14, 24-29]. In general, solid 
solubilities in C11b MoSi2 are rather limited, except for W. 
Elements such as Al, Nb, Ta, V and Cr change the structure of 
MoSi2 to hexagonal C40 when added in excess of the solubility 
limit. It has been shown that single crystals of alloyed C40 MoSi2 
are not deformable in compression below 1100 °C [30]. Hence, 
the focus will on alloys where the C11b structure is maintained. As 
shown in Table 1, three kinds of anomalous alloying effects are 
observed: (1) rapid hardening, (2) solution softening and (3) 
softening at low temperatures and hardening at high temperatures 
for the same solute, which are now discussed.   
 
Rapid Solution Hardening 
      
With regard to strengthening at elevated temperatures, W, Nb and 
Re cause solid solution hardening. Of these, the hardening rate per 
unit solute concentration is highest for Re, followed by Nb and 
then W. The yield strengths of (Mo0.97Re0.03)Si2 and 
(Mo0.5W0.5)Si2 alloys are almost equal indicating that Re is an 
order of magnitude more potent than W in increasing the high 
temperature strength [14]. In other words, the gradual solid 
solution hardening of MoSi2 by W can be considered to be within 
the framework of the classical theory of solute hardening [31]. 
The classical approach assumes that substitutional solutes have 
spherically symmetric volume misfit strain fields and hence 
interact mostly with edge dislocations. To a first approximation, 
there is no interaction with the screw dislocations that do not have 
dilatational components in their stress fields. Hence, if the small 
atomic size misfit between Mo and W leads to gradual hardening, 
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Table 1 Solution hardening, solution softening and solubility  
            of different alloying elements in MoSi2 
             
 Solubility 

(at.%) 
RT effect HT effect Ref. 

Al 2-3 softening insignificant 
 

14, 
24-27 

Ti 0.4±0.1 nr nr 
 

28 

Zr 1.1 minor 
softening 

insignificant 
 

25 

V 1.4 ± 0.4 minor 
softening 

insignificant 
 

25, 28 

Nb 
 

0.8 �1.0 softening hardening 14, 25, 
27 

Ta 3-5 softening insignificant 25 
Cr 1-1.4 minor 

softening 
insignificant 
 

25, 28 

W complete hardening hardening 
 

14 

Re 2.5 rapid 
hardening 

rapid 
hardening 
 

14, 29 

* Fe, Co, Ni, Ru, Hf are insoluble [28]; nr: not reported;  
RT: room temperature; HT: high temperature 
 
 
the same is expected for Re as well since Mo and Re have almost 
equal atomic radii. 
The rapid hardening by Re is, therefore, anomalous with respect to 
the classical solution hardening theory. The effect of Re on the 
strength of MoSi2 is shown in Fig. 3 from our work on 
polycrystalline alloys. As in Fig. 2, the data in Fig. 3 are also 
plotted on a log-linear plot where linear fits are consistent with a 
Peierls controlled dislocation glide behavior. For MoSi2, the 
polycrystals could not be deformed at temperatures (T) < 900 °C. 
In Fig. 3, the MoSi2 data for T < 900 °C is estimated from single 
crystals using the Taylor factor. Note the drop in strength of 
MoSi2 at temperatures above 1400 °C. Addition of ~2.5 at.% Re 
increased the compressive yield strength at 1600 °C by almost an 
order of magnitude. The strong influence of Re on the mechanical 
behavior of MoSi2 at elevated temperatures was also reflected in 
the dislocation substructures [29]. In MoSi2, a well-pronounced 
dislocation cell structure was observed following compressive 

deformation at elevated temperatures, typical of �pure metal� 
behavior. Due to the extremely low yield stress of MoSi2 at T ≥ 
1400 °C, dislocation glide is very fast and so climb of dislocations 
past the substructural obstacles becomes the rate-controlling 
factor. In contrast, addition of only 2.5 at.% Re was observed to 
change the dislocation substructure significantly at elevated 
temperatures. Here no significant tendency to form sub-grains is 
noted and the dislocations are smoothly curved and randomly 
distributed.  Such a substructure is consistent with the solid 
solution hardening exhibited by Re and similar to viscous glide-
controlled behavior in alloys. The dislocations in polycrystalline 
MoSi2 alloys containing 2.5 at.% Re were mostly <100> and 
1/2<111> type. No 1/2<331> dislocations were observed. For the 
1/2<111> dislocations, weak beam imaging of the dislocation 
cores revealed dissociation into 1/4<111> partials with spacing 
lower than that observed in pure MoSi2. Thus, Re effectively 
increases the stacking fault energy of 1/2<111> dislocations.  
 
 We hypothesize that the rapid solution hardening by Re, even at 
elevated temperatures, originates from the non-spherical or 
�tetragonal� distortions around the substitutional Re atoms that 
would lead to strong interaction with both screw and edge 
dislocations. The origin of �tetragonal� distortions around Re 
atoms in MoSi2 may be understood as follows: rhenium 
�disilicide� has a Si-deficient stoichiometry corresponding to 
ReSi1.75 [32] and hence, to maintain stoichiometry, one 
constitutional Si vacancy forms for every four Re atoms added. 
The association of Re substitutionals with Si vacancies (as shown 
in Fig. 4) leads to point defect complexes that have tetragonal 
distortions. As an example, for the defect cluster shown in Fig. 4, 
the strains in the plane will be significantly different as compared 
to strains out of the plane.  

 
Anomalous solution hardening has also been reported in ionic 
crystals upon substitutional alloying with aliovalent cations [33]. 
For example, in MgO the solution hardening rate due to Fe3+ is an 
order of magnitude greater than that due to Fe2+ [33]. It is 
generally accepted that this effect is due to the complexes formed 
by the aliovalent cations with their charge compensating defects 
that can either be vacancies or interstitials. Such a defect complex 

Fig. 3 Effect of 2.5 at.% Re on the high T strength of 
polycrystalline MoSi2. Data at T  < 900 °C are 
estimated (est.) from single crystal tests [9,11].  
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will cause both an elastic and an electrostatic distortion of the 
lattice; however, the elastic distortion was found to be the 
dominant factor, based on anisotropic dislocation theory 
calculations [33]. While the above hypothesis provides the 
physical basis for rapid substitutional solution hardening, more 
work is needed to develop quantitative models with predictive 
capability. For example, direct observations of the defect 
clustering of the type shown in Fig. 4 are needed. Similarly, the 
interaction between the dislocation core and different kinds of 
point defect clusters needs to be computed using atomistic 
simulations.  
 
Solution Softening 
 
MoSi2 alloys containing Re exhibit no plasticity in compression at 
T <1000 °C. Fig. 5 shows examples of alloying effects that 
enhance the room temperature compressive plasticity of MoSi2. 
Note that both Nb (1 at.%) and Al (2 at.%) alloys are deformable 
at room temperature at strength levels significantly lower than the 
estimated yield strength of MoSi2 at room temperature. At T < 800 
°C, the temperature dependence of flow stress of MoSi2 is also 
lowered by Nb and Al additions. 

 
In the ternary (Mo,Nb)Si2, and Mo(Si,Al)2 alloys, the dislocation 
substructures at temperatures where solution softening is observed 
(i.e., T < ~600 °C) consist primarily of 1/2<111> dislocations, 
with some <100> dislocations as shown in Fig. 6(a). The preferred 
line direction of the 1/2<111> dislocations is <110>, i.e., 60° from 
screw, on the {110} glide planes. In comparison to pure MoSi2, 
two important differences were noted. First, in polycrystalline 
solution-softened alloys, there appears to be a preference for 
1/2<111> slip at low temperatures. While polycrystalline MoSi2 
could not be deformed at low temperatures in compression, 
studies of dislocations under hardness indents in polycrystalline 
MoSi2 have revealed primarily <100> dislocations at these 
temperatures [8]. The predominance of 1/2<111> slip at low 
temperatures was also inferred through an analysis of slip traces 
around room temperature hardness indents on single crystalline 
Mo(Si,Al)2 [24]. Secondly, weak beam imaging of 1/2<111> 
dislocations in Nb-alloyed materials, Fig. 6(b),  (and also, Al-
alloyed materials, not shown here) reveals that the partial 
dislocation spacing is increased, i.e., stacking fault energy is 
lowered, consistent with other studies [13, 14]. For the near-edge 
orientation shown in Fig. 6(b), the partial spacing is 7.5 nm 

whereas for similar orientations in pure MoSi2 the partial spacing 
is ~6.5 nm. Inui et al. [14] have reported a partial spacing of 5.1 
nm for the screw orientation in (Mo,Nb)Si2 alloys which is also 
higher than the 4.4 nm spacing reported for the screw 1/2<111> 
dislocations in unalloyed MoSi2. 
 
At intermediate temperatures (~800-1000 °C), when the flow 
stress increases anomalously with increasing temperatures, still 
predominantly 1/2<111> dislocations are observed in the Nb and 
Al-alloyed MoSi2. Note that at these temperatures, solution 
softening is not observed and the extent of yield stress anomaly 
appears to be suppressed by solutes that cause softening. Based on 
single crystal data on unalloyed MoSi2 discussed earlier, the yield 
stress is a maximum at ~1100 °C for <111> and at ~800°C for 
<100>. For polycrystalline materials studied here where <100> 
and 1/2<111> dislocations were observed, the yield stress 
maximum is in between these temperature limits. Most of the 
1/2<111> dislocations on {110} planes are in the form of 
�bundles� at ~800 °C, i.e., groups of several dislocations closely 
spaced (with a lot of dipoles), separated by relatively dislocation 
free regions. No serrated flow or evidence for dislocation 
decomposition according to reaction (5) was observed. Since the 
yield stress anomaly was significantly suppressed by Nb alloying, 
more detailed TEM studies are needed to elucidate the effects of 
solutes on yield stress anomalies. 

 
Since the classical theory of dislocation-solute interaction always 
predicts a gradual hardening by substitutional solutes, the 
observation of solution softening is clearly an anomaly. Prior to 
the recent work on intermetallics, solution softening was also 
observed in body-centered cubic (bcc) metals such as Mo, Ta, Nb, 
etc, both through �special� substitutional solutes (e.g., Re) or 
interstitials [34-36]. Although no consensus could be achieved on 
the mechanism of solution softening in bcc metals, two 
mechanisms were proposed: (1) intrinsic [34,35] and (2) extrinsic 
[36]. The intrinsic mechanism is that softening is due to a 

Fig. 5 Effects of 1 at.% Nb and 2 at.% Al alloying, respectively, 
on the yield strength of polycrystalline MoSi2. The alloys exhibit 
compressive plasticity at room temperature.  
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alloy. Dislocations labeled m and n are <100> type, and 
dislocations labeled x and y are <111> type. B= [331] and g = 
1 1 0. (b) Weak beam image showing a 1/2<111> dislocation 
dissociated into 1/4<111> partials.  
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reduction of the Peierls stress, i.e., the inherent resistance of the 
crystal to dislocation motion. The reduction of the Peierls stress 
was in one case argued to result from a reduction in the shear 
modulus [34].  Other investigators postulated that solutes may be 
reducing the activation barrier for glide, i.e., the thermal part of 
the yield stress [35]. The extrinsic mechanism postulates that the 
unalloyed material appears hard since it contains interstitial 
impurities such as C, O, S and P, and the effect of solutes that 
cause softening is to scavenge the impurities [36]. In some metals 
(e.g., Nb and Ta), the solution softening disappeared when these 
metals were purified by annealing in high vacuum just below their 
melting temperatures, an evidence supporting the extrinsic 
mechanism [36]. In other cases (e.g. Mo), softening with Re 
addition was observed in purified crystals as well [34]. We 
hypothesize that, in MoSi2, solution softening may be an intrinsic 
effect and originate from the ease of double kink nucleation in the 
presence of solutes resulting in a lowering of the overall activation 
barrier for thermally activated glide at low homologous 
temperatures. This hypothesis is based on the following 
observations: (i) softening is caused by elements such as Nb, Al, 
Ta, etc. that change the structure of MoSi2 from body-centered 
tetragonal (C11b) to hexagonal, (ii) softening occurs only at low 
concentrations (typically < 2-3 at.%) in the single-phase C11b 
structure, i.e., at higher concentrations of Nb or Al when the 
structure changes to hexagonal, the normal hardening behavior is 
observed, (iii) softening occurs only at low temperatures (< ~600 
°C), (iv) all solutes that soften MoSi2 lower the stacking fault 
energy, as inferred from the 1/4<111> partial spacing, (v) 
softening is observed in float-zone processed single crystals 
[14,24] as well as in arc-melted [25, 27] or powder-processed 
polycrystals [26, 37], and (vi) finally, elements such as Zr with a 
strong affinity for interstitial impurities do not result in any 
softening [25]. The last two observations seem to suggest that 
extrinsic mechanisms of softening may not completely explain the 
solution softening in MoSi2.  The intrinsic mechanism due to the 
lowering of the Peierls stress in the presence of solutes, especially 
since changes in stacking fault energy are observed 
experimentally, need to be considered as the primary mechanism 
for softening. In order for solutes to modify the fault energies, 
solute segregation to the core may be needed. The reason why 
these solutes segregate to the 1/2<111> dislocation may be related 
to the higher solubility of these solutes in the hexagonal structure 
of MoSi2. The difference between the tetragonal and hexagonal 
structures of MoSi2 is that the former has ABAB stacking while 
the latter has ABCABC stacking of {110) planes. The stacking 
sequence in the fault that separates the two 1/4<111> partials in 
the otherwise tetragonal MoSi2 is also ABCABC.  Thus, solutes 
that stabilize the hexagonal structure are likely to segregate to the 
fault. Next we discuss how these solutes may modify the Peierls 
stress and lead to enhanced ductility.  
 
Waghmare et al. [38] have shown, through first-principles 
calculations, that elements such as Nb, Al, Mg, and V change the 
generalized stacking fault energy (γ)-surface of dislocations in 
MoSi2. Since the Peierls stress is given directly by the maximum 
gradient of the γ�surface, the net effect of solutes such as Nb and 
Al was predicted to be a lowering of the Peierls barrier at low 
homologous temperatures. (The concept of the γ�surface was 
originally introduced by Vitek [39]). Of course, the solutes may 
also affect the surface energies and hence, the cleavage stresses. 
Therefore, the ratio of the surface energy to the unstable stacking 
fault energy is an indication of the effect of solute on the ductility 
of the intermetallic [38]. If the ratio is increased significantly 

above one, then the solute may enhance ductility. The calculations 
by Waghmare et al. [38] were performed on the {013}<331> slip 
system. However, most of our experimental observations of 
softening in polycrystals involved {110}<111> slip systems. 
Hence, we performed ab initio calculations to obtain the stacking 
fault energies of the 1/2<111> dislocations. The calculated fault 
energies were as follows: 269 mJ/m2 for pure MoSi2, 328 mJ/m2 
for (Mo,Re)Si2, 178 mJ/m2 for Mo(Si,Al)2 and 207 mJ/m2 for 
(Mo,Nb)Si2. These calculations are in good agreement with our 
experimental observations. The above calculation approach for the 
Peierls stress of straight dislocations as obtained from the gradient 
of the γ�surface is one way to study, at the atomistic level, the 
effects of solutes on the dislocation mobility. However, our 
simulations of 1/2<111> and 1/2<331> dislocation mobilities in 
MoSi2 using MEAM potentials revealed that often the straight 
dislocations were immobile even at very high applied stress. Thus, 
we need to perform simulations of double-kink nucleation at 
dislocation and the sideways motion of the kinks in unalloyed 
MoSi2. Then, we need to study how the activation energies of 
double-kink nucleation and migration are affected by solute 
additions. These simulations will be performed in future once the 
interatomic potentials for MoSi2 with various alloying elements 
are developed using inputs from first-principles calculations and 
experiments. These studies may lead towards a more detailed 
understanding of the complex solute-dislocation core interactions 
in intermetallics [40].  
 
Solution Softening at Low Temperatures and Hardening at High 
Temperatures 

 
Nb is one solute that causes solution softening at low homologous 
temperatures (Fig. 5) and solution hardening at elevated 
temperatures. Another example of similar behavior, as shown in 
Fig. 7, is the quaternary (Mo,Re)(Si,Al)2 alloys containing only 1 
at.% Re and 2 at.% Al. In other words, these alloys combine the 
beneficial effects of Re (high temperature hardening) and Al (low 
temperature softening). The Al-containing ternary alloys (Fig. 5), 
however, have insignificant effect on high temperature strength. 
 
Since the (Mo,Re)Si2 alloys were the most brittle at low 
temperature, it is interesting to note that Al additions caused 

Fig. 7 Quaternary (Mo,Re)(Si,Al)2 alloys with ~ 1 at.% Re 
and 2 at.% Al are stronger than MoSi2 at high T and softer 
at near-ambient T. Ternary Nb-containing alloys exhibit  
similar behavior. 
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softening and resulted in room temperature compressive plasticity 
in the quaternary (Mo,Re)(Si,Al)2 alloys. Fig. 8 shows the side 
surfaces of compression specimens of these alloys tested at room 
temperature and at 600 °C. Note that the slip traces produced by 
room temperature deformation are very coarse but much more 
finely spaced after 600 °C deformation. These tests were stopped 
at the onset of cracking and hence, some micro-cracks are also 
observed on the side surfaces. The compressive strains to failure 
at 600 °C are on the order of 1%, and at room temperature ~0.2-
0.3% for the polycrystalline (Mo,Re)(Si,Al)2 alloys. This is still a 
significant improvement considering that the ternary alloys could 
only be deformed at temperatures ≥ 1000 °C. 

 

 
For the results shown in Fig. 7, there are two important questions 
to be addressed. First, for the same solute, such as Nb, why is 
solution softening observed at low temperatures and hardening at 
high temperatures? Secondly, why are the effects of two solutes 
with opposing effects (e.g., Re and Al) not additive linearly? In 
other words, the effect of Al (softening) dominates at low 
temperatures and Re (hardening) dominates at high temperatures.  
 
We discuss the behavior of Nb first. The elevated temperature 
hardening (>1200 °C) with Nb is not gradual as with W. Rather, it 
is rapid solution hardening, although at a lower rate as compared 
to Re. For single crystals as well, Inui et al. [14] have observed a 
factor of 2-3 increase in the yield strength of MoSi2 in the 1300-
1500 °C temperature range with only 1 at.% Nb alloying. For the 
polycrystalline materials studied by us, the dislocation 
substructures in (Mo,Nb)Si2 alloys compressed at 1200 °C showed 
predominantly <100> dislocations and dipole loops pinched-off 
the gliding <100> dislocation. Several short <110> dislocation 
segments were also seen formed as a reaction product between 
[100] and [010] dislocations. Since this work is on polycrystals, 
the CRSS for <111> and <100> dislocations could not be 
determined as a function of temperature. Also, more statistics is 
needed to quantitatively assess the relative amounts of <111> and 
<100> slip at elevated temperatures. More work is needed in 
assessing the local point defect structures in Nb alloyed materials 
to understand the elevated temperature hardening behavior.  

The behavior of the quaternary alloys is more puzzling. We 
hypothesize that the low temperature behavior is determined 
mostly by the kink nucleation activation energy. Hence, solutes 
such as Nb and Al that segregate to the dislocation cores can act 
as preferred sites for kink nucleation. At elevated temperatures, 
there is already enough thermal activation to make kink nucleation 
easy. The deformation behavior at high temperatures is therefore 
dominated by the activation energy for kink migration. Since 
solute atoms will always be obstacles to kink migration, hardening 
is expected. The extent of hardening will depend on the local 
strain field of the solute. This hypothesis will be tested using 
MEAM potential atomistic simulations in our future work.  
 

Summary and Conclusions 
 
Both ab initio calculations and atomistic simulations using 
MEAM potentials are performed to study the dislocation core 
structures, yield stress anomalies and asymmetries, and 
dislocation mobility in pure MoSi2. The results are summarized as 
follows:  
1/2<111> dislocations: both methods predict dissociation into 
1/4<111> partials with fault energies in agreement with 
experimental observations. Atomistic simulations show that these 
dislocations are mobile at stresses that agree well with 
experiments.  
1/2<331> dislocations: both methods reveal non-planar 
dissociated cores, although no unique core configuration is 
established.  Simulations show that 1/6<331> shear in the {103} 
plane produces faults of different energies for positive and 
negative shear. This is the origin of yield stress asymmetry when 
{103}<331> slip system operates. An example of this stress 
asymmetry is that, at low temperatures, the critical resolved shear 
stress is greater for [001] orientation as compared to <100> 
orientation for <331> slip.  
 
For all three slip vectors (<100>, 1/2<111> and 1/2<331>), 
dislocation reactions that may lead to yield stress anomaly are 
proposed. 
 
We have also studied the effects of substitutional alloying with 1-
2 at.%  Re, Nb and Al on the mechanical behavior of 
polycrystalline MoSi2 and results are summarized as follows: 
Rapid Hardening with Re alloying 
(i) Yield strength at 1600 °C increases by an order of magnitude.  
(ii) Re addition increases the stacking fault energy (shown by 
weak beam imaging and ab initio calculations). 
(ii) Rapid hardening is interpreted in terms of the �tetragonal� 
distortions around Re substitutional atom-Si constitutional 
vacancy point defect complexes. 
Solution Softening at Low Temperatures with Al and Nb 
 (i) Yield strength, in compression, decreases at T < ~ 600 °C. 
 (ii) Compressive plasticity observed at room temperature in 
polycrystalline MoSi2 alloyed with Al or Nb. 
 (iii) Al or Nb addition decreases the stacking fault energy (shown 
by weak beam imaging and ab initio calculations). 
(iv) At elevated temperatures, Nb causes significant solution 
hardening. 
Non-linear Addition of Effects from Different Solutes 
 (i) In quaternary (Mo,Re)(Si,Al)2 alloys, the effect of Re 
(hardening) dominates at elevated temperatures and the effect of 
Al (softening) dominates at low temperatures. 
 

Fig. 8  Optical micrographs (Nomarski contrast) showing slip 
traces (ST) and micro-cracks (C) in the (Mo0.97Re0.03 )(Si0.97Al0.03)2
alloy deformed in compression at, (a) roomtemperature and (b) 600 
°C, to the onset of cracking. 

(a)(a) (b)

100 µµµµm 100 µµµµm

STST

CC
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We hypothesize that the reduction of kink nucleation activation 
barrier by solutes at low homologous temperatures causes solution 
softening. At elevated temperatures, the same solutes act as 
obstacles to kink migration and result in hardening. Atomistic 
simulations are needed to study these complex dislocation-solute 
interactions in detail and develop predictive capability with regard 
to the effect of solutes. 
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