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a b s t r a c t

In this work, we present a multilayer modeling for the formation of molybdenum silicides in the exother-
mic reaction between Mo and Si under the influence of a temperature pulse. The heating rate can either
be a well-controlled ramp or be generated spontaneously by the propagation of a combustion synthesis
front. The model addresses the specific situation above the melting point of silicon and describes the
solid–liquid reaction taking place in a single representative particle of molybdenum surrounded by the
melt of silicon. We obtain a set of kinetic equations for the propagation of the interfaces between the
eywords:
olybdenum silicides

owder metallurgy
elf-propagating high-temperature
ynthesis
olid–liquid reactions
inetics

different layers (Mo/Mo5Si3 and Mo5Si3/MoSi2) in the solid particle and the change in composition of the
melt. This approach enables one to understand the specific microstructure observed during the formation
of molybdenum silicides and to assess the role of parameters of combustion synthesis such as the initial
size of the particles, the combustion temperature or the stoichiometric coefficient.

© 2010 Elsevier B.V. All rights reserved.
odeling

. Introduction

Molybdenum disilicide has recently received considerable
ttention as a material for high-temperature applications [1–3].
ts properties provide a desirable combination of a high melting
emperature (2293 K), high Youngs modulus (440 GPa) [2,4], high
xidation resistance in air [5] or in a combustion gas environment
6], and a relatively low density. However, commercialization of
uch a compound has been limited because of the low ductility
xhibited at room temperature. Consequently, refining grain size to
he nanocrystalline level (<100 nm) has been suggested as being a
ay of improving strength while enhancing ductility and toughness

7]. The second solution is to alloy MoSi2 with other high melting
oint silicides, like for instance with Mo5Si3 [8].

Molybdenum silicides can be synthesized by using differ-
nt techniques of the powder metallurgy such as hot pressing,
eactive sintering, thermal and plasma spray or mechanical alloy-
ng [3,9,10]. The large exothermicity of the reaction between
o and Si powders allows the use of self-propagating high-
emperature synthesis (SHS) to produce molybdenum disilicides
11–17]. Such a method is especially attractive because of its high
fficiency, short process time and good purification capability with

∗ Corresponding author. Tel.: +33 3 80 39 61 75; fax: +33 3 80 39 61 67.
E-mail address: fbaras@u-bourgogne.fr (F. Baras).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.06.024
a reduced oxygen contamination compared to conventional pro-
cessing [18–20].

In the last 10 years, an emerging synthesis route coupling a short
duration high-energy ball milling with a self-sustaining reaction
has been extensively explored [21–24]. The addition of a mechan-
ical activation step to the SHS process turns out to be a critical
improvement, changing the process parameters (e.g. wave veloc-
ity) and the nature of the end-product. Although the basic concepts
of the SHS method are relatively easy to apply in principle, there
remain a number of basic questions related to the physical and to
the chemical natures of this phenomenon, as well as, some issues
about the phase transformations within the moving combustion
front.

Powder processing of silicides implies the spontaneous devel-
opment of the SHS reaction which is associated with highly
exothermic phenomena (up to 3500 K/s [25]). As soon as the sys-
tem is ignited, the very rapid propagation of combustion front
(1–100 mm/s) renders it difficult to control what happens during
the combustion synthesis. This is the unavoidable counterpart of
low cost and high efficiency. The only way to overcome this intrin-
sic fact is to determine kinetics and reaction mechanisms during

SHS-processing in order to predict the product composition. In this
respect, a major challenge is to be able to control the microstruc-
ture of the final product as a function of adjustable parameters like
green mixture properties or/and combustion temperature, form
and speed of the combustion wave.

dx.doi.org/10.1016/j.jallcom.2010.06.024
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:fbaras@u-bourgogne.fr
dx.doi.org/10.1016/j.jallcom.2010.06.024
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5Mo(s) + 3Si(l) → Mo5Si3(s) (1)

As a layer of this compound is formed, it surrounds progressively
4 F. Baras et al. / Journal of Alloy

The kinetic study of siliconized molybdenum wires is especially
nteresting for understanding the microstructure evolution and its
elation to conditions under which synthesis has taken place. Typ-
cally the initial sample is a Mo wire of 100 �m in diameter with
thin silicon coating (<10 �m). A bilayer diffusive zone is formed
n Mo part consisting of MoSi2 and Mo5Si3 phases [26]. Besides
his typical solid–solid reaction, the similar experimental study has
een performed above the melting point of Si (1414 ◦C) both in

sothermal conditions and under the influence of preheating [27].
y quenching the sample during the process, it is possible to follow
he microstructure transformations in this solid–liquid system. A
ypical situation consists in MoSi2 grains constituting a continuous
ayer around the Mo core which progressively evolves toward the
ormation of a compact Mo5Si3 layer in-between Mo core and the
isilicide. After complete consumption of liquid silicon, a redistri-
ution of the layers occurs with a predominance of molybdenum
isilicide. The case of Mo wires rapidly heated above the melting
emperature of Si is studied in [28]. Using in situ measurements,
t is possible to follow the evolution of the thickness of the diffu-
ion layers and to track the formation of MoSi2 microstructure by
ecrystallisation.

In SHS experimental studies, the starting material for the syn-
hesis is a fine powder mixture of Mo and Si. The mixture is obtained
sing a classical turbula mixer for 3 h. Then, the Mo/Si powder
ixture is cold-compacted into a cylinder die. Finally, one extrem-

ty of the sample is heated to initiate the reaction. Upon ignition,
he exothermic reaction is self-sustaining, and a combustion front
uickly propagates along the length of the cylinder (10 mm long),
onverting the green mixture into silicides.

The combustion synthesis of molybdenum disilicide was first
nvestigated by Sarkisyan et al. [11]. The effect of stoichiometry and
reheating temperature on the chemical composition of SHS end-
roducts has been studied in [12]. Single-phase MoSi2 is obtained
tarting from a stoichiometric mixture Mo + 2Si. On the contrary,
n atomic mixture 5Mo + 3Si which is supposed to correspond to
he Mo5Si3 intermetallic compound leads to a multiphase prod-
ct.

An attempt has been made by Deevi [13] to understand the reac-
ion mechanisms involved in the combustion synthesis of MoSi2
uring the propagation of the front. The nature of the mechanism
as investigated by correlating the thermal analysis to the time-

esolved X-ray identification of the products during the process. At
ow external heating rate, a situation close to the “natural” prop-
gation case is observed. Indeed, it seems that Mo5Si3 is formed
rst suggesting a solid–solid reaction that occurs in the preheating
one ahead of the reactive combustion zone of the front [13]. But
s soon as the local temperature exceeds the melting temperature
f Si in less than 2 s the liquid silicon diffuses through the Mo5Si3
nd an outermost product layer of MoSi2 starts to form. The dif-
usion of Si towards the inner solid Mo5Si3/Mo interface sustains
he formation of Mo5Si3. Unreacted cores are observed in the reac-
ion products. Similar observations have been reported elsewhere
10,16]. This latter use an IR analysis coupled to time-resolved XRD
n synchrotron facilities for determining the combustion synthesis
echanisms of mechanically activated SHS process.
Jo et al. [15] have studied the formation mechanism of MoSi2

y SHS after a quenching of the reacting sample (103 K/s). The
icrostructure analysis seems to indicate that the formation of
oSi2 operates via dissolution of Mo into Si melt followed by
MoSi2 precipitation. Their conclusions diverge from the usual

oint of view in which a reaction-diffusion mechanism is sug-

ested. An important issue is to understand the influence of the
apid quenching. The experimental study carried out in [17] on
he preparation of MoSi2 and MoSi2–Mo5Si3 composites by SHS
hows that the stoichiometry of the initial mixture Mo + �Si signifi-
antly influences both the combustion characteristics (propagation
ompounds 505 (2010) 43–53

mode, front velocity, combustion temperature) and the nature of
end-products.

As we have already emphasized, SHS is difficult to control. To
be able to use such a processing with confidence, it is essential
to establish a direct relationship between the SHS-processing vari-
ables and the microstructure of SHS end-products. This would allow
evaluating the influence of preheating temperature, green mixture
powder size or diluent content both on the morphology and on
the chemical composition of the solid. A first attempt in model-
ing the coupling between the solution of the heat transfer equation
and the heterogeneous kinetics was done in [29] to understand the
diffusive combustion of multicomponent gasless systems forming
multiphase products. In the present work, we have developed a
new model which captures the main features of the reactive system
and focuses on the structure formation of the synthesized material
under the influence of a non-isothermal feedback. On the one hand,
the well-documented experimental works offer an excellent back-
ground to formulate such a realistic model. On the other hand, a
model which accounts for the essential reactive mechanism can
become a predictive tool for new experimental investigations. The
description of the reaction mechanism leading to a bilayered struc-
ture is presented in Section 2 together with the derivation of the
equations governing the evolution of the layering structure. The
physical properties, the thermodynamic data and the combustion
parameters for the Mo + Si system are detailed in Section 3. In Sec-
tion 4, we present the results of this new approach in various case
studies. Finally, the concluding remarks are reported in Section 5
together with the perspectives of the present work.

2. The multilayer modeling

At low temperature, solid–solid interfacial reactions are not
favored in a mixture of micrometric Mo and Si powders because of
irregular interfaces and voids. The situation is completely different
in combustion synthesis. After initiation at one end of the sam-
ple, a highly exothermic reaction starts locally. The heat released
propagates to the contiguous regions and raises the temperature.
Upon the melting of the silicon, the contact area between the two
reactants increases dramatically, initiating in turn new seats of
combustion which promote the reaction. This mechanism leads to
the formation of a reaction front that propagates throughout the
system.

2.1. Reactions at interfaces

In this work, we focus on the behavior of a “typical” individual
Mo solid grain suspended in the molten Si phase when it experi-
ences a temperature rise due to the propagation of the combustion
front (see Fig. 1). As soon as the temperature exceeds the melt-
ing threshold, liquid silicon surrounds Mo particles (which are
assumed to be spherical for simplicity). During this initial stage,
the Mo grain begins to dissolve into the liquid, and at the same
time, Si starts to diffuse into the solid particle. A solid solution is
forming up to 4% (line 1–2 on the phase diagram, Fig. 2). This first
stage is characterized by a mutual dissolution. In a second stage, as
the amount of dissolved Si in Mo increases, silicon starts to react
with molybdenum to form the intermetallic Mo5Si3 (lines 3 and 4,
Fig. 2):
all the solid particle.1 There is no more direct contact between the

1 Note that the phase Mo3Si is not stable in the range of temperature typical of
combustion synthesis (1410–1900 ◦C).
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Fig. 1. Different stages of the rea

olid Mo and the liquid. The inner interface Mo/Mo5Si3 is driven out
f equilibrium by the sustained diffusion of Si through the Mo5Si3
ayer. Solid Mo continues to be converted and the thickness of the
ayers grows as Si diffuses into the solid. At the outer surface, Si may
eact with the Mo5Si3 to form another compound MoSi2 (point 5,
ig. 2), resulting in the growth of a new layer. The reaction reads:

o5Si3(s) + 7Si(l) → 5MoSi2(s) (2)

s soon as the layers are formed, there is no direct contact between
he solid Mo and the liquid phase but the outermost layer of

olybdenum disilicide dissolves into the liquid. The dominant
echanism through which Mo enters the liquid phase is precisely

he dissolution of MoSi2 according the reaction:

oSi2(s) → Mo(l) + Si(l) (3)

e will neglect the small amount of Mo that might diffuse through
he silicides. While the growth of the layers consumes the Si, the
mount of Mo in the liquid phase increases until saturation. The
nal composition of the melt depends on the dissolution rate.

.2. Modeling

The behavior of the system is conditioned by the reactions at the
nterfaces. Fig. 3 summarizes the processes occurring at the differ-
nt locations of the grain. The reaction (1) leading to the formation

f Mo5Si3 takes place at the interface I. The rate of reaction R1 at the
nterface is assumed to be proportional to the chemical affinity of
he reaction which can be approximated as the difference between
he mole fraction n1 of Si at this location and its equilibrium value

Fig. 2. Phase diagram for the binary system Mo + Si, from [31].
mechanism between Mo and Si.

n1eq (see Appendix A):

R1 = k1�nI = k1(n1 − n1eq) (4)

It is expressed in units of mol m−2 s−1. The T-dependent rate con-
stant k1 is given by the usual Arrhenius law k1 = k10 exp( − E/RT).
As the reaction takes place, Mo is converted to Mo5Si3 and the
layer begins to propagate inward. The interface is subject to the
diffusional flux of Si which feeds the reaction. Since the reaction
rate is very rapid at the high temperature, it quickly reaches a
value at which it balances the diffusional current of Si, J1, at inter-
face I. Moreover, we assume that a diffusional quasi-steady state
is established rapidly in the system. This allows us to make the
approximation:

J1 = 3R1 (5)

which means that the silicon transported by diffusion at the inter-
face is used to form the intermetallic compound.

As soon as the compound Mo5Si3 is synthesized, it can itself
react with Si to form the disilicide layer. As shown in Fig. 3, the
reaction (2) with the formation of MoSi2 occurs at interface II and
the reaction rate reads:

R2 = k2�nII = k2(n2 − n2eq) (6)

where the subscript 2 refers to interface II. If we assume that there
is no accumulation of matter (due to the rapid reaction), the total
diffusional flux of Si at interface II must balance the fluxes and the
reaction in the interior interfaces. This leads to the condition:

2 2 2
r2 J2 = r2(7R2) + r1 J1 (7)

where J2 is the diffusion current at surface II. At interface III, the
outermost layer of MoSi2 may dissolve in Si liquid to form a solution
in accordance with the phase diagram. The reaction rate associated

Fig. 3. Slice of the particle during the reaction progress. The kinetics details of the
model are represented.
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ith reaction (3) reads:

3 = k2�nIII = k3(n3 − n3eq) (8)

here the subscript 3 corresponds to interface III. The balance of
uxes on both sides of interface III gives the condition

2
3 J3 = r2

2 J2 (9)

here J3 is the flux at the external side. The flow of Si at interface
II is consumed by the reactions at inner interfaces. Combining Eqs.
5), (7) and (9) gives:

2
3 J3 = r2

2(7R2) + r2
1(3R1)

hich shows that the flow of Si is consumed by the reactions at
nterfaces II and III.

.3. Diffusion

Diffusion transport in solids generally operates though an inter-
iffusion process [30]. In the Mo–Si system, the situation looks
impler to describe. In several works on the annealing of the diffu-
ion couples MoSi2/Mo at selected temperatures, it has been found
hat the major diffusing species in the silicides is silicon [26,32,33].
n our modeling, we thus assume that Si is the dominant diffusive
lement with an effective diffusion coefficient depending on the
hase considered.

In this approach we have to estimate the stationary diffusion
urrent of Si, J, at the interfaces of the layers of the spherical particle.
or a spherical geometry, one can easily show that the steady-state
urrent can be expressed in terms of the mole fraction of Si at the
oundaries (see Appendix B). For instance, we have for the current
t the interface I:

1 = W12(n2 − n1) (10a)

ith

12 = D1
r2

r1

1
r2 − r1

(10b)

n which D1 is the diffusion coefficient of Si in the Mo5Si3 phase.
hen n2 > n1, the diffusion current J1 is positive which corresponds

o a flow toward the center. A similar expression holds for the layer
f MoSi2 between interfaces II and III.

.4. Kinetic equations

With the processes as described above, we are now in a position
o write the rate equations for the amount of each substance. In the
olid phase, for the number of moles of pure Mo in the inner sphere
nd for the amount of silicides, NMo5Si3 and NMoSi2 , we have

d

dt
NMo = −4�r2

15R1 (11a)

d

dt
NMo5Si3 = 4�r2

1R1 − 4�r2
2R2 (11b)

d

dt
NMoSi2 = 4�r2

25R2 − 4�r2
3R3 (11c)

n the liquid phase, for the number of moles N′
Mo of Mo and N′

Si of
i, we have
d

dt
N′

Mo = 4�r2
3R3 (12a)

d

dt
N′

Si = 4�r2
3(−J3 + 2R3) (12b)
ompounds 505 (2010) 43–53

It is easy to check that the conservation of Mo and Si is satisfied by
the set of Eqs. (11) and (12):

d

dt
(N′

Mo + NMoSi2 + 5NMo5Si3 + NMo) = 0

d

dt
(N′

Si + 2NMoSi2 + 3NMo5Si3 ) = 0

Since our final goal is to compare the predictions of the model to
experimental data, it would be more appropriate to introduce the
radii of the interfaces. Eq. (11) can be expressed easily in terms of
r1, r2 and r3 by noting that

NMo = 1
VmMo

4�

3
r3
1

NMo5Si3 = 1
Vm12

4�

3
(r3

2 − r3
1)

NMoSi2 = 1
Vm23

4�

3
(r3

3 − r3
2)

where Vm12 and Vm23 are the molar volumes of the Mo5Si3 and
MoSi2 phases, respectively. The complete nomenclature of the
model is listed in Appendix C. The next task is to make a set of
closed equations in {r1, r2, r3, N′

Mo, N′
Si} from Eqs. (11) and (12)

which takes into account the relations (4)–(9) and expression (10).
This can be done following the method presented in a previous
publication (see Ref. [34] for details). Applying this method of cal-
culation to the present system, we obtain a closed set of equations
as outlined below. First, the following functions of system variables
are defined:

W12 = D1
r2

r1

1
r2 − r1

(13a)

W23 = D2
r3

r2

1
r3 − r2

(13b)

� = r2
1

r2
2

3k1W12

3k1 + W12
(13c)

The mole fractions of Si at interfaces III and II take the explicit form:

n3 = N′
Si

N′
Si + N′

Mo
(13d)

n2 = n2eq + W23(n3 − n2eq) − � (n2eq − n1eq)
7k2 + W23 + �

(13e)

With these definitions, the reaction rates R1, R2, and R3, at the
interfaces I, II and III respectively (see Fig. 3), can be written as

R1 = k1
W12

3k1 + W12
(n2 − n1eq) (13f)

R2 = k2
W23(n3 − n2eq) − � (n2eq − n1eq)

7k2 + W23 + �
(13g)

R3 = k3(n3 − n3eq) (13h)

With the reaction rates thus specified, the following closed set of
equations that describe the propagation of interfaces, as specified
by r1, r2, r3, and the composition of the surrounding liquid, as spec-
ified by N′

Mo and N′
Si are obtained:
dr1

dt
= −VmMo5R1 (14a)

dr2

dt
= r2

1

r2
2

(Vm12 − 5VmMo)R1 − Vm12R2 (14b)
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Table 1
Physical properties of Mo, Si and silicides as reported in the literature.

Property Si Mo Mo3Si Mo5Si3 MoSi2

Molar mass (kg mol−1) 0.02808 0.09594 0.3159 0.56394 0.1521
−3 −3 10.2

0.94
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silicide:
Density (kg m ) × 10 [35] 2.33
Molar volume (m3 mol−1) × 105 [35] 1.21
Melting T (K) 1683
Heat of formation �Hfor (kJ mol−1) [13]

dr3

dt
= r2

1

r2
3

(Vm12 − 5VmMo)R1 + r2
2

r2
3

(5Vm23 − Vm12)R2 − Vm23R3 (14c)

dN′
Mo

dt
= (4�r2

3)R3 (14d)

dN′
Si

dt
= −(4�r2

2)7R2 − (4�r2
1)3R1 + (4�r2

3)2R3 (14e)

he first term on the right-hand side of Eq. (14b) represents the
hange in r2 due to change in volume when Mo converts to Mo5Si3
pon reacting with Si. Again, the first two terms on the right-hand
ide of Eq. (14c) represent the change in r3 due to change in volume
ue to the conversion of Mo to Mo5Si3 and Mo5Si3 to MoSi2.

In some cases, the reaction rates at the interfaces may become
ery large causing the evolution to be diffusion limited. Large reac-
ion rates means:

1 � W12 and k2 � W23, W12 (15)

his leads to the following approximations for the functions and
ariables introduced previously (Eqs. (13)):

= r2
1

r2
2

W12 (16a)

2 ≈ n2eq (16b)

1 = W12

3
(n2 − n1eq) = W12

3
(n2eq − n1eq) (16c)

3 = 1
7

[W23(n3 − n2eq) − � (n2eq − n1eq)] (16d)

he set of nonlinear Eq. (14) with relations (13) or (16) complete
he formulation of the multilayer modeling. The numerical solu-
ion gives the evolution of layers radii and the composition of the

elt for a given temperature field. Our modeling includes a lim-
ted number of parameters whose values are discussed in the next
ection.

. Physical properties and thermodynamic data for the
o + Si system
In order to obtain realistic values of the layer growth, we have
ollected the available data for the Mo + Si system. If some infor-
ation is missing, we make reasonable assumptions to have a

hysically meaningful result. The main physical properties, like
olar volume or melting temperature, of Mo, Si and silicides are

ummarized in Table 1.
To compute the equilibrium values of the mole fractions n1eq

nd n2eq (which are approximated to be the activities), we use the
emperature-dependent molar Gibbs energies of formation, �Gf,
f the compounds Mo5Si3 and MoSi2. In the range of temperature
2 8.97 8.26 6.24
3.52 6.83 2.42

0 ≈2445 ≈2287
100.46 841.39 262.88

from 1600 to 3000 K, these energies are expressed as2:

I : 5Mo + 3Si(in the liquid phase) → Mo5Si3

�Gf I(Mo5Si3)[kJ mol−1] = −428.75 + 0.04984T + 9.505 × 10−6T2

II : Mo5Si3 + 7Si → 5MoSi2

�Gf II(MoSi2)[kJ mol−1] = −1430.81+0.048657T−7.4702 × 10−7T2

At equilibrium, at the interface I, we have:

a(Mo5Si3)eq

a(Mo)5
eqa(Si)3

eq

= Keq = exp

(
�Gf I

RT

)

If the activities a(Mo5Si3)eq and a(Mo)eq are known, then
a(Si)eq = a1eq can be calculated using this expression. By approx-
imating the activities of the pure solids to 1 and the activity of
Si in the Mo5Si3 phase by the mole fraction, n1eq, we obtain an
approximate value of equilibrium mole fraction as a function of the
temperature.

n1eq ≈ (exp(�Gf I))
1/3 (17a)

In the outer layer, Si is dissolved in solid MoSi2 and diffuses towards
the interface II. At equilibrium, we get:

a(MoSi2)eq

a(Mo5Si3)1/5
eq a(Si)7/5

eq

= Keq = exp

(
�Gf II

RT

)

n2eq ≈ (exp(�Gf II))
5/7 (17b)

Note that in the temperature range of interest [1700–2100 K], the
estimated values of a(Si)eq � 1 at interface I and never exceeds 0.16
at interface II. It is thus justified to approximate a(Si)eq with mole
fractions (see Appendix A).

Several experimental investigations have been devoted to diffu-
sion in silicides. As shown in a study on the reaction and diffusion
in the Mo-Si system by ZrO2 marker experiments, it appears that
the dominant diffusing element in the MoSi2 and Mo5Si3 silicides
is the silicon [32]. The silicon diffusivity in the Mo5Si3 has been
studied within the temperature interval [1473 − 2073 K] in [33] at
isothermal annealing of the MoSi2/Mo diffusion couple. Since the
growth kinetics of the Mo5Si3 intermediate layer obeys a parabolic
law within this temperature range, it is possible to give an esti-
mate of the solid-phase diffusion coefficient of silicon in the Mo5Si3
Df = 38.6 × 10−4exp
(−Ed

RT

)
(ms−1) with Ed = 309 kJ mol−1

(18)

2 The temperature-dependent Gibbs energy of formation has been calculated
using the online calculator FACT (facility for the analysis of chemical thermo-
dynamics for treating thermodynamic properties and calculations in chemical
metallurgy) developed by the Ecole Polytechnique and Mc Gill University (Canada).
See http://www.crct.polymtl.ca/FACT/. If more accurate data on this system is avail-
able, it could easily be included in this model.

http://www.crct.polymtl.ca/FACT/
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Fig. 4. Temperature profile that the system is subjected to in the simulation. Compo-
nent Mo melts at 2890 K and Si at 1683 K. This temperature simulates a condition in

there is initially a very thin layer of the two silicides surround-
ing the Mo particle. These nano-layers act as a “uniform” seed
for the formation of the silicides. Thus the initial conditions
are: r1(t = 0) = 1 ; r2(t = 0) = 1 + ı ; r3(t = 0) = 1 + 2ı where ı is a small
8 F. Baras et al. / Journal of Alloy

evertheless, the determination of the diffusion activation energy
d seems to be a delicate problem since there exist various esti-
ates ranging from Ed = 209 kJ mol−1 [37,38] to Ed = 350 kJ mol−1

39]. This important discrepancy seems to be reduced within a
ower temperature range. Another important aspect which has
een established in these various studies is the fact that the dif-
usion coefficient of Si in the MoSi2 (D2) layer is significantly larger
han it is the Mo5Si3 (D1) layer. In the numerical study of the mul-
ilayer modeling (Section 4), we will use these estimated values for
he diffusion coefficient of Si in the different phases. This will allow
s to understand the influence of the diffusive transport of silicon
n the formation of silicides.

The rate constants k1, k2 for the reactions at interfaces I and II
re difficult to estimate. We can use the typical values given for the
ormation of an intermetallic [40]. The comparative analysis of Eqs.
14) with (13) and Eqs. (14) with (16) shows that large reaction rates
ave a negligible influence on the layers formation which is mainly
ominated by the diffusion processes. For the rate of dissolution at
he interface of the outermost layer into the surrounding liquid, we

ay use:

3 = k0exp
(−E3

RT

)
(n3 − n3eq)

n which the preexponential factor k0 = 20 mol m−2 and the activa-
ion energy E3 = 76 kJ mol−1 [34]. As MoSi2 layer dissolves in the

elt, the mole fraction of Si decreases and the solution approaches
he dissolution equilibrium. The equilibrium value of the Si mole
raction, n3eq, can be obtained from the phase diagram. For the

o–Si system, the temperature dependence of the equilibrium Si
ole fraction in the melt is approximated by

3eq = 9.2355 − 0.012535T + 6.4475 × 10−6T2 − 1.1335 × 10−9T3

For predicting the time-varying composition of the system, we
ave to specify the temperature field to which each individual grain

s submitted. The simplest case is to keep the temperature con-
tant or to impose a linear ramp. But for a typical SHS reaction,
he temperature profile is much more complex [25,41]. Ahead of
he reaction front, the temperature shows an exponential behavior
ominated by the conduction of the heat produced by the reaction.

n the reaction zone, the observed abrupt variation corresponds
o the ignition of the exothermic reaction. Finally, after reaching
ts maximum value (adiabatic or combustion temperature), the
emperature decreases exponentially with a characteristic time
ssociated to the cooling.

We have collected available data for describing a realistic tem-
erature pulse which exhibits the same features as those observed

n SHS experiments. The expected adiabatic temperature for a stoi-
hiometric mixture Mo + 2Si is about 1927 K. The heating rate in the
eaction zone has been reported in the literature and is estimated
o 800 K s−1 in [13] and to 1230 K s−1 in [36] which are well in the
sual range of 104 − 106 K s−1. The overall temperature pulse takes
bout 8 s, rising from and returning to a reference temperature of
500 K. In the framework of our model, we will consider the tem-
erature profile above the melting of Si (1683 K) since we suppose
hat the reaction starts with the melting of the silicon. When both
omponents are solids, the reaction rate is virtually zero [13]. A
easonable choice for describing the increase in T in a typical SHS
s given by the following expression:

(t) = T0 + A exp(˛t)
(19)
B + exp(ˇt)
ith T0 = 1710 K, A = 350, B = 100, ˛ = 12 and ˇ = 12.7. The temper-

ture rapidly reaches a maximum of Tmax = 1929 K with a heating
ate of dtT = 776 K s−1 before slowly decreasing. The temperature
rofile the system is subjected to in our simulations is shown in
ig. 4 for two values of the parameter ˇ.
which particles of Mo are surrounded by Si liquid. We see the influence of parame-
ter ˇ in Eq. (19) on the maximum temperature reached and on the cooling rate,
with other parameter values in Eq. (19) T0 = 1710 K, ˛ = 12, A = 350, B = 100. The
temperature is measured in K, and time, in seconds.

4. Results and discussion

In this section, we present the numerical study of two-layer
model described by Eqs. (14) with the relations (16) corresponding
to the limit of large reaction rates. The values of the parameters for
the Mo + Si system have been discussed in the previous section.

The initial size r0 of the Mo particle is used as the length
scale so that r1, r2 and r3 are in units of r0. We suppose that
Fig. 5. Time evolution of the Mo5Si3 layer thickness for a constant temperature field,
T = 1900 K. Time is measured in seconds.
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ig. 6. Results of simulation with a SHS temperature pulse shown in Fig. 4, ˇ = 12.7
elt. In the simulation, r0 = 20 �m, D1 = Df/Vm12, D2 = Df/Vm23 with Df given by Eq. (1

uantity of about 10−4. We assumed that initially, the melt is largely
i with a small amount of Mo. Thus, the initial amount of the two
etals in the liquid phase is fixed to

′
Si(t = 0) = (� + 0.01)

4�r3
0

3Vm
; N′

Mo(t = 0) = 0.01 × N′
Si(t = 0)

he parameter � is the stoichiometric coefficient of the initial
ixture Mo + �Si. If it is not specified, we take � = 2 that ideally

orresponds to the formation of pure MoSi2 compound.

.1. Constant temperature field

We first consider case in which the particle is subjected to a
onstant temperature field T = 1900 K. We suppose that the two
iffusion coefficients of Si in MoSi2 and Mo5Si3 are the same
1 = Df/Vm12 and D2 = Df/Vm23 where Df is given by (18) with
d = 309 kJ mol−1. As shown in Fig. 5, we observe the transient for-

ation of a Mo5Si3 layer. For an initial particle size r = 5 �m, the

ime for complete conversion of Mo into MoSi2 is about 2.9 s and
he maximum of Mo5Si3 layer thickness does not exceed 4% of
he particle radius. For a smaller value of the activation energy,
d = 253 kJ mol−1, the time of complete conversion is reduced to

ig. 7. (a) Time evolution of the Mo5Si3 layer thickness (left Y-axis) for different init
dashed-dotted line). Time evolution of the temperature (right Y-axis – solid line with
nd Ed = 253 kJ mol−1. Time is measured in seconds. (b) Maximum Mo5Si3 layer thickness
right Y-axis) as a function of the initial particle size r0 (�m). Same parameters values as (
ution of (a) the layer radii r1/r0, r2/r0, r3/r0 and (b) n3, the mole fraction of Si in the
Ed = 253 kJ mol−1. Time is measured in seconds.

0.85 s but the layer thickness is about the same. As expected, we
note a drastic change in the time scale of the process as a function
of the diffusion characteristics.

4.2. SHS temperature pulse

The typical SHS profile the system is subjected to in our sim-
ulations is shown in Fig. 4 (ˇ = 12.7). The temperature starting
above the melting temperature of Si quickly reaches its maxi-
mum value and slowly decreases to its initial value in less than
10 s, as is the case in many SHS systems. Fig. 6 shows the evo-
lution of the layer radii and the mole fraction, n3, of Si in the
liquid phase outside the reacting solid sphere, under the influ-
ence of the thermal pulse (19) produced by the propagation of
the reactive front. The simulation shows that an entire particle of
Mo of r0 = 20 �m is converted into MoSi2 in less than 2 s. During
this transformation, a thin Mo5Si3 layer grows and disappears with
the completion of the reactive process. Its thickness never exceed

1 �m. For a cooling that follows the SHS temperature profile, there
is no reason to observe a final multiphase product with both disili-
cides. But when the cooling is forced by a sudden quenching, one
may observe unreacted Mo core covered by Mo5Si3 layer (see for
instance [10]).

ial particle sizes: r0 = 15 �m (solid line), r0 = 20 �m (dotted line) and r0 = 30 �m
diamonds). Parameter values: D1 = Df/Vm12, D2 = Df/Vm23 with Df given by Eq. (18)
(r2 − r1)/r0 (left Y-axis) and time of complete conversion tcc of the Mo solid particle
a).
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It is well known that the granulometry of the green mixture
nfluences the microstructure of the final product and by the way
he layering process. To study this aspect, we keep all parameters
alues identical except the initial size of molybdenum particles.
he test particle is varied from 5 to 50 �m which are typical parti-
le sizes of commercial powders. The time evolution of the Mo5Si3
ayer thickness differs significantly for r0 = 15 �m and r0 = 30 �m
see Fig. 7a). For r0 = 15 �m, the maximum thickness is less than
�m and corresponds to the maximum of the temperature profile.
fter reaching this value, the layer disappears abruptly with the
omplete transformation of Mo into MoSi2. For larger initial size
articles (r0 = 30 �m), the layer thickness decreases slowly during
he cooling of the sample. It seems thus easier to observe a layered

icrostructure when quenched samples made of larger powders.
rom the numerical analysis, it is possible to compute two quan-
ities that characterize the reactive process: the time for complete
ransformation of the Mo particle tcc and the maximum size of the

o5Si3 layer thickness. The time for complete conversion of the Mo
article increases sharply as the initial size increases (see Fig 7b),
ut the layer thickness never exceeds 4.5% of the initial size (for

nstance: ≈ 1.2�m for r0 = 40 �m).
We next analyze the effect of the diffusional transport on the

orphology at the level of the individual grains. In this prelimi-
ary investigation, the main method of analysis is presented. Since
he numerical values of the two diffusion coefficients are known
nly approximately, we have decided to look at the consequences
f when one differs from the other by a factor of 2. When more
recise data are available, our computer code can easily include
he appropriate activation energies and do the simulations. Such
etailed work could be investigated in future studies.

The dependence of the evolution of the Mo5Si3 layer thickness
n the relative values of the diffusion coefficients is shown in detail
n Fig. 8. The maximum thickness of the Mo5Si3 layer increases with
n increase in Df1 relative to Df2. In the case that Df1 is larger than
f2, the maximum size is reached in the cooling zone of the thermo-
ram. In this opposite case (Df1 < Df2), the time scale of the overall
rocess is slightly reduced, and the maximum size of the layer is
bserved when the temperature reaches the combustion temper-
ture and the thickness of the layer is twofold smaller than for
f1 = Df2. This analysis shows that the intermediate layers may act
s a diffusional barrier for the progress of the reaction. For instance,

n the case Df1 > Df2, the diffusion of Si in the first layer around Mo
s more efficient and the formation of Mo5Si3 is favoured. In the
ase Df1 < Df2, Si diffuses rapidly in the second layer and the Mo5Si3
roduced is quickly converted into MoSi2 at interface II. Through
his analysis, it becomes obvious that the diffusional transport in

ig. 9. Evolution of layer radii (left Y-axis) r1/r0, r2/r0, r3/r0 for a green mixture Mo + �Si, w
ine with diamonds). Parameter values as Fig. 6 except r0 = 15 �m and T0 = 1695 K.
the diffusion coefficients: Df2 = 2Df1 (solid line), Df2 = Df1 (dashed line) and Df2 = Df1/2
(dashed-dotted line). Time evolution of the temperature (right Y-axis – solid line
with diamonds). Parameter values: r0 = 15 �m, D1 = Df/Vm12, D2 = Df/Vm23 with Df

given by Eq. (18) and Ed = 253 kJ mol−1. Time is measured in seconds.

the intermediate layer influences the morphology at the level of
the individual grains.

The experimental study carried out in [12] and [17] on the for-
mation of disilicides by SHS shows that the stoichiometry of the
initial mixture Mo + �Si significantly influences the nature of end-
product phases. For a coefficient � ranging from 2 to 0.6, a reaction
front is expected to self-propagate in the system since the combus-
tion temperature is larger than 1800 K. In the simulation, we can
easily modify the value of the parameter � of the green mixture and
test the predictions of our model. As soon as � is slightly less than
2 (� = 1.9), we observe the persistence of a Mo5Si3 layer after the
completion of the process. Fig. 9 shows the evolution of the radii for
� = 1.8. At a particular time, at which the temperature reaches its
maximum value, the evolution of the system drastically changes.

The radius r2 of the Mo5Si3 layer smoothly increases and the outer-
most layer remains practically invariant while the Mo solid particle
continue to be consumed to produce Mo5Si3. The amount of Si
becomes too small to produce MoSi2 at interface II. For lower val-

ith � = 1.8 and with � = 1.5. Time evolution of the temperature (right Y-axis – solid
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ig. 10. (a) Radius r2/r0 of the Mo5Si3 layer (diamonds) and of the outermost laye
ompletion of the process. (b) Final number of moles in the solid phase after compl

es of � (see Fig. 9 for � = 1.5), the decrease of r2 stops at a higher
alue and then slowly grows during the cooling. The time for com-
letion may take more than 30 s for stoichiometric coefficient close
o unity. The reactive transformation of Mo is characterized by two
ime scales: one corresponding to the development of a thin Mo5Si3
ayer during the heating step, then the process is inverted and the
mount of Mo5Si3 increases with the gradual disappearance of the
o particle. It is thus not surprising that unreacted Mo core sur-

ounded by Mo5Si3 is frequently observed for off-stoichiometric
reen mixtures.

In Fig. 10a, we show the final Mo5Si3 layer thickness as a function
f � and the final size of the solid product after completion of the
rocess. For � = 0.6, as expected, only Mo5Si3 is formed. In Fig. 10b,
he amount of moles of the two silicides in the final product is given
s a function of the stoichiometric coefficient of the initial mixture.
his amount is just given by the volume of the layer divided by the
olar volume of the compound. As expected, for � ≈ 1, we get the

ame amount of the two phases. Thus, we see how the composition
f the green mixture is correlated with the layer structure of the
ynthesized micro-spheres.

. Conclusion

The model presented in this article captures many aspects
f a complex diffusion-reaction process taking place under typi-
al time-dependent temperature encountered in self-propagating
igh-temperature synthesis. The model is based on the phase dia-
ram of the bimetallic system, Si and Mo in this case, and the
quations of the system do not involve partial differential equa-
ions. The parameters used in the model are all experimentally

easurable, though not always readily so; thus, through this model,
nal microstructures of the SHS product is related to the basic reac-
ion and transport processes of the system. For cases in which there
re more than two phases of the bimetallic compounds, the model
an be extended to systems that have more than two layers of
ntermetallic compounds.

Our model predicts the dynamical behavior, such as the rate
nd thickness of the layer growth and relates it to the SHS temper-
ture profile and the composition of the green mixture. As shown
n Fig. 7(b), it can relate the initial size of the Mo spheres to the
ime it takes for the Mo spheres to completely convert to product.

f particular interest is the relation between the microstructure
f the Mo particle and the stoichiometric parameter, �, shown in
igs. 9 and 10. This relationship enables us to correlate theoretical
redictions to the experimental study of the layered microstructure
btained through SHS.
(bullets) as a function of the initial composition of the mixture Mo + �Si after the
Parameters values as in Fig. 9.

Under controlled conditions, such as isothermal reaction condi-
tions followed by quenching, the correlation between the system
parameters, such as the reaction and diffusion rates, and the layer
formation in the Mo spheres can be investigated with more detail.
Since the time profile of the temperature can be set independently
in this model, such isothermal studies are excellent ways of com-
paring theory with experiment.

In addition to the microstructure of the solid Mo spheres, which
remain solid during the process, the model also predicts the over-
all composition of the liquid phase. However, the model does not
include the process of nucleation and growth in the liquid phase
if the temperature decreases to a level at which the liquid phase
begins to solidify. By knowing the ratio of the moles of Mo to
Si, if it is close to 1:2, we could say most of the Mo that dif-
fuses into Si melt will become MoSi2, but such statements are only
general and say nothing about the microstructure of the solidi-
fying melt. This part of the process is very complex and requires
much more sophisticated modeling. Such an extension of the model
including the two possible mechanisms of formation of MoSi2
would be a significative improvement in the understanding of
MoSi2 synthesis. A first attempt in this way has been proposed
in [28].

Finally, we would like to remark about the temperature field:
The assumed temperature field is the “mean field” that propa-
gates through the system so that every microsphere is subject to
a “typical” temperature profile. A wide variety of non-isothermal
time-dependent conditions can be specified. In particular, the
model is particularly appropriate to describe experiments with
electrically heated wires in which the temperature profile is
imposed. For modeling combustion processes, the shape of the
temperature profile must be chosen with care so as to match
that generated by the exothermic process. With parameters used
in our temperature profile, we can generate a profile appro-
priate to the desired conditions. The case presented in our
study assumes a temperature profile that remains above the
melting point of Si for the duration of the simulation. Future
development of the theory is precisely aimed at formulating
a self-consistent temperature method in which the shape of
the temperature profile and the exothermic reaction are made
self-consistent.
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ppendix A.

In this appendix, we discuss the assumptions leading to the
xpression (4) for the reaction rate R1 at the interface Mo/Mo5Si3
ue to an excess of Si with respect to its equilibrium value. From
asic thermodynamics of irreversible processes [42], it follows that
he rate of reaction 5Mo + 3Si → Mo5Si3 is proportional to the affin-
ty A = 5�Mo + 3�Si − �Mo5Si3 . The chemical potential �x of x can
e written as �x = �0

x + RT ln(ax) where ax is the activity and �0
x is

he standard-state chemical potential. Equilibrium corresponds to
= 0.
The inner core is pure Mo and Mo5Si3 is the major component

f the adjacent layer to the interface. The chemical potential of
o and Mo5Si3 does not change as much as the chemical poten-

ial of the minor component Si in the Mo5Si3 layer. The affinity A
epends mostly on the excess of Si and, close to equilibrium, A

s simply proportional to a1 − a1eq where a1 is the activity of Si at
nterface I.

Since the activity ak is equal to �knk in which nk is the mole
raction and �k the activity coefficient, which for ideal systems,
quals 1. In order to simplify the theory, we shall assume �k ≈ 1.
his leads immediately to Eq. (4).

A similar derivation is applicable for interface II (Mo5Si3/MoSi2).

ppendix B.

In this appendix, we give some basics about the diffusion trans-
ort process which are useful in the framework of our modeling.
ollowing Fick’s law, diffusion current is expressed in terms of the
oncentration gradient and the corresponding diffusion coefficient
f has units of m2 s−1. The diffusion current can also be expressed
s the gradient of mole fraction since, at least in dilute solutions,
he concentration c is directly related to the mole fraction by the
elation c = n/Vm(mol m−3) where Vm is the molar volume. Hence
e have

= −Df
∂c

∂r
= − Df

Vm

∂n

∂r
= −D

∂n

∂r
(B.1)

here D = Df/Vm has units of mol m−1 s−1.
In a spherical symmetry, the condition for a stationary diffusion

rocess implies that the current times the surface remains constant
�r2 × J = constant for any value of r. Since J is given by Eq. (B.1), we
et the expression for the mole fraction profile n(r) = A/r + B where
he constant values A and B are fixed by the boundary conditions
= n1 at r1 and n = n2 at r2:

= n1 − n2

r−1
1 − r−1

2

t is then easy to compute the explicit expression of the diffusion
urrent [43]. For instance, at the interface I, we have

= −D1
∂n

∂r

∣∣∣∣
r1

= D1
A

r2
1

= −D1
r2

r1

n2 − n1

r2 − r1
(B.2)

he negative sign implies that the current is flowing toward the
enter if n2 > n1 since we have used the standard convention J = J1r
here 1r is the unit vector in the direction of increasing r. In the
ain text (see Eq. (10)), we introduce a positive J1 for the flow

oward the center to avoid any ambiguity.

ppendix C.
We present here the nomenclature of the model:

′
Mo amount (moles) of Mo in the melt
′
Si amount (moles) of Si in the melt

[

[
[
[

ompounds 505 (2010) 43–53

NMoSi2 amount (moles) of MoSi2
NMo5Si3 amount (moles) of Mo5Si3
NMo amount (moles) of Mo in the solid sphere
VmMo molar volume of solid Mo
Vm12 molar volume of Mo5Si3
Vm23 molar volume of MoSi2
a1 activity of Si at interface I = n1 = mole fraction at inter-

face I
a1eq equilibrium activity of Si at interface I = n1eq = equilibrium

mole fraction at interface I
a2 activity of Si at interface II = n2 = mole fraction at inter-

face II
a2eq equilibrium activity of Si at interface II = n2eq = equili-

brium mole fraction at interface II
a3 activity of Si at interface III = n3 = mole fraction at interface

III
a3eq equilibrium activity of Si at interface III = n3eq =equili-

brium mole fraction at interface III.
D1 diffusion coefficient of Si in the Mo5Si3 phase
D2 diffusion coefficient of Si in the MoSi2 phase
J1 diffusion current at interface I
J2 diffusion current at interface II
J3 diffusion current at interface III
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