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a b s t r a c t
Pure Mo and Mo–Si alloys with different silicon content were fabricated by powder-metallurgical and
thermo-mechanical processing. Tensile properties of the pure Mo and Mo–Si alloys were measured at room
temperature and the fracture surface was analyzed after test. The results indicate that Si can effectively
reduced the grain size and improve the yield strength of Mo–Si alloys. With the decrease in grain size, the
dominant fracture morphology is changed from intergranular to transgranular. The strengthening
mechanisms were discussed and the yield strength was analyzed described with respect to grain size, solid
solution hardening and Mo3Si particle strengthening. Calculations show that the yield strength of Mo–Si
alloys is governed by grain size.
© 2011 Elsevier Ltd. All rights reserved.

1. Introduction
Molybdenum boronsilicides are potential materials for ultra-high
temperature structural components because of their outstanding
combination properties, such as high melting point, high-temperature
strength and excellent high temperature oxidation resistance [1,2].
Usually, Mo–Si–B alloys compose of three phases: solid solution phase
Moss and brittle intermetallic phases Mo5SiB2 (T2 phase) and Mo3Si. The
two intermetallic phases are very strong at high temperatures and
provide the necessary oxidation resistance above 1000 °C. While the
Moss is not oxidation-resistant, it has excellent ductility and toughness
that are very important for improve the fracture toughness of
molybdenum borosilicide alloys. Recent studies have been frequently
focused on the Moss-rich multiphase Mo–Si–B alloys [3,4].
According to previous studies [5], the solubility of Si in Mo is 3 at.%
at 1600 °C in binary Mo–Si alloy, while the solubility of B in Mo is
thought to be negligible at room temperature. Its effect on the
mechanical properties of the solid solution molybdenum alloy is
thought to not be critical [6]. Sturm et al. [7] studied Mo-rich Mo–Si
alloys produced by hot press sinter processing and found that the
calculated solid solution strengthening was 97 MPa and that is much
lower than the measured yield strength difference between Mo-1.0Si
and pure Mo of ≈500 MPa. It is indicated that the strength increase
in Mo–Si alloy is related not only to the solid solution strengthening
but also to the grain size and Mo3Si particles, which are separated
from supersaturate Mo lattice because of lower solubility of Si in Mo,
some early studies indicates that the solubility of Si in Mo at ~1100 °C
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was reported as only 0.21 wt.% and decreased with temperature fall
down [8]. So, the solid solution strengthening mechanism is not
enough to explain the pronounced strengthening effect of Si in Mo.
However, previous work has not reported the systematical investigations on the coupling effect of various strengthening mechanisms on
the strength of Mo–Si alloys. This work is aimed at investigating the
mechanical properties of Moss-rich Mo–Si alloys. Especially, we try to
establish a quantitative relationship between microstructure parameters and mechanical properties.
2. Experimental procedures
In the present study, pure Mo, Mo-0.1wt.%Si, Mo-0.3wt.%Si were
prepared by powder-metallurgical and thermo-mechanical processing.
Elemental powders of Mo and Si are 99.96 wt.% and 99.5 wt.% purity,
respectively. For each alloy, 2 kg of powder was mixed. A milling process
was carried out for 48 hour in a stainless steel container with Mo milling
balls in a planetary ball mill with a rotational speed of 40 rpm. Homogeneously mixed powders were statically cold pressed into slab compacts, and sintered at 1900 °C for 6 hour in ﬂowing dry hydrogen. The
resulting sinter billets were then thermo-mechanically processed at
1330–1270 °C into sheets with the thickness over 2.5 mm (ε 80%) and
cooling in dry hydrogen atmosphere. Finally, the pure Mo sheets and
Mo–Si alloy sheets were annealed at 900 °C for 1 hour and 1050 °C for
1 hour and furnace cooling in vacuum, respectively, to release residual
stress and stabilize the microstructure. In order to investigate the grain
size effect on mechanical properties, the Mo–Si sheets were also
annealed at 1350 °C for 3 hour.
Optical microscopy (OM) observations were performed by using
an OLYMPUS GX71 metalloscope. Grain sizes were determined using
average linear intercept method on polished and etched specimens.
For each alloy, more than 10 pictures were countered in order to
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obtain an accurate value. The dog-bone shaped tensile specimens
having a gage size of 30 mm in length and 2.5 mm in thickness and
8 mm in width were fabricated from the annealed sheets by electrical
discharge machining. Prior to testing, the ends of the samples were
ground and polished ﬂat and parallel to each other. Tensile testing
was carried out at room temperature in air at a constant strain rate of
1.1 × 10 − 3/s using a servo-hydraulic Instron-1195 testing machine.
The fracture morphology of tensile specimens was examined using a
JSM-6700 F ﬁeld emission scanning electron microscope (SEM). The
microstructure of the alloy was observed using a JEM-3010 transmission electron microscopy (TEM). The thin foils were obtained using
twin-jet electropolishing in a solution of 5% butyl alcohol, 5%
perchloric acid and 90% ethanol at 30 V and −30 °C.
3. Results
3.1. Optical microstructure observation
The micrographs of pure molybdenum and Mo–Si alloys before
and after annealed at different temperature in vacuum are shown in
Figs. 1 and 2. Compare to Fig. 1a, the microstructure of pure Mo is
gradually widened after annealed at 900 °C, but still exhibited the
rolling trace (seen in Fig. 2a). After being annealed at 1050 °C, the Mo0.1Si alloy has ﬁner grains than pure Mo, with some equiaxial grains
present in ﬁbrous structure (Fig. 2b). Although the Mo-0.3Si sheet is
annealed at the same temperature, the grains remain fully ﬁbrous and
elongated pattern (Fig. 2d). For the Mo–Si alloys annealed at 1350 °C
for 3 h (Fig. 2c and e), the grains change to equiaxial.
The measurements of grain sizes for pure Mo and Mo–Si alloys
are listed in Table 1. It is clearly revealed that the addition of Si has
remarkable effect on the grain size, i.e., the presence of Si can suppress
the grain growth during the rolling and annealing treatment.
3.2. Mechanical property
Typical room-temperature stress–strain curves of pure Mo and
Mo–Si alloys annealed at different temperature were shown in Fig. 3.
One can ﬁnd that, although the Si mass fraction is tiny, the yield
strength and ultimate tensile strength (UTS) of Mo–Si alloys annealed
at similar temperatures were obviously higher than pure Mo. Compared with pure Mo, the Mo–Si alloys show a visible work-hardening
trend. The ductility of Mo–Si alloy is lower than pure Mo when the
content of Si is 0.1 wt.%, however, when the Si content is increased to
0.3 wt.%, the samples have a large elongation and show necking
behavior before failure.
At higher annealing temperature and longer annealing time, i.e.,
annealed at 1350 °C for 3 hour, the yield strength and ultimate tensile
strength of the Mo–Si alloy are decreased and the ductility is also
greatly reduced. Coarse grains will be responsible for the weakling
effect in mechanical properties. The results of room temperature
tensile test for pure Mo and Mo–Si alloys sheet are list in Table 2.
From Table 2, it can be noted that the solid solution softening in
Mo–Si alloy that reported by D. Sturm et al.[7] did not appear in our
present work. In their study, the hardness and yield stress of hot
pressure sinter billet of Mo–Si alloy decreased at 0.1 wt.% Si concentration, they called that solid solution softening or alloy softening.
The solid solution softening in bcc metals has previously been reported
by Arsenault [9]. According to their work, the Mo–Re and Mo–Pt
exhibited the solid solution softening. However, there had been only
one report so far of solid solution softening in the Mo–Si system
before the work of D. Sturm et al. In that report the Vickers hardness of
Mo-0.03 wt.% Si was found to be lower than the pure Mo. In order to
explain this phenomenon, Trinkle and Woodward [10] developed a
quantitative model of alloy softening based on quantum-mechanical
calculations and they found that the outstanding characteristic of
those elements which Mo have higher d electron numbers (e.g. Re have

Fig. 1. Optical images of rolling Mo–Si alloys before vacuum annealing treatments
(a) Pure Mo; (b)Mo-0.1Si; (c)Mo-0.3Si.

5 electrons in 5 d, Pt have 9 electrons in 5 d). The element of Si has no
d electron [11] and therefore should not cause softening behaviors.
3.3. Fracture surface
Tensile fracture surface of the pure Mo and Mo–Si alloy annealed
at different temperature were shown in Fig. 4. It is apparently that
the pure Mo fractured completely by cleavage and it has a very
slight deformation in grain boundaries. After annealed at 1050 °C
for 1 hour, the Mo-0.1Si alloy sample showed a fracture surface of
transgranular and intergranular mixed mode, where the dominant
morphology is transgranular. After annealed at 1350 °C for 3 hour,
the Mo-0.1Si alloy with coarse grains has also the mixed fracture
mode, while the dominant morphology becomes intergranular. The
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Fig. 2. Optical images of Mo–Si alloys after vacuum annealing treatments for 1 hour (a) Pure Mo at 900 °C; (b) Mo-0.1Si at 1050 °C; (c) Mo-0.1Si at 1350 °C; (d) Mo-0.3Si at 1050 °C;
(e) Mo-0.3Si at 1350 °C.

Mo-0.3Si alloy which annealed at 1050 °C for 1 hour exhibit fracture
surface different from other samples, as seen in Fig. 4(d), the sample
exhibit a woody fracture, there are some small dimples distributed in
tear ridges and some cracks between grains that were vertical to
applied stress direction. This structure displays an excellent ductility
during deformation. The fracture mode of Mo-0.3Si alloy, annealed at
1350 °C for 3 hour, was dominated by intergranular fracture, which is
similar to Mo-0.1Si alloy treated under the same condition.
Table 1
Grain sizes of pure Mo, Mo-0.1Si and Mo-0.3Si alloys before and after vacuum annealing
treatment.
Material

Pure Mo
Mo-0.1Si
Mo-0.3Si

Grain size(μm)
Before annealed

900 °C, 1 hour

1050 °C, 1 hour

1350 °C, 3 hour

13.2
11.4
7.0

21.2
–
–

–
19.5
12.2

–
44.3
22.4

4. Discussion
The microstructure analyses show that the Si content has notable
effect on the grain size. Besides, from the binary phase diagram of Mo–Si,
the solubility of Si in Mo is very small. In addition, Mo3Si particles will be
produced with increasing Si content and these particles can hinder
dislocation movement as obstacles (Fig. 5). Thus, the strengthening
mechanisms in the Mo–Si alloy sheets should include three components: grain boundary strengthening, solid solution strengthening, and
particles strengthening. The yield strength of the Mo–Si alloy sheet can
be quantitatively described as the superimposition of matrix intrinsic
strength, ﬁne-grain strengthening term, solid solution strengthening
term and particle strengthening term, i.e.[12],
σy = σ0 + σf + σs + σOR

ð1Þ

Where σy is the total yield strength of Mo–Si alloy, σ0 is the matrix
intrinsic strength of the material (the strength of an large grain size of
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Where M is the Taylor factor, G is the shear modulus, c is the solute
mole fraction, and εL is:
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

2
εG
εL = ð15εb Þ2 +
1 + jεG j= 2

Fig. 3. Stress–strain curves for room temperature tensile tests of the pure Mo and
Mo–Si alloys.

material), σf is the strength related directly to grain size and can be
formulated by Hall-Petch relation, σs is the strength contributed by Si
solutes, and σOR is the strength come from the Mo3Si particles and can
be explained by the Orowan model.
4.1. Fine-grain strengthening

ð2Þ

Where σ is the summation of the matrix strength and ﬁnegrain strength, K is the Hall–Petch constant, and d is the grain size.
K can be evaluated using the experimental results of pure Mo. Taking
σ = 549.3 MPa (Table 2) and σ0 = 417 MPa [13], K is determined as
608.4 MPa·μm 1/2 according to the measurement of d (Table 1). We can
now put the value of K into Eq. (3) to see the ﬁne-grain strengthening
contribution in Mo-0.1Si and Mo-0.3Si alloys by using the measured
grain size.
1=2

σf = K = d

ð3Þ

4.2. Solid solution strengthening
About solid solution strengthening, there is an equation given by
Vöhringer hold well for solid solution strengthening contribution in
copper:

G
4 = 3 2=3
ε
c
550 L

ð4Þ

Table 2
The results of room temperature tensile test for pure Mo and Mo–Si alloys.
Material

Annealing
temperature and time

0.2% yield stress
(MPa)

UTS
(MPa)

Elongation
(%)

Pure Mo
Mo-0.1Si
Mo-0.1Si
Mo-0.3Si
Mo-0.3Si

900 °C, 1 h
1050 °C, 1 h
1350 °C, 3 h
1050 °C, 1 h
1350 °C, 3 h

549.3
562.7
364.9
621.6
288.2

595.1
664.5
385.0
699.4
494.3

20.9
6.3
2.1
26.3
13.0

With increasing of Si content, some Mo3Si particles are produced
as shown in Fig. 4. Based on the assumption above, there will be
0.15 wt.% Si was separated as Mo3Si particle in Mo-0.3Si alloy.
According to the well-known Orowan–Ashby equation, the increase
in yield strength due to Mo3Si particle strengthening was represented
as follows [16–18]:
σOR =

 
MGb
ϕ
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ ! ln
2b
π
−1
1:18 × 2π × ϕ
6f

ð6Þ

=

1=2

σ = σ0 + K = d



Where εb and εG represent the atomic size and modulus misﬁt and
given by:εb = (R′ − R)/R, εG = (G′ − G)/G, respectively [14]. Where R′
and R represent the atomic radius of Si and Mo, G′ and G represent the
shear modulus of Si and Mo. Following the study of Sturm et al.,
Eq. (4) was employed to assess the increase in yield stress due to
solid solution strengthening in the Mo–Si alloys. In their work, they
assumed the M as 3.1, which is constant data for fcc metal, while in bcc
metal M was generally taken as 2.0 [14]. In addition, the solubility of
Si in Mo at room temperature is not well known but is anticipated to
be low and the solubility at ~ 1100 °C was reported as 0.21 wt.% [8].
But the contribution from solid solution strengthening is not so
remarkable, we can see that the increase in Si solubility from 0.1 wt.%
to 0.2 wt.% cause a corresponding strength increase from 34.5 MPa to
54.8 MPa by calculated from Eqs. (4) and (5), with a difference of only
20 MPa. So the solubility of Si is not signiﬁcant to the strengthening
effect, 0.15 wt.% will be simply chosen as the standard solubility
of Si in Mo at room temperature in present work. With the εb = −0.16
[15], εG = − 1.7, G = 117 GPa [7] and M = 2.0, the increase in yield
strength due to solid solution strengthening can be calculated as
shown in Table 3.
4.3. Particle strengthening

Dependence of yield stress on the grain size can be referred to the
well-known Hall–Petch relationship:

σs = M ×

ð5Þ

Where M is the Taylor factor taken as 2.0 in bcc structure [13], G is
the shear modulus as 117 GPa, b is the Burgers vector (110) 111 as
0.237 nm, f is the volume fraction of Mo3Si particle which can be calculated as 1.913%, and ϕ, the particle size was statistic from our previous
work as 0.5 μm. The result was also list in Table 3.
From the above quantitative assessments, it can be clearly seen
that the contribution of the grain reﬁning on the total yield strength is
about 132.3–174.3 MPa for the range of grain size studied here and it
is evidently higher than the contributions of both the solid solution
and particles. The lower solubility of Si in Mo and the Mo3Si particle
with sub-micron in size are the reasons for little contribute of solid
solution strengthening and particle strengthening. The reduced grain
size not only contributes to strength but also improve the toughness
of Mo–Si alloy. It is thus reasonable to assume that the toughness of
Mo–Si–B alloy will be promoted because the grain size was reﬁned by
the presence of Si. In addition, because the amount of Mo3Si particles
is tiny and the size is in sub-micron, the strength of Mo-0.3Si alloy
come from particles strengthening term is much lower than ﬁne grain
strengthening term, but it can be speculated that the lager number
of ﬁne Mo3Si particles in Mo–Si–B alloy will improve the strength
dramatically.
Summing the three parts together, the calculated yield strength of
the studied Mo–Si alloys are shown in the Fig. 6 to compare with the
experimental data. The calculations are in good agreement with the
experimental results. There are approximately + 4.7% and +7.0%
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Fig. 4. SEM image of fracture surfaces for room temperature tensile tests of Mo–Si alloys sheet which after vacuum annealing treatments for 1 h. (a) Pure Mo at 900 °C; (b) Mo-0.1Si
at 1050 °C; (c) Mo-0.1Si at 1350 °C; (d) Mo-0.3Si at 1050 °C;(e) Mo-0.3Si at 1350 °C.

deviation between calculation and experimental data in Mo-0.1Si and
Mo-0.3Si alloy, respectively. The calculations obtained in present
work are slightly higher than experimental data, which may be due to
following reasons: (a) the theoretical calculation is based on
ideal state of materials, while the practical materials contain some
sintering and rolling defects more or less, such as microcrack, which
will reduce the mechanical properties to some extent; (b) because
each of strengthening mechanism is not independent during deformation, the superposition law of ﬁne grain, solid solution and
particle strengthening can not described the total yield strength very
well only by the simple linear addition. For instance, according to the
study on additivity of solid solution and dispersion strengthening by
Lagerpusch et al. [19], the total critical resolved shear stress (CRSS)τt,
the CRSS of solid solution strengthening τs and the CRSS of dispersion
strengthening τp followed the relationship as τtk = τsk + τpk with k ≈ 1.8

in copper-rich copper-gold solid solution dispersion strengthened by
incoherent SiO2-particles. Eq. (1) needs some further modiﬁcation by
accounting for the interaction between the three strengthening
mechanisms, which will be discussed elsewhere.
5. Conclusions
The present of Si can signiﬁcantly reﬁne the grain sizes and improve
the yield strength of Mo–Si alloys. With the coarsening of grain size,
both the room temperature yield strength and ductility of Mo–Si alloy
decreased precipitously. The solid solution softening in Mo–Si alloy was
not observed in our present work. The fracture surface of Mo–Si alloy is
found to transit from dominantly transgranular to dominantly intergranular with increasing grain size. The woody structure of Mo–Si alloy
displays an excellent ductility. Quantitative analyses indicate that ﬁne
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grain, solid solution and particle strengthening are main strengthening
mechanisms in Mo–Si alloys and the dominant one is the ﬁne grain
strengthening. The superposition law of ﬁne grain strengthening, solid
solution strengthening and particle strengthening in Mo–Si alloy yields
calculations in good agreement with the experimental data.
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