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Toughening MoSi, with niobium metal —effects of
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Morphology effect of ductile reinforcements was evaluated using a four-point bend test on
chevron-notched MoSi; composites reinforced with 20 vol. % niobium. The niobium used had
three different morphologies, i.e., fibre, foil and particle. The thickness of the foils was 250 um,
while the fibres and particles had diameters of 250 and 200 um, respectively. Toughness of
MoSi, composites was increased from 3.3 MPam? for the matrix to 15 MPa m? with the
incorporation of the Nb fibres or foils. The particulate composites also exhibited an increase in
toughness { ~ 7 MPa m?). The toughening achieved was mainly attributed to ductile phase
bridging in all the composites tested. The relatively small toughness improvement in the
particulate composites was ascribed to the embrittlement of the Nb particles. The results
indicate that toughening by crack bridging depends mainly on the intrinsic properties of the
ductile bridging ligaments rather than on their morphology, and that the embrittlement of the

bridging ligament is detrimental to the toughening of the composites.

1. Introduction

It has been established that substantial toughening of
brittle matrices can be achieved by incorporating duc-
tile reinforcements. Examples of such systems are
glass/Al[1, 2], glass/Ni [2], glass/Pb [3], glass/W [4],
glass/Fe-Ni—Co alloy [5, 6], FeO/Fe [7], ZrO,/Zr
[8], MgO/Co, Fe or Ni [9], Al,O3/Mo [10], WC/Co
[11], TiAl/Nb  [12-14], TiAl/TiNb [13, 14],
MoSi,/Nb [15-22], NbsSis/Nb [23] and NbAl;/Nb
[24]. Although various degrees of toughening were
observed in all the composites mentioned above, the
most effective toughening was achieved in three com-
posites: (1) WC reinforced with Co network
(Kic ~ 20 MPam* was obtained) [11]; (2) A K¢ of
about 20 MPam? was reached in TiAl with the addi-
tion of pancake-shaped Nb [12]; (3) Toughness of
MoSi, was increased from 3.3 to about 15 MPam?
with the incorporation of Nb fibres or foils [17-19].
The results suggest that toughness of the ductile-
phase-reinforced composites depends strongly on the
microstructural design of the composites, ie., the
proper control and/or selection of various material
parameters which include (1) the nature of the
matrix/reinforcement interface, (2) size of the ductile
phase, (3) intrinsic mechanical properties of the ductile
phase and matrix, and (4) the morphology of the
ductile phase.

Much effort has been made to systematically ex-
plore the effects of the matrix/reinforcement interfaces
[2, 3, 14, 17-19, 25], size of ductile phases [3, 20, 22,
26], intrinsic properties of reinforcements [3, 14, 22,
27-29], and the proper combination of matrix and
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reinforcements [27, 28]. In contrast, systematic study
on the effect of morphology is very scarce, although
ductile phases with different geometries have been
used to toughen various brittle materials by several
investigators. So far, five kinds of morphologies of
ductile phases have been used which are particles [1, 2,
5, 6, 9, 30], continuous boundary networks {7, 8, 11,
31], fibres [9, 15, 17, 21, 25], foils [17-22] and pan-
cakes [12]. Toughening was observed in all the com-
posites reinforced with continuous boundary net-
works, fibres, foils and pancakes, although it varied
from system to system. The toughening in these com-
posites is due to the special geometrical shapes of the
ductile reinforcements which guarantee the crack/duc-
tile phase interaction. However, for the particulate
composites, some systems showed an increase in tough-
ness [1, 2, 5, 6], while some did not [1, 2, 9]. The latter
was when the matrix cracks were not attracted to
ductile particles. These results clearly indicate that
toughening is related to the morphology of ductile
phases. Therefore, the present study is intended to
systematically investigate the morphology effect of duc-
tile phases on toughening using MoSi,/Nb composites.

2. Experimental procedure

2.1. Fabrication of composites

Ductile phase, niobium (Nb), in the form of fibre, foil
and particle was provided by Johnson Mathey Inc. Nb
fibres and foils had a metallic impurity of 0.2 wt%,
while the particles contained about 0.1-1wt% Ta.
The shape of the particles is irregular with sharp
corners, as shown in Fig. 1. The thickness of the foils
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Figure 1 Secondary electron image of the as-received Nb particles.

was 250 pm, while the fibres and particles had a dia-
meter of 250 and 200 um, respectively. MoSi, powder
with a median diameter of 1.12 um was also supplied
by Johnson Mathey Inc. The composition reported by
the vendor was Mo > 61.0%, Si36.6%, C0.06%,
N 0.03%, O 1.22% and metallic impurities < 0.5%
(wWt%).

For the Nb fibre-reinforced composites, the fibres
were pre-aligned in a plane and set with acrylic resins.
The fibre sheets were then stacked together with MoSi,
powder in an appropriate thickness ratio. For the Nb
foil-reinforced composites, the foils were simply alter-
natively stacked with MoSi, powder in the correct
ratio, whereas for the particulate composites, Nb par-
ticles were ball milled with MoSi, powder for 24 hours
before consolidation. All the composites fabricated con-
tained 20 vol.% Nb and were consolidated via hot press-
ing at 1400 °C for 60 min under a pressure of 40 MPa.

2.2. Mechanical testing

Toughness of the composites was measured using
four-point bend tests on chevron-notched specimens.
Bend tests with an inner and outer span of 10 and
20 mm were carried out in a hydro-servo controlled
MTS using a cross-head speed of 4 x 10™* mm sec™ !,
For comparison, toughness of monolithic MoSi, was
also measured. To prepare the chevron notched speci-
mens, the hot pressed discs were cut into rectangular
bars with dimensions of 3.81x5.08 x254mm.
A notch on each sample was cut using a diamond
wafering blade with a thickness of 0.15 mm. For the
fibre-reinforced composites, the notch was cut perpen-
dicular to the longitudinal direction of the fibres, while
for the foil-reinforced composites, the notch was
prependicular to the laminar plane.

The peak load of the bend test was used to calculate
the toughness of the composites with the aid of the
following equation [32]

Pmax

Knax = BW% Y:xin (1)

where P,,,, is the maximum test load, B and W are the
width and height of the bending bar, respectively, and
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Y%, is the minimum value of the dimensionless stress
intensity factor coefficient as a function of relative
crack length for the particular specimen used. Because
of the rising crack-growth resistance for ductile-
phase-toughened composites, the maximum load and
the minimum value of the dimensionless stress inten-
sity factor coefficient do not occur coincidentally at
the same crack length, and therefore P, does not
exactly correspond to the stress-intensity factor at
failure, but is a good approximation to it [33-36]. The
fact that P,,, and Y%;, do not occur coincidentally at
the same crack length also induce a specimen size effect
[33, 36]. Thus, the dimensions of the specimens in the
present study were kept constant, and the value cal-
culated using Equation 1 is called “damage tolerance”
and designated as K,,,, in the paper, rather than K.

3. Results and discussion

3.1. Mechanical behaviours of composites
Representative load-displacement curves of chevron-
notched specimens for monolithic MoSi, and com-
posites are shown in Fig. 2. The origin for each curve
in this figure has been shifted for the convenience of
observation. Note that the catastrophic failure of
MoSi, has changed to graceful failure with the addi-
tion of niobium fibres and foils. Furthermore, the area
under the load-displacement curve as well as the peak
load have increased for all the composites, indicating
an improvement in toughness. The damage tolerance,
K ax» calculated from the peak load of the load-dis-
placement curve using Equation 1 is summarized in
Table I It is clear from the table that composites
reinforced with the fibres or foils have a much higher
toughness than those reinforced with the particles.
Furthermore, it is noted that the ductile fibres and
foils have similar toughening capabilities.

3.2. Microstructures and fractographic
characteristics of composites

The microstructures of the composites reinforced with

20 vol.% Nb fibres and particles are shown in Fig. 3.
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Figure 2 Typical load-displacement curves- of chevron-notched
monolithic MoSi, and composites containing 20 vol.% Nb. A,
foil-reinforced; B, fibre-reinforced; C, particle-reinforced; D, mono-
lithic MoSi,.



TABLE 1. Properties of monolithic MoSi; and composites with 20 vol.% Nb

Fibre-reinforced

Foil-reinforced Particle-reinforced

MoSi, composites composites composites
Kax 33 £ 03 152 + 22 152 + 13 75 + 01
(MPa m?*
H, of Nb 163 145 264
(kgmm™?)

Figure 3 Microstructures of MoSi, composites reinforced with
20 vol.% of (a) Nb fibres and (b) particles.

The cross-sections shown are perpendicular to the hot
press plane and the crack propagation is from bottom
to top. Note that fairly uniform distribution of Nb
reinforcements was achieved by the present processing
routes, and that the niobium was deformed during the
hot pressing, asis evident by the elliptical shape for the
niobium filament and the irregularly elongated shape
for the particle. It could be conceived that the de-
formed Nb particles actually became flattened spheres
or even pancake-shaped in three dimensions. Because
the crack propagation was perpendicular to the
plane of the pancake or the flattened spheres (from
bottom to top in Fig. 3), the deflection angle would be
increased if crack deflection occurred, making the

deflection in the present composites more energy
consuming than in the composites with undeformed
particles.

Overall views of representative fracture surfaces for
the composites containing Nb reinforcements with
different morphologies are provided 1 Fig, 4. High-
er-magnification fractographs of the niobium in the
composites are presented in Fig. 5 where the crack
propagation is from bottom to top. There are several
prominent features in these figures. First, the Nb fibres
and foils exhibited both dimple and cleavage rupture,
whereas the Nb particles almost exclusively showed
cleavage rupture. Second, debonding at the matrix/rein-
forcement interface was observed in all the composites,
although only a small portion of the interfaces did
exhibit debonding in the particulate composites. Third,
the particulate composites showed httle evidence of
particle pull-out. Finally, no reinforcement pull-out was
observed in the fibre- and foil-reinforced composites.

Different fracture modes are believed to be due to
the different intrinsic properties of the niobium rather
than the difference in the niobium morphology. In
a related study [18], it was shown that when Vickers
hardness (H,) of Nb was above 200 kg mm ™2, the Nb
always fractured in cleavage mode. For the present
case, the Nb particles had H, of 264 kg mm ™ 2 after hot
pressing, while the microhardness of the Nb fibres and
foils was lower than 200 kgmm~? (Table I). The em-
brittlement of the Nb particles is likely related to the
presence of small amounts of tantalum element in the
as-received Nb particles. As such, the Nb particles
fractured in cleavage mode, while the fibres and foils
failed by dimple as well as cleavage rupture. In addi-
tion, because of the embrittlement, the bridging capa-
bility of the Nb particles decreased, and therefore
crack became easier to cut through the particles, lead-
ing to negligible debonding at the interfaces. Further-
more, combination of the embrittlement and the ir-
regular shape of the Nb particles with sharp corners
gave rise to a situation that the particle pull-out was
a higher energy-consuming process than the brittle
fracture of the ductile phase. Therefore, there was
almost no particle pull-out in the present case.

3.3. Ductile phase toughening

It has been established that the toughening of the
foil-reinforced composites is due to the ductile phase
bridging. For example, microstructure examination of
the MoSi, composites reinforced with Nb foils un-
loaded at various levels of loading during the bend
tests clearly showed the bridging of the ductile liga-
ment [17]. Furthermore, in a recent study [26], the
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damage tolerance of the foil-reinforced composites
was related to the bridging contribution of the ductile
reinforcement. The analysis indicated that the damage
tolerance of the composites could be mainly ac-
counted for by the bridging capability of the ductile
laminae.

It is believed that ductile phase bridging is also the
major mechanism responsible for the toughening of
the present unidirectionally continuous fibre-rein-
forced composites, although debonding and crack de-
flection at the interfaces also contribute (Figs 4a and
5a). Thus, a comparison between the damage toleran-
ces of the fibre- and foil-reinforced composites
(Table I) leads to an important conclusion that is
toughening depends mainly on the intrinsic properties
of the bridging ligaments rather than on their mor-
phologies, provided that crack bridging is the major
toughening mechanism. The similar toughness of the
fibre- and foil-reinforced composites implies that the
bridging contributions of the fibres and foils are very
similar. Usually, rods and bars have higher ultimate
strength and larger elongation than plates at simple
tensile tests, and this has been attributed to more
restraint in the width direction in plates than in rods
and bars [37, 38]. When ductile foils and fibres are
embedded in a matrix, the difference in restraint be-
tween the two is expected to become smaller because
both the reinforcements experience high constraint
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Figure 4 Fracture surfaces of the chevron-notched MoSi, com-
posites containing 20 vol.% of (a) Nb fibres, (b} foils, and (c) par-
ticles.

from the matrix. As such, a similar bridging contribu-
tion from the two morphologies results.

The similar toughness of the fibre- and foil-
reinforced composites has a bearing on the design of
ductile-phase-toughened composites. A recent study
[26] has demonstrated that due to different mor-
phologies, of ductile reinforcements, foil-reinforced
composites provide two-dimensional toughening,
while unidirectionally continuous fibre-reinforced
composites only give one-dimensional toughening.
Combination of these two studies suggests that ductile
foils can, in fact, provide better toughening character-
istics than ductile fibres without sacrificing the tough-
ness of the composites.

For the present particulate composites, a toughness
increase of about 1.3 times over the monolithic MoSi,
was. observed (Tablel). This increment falls into the
range of toughening by crack deflection mechanism.
Faber and Evans [39, 40] have shown that about
one-fold increase in toughness can be achieved by
crack deflection due to the addition of spherical par-
ticles, and that as high as three-fold increases can be
reached by crack deflection with rod-shaped particles
of high aspect ratio. Although the toughness in-
crement in the current particulate composites falls
into the range of toughening predicted by crack deflec-
tion mechanism [39, 40], examination of fracture sur-
faces of the composites did not show the circumven-
tion of the Nb particles by cracks, a phenomenon of
crack deflection by particles. Instead, cracks almost
exclusively cut through the Nb particles (Fig. 5c), an
indication of crack bridging and/or crack blunting.
The crack bridging was further supported by the ex-
amination of the propagation profile of the indenta-
tion cracks on the polished surface. As shown in Fig. 6,
a crack induced by a Vickers indentation ran into Nb
particle directly, were blunted by the particle
and initiated another crack at the other side of the
particle (as indicated by the arrow in the figure), rather
than being deflected or causing the debonding at the



interface. The relatively small toughness increase in
the particulate composites may be explained by the
embrittlement of the Nb particles discussed in the
previous section. It had been shown [18] that the
embrittlement of bridging ligaments was accompanied
by a decrease in the toughness of the composites. For

example, toughness of composites containing
20 vol.% Nb foils decreased from 12.8 to 8.6 MPam?
when H, of the Nb reinforcement increased from 131
to 236 kgmm? owing to the inappropriate processing
conditions [18]. It is thus concluded that toughening
of the particulate composites is due to the crack bridg-
ing and the relatively small increase in toughness is
ascribed to the embrittlement of the ductile particles.

Finally, it should be pointed out that even without
the embrittlement of the reinforcement, the particulate
composites may still not be able to reach the tough-
ness exhibited by the fibre- or foil-reinforced com-
posites. When there is no embrittlement, several other
mechanisms may set in before the full operation of the
crack bridging mechanism. For example, crack deflec-
tion may happen which could only lead to as high as
four-fold toughness of the matrix [39, 40]. For the
present matrix (K,,.x = 3.3 MPam?); this maximum
toughness available due to the crack deflection is
about 12 MPam?, a value still lower than those dis-
played by the present foil- and fibre-reinforced com-
posites. Another mechanism that may occur is inter-
facial debonding which would allow more ductile
phase to deform and adsorb more energy before the
failure of the composites. A recent study [22] has
shown that the interfacial debonding length is propor-
tional to the representative cross-sectional diameter of

Figure 5 Fracture surfaces of (a) Nb fibres, (b) foils and (c) particles
in the chevron-notched MoSi, composites with crack propagation
from bottom to top.

Figure 6 Interaction between a Nb particle and cracks introduced
by a Vickers indentor on the polished surface of a particulate
composite.

the reinforcement, and typically, the debonding length
is at least two times the representative diameter when
the crack bridging mechanism operates fully. Thus,
the bridging particles should have a high aspect ratio
and be longer than twice the representative diameter.
As such, the two ends of the particles can still be
embedded in the matrix after the debonding and the
clamping forces of the bridging particles can, there-
fore, be transferred onto the crack faces. The load
transfer length, i.e., the embedded length of the particle
end required for the full operation of the crack bridg-
ing, depends on the shear strength of the interface and
the toughness of the matrix, and therefore varies from
one composite system to another. Usually, the shear
strengths of ductile metals are about half of their
tensile strengths. Thus, if the tensile strength of Nb
is taken as 285 MPa [22], then its shear strength
is about 140 MPa. If it is further assumed that the
shear strength of Nb is the controlling strength at the
interface, and the maximum bridging stress is taken
as 350 MPa [22], then the full load transfer length
should be 125 um calculated by equating the ligament
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breaking load with the interfacial shear force for
200 um diameter particles. Thus, the aspect ratio of the
bridging particles should be at least 3.25 for the full
load transfer. For the present particulate composites,
even though the particles have been deformed and
elongated along the hot press plane, their aspect ratio is
generally still lower than 3.25, as shown in Fig. 3. Thus,
it is quite clear that even without the embrittlement, the
particulate composites still cannot reach the toughness
of fibre- or foil-reinforced composites. If a high tough-
ness is expected, particles with a high aspect ratio and
some processing procedures for the alignment of the
particles should be utilized.

4. Implications and conclusions

Morphology effect of ductile reinforcements has been
evaluated using a four-point bend test on chevron-
notched MoSi, composites reinforced with 20 vol.%
niobium. Toughness of MoSi, composites has been
increased from 3.3 MPam? for the matrix to
15 MPa m? with the incorporation of 20 vol.%. Nb
fibres or foils. The addition of Nb particles also in-
creases the toughness to ~ 7 MPa m?. The toughen-
ing has been ascribed to the ductile phase bridging in
all the composites tested. The results suggest that (1)
toughening by crack bridging depends mainly on the
intrinsic properties of the ductile ligaments rather
than on their morphology; (2) ductile foils could pro-
vide two-dimensional toughening without sacrificing
the toughness of the composites, while ductile fibres
only supply one-dimensional toughening; (3) the em-
brittlement of ductile reinforcements is detrimental to
the toughening of the composites; and (4) particles
with a high aspect ratio should be used if particulate
composites are designed to approach the toughness of
fibre- and foil-reinforced composites.
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