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Effect of MoSi, and Nb reinforcements on
mechanical properties of Al,O; matrix composites
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The room temperature mechanical properties of Al,03 composites reinforced with 25 vol%
of either MoSi, or Nb particulates were investigated. It was found that addition of Nb
particles resulted in a reduction in the elastic modulus, but caused a significant increase in
both flexural strength and fracture toughness. On the other hand, the addition of MoSi,
particles resulted in only a marginal decrease in elastic modulus and marginal increase in
both flexural strength and fracture toughness. The elastic modulus results were explained
on the basis of Tsai - Halpin model. For both the composites, the increase in flexural
strength was attributed to the grain refinement of the Al,O3; matrix as well as the load
transfer to the reinforcement particles. The marginal increase in fracture toughness in
Al,O3 / MoSi, composites was attributed to crack deflection, whereas the threefold increase
in fracture toughness in Al,O3 / Nb composites was attributed to crack blunting and
bridging. © 2000 Kluwer Academic Publishers

1. Introduction 2. Present study

There has recently been a resurgence of interest in c&he present work is concerned with establishing the
ramics for a variety of high performance structural ap-room temperature mechanical properties of@y ma-
plications, ranging from high temperature gas turbinegrix composite systems incorporated with two different
and adiabatic diesel engines to cutting tools and othereinforcements: i) Molybdenum Disilicide (Mo8i&
wear-resistant parts [1]. In each case the applications) Niobium (Nb).

make use of the beneficial properties of ceramics, in- Although MoSp has recently been investigated as
cluding high stiffness, strength and hardness, low dena matrix material for high temperature structural com-
sity and good resistance to corrosion, oxidation, weaposites [22, 23], itis also considered to be as a potential
and erosion at high temperatures. In most structuraleinforcement for different ceramic matrices [24, 25].
applications, the primary disadvantage of ceramics ifNb, as a refractory metal, is also being considered as
their inherent lack of toughness, which renders thena capable toughening element for brittle ceramic ma-
sensitive to sudden catastrophic failure in response ttrices [26]. Although extensive studies have been car-
accidental overloading, contact damage or rapid temried out by a number of investigators on,®8s based
perature changes. This has led to attempts for develogomposites incorporated with different ceramic rein-
ing ceramic composites which provide the best possibléorcements, no such research results are available in
toughness and thermal shock resistance without signliterature in regards to the properties of eithes@d -
ficant loss of other desirable properties [2]. Nb or Al,O3 - MoSi, composite. It is known that un-

A variety of stratagems has been adopted in thdike other ceramic reinforcements (e.g. SiC, TiC, 7,iB
search for greater toughness. These include incorpor&®,4C, etc.) the thermal expansion coefficient values of
tion of metallic and/or ceramic fibers and/or whiskersboth MoSp and Nb are much closer to that of 83
[2-5]; incorporation of more or less equiaxed second{Fig. 1) [27]. As a result, the residual stress originating
phase particles, both ductile [6—9] and brittle [10, 11];from the thermal expansion coefficient mismatch (be-
control of grain size, porosity or other microstructural tween matrix and reinforcement) would be minimum
features [12, 13]; and transformation toughening by thdor both these composites, which might act as a bene-
incorporation of tetragonal Zr{particles [14, 15]. Sec- ficial parameter for the materials. Secondly, it has also
ond phase patrticles can play a number of roles. Thepeen demonstrated earlier that both Nb and Mea%é
can deflect cracks out of their paths [16, 17], can bridgeehemically compatible with AlO; and as aresult, reac-
the crack behind the crack tip [18], cause them to bowtion free clean interfaces between matrix and reinforce-
between obstacles [19], cause them to bifurcate [20]ment can be achieved by careful processing in both the
or cause the nucleation of additional microcracks aheadases, which is a desirable criterion from mechanical
of the primary crack [21]. properties point of view [27, 28].
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Figure 1 Comparative thermal expansion co-efficients of@d, MoSi
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3. Experimental S Lol
High purity Al,O3, MoSi, and Nb powders were used
in the present study. The particle size analysis data ot 20r
tained for all the three materials (using a Microana- .

lyzer, Japan make instrument based on sedimentatic
technique) are shown in Fig. 2. Table | shows the sourct
and average particle size of the as-received raw materi-
als. The process flow chart followed for making these
composites (AIO3 / 25 vol% MoSp, and AbOs / 25
vol% Nby) is illustrated in Fig. 3. A\Oz and MoS; or

Nb powders were taken in the required proportions and

then wet blended in an ultrasonic mixer. The blendeALUMINA POWDER

powder was vacuum hot pressed using a GCA, US/
make hot press at temperatures between 1G5%hd
1650 C and pressure of 30 MPa. For the sake of compar
ison, pure A$O3 without any reinforcement was also
processed following the pressureless sintering route.
The hot pressed discs were characterized by evalt
ating their respective bulk densities using Archimedes
Principle. The % T.D. values obtained for all the ma-
terials are given in Table Il. The distribution of sec-
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Figure 2 Particle size analysis data for : (a),813, (b) MoSh & (c) Nb
powders.
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ond phase reinforcement in the matrix was observe: |

by scanning electron microscopy. Electron Probe Mi-
croanalysis (EPMA) studies were also carried out tc
establish the chemical stability of all the phases. Trans
mission Electron Microscopy (TEM) was also carried
out for both the composites in order to study the inter-
face between the matrix and reinforcement. The elaskigure 3 Process flow chart followed for fabricating the composites.

tic modulus values for the monolithic matrix and the

composites were determined using a pulse - echo overate of 0.5 mm / min was used during testing of all the
lap technique [29] and those data are given in Table Ilsamples. The test samples were prepared in the form
Flexural strength was measured on a Instron 1185 Testf rectangular bar specimens having dimensions as:
ing machine using 3 point bend specimens. A loadingd0 mm (Span L) x 5 mm (Breadth :B) x 5 mm

CHARACTERIZATION
MECHANICAL PROPERTIES MICROSTRUCTURES

CORRELATION
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TABLE Il Propertiesof the matrix and composite materials

Properties Fracture  Flexural Elastic

\ Hardness Toughness Strength Modulus

Material %T.D. (GPa) (MPay/m) (MPa)  (GPa)

Al;03 98.6 15.8 3.6 275 390
Alp03+ 25 98.1 13.2 10.1 580 304
vol% Nb
Al,03+25 98.2 135 4.2 360 385
vol% MoSi
|P

B v jw

f

-

L | Ry

L 1
Figure 4 Schematic diagram for the SENB fracture toughness test sam- 2
ple. - e
o
(Width : W). The flexural strengthy, was calculated
as,0 = 3PmaxlL / 2BW?, where,Pnax is the maximum
load obtained from the load displacement curve. Frac‘ "
ture toughnes{ c) was determined using single edge « *
notched beam (SENB) specimen (under 3 point bend .
loading) having following dimensions : Spah)= <
40 mm, BreadthB) =5 mm and Width (V) =10 mm. ~ p#.
The notch in the SENB specimen was made usinc - “
a ISOMET diamond wheel having a thickness of (b)
~100 um which resulted in a notch root radius of
~60 um. The notch depth was maintained at aboutigure 5 SEM pictures of the as received : (a) M@&i(b) Nb powders.
0.5 to 0.55 W (Fig. 4). The fracture toughness values
were calculated using the following equation [30], both MoSp and Nb particles are equiaxed in nature.
The scanning electron micrographs for polishegQl
Ko — PL a (matrix), Al,O3 + MoSi, (AM) and Al;O3 + Nb (AN)
=\ Bwaz W)/’ composites are shown in Fig. 6a—c, respectively. Fig. 6b
and c show that both the composites have an uniform
with, distribution of equiaxed reinforcement particles in the
matrix. There is also very little evidence of porosity
a a\Y? a a which is reflected in the high % theoretical density
f <W) = 3(W> 1.99 - <W) {1 - (W)} achieved for all the three materials (see Table II).
Figs 7 and 8 show the back scattered image as well
a a\2 as the relevant elemental maps obtained from EPMA
X {2.15— 3'93(W) + 2'7<W> ” for AM and AN composites, respectively. These fig-
ures show that both MoSand Nb have retained their
3271 chemicalidentity in the composite after processing. The
% [2:1 n 2(&) } {1 _ (i)} :| . prevention of oxidation during processing could be at-
W W tributed to the high level of vacuum (10 torr) used
during the hot pressing operation. The TEM micro-
“a” and “P” being the respective notch tip radius and graphs of the interface region in both the composites
the max. load obtained from the load displacemeng@re shown in Fig. 9. A clean reaction free interface is
curve seen in both composites.

The fractured specimens were examined using both The values of the elastic modulus for,8; as well
JEOL and LEO scanning electron microscopes. Indenas the two composites are given in Table Il. It is seen
tation tests were also carried out for studying the crackrom this Table that AN composite has a significantly
path - microstructure interactions. lower elastic modulus than that of monolithic,8ls,

whereas AM composite has a marginally lower elastic
modulus than that of the AD3; matrix. The flexural
4. Results strength data is also given in Table Il. It is noticed from
Fig. 5a and b show the respective SEM pictures of ashis Table that both composites exhibit a significantly
received MoSi and Nb powders. It is observed that higher strength than that exhibited by the unreinforced

e £
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tergranular and transgranularfeatures are seen in case of
the composites (Fig. 10b and c). There is very little ev-
idence of pull out of the reinforcement particles in both
the composites. However, some fractured Mqfirti-

cles (Fig. 10d) and a few fractured / deformed Nb parti-
cles (Fig. 10c) are observed on the respective fractured
surfaces. The fractographs also show that there is con-
siderable refinement in the /D3 grain size (Fig. 10b :
matrix grain sizex~ 2.7 um in Al,Oz - MoSi, and

Fig. 10e : matrix grain sizez 2.8 um in Al,O3 - Nb
composite) in the composites as compared to that in the
unreinforced AJO3 (Fig. 10a : grain size= 4 um).

The SEM micrographs showing the paths of the
cracks emanating from corners of indentations in mono-
lithic Al,O3, AM composite and AN composite are
shown in Fig. 11. Fig. 11a shows that the crack path in
unreinforced AJO3 is nominally straight and there is
very little evidence of crack deflection. Fig. 11b shows
that in the case of AM composite there is evidence
of both microscopic crack deflection as well as crack
bridging. On the other hand, the primary feature in AN
composite is crack blunting (Fig. 11¢) and bridging by
the Nb particles (Fig. 11d), although there is some ev-
idence of microscopic crack deflection (Fig. 11d). The
frequency versus angle of deflection plot for all the three
materials is shown in Fig. 12. It can be seen that AM
composite has the highest median angle of deflection.

5. Discussion

5.1. Elastic modulus

There are several theoretical models for the estimation
of elastic modulus of composite materials such as the
iSo - strain and iso - stress rule of mixtures [31], mod-
ified Tsai - Halpin [32] and Hashin - Shtrikman [33].
The iso - strain and iso - stress rule of mixtures are most
suitable for continuous fibre reinforced composites for
loading in the direction of the fibres and perpendicular
to the direction of the fibres, respectively. For com-
posites with discontinuous particulate reinforcements,
models such as the modified Tsai - Halpin [31] which
takes into accountthe tensile transfer of loads at the par-
ticle ends as well as the particle aspect ratio are more
appropriate. This model predicts the elastic modulus of
the compositek,) as,

Figure 6 SEM pictures of polished : (a) ADs, (b) Al2O3 - MoSi, & E. — {Em(1 +250p)} 1)
(c) Al,03 - Nb samples. (1-a9V)
Al,O3. The respective flexural strengths of the AM andWith

AN composites are about 30% and 110% higher than E

that of monolithic AbO3 matrix. = < p) }
The fracture toughness datais also givenin Table II. It q=—r—ms 1

shows that AM composite exhibits a marginally higher { ( p ) n 25}

fracture toughness than that exhibited by the unrein-

forced ALO3, whereas AN composite shows a signi-

ficantly higher fracture toughness (three fold increaseyvhere,En, andE, are the elastic modulus of the matrix

than that exhibited by ADs. and reinforcement, respectively;is the aspect ratio
SEM fractographs of the fractured surfaces forof the particle reinforcementy, is the volume frac-

Al,03, AM composite and AN composite are shown tion of the reinforcement. It is known from literature

in Fig. 10. The fracture is intergranular in nature in thethat Exp, = 103 GPa [34] andEmesiz =400 GPa [35],

case of unreinforced AD; (Fig. 10a), whereas both in- whereasEaj203 was measured to be 390 GPa. For both

m
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Figure 8 EPMA images of A}O3 - Nb composite showing : (a) backscattered electron image; x-ray elemental maps of : ()& (@) Nb.

compositesV, =0.25 and the aspect ratio 1 (for ~ 5.2. Flexural strength

equiaxed particles). Using the above values, Equation As discussed earlier, the flexural strength of AM and
predicts a value of 302 GPa for AN composite andAN composites are about 30% and 110% higher than
392 GPa for AM composite, which agree very well the strength of monolithic AD3; matrix, respectively.
with the experimentally determined values. The higher strength of the composites can be attributed
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@ (b)

Figure 10 SEM fractographs of the fractured surfaces of : (@, (b) Al,O3 - MoSiy, (c) Al2O3 - Nb, (d) Al,Os - MoSiz & (e) Al,03 - Nb
composites; (A : AlO3, M : MoSiz & N : Nb).
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(d)

Figure 11 SEM pictures showing the crack path behaviour in :
Al03, (b) Al203 - MoSiy, (c) Al03 - Nb & (d) Al203 - Nb sam-
ples; (D : DeflectionB : Bridging & BL : Blunting) : Long arrow shows
direction of crack propagation in all materials.
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Figure 12 Frequency vs. Deflection angle data for the matrix and the
composites.

to the following factors. The first is that the presence
of the reinforcement particles results in the refinement
in the grain size of the AD3 matrix in the composites
(see Fig. 10a, b and e). The average grain size of unrein-
forced ALOs is ~4 um, whereas it is about 2//m and

2.8 um for AM and AN composites respectively. The
second factor which could contribute to the strength-
ening is the load transfer to the reinforcement phase
which is comparatively stronger than the matrix. The
load transfer is efficient in these composites because the
interfaces are observed to be clean for both the materials
(as seenin Fig. 9a and b). The efficient load transfer is
also confirmed by the evidence of very little pull out of
the reinforcement particles on the respective fractured
surfaces (Fig. 10b—e).

The strengthening behaviour due to matrix grain size
refinement should be more or less equal for both the
composites. However, the strengthening due to load
transfer would be much higher for AN composite as
compared to the AM composite, because Nb reinforce-
ment is much stronger and ductile as compared to
MoSi, reinforcement. This is reflected in the significant
higher flexural strength for AN composite (550 MPa)
as compared to AM composite (360 MPa).

5.3. Fracture toughness
A number of toughening mechanisms such as crack de-
flection [16], microcracking [21], crack blunting [36]
and crack bridging [18] have been suggested in litera-
ture to explain the toughening in ceramic matrix com-
posites as a result of reinforcement particles. There is,
however, an ongoing debate about the relative impor-
tance of each of these mechanisms. Itis probable thatin
a given material more than one mechanism acts simul-
taneously. Although models considering simultaneous
and synergistic toughening mechanisms have been de-
veloped [37, 38], these models requér@riori knowl-
edge of the relative contribution of each mechanism
involved which is very difficult to determine experi-
mentally.

The observation of crack path - microstructure inter-
actions in AM composite (Fig. 11b) clearly indicates

@ that the primary contribution to toughening in this ma-

terial originates from crack deflection caused by the
MoSi, particles. The mean deflection anglexS0°,
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which results in only a marginal increase in tough-with the same calculated theoretically based on modi-
ness, as a large deflection angte6] is generally fied Tsai - Halpin model.

required to cause any significant increase in toughness 3. The increase in strength for both the composites
[39]. Thereis also some evidence of bridging (Fig. 11b),in comparison with the monolithic matrix are observed
but since MoSiitself is brittle at room temperature, the to be primarily due to matrix grain refinement phe-
contribution from crack bridging is also insignificant. nomenon and efficient load transfer mechanism to the
Single crystals, like SiC whiskers, can remain unfrac-reinforcement particles. The functioning of load trans-
tured due to their inherent high strength and they carfier phenomenon can be attributed to the presence of
bridge the rear of the crack to a significant extent af-strong and reaction free clean interfaces in both the
ter getting pulled out of the matrix [40]. However, the materials. However, the strength of,8l; - Nb com-
same is not expected for MgSparticles due to their posite (580 MPa) was observed to be higher than that
inherent limitations. This is reflected by the marginal of Al,O3 - MoSi, material (360 MPa), mainly due to
increase in toughness in AM composite as compared thigher load bearing capacity of stronger and ductile Nb
unreinforced A}Os. particles.

On the other hand, the microstructure - crack path 4. Both composites exhibited higher fracture tough-
interaction in the AN composite clearly shows signi- ness as compared to unreinforced@d. The marginal
ficant crack blunting (Fig. 11c) and bridging becauseincrease in fracture toughness fop®g - MoSi, com-
of the Nb particles (Fig. 11d). However, the extent of posite is due to the presence of microscopic crack de-
crack deflection in AN composite is observed to beflection and crack bridging phenomena. However, the
low. This could be due to lesser propagation of cracKarge increase in fracture toughness in@4 - Nb com-
path in the material (resulting in lower degree of in- posite (3 - fold) could be attributed to crack bridging,
teraction between crack path and particles) originatsignificant crack blunting and subsequent arrest by Nb
ing from the efficient crack tip blunting mechanism particles.
followed by arrest of crack by Nb particles. Nb being
ductile, the constrained plastic deformation of Nb par-
ticles would require a lot of energy resulting in effective Acknowledgements
crack tip shielding. This is confirmed by the observa-The authors thankfully acknowledge the financial
tion of highly deformed Nb particles on the fractured support from the Defence Research and Develop-
surface (Fig. 10c). This is also reflected by the threement Organisation, New Delhi, India. The authors are
fold increase in fracture toughness in AN compositesalso grateful to Dr. D. Banerjee, Director, DMRL,
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