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Abstract
Al-based metal matrix composites consisting of pure Al reinforced with diﬀerent amounts of mechanically alloyed Zr57Ti8Nb2.5Cu13.9Ni11.1Al7.5 glassy powder were produced by powder metallurgy, and their mechanical properties were investigated by room temperature
compression tests. The samples were consolidated into highly dense bulk specimens at temperatures within the supercooled liquid region
in order to take advantage of the viscous ﬂow behavior of the glassy powder. Compression tests show that the addition of the glass reinforcement increases the strength of pure Al from 155 to 250 MPa, while retaining appreciable plastic deformation with a fracture strain
ranging between 70% and 40%. The yield strength and the elastoplastic deformation of such composites containing a high volume fraction of glassy particles were accurately modeled using a shear lag model and a self-consistent eﬀective medium approach. Finally, the
fracture characteristics of the reinforcing particles were rationalized using a proposed fracture criterion.
Ó 2009 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction
Among the advanced engineering materials for aerospace and automotive applications, Al-based metal matrix
composites (MMC) are of great interest owing to their
remarkable mechanical properties, including low density,
high elastic modulus and strength, and good fatigue and
wear resistance [1–5]. The driving force behind the development of MMC is the possibility to tailor their properties to
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meet speciﬁc requirements, which renders this type of material unique in comparison with conventional unreinforced
materials [1–5].
MMC can be classiﬁed into three main groups: (i) ﬁberreinforced, (ii) whisker/short-ﬁber/platelet-reinforced and
(iii) particulate-reinforced composites [6]. Although the
largest improvement in properties (strength and stiﬀness)
is obtained with the introduction of ﬁber reinforcements
[1,6], the properties of ﬁber-reinforced composites are not
isotropic. Particulate-reinforced MMC show the advantage
of nearly isotropic properties [1]. Furthermore, an additional advantage of the particulate-reinforced over ﬁberreinforced MMC is that most existing processing
techniques can be used for fabrication and ﬁnishing of
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the composites, including hot rolling, hot forging, hot
extrusion and machining [5,7].
Typical reinforcements in particulate-reinforced MMC
are ceramics, such as Al2O3 and SiC [2,8,9]. However, more
recently, metallic glasses have also been successfully used as
reinforcement in Al-based MMC [10–12]. Metallic glasses
are extremely attractive as reinforcing agents because of
their remarkable mechanical properties, including high
yield strength (1–2 GPa) and large elastic strain (1–2%)
[13–16]. In addition, they may yield an improved interface
between matrix and particles with respect to the more conventional ceramic reinforcements [10].
Powder metallurgy (P/M) is one of the methods successfully used for the preparation of MMC [2,4,8,17]. The main
advantage of P/M over other methods, such as ingot metallurgy and diﬀusion welding, is the relatively low processing temperature, which may avoid undesired interfacial
reactions between matrix and reinforcement [18]. In addition, P/M allows a great degree of freedom in tailoring
the microstructure (e.g., volume fraction, size and morphology of the reinforcement) [2,4,8,10–12,17].
In this work, MMC consisting of pure Al reinforced with
Zr-based glassy particles were produced by P/M, and their
mechanical properties were investigated in detail. The glassy
powders were obtained by mechanical alloying (MA) of elemental powders with composition Zr57Ti8Nb2.5Cu13.9Ni11.1Al7.5 (at.%), and the crystallization behavior as well
as the temperature dependence of the viscosity of the glassy
powders were studied in order to select the proper consolidation parameters. The glass-reinforced Al-based MMC were
then consolidated through uniaxial hot pressing followed
by hot extrusion, and the mechanical properties of the bulk
specimens were evaluated by room temperature compression
tests. Subsequently, a model description for the elastoplastic
deformation of the composites, which is an important prerequisite for the material design and application, is given,
revealing that the mechanical properties can be successfully
modeled taking particle cracking into account. Finally, the
distensile fracture of the present glassy particles is explained
using calculation results and a suitable fracture criterion.
2. Experimental
Glassy powders with composition Zr57Ti8Nb2.5Cu13.9Ni11.1Al7.5 (purity > 99.9 wt.%) were produced by MA of
pure elemental powder mixtures using a Retsch PM400
planetary ball mill and hardened steel balls and vials. The
sample handling was carried out in a glove box under a
puriﬁed argon atmosphere (<1 ppm O2 and H2O). The
powders were milled for 120 h at a ball-to-powder mass
ratio of 13:1, using a milling speed of 150 rpm. The amount
of iron and oxygen after milling for 120 h was found to be
0.10 and 0.30 wt.%. The viscosity of the samples as a
function of temperature was measured by parallel plate
rheometry in a Perkin-Elmer TMA7 thermal mechanical
analyzer (heating rate 20 K min1). The phases and the
microstructure were characterized by X-ray diﬀraction

(XRD) using a Philips PW 1050 diﬀractometer (Co Ka
radiation) and by scanning electron microscopy (SEM)
using a Hitachi TM-1000 tabletop microscope. Al-based
metal matrix composites consisting of elemental Al powder
blended with diﬀerent amounts (40 and 60 vol.%) of
Zr57Ti8Nb2.5Cu13.9Ni11.1Al7.5 glassy powders were synthesized by P/M methods. Consolidation was done by uniaxial
hot pressing followed by hot extrusion under an argon
atmosphere at 673 K and 500 MPa. The extrusion ratio
was 6:1. The density of the consolidated samples was evaluated by the Archimedes principle. According to the
ASTM standard for compression testing [19], cylinders
with a length/diameter ratio of 2.0 (8 mm length and
4 mm diameter) were prepared from the extruded samples.
The specimens were tested with an INSTRON 8562 testing
facility under quasistatic loading (strain rate 8  104 s1)
at room temperature. Both ends of the specimens were polished to make them parallel to each other prior to the compression test.
3. Results and discussion
3.1. Sample characterization
The characterization of the Zr57Ti8Nb2.5Cu13.9Ni11.1Al7.5
glassy powder prepared by MA of elemental powder mixtures has been previously reported [20,21]. However, some
key features should be quoted here. The as-milled powder
is amorphous, and its crystallization behavior is characterized by an endothermic eﬀect related to the occurrence of
the glass transition (Tg) at 668 K, followed by the supercooled liquid (SCL) region (DTx = Tx1  Tg), limited by
two exothermic crystallization events with onset temperatures Tx1 (716 K) and Tx2 (757 K). The ﬁrst exothermic peak
is related to the formation of an unidentiﬁed nanocrystalline
phase [20,21], while the second peak is due to the formation
of the tetragonal CuZr2 phase (space group I4/mmm) and a
minor amount of fcc NiTi2-type big cube phase (space group
Fd3m) [20,21].
In the temperature range between the glass transition
(Tg) and the ﬁrst crystallization event (Tx1) the glassy material may exhibit a deformation regime characterized by viscous ﬂow behavior [22]. In this region, the viscosity of
metallic glasses may decrease by several orders of magnitude, allowing the production of bulk samples by consolidation at temperatures within the range of the SCL
region [22]. In order to verify this aspect and to select the
proper consolidation temperature, the ﬂow behavior of
the Zr57Ti8Nb2.5Cu13.9Ni11.1Al7.5 glassy powder within
the SCL was analyzed from viscosity measurements using
parallel plate rheometry, and the results are shown in
Fig. 1a. The viscosity g can be derived from the change
in the height of the sample vs time as [23–25]

g¼

2Fh3
3pa4 ðdh=dtÞ


ð1Þ
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Fig. 1. (a) Temperature dependence of the viscosity (heating rate
20 K min1), revealing a drop in viscosity at Tg followed by an abrupt
increase at Tx1 due to crystallization. (b) XRD patterns (Co Ka radiation)
for the hot pressed and hot extruded composites with 40 and 60 vol.%
glass reinforcement.

where F is the applied load, a is the radius of the plates, and
h is the height of the sample. This allows viscosity measurements in the range from 105 to 1010 Pa s [23,24]. The viscosity of the powder shows a constant value of 11010 Pa s
up to 600 K, where the curve displays a strong drop in
viscosity due to the occurrence of the glass transition. At
717 K, where the glassy powder shows minimum viscosity, crystallization sets in, and the viscosity abruptly increases with increasing temperature, indicating the loss of
the liquid-like behavior. These results indicate that the temperature range from 600 to 700 K, where softening of the
material occurs, is suitable for the consolidation of the
glass-reinforced composites.
3.2. Consolidation and mechanical properties
In order to produce glass-reinforced MMC, elemental
Al powder was blended with diﬀerent volume fractions (f)
of Zr57Ti8Nb2.5Cu13.9Ni11.1Al7.5 glassy powder. The composite powders were then consolidated by hot pressing, followed by hot extrusion at 673 K in order to take advantage
of the SCL regime. This gives rise to consolidated composites with a relative density 98%. For comparison purposes, a bulk specimen was produced by extrusion of
pure Al powder using the same consolidation parameters
as used for the MMC.
Fig. 1b shows the XRD patterns of the composites reinforced with 40 and 60 vol.% of Zr57Ti8Nb2.5Cu13.9Ni11.1Al7.5 glassy powder (f = 40 and f = 60). The
patterns display sharp Bragg peaks belonging to pure Al,
together with the broad maxima due to the glassy phase.
This indicates that no crystallization of the glass occurred
during consolidation of the composites.
Fig. 2a and b shows the SEM micrographs of the composites with 40 and 60 vol.% glass reinforcement, respectively. The images display a microstructure consisting of
approximately spherical bright particles (the glassy phase)
with dimensions 50 lm homogeneously dispersed in the

Fig. 2. SEM micrographs for the consolidated composites with (a)
40 vol.% and (b) 60 vol.% Zr57Ti8Nb2.5Cu13.9Ni11.1Al7.5 glass
reinforcement.

fcc Al matrix. Owing to the high volume fractions of reinforcement, several particles are in contact. This gives rise to
the formation of small groups of particles with dimensions
100–200 lm. This eﬀect increases with increasing volume
fraction of reinforcement from 40 to 60 vol.%. Only a few
pores are visible, further corroborating the high density of
the consolidated specimens.
Typical room temperature uniaxial compression true
stress–true strain curves of the tests under quasistatic loading for the composite materials are shown in Fig. 3 together

Fig. 3. Room temperature compression true stress–true strain curves for
the hot pressed and hot extruded pure Al (f = 0), composites with 40 vol.%
(f = 40) and 60 vol.% (f = 60) glass reinforcement, and melt-spun
Zr57Ti8Nb2.5Cu13.9Ni11.1Al7.5 glassy ribbon tested in tension (f = 100).
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with the curve for the extruded pure Al. In order to compare the data of the composites with those of the singlephase glass, the tensile stress–strain curve of the
Zr57Ti8Nb2.5Cu13.9Ni11.1Al7.5 glassy ribbon produced by
melt spinning is also plotted in Fig. 3. The mechanical
properties of pure Al are improved by the addition of the
glass reinforcement. The compressive strength (the maximum compressive stress which the material is capable of
sustaining [26]) increases from 155 MPa for pure Al to
200 MPa for the composite with f = 40, while retaining a
strain at the compressive strength exceeding 30% and a
fracture strain 70%. With the volume fraction of the
glassy powder increasing to 60 vol.%, the compressive
strength rises to 250 MPa, and the strain at the compressive strength is 10%. Both pure Al and the material with
f = 40 show a weak work softening-like behavior for large
strains. However, for the composite reinforced with
60 vol.% of glassy powder, the stress, after reaching the
maximum value, displays a pronounced work softeninglike behavior where the stress gradually decreases with
increasing strain to 160 MPa, and fracture occurs at
42% strain. Although the compressive strength of the
composites is remarkably lower with respect to the singlephase glass (1150 MPa), the composite materials display
fairly large plastic deformation which, in contrast, is absent
for the single-phase glass.
As a typical example, Fig. 4 shows SEM micrographs of
the fracture morphology for the composite with f = 60. The
images reveal that, after deformation, several cracks
appear in the reinforcing particles (Fig. 4a). Particle fracture occurs parallel to the compression direction (indicated
by arrows in Fig. 4a). In contrast, the Al matrix undergoes
large plastic deformation and displays dimple rupture,
indicative of ductile fracture (Fig. 4b and c).
3.3. Modeling of mechanical properties
The prediction of the overall mechanical properties of a
composite from the properties of the single constituents is
an important prerequisite for material design and application. Among the diﬀerent methods for estimating the properties of a composite, the rule of mixtures (ROM) is the
simplest and most intuitive [27]. The ROM considers the
properties of the composite as volume-weighted averages
of the components’ properties and assumes that the components are non-interacting during deformation [28,29].
This can be written as
P c ¼ fm  P m þ fp  P p

Fig. 4. SEM micrographs of the fracture morphology after compression
test for the composite with 60 vol.% (f = 60) glass reinforcement.

ð2Þ

where P is the property (e.g., density or yield strength), f is
the volume fraction, and the subscripts c, m and p indicate
the composite, the matrix and the reinforcement,
respectively.
The ROM describes well the eﬀect of the volume fraction of the reinforcement on the density of the composites,
as shown in Fig. 5; however, it fails in modeling the
strength of the materials. The experimental yield strength

Fig. 5. Density of the samples as a function of the volume fraction of glass
reinforcement (the sample with 100 vol.% corresponds to the Zr57Ti8Nb2.5Cu13.9Ni11.1Al7.5 rod produced by copper mold casting).
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(oﬀset = 0.2%) of the composites is much less than that
predicted from the ROM (Fig. 6a).
As well as through the ROM, the strengthening eﬀect of
second-phase particles on the yield strength (ry) of the
metallic matrix can be written as [30]
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ð3Þ
ry ¼ roy þ ðDror Þ2 þ ðDrthe Þ2 þ ðDrgeo Þ2
where roy is the strength of the pure metal matrix (equivalent to 113 MPa for the present extruded material), Dror
is the Orowan stress or the stress increase needed to pass
a dislocation through an array of impeding particles, Drthe
is the stress contribution due to statistically stored
dislocations introduced by the thermal expansion mismatch between the matrix and second-phase particles,
and Drgeo is the stress contribution due to strain gradient
eﬀects associated with the geometrically necessary distributions of dislocations required to accommodate the plastic
deformation mismatch between the matrix and the
particles.
The Orowan stress can be written as [31]
Dror ¼ u

lm bm
L

ð4Þ

where / is a constant of order 2 [31], bm and lm are the
Burgers vector and the shear modulus of the metal matrix,
respectively, and L is the interparticle spacing of the second
phase particles, which is given by [31]



p
L¼D
6f
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1=3
ð5Þ

where f and D are the volume fraction and the diameter of
the particles, respectively.
The stress increment due to thermal expansion mismatch is [32]
pﬃﬃﬃ
ð6Þ
Drthe ¼ glm bm q
where g is a constant of order 1, and q is the dislocation
density. q is given by [33,34]
q¼

12DT Daf
bm Dð1  f Þ

ð7Þ

where Da is the diﬀerence in thermal expansion coeﬃcients
(TEC) between the matrix and the reinforcing particles,
and DT is the temperature change from processing temperature to room temperature.
Finally, the stress increment due to geometrically necessary dislocations is [35]
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ð8Þ
Drgeo ¼ blm f em bm =D
where b is a geometric factor with a numerical value 0.4,
and em is the plastic strain of the metal matrix [35].
The yield strength of the current MMC reinforced
with glassy particles was calculated using Eq. 3, and
the parameters used in the calculation are summarized
in Table. 1. The results reveal that Eq. 3 underestimates

Fig. 6. Yield strength of the consolidated samples as a function of the volume fraction of glass reinforcement: experimental data (points) and calculated
values (lines) from (a) dislocation strengthening, (b) shear lag model varying the diﬀerence in TECs Da , (c) shear lag model varying the particle size D and
(d) shear lag model varying the particle aspect ratio s.
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Table 1
Parameters used in calculations.
Parameter, unit
m

E , GPa
lm, GPa
mm
bm, nm
Ep , GPa
lp, GPa
M

Value

Ref.

70
28
0.33
0.283
100
37
4.2

[36]
[36]
[36]
[36]
[37]
[37]
Calibrated

the experimental value of the yield strength for the sample with f = 60, as shown in Fig. 6a, which indicates that
the strength increase in the present composites cannot be
accurately explained by considering exclusively dislocation strengthening. This is most likely due to the high
volume fraction and the relatively large size of the reinforcing particles and the resulting load transfer by shear.
For volume fractions >50 vol.%, local particle contiguity
can arise [38], and the percolation threshold can be
exceeded. As a result, the number of particles in contact
is higher than in the case of more dilute particles. Consequently, the particles may form a continuous network
(represented by the white lines in Fig. 2b) and, during
deformation, the connected particles will behave similarly
to short ﬁbers. The strengthening eﬀect of the stress
transfer can be taken into account using the shear lag
model [39] for the evaluation of the yield strength for
the sample with f = 60, as
 p

rmy
E
Ep  Em tanhðcsÞ
þ ð1  f Þ
ð9Þ
¼f

ry
Em
Em
cs
where Em and Ep are the elastic moduli of matrix metal and
particles, respectively, and s is the aspect ratio (lp/lv) of the
reinforcing particles, where lp and lv are the particle size
parallel to and vertical to the compressive testing direction,
pﬃﬃﬃﬃﬃﬃﬃﬃ
respectively. The particle size is then given by D ¼ lp lv . c
is a function of the elastic modulus of the matrix, the volume fraction of reinforcing particles and Poisson’s ratio of
the matrix (mm):
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2Em
c¼
ð10Þ
p
E ð1 þ mm Þ lnð1=f Þ
After these modiﬁcations, the calculations are in better
agreement with the experimental results, as shown in
Fig. 6b.
The second-phase particles used in the present work
have an average size D 50 lm. At this particle size, the
contribution of Drthe to the total yield strength is much larger than both Dror and Drgeo. As revealed in Eqs. 6 and 7,
Drthe depends on Da , D and f . In order to analyze the
eﬀect of TEC, particle size, particle contact and morphology, Fig. 6b–d shows the dependence of the yield strength
on Da, D and aspect ratio s as functions of the volume fraction f. The calculations indicate that the inﬂuence of Da on
the yield strength of the composites is the most signiﬁcant,

even when particles of 100–200 lm (the groups of particles visible in Fig. 2a) or the aspect ratios observed for
the present particles (s = 0.8–1.4) are considered. The
TEC of Al is 24  106 °C1 [1], and the TEC of Zrbased metallic glass is 10  106 °C1 [40]. Therefore, the
values of Da used in the present calculations are
reasonable.
Metal matrix composites reinforced with high-strength
particles have been extensively studied in recent years
owing to their attractive mechanical properties. However,
few data exist on the mechanical properties of MMC containing high volume fractions (f > 50) of reinforcing particles [38,41]. Two main aspects make the deformation
behavior of composites with high particle content diﬀerent
from that characterizing composites with small volume
fractions of reinforcement. The ﬁrst aspect is related to
the local particle contiguity and the possible formation of
a continuous particle network, as already discussed in the
previous section. The second aspect involves the constraints for the deformation of the matrix introduced by
the presence of a large number of particles. The metallic
matrix is conﬁned within a large number of particles and,
therefore, cannot easily deform in response to the applied
stress.
Eﬀective medium approximation (EMA) based methods
have been used successfully to model the elastoplastic
deformation of metal matrix composites reinforced with
micrometer-sized second-phase particles [42–46]. In the following, the EMA method will be used to evaluate the overall compressive mechanical behavior of the glass-reinforced
MMC.
In this method, the particulate-reinforced composite is
assumed to behave as a continuum. The constitutive relation between the average stress (
r) and strain (e) in the
composites can be written in terms of their secant stiﬀness
C* as
 ¼ C  ðeÞe
r

ð11Þ

For simplicity, the second-phase particles are considered as
spherical particles, because the aspect ratio of the glassy
particles used in present experiments is close to 1. In addition, the eﬀect of the aspect ratio on the yield strength is
limited (Fig. 6d). Two methods can be used to perform
the EMA analysis [47]. The ﬁrst method is the classical
EMA in which the reference state is the metal matrix alone,
namely K0 = Km and l0 = lm, where K0 (Km) and l0 (lm)
are the secant bulk and shear moduli of the eﬀective reference medium (the matrix). The second method is the selfconsistent EMA (SCEMA) in which the reference state corresponds to the composite material (matrix and reinforcement), and the values are obtained self-consistently, i.e.,
K0 = K* and l0 = l*, where K* and l* are the secant bulk
modulus and the shear modulus of the composite, respectively. The former method is generally valid when the volume fraction of particles is small (typically <15 vol.%)
while the latter is used for larger volume fractions of particles, therefore considering the elastic interactions between
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the particles. In the present composites, the volume fraction of the glassy particles is high (40 and 60 vol.%), and
some degree of connectivity between the particles is also
observed. This implies that the interactions between the
glassy particles have to be considered when modeling the
deformation behavior of the composites and, therefore,
the SCEMA method is used here. According to SCEMA,
the eﬀective moduli are given by the following expressions
[47,48]
Km  K
Kp  K
þf
¼0
m

3K þ 4l
3K p þ 4l
lm  l
lp  l
ð1  f Þ m
þ
f
¼0
l þ y
lp þ y 
ð1  f Þ

ð12-1Þ
ð12-2Þ

with
y ¼

l ð9K  þ 8l Þ
6ðK  þ 2l Þ

ð13Þ

where Km and lm are the secant bulk and shear moduli of
the matrix, and Kp and lp are the elastic and shear moduli
of the particles. The hydrostatic (rmkk and emkk ) and the devi0m
atoric (r0m
ij and eij ) parts of the stress and the strain in the
strengthened matrix can be related to those of the composites by
3K  þ 4l
3K  þ 4l K m
ekk ;
kk
rmkk ¼
r
m

3K þ 4l
3K m þ 4l K 
l þ y  0ij
l þ y  lm 0
0m


e0m
¼
;
r
¼
r
e
ij
ij
lm þ y 
lm þ y  l ij
emkk ¼

ð14-1Þ
ð14-2Þ

The stresses on the particles are
3K m þ 4lm K p m
r
3K p þ 4lm K m kk
lm þ y  lp 0m
r0pij ¼ p
r
l þ y  lm ij
rpkk ¼

ð15-1Þ
ð15-2Þ

The uniaxial stress–strain behavior of the strengthened
aluminum matrix can be expressed by the Ramburg–
Osgood equation [1]
!1=n
rmy rm
rm
m
ð16Þ
e ¼ mþa m
E
E rmy
where Em is Young’s modulus for aluminum, n is the strain
hardening exponent, and a is a dimensionless constant
(a = 3/7 is usually taken for Al-based alloys [48]). rmy is
the optimized yield strength of the matrix obtained by
Eq. 9 through the shear lag model. The secant Young’s
modulus of the isotropic matrix under uniaxial deformation is given by
Esm ¼
1þa

Em
 m n=1n
r11
rm
y

ð17Þ

Based on the assumption of the plastic incompressibility
for the matrix metal, the secant bulk modulus of the composites is equal to its linear elastic bulk modulus. The secant shear modulus is then given as

lsm ¼

Esm
3  Esm =3K m

2035

ð18Þ

An iterative scheme is adopted to calculate the stress–strain
(
r  e) curves of the MMC. An initial value for rm11 is selected, from which the values of Esm and lsm are obtained
from Eqs. (17) and (18). These values are then used in Eq.

(12) to calculate K* and l*. Using these starting values, r
and e can be obtained from Eq. (14). Increasing the value
  e curves can
of rm11 and repeating the same process, r
=d e < r
) is used
be obtained. The Considère criterion (d r
to determine the moment of mechanical instability.
Based on the above model and using the parameters
listed in Table 1, the stress–strain curves for the composites
containing diﬀerent volume fractions of particles can be
calculated, as shown in Fig. 7a, and compared with the
experimental results. The calculations are in good agreement with the experimental results only for the sample with
f = 0, the pure Al matrix. In contrast, the calculations
strongly overestimate the deformation behavior of the samples with f = 40 and f = 60. This is most likely due to particle cracking during deformation, as observed in Fig. 4.
When particle cracking and void formation increase to
some degree, the composites can become mechanically
instable, even at a low strain. The SCEMA method can
take into account this additional aspect and can optimize
the deformation behavior considering particle cracking.
Under the stress rp (Eq. (15)), the percentage of fractured particles (P cf ) and the critical fracture stress of the
particles (rpcra ) can be expressed by [49,50]

 m 
fc rp
ð19-1Þ
P pf ¼ 1  exp 
f0 rpcra
pﬃﬃ
ð19-2Þ
rpcra ¼ K p = r
where Kp is a constant calibrated from modeling that is related to the fracture toughness of the particles, r is the average particle radius, f0 is the reference volume fraction that
will crack at a probability of 63.2% under stress equal to
rpcra , and m is the Weibull modulus. The stresses on the
particles increase with deformation (Eq. (15)). Therefore,
particle cracking or void formation depends on the degree
of deformation, which can be calculated from Eqs. (15) and
(19).
Fig. 8a shows the predicted dependence of P cf on Kp as a
function of stress and strain for the composite with
40 vol.% of glassy particles. The values of Kp used for the
SCEMA calculations (2.0–2.8 MPa m1/2) are close to that
determined for ceramic particles in Al-based composites
(2.4–2.8 MPa m1/2) [46] and for intermetallic particles in
Al-based alloys (1.3–2.0 MPa m1/2) [47]. P cf gradually
increases with increasing strain. The percentage of fractured particles P cf as a function of strain decreases with
increasing Kp. In contrast, P cf slightly increases with
increasing stress up to 120 MPa, where the composite
with 40 vol.% of reinforcement begins to yield, and then
it sharply increases, reaching a value of P cf of 20% at
170 MPa. In addition, P cf is signiﬁcantly aﬀected by the
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Kp = 2.4 MPa m1/2 and the yield strength rmy evaluated by
the shear lag model are used in the calculations. For comparison, SCEMA calculations based on rmy evaluated by
dislocation strengthening only are also presented in
Fig. 7c, further indicating that particle connectivity as well
as particle cracking have to be taken into account to
describe properly the mechanical behavior of the current
glass-reinforced composites.
3.4. Fracture mechanism of the glassy particles

Fig. 7. (a) Room temperature compression stress–strain curves for the
consolidated samples: experimental data (points) and values calculated by
the shear lag model without any particle cracking considerations (lines).
(b) Stress–strain curves for the composite with 40 vol.% (f = 40) glass
reinforcement: experimental data (points) and values calculated by the
shear lag model with and without considering particle cracking (lines). (c)
Stress–strain curves for the composite with 60 vol.% (f = 60) glass
reinforcement: experimental data (points) and values calculated by the
shear lag model with and without considering particle cracking (lines). The
stress–strain curve calculated by dislocation strengthening is also added
for comparison.

particle size, as shown in Fig. 8b. The percentage of fractured particles vs strain increases with increasing particle
size, indicating that large particles are prone to fracture
at lower strains compared with smaller particles. As soon
as the crack forms, a void is created, and the particle is
no longer able to bear the applied load. As a result, the
deformation behavior of the composites is sensitive to particle cracking, as observed in Fig. 7b and c.
The SCEMA model considering particle cracking accurately predicts the deformation behavior of both the composites with 40 and 60 vol.% of glass reinforcement when

The fracture morphology of the deformed samples
(Fig. 4a) reveals that, after compression, the glassy particles are fractured along the compressive direction, as schematically illustrated in Fig. 9a. This local fracture mode,
deﬁned as distensile fracture [51], is signiﬁcantly diﬀerent
from the macroscopic fracture usually observed in bulk
metallic glasses tested in compression, where the failure
mode is shear fracture with a fracture plane close to 45°
[52]. There have been some reports on a similar distensile
fracture mode in compressed BMG composites containing
ceramic particles, strong ﬁbers or ductile dendrites [51–54].
In these BMG composites, the macroscopic distensile fracture results from the inhomogeneous stress distribution
that is caused by the introduction of second phases [51].
In the present experiments, distensile fracture occurs
locally within the fully glassy particles; however, it can be
described taking into account the possible eﬀects on the
fracture mechanism as follows.
The stress state in a particle embedded in a deformed
matrix is very complicated. However, the task can be simpliﬁed by analyzing the particle only and by assuming that
the matrix merely serves to transfer the remote applied
stress to the particle. In this way, the fracture of a glassy
particle can be analyzed as in the case of monolithic bulk
metallic glasses (BMG). Recently, a uniﬁed fracture criterion has been proposed to explain the fracture behavior
of BMG [51,55]. This fracture criterion uniﬁes the four
classic fracture criteria, i.e., maximum normal stress criterion, Tresca criterion, Mohr–Coulomb criterion and von
Mises criterion, and it has been applied successfully to
explain the fracture behavior of diﬀerent types of bulk
metallic glasses [55]. The uniﬁed fracture criterion can lead
to each of the four classic criteria when speciﬁc conditions
are met. For example, when the critical normal fracture
stress of the BMG is much less than the critical shear fracture stress, the new fracture criterion can be reduced to the
classic maximum normal stress criterion [51]. The uniﬁed
fracture criterion is used to analyze the distensile fracture
of the glassy particle in the present composites.
Fig. 9b schematically illustrates the failure conditions of
the metallic glass under tension and compression, where
circles A and B are compressive and tensile Mohr circles.
rc and rt are the intrinsic compressive and tensile fracture
strength of the BMG, respectively, r0 is the intrinsic cleavage strength of the material under the condition without
shear stress sn, and s0 is the intrinsic shear strength of the
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Fig. 8. (a) Predicted stress and strain dependence of the percentage of fractured particles P cf for diﬀerent values of the fracture toughness of the particles Kp
and (b) predicted strain dependence of P cf for diﬀerent values of the particle size D for the composite with 40 vol.% glassy particles. Note that the stress
values in (a) do not correspond to the strain values therein.

material under the condition without normal stress rn. At
the right-hand side of Fig. 9b (tension condition), an ellipse
criterion was recently developed to describe the fracture
behavior as [55]
ðrn =r0 Þ2 þ ðsn =s0 Þ2 ¼ 1

ð20Þ

Fig. 9. (a) Schematic illustration of the fracture of the glassy particles
during compression test. (b and c) Schematic illustrations of the fracture
criterion for the evaluation of the fracture mode at diﬀerent conditions: (b)
rf > rc; (c) rf < rc.

At the left-hand side of Fig. 9b (compressive condition),
the compressive Mohr circle will ﬁrst touch the critical fracture line s0L at the contact point (rn,sn) if the critical distensile fracture stress rf is >rc. At this condition, the
fracture angle h is
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ð21Þ
h ¼ arctgð 1 þ K2  KÞ
where K is the slope of the line s0L. From Eq. 21 it follows
that h, although somewhat smaller than 45°, is much larger
than 0°. However, in the present experiments the distensile
fracture of the glassy particles is characterized by h0°
(Figs. 4a and 9a). This implies that the value of rf for the
present glassy particles is <rc. As shown in Fig. 9c, when
rf < rc, the Mohr circle C will ﬁrst touch the distensile fracture line rf rather than the critical fracture line s0L. As a
result, the glassy particles will fracture in the direction almost parallel to the compressive axis, as observed in the
present work. The strength of the Zr57Ti8Nb2.5Cu13.9Ni11.1Al7.5 glass is 1150 MPa (Fig. 3), while the critical
distensile fracture stress rf, evaluated in the previous secpﬃﬃ
tion, is only 480 MPa (i.e., rf ¼ rpcra ¼ 2:4= r,
r  25  106 m). The smaller value of rf with respect to
rc can thus reasonably explain why the glassy particles
fracture in a break or split mode, resulting in a fracture angle of h0° rather than close to 45°. In this case, the new
fracture criterion is reduced to the maximum normal stress
criterion.
The reason for the small value of rf may be linked to the
formation of pre-cracks in the particles already during the
extrusion process, as indicated by arrows in Fig. 10 for the
as-extruded sample with 60 vol.% glass reinforcement. In
addition, owing to the milling procedure, the surface of
the glassy particles is rough and irregular and, consequently, the stress distribution within the particles is complex and inhomogeneous under the applied load. As a
result, this will reduce rf and make the particle prone to
fracture along the compression direction.
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Fig. 10. SEM micrograph for the as-extruded composite 60 vol.% (f = 60)
glass reinforcement, revealing the formation of pre-cracks.

4. Conclusions
Al-based metal matrix composites with high strength
combined with considerable plastic deformation were synthesized using P/M methods by consolidation of elemental
Al powder blended with diﬀerent amounts of metallic glass
reinforcements. The glass reinforcement was produced by
MA of elemental powder mixtures with composition
Zr57Ti8Nb2.5Cu13.9Ni11.1Al7.5. In order to take advantage
of the viscous ﬂow behavior of the glassy powder, the
MMC with diﬀerent amounts of glass reinforcements were
consolidated into highly dense bulk specimens by hot pressing followed by hot extrusion at temperatures within the
SCL region. Room temperature compression tests reveal
that the addition of the glass reinforcement is very eﬀective
for improving the mechanical properties compared with
pure Al. The compressive strength increases from 155 MPa
for pure Al to 200 MPa for the composite with 40 vol.% glass
reinforcement while retaining a fracture strain of 70%.
With the volume fraction of the glassy phase increasing to
60 vol.%, the compressive strength further increases to
250 MPa, and the fracture strain is reduced to 40%.
SCEMA-based methods were used to model the elastoplastic
deformation of the consolidated specimens. The yield
strength used in the calculations was obtained by dislocation
strengthening and optimized using the shear lag model in
order to account for the eﬀect of particle contiguity. The calculations are in good agreement with the experimental
results when particle cracking during deformation is considered, indicating that the SCEMA method is applicable for
modeling the deformation behavior of MMC containing
large volume fractions of reinforcing particles. Finally, a
suitable fracture criterion was used to explain the unusual
distensile failure mode observed in the reinforcing glassy particles on the base of the critical particle fracture stress calibrated from SCEMA calculations.
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