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Fatigue damage and fracture behavior of tungsten fiber reinforced
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Abstract

The fatigue life, damage and fracture behavior of tungsten fiber reinforced metallic glass Zr41.25Ti13.75Ni10Cu12.5Be22.5composites are investigated
under cyclic push–pull loading. It is found that the fatigue life of the composite increases with increasing the volume fraction of tungsten fibers.
Similar to crystalline metals, the regions of crack initiation, propagation and overload fracture can be discerned on the fracture surface of the
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pecimen. Fatigue crack normally initiates in the metallic glass matrix at the outer surface of the composite specimen and propagates pr
n the matrix. Different crack front profile around the tungsten fibers and fiber pullout demonstrate that fatigue crack may propagate
ber, leading to bridging of the crack faces by the unbroken fiber and hence improved fatigue crack-growth resistance. Locally decreas
tiffness in the region where fiber distribution is sparse may provide preferential crack path in the composite. A proposed model wa
o elucidate different tungsten fiber fracture morphologies in the fatigue crack propagation and overload fracture regions in the light o
atio effect during fatigue loading.
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. Introduction

Recent years, bulk metallic glasses have gained contin-
ed research in many aspects including processing of multi-
omponent alloys with high glass-forming ability and investi-
ations of their mechanical properties[1–4]. They have been
onsidered as advanced materials for future engineering appli-
ations because of their interesting mechanical properties which
re different from those for crystalline alloys in many aspects,
uch as high static and dynamic strength, lower elastic modulus
nd high Charpy impact fracture energy[5,6]. Fracture mech-
nisms of metallic glasses under tensile and compressive loads
ave been explained by considering the combined effect of nor-
al and shear stress on the fracture processes[7,8]. Although

ulk metallic glasses exhibit no macroscopic plastic deforma-
ion at ambient temperature in tensile and compressive tests,
heir fracture toughness and fatigue behavior are similar to those

∗ Corresponding author. Tel.: +86 24 2397 1043; fax: +86 24 2389 1320.
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of crystalline metals and alloys[9–17]. The measured fra
ture toughness of Zr-based metallic glasses was in the ran
18–84 MPa m1/2 using fatigue precracked specimens[18–21].
Such fracture toughness values are much higher than th
the coarser-grained, crack-bridging toughened ceramics[22].
In addition, the high fatigue strength of bulk metallic glas
is related to their surprisingly high static strength. From
stress/life tests (S–N curves), the fatigue limit of the bulk m
lic glasses when defined by the ratio of fatigue strengt
ultimate fracture strength is in the range of 4–30%[10,23]. This
may be caused by different fatigue mechanisms as well as
lack of microstructural barriers to fatigue cracks of amorph
alloys compared to conventional metals and alloys. Some fa
studies have established that bulk metallic glasses were su
tible to fatigue degradation, which results in a fatigue expo
m of 1–2 in the Paris power law relationship[16,17,20,24].

Among the multi-component Zr-based bulk metallic glas
Zr41.25Ti13.75Cu12.5Ni10Be22.5 has been investigated wide
because of its excellent glass-forming ability and sup
mechanical properties[4,25]. Bulk metallic glasses we
observed to fail along narrow shear bands in tensile or com
921-5093/$ – see front matter © 2005 Published by Elsevier B.V.
oi:10.1016/j.msea.2005.11.038
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sive tests at ambient temperature without macroscopic plastic
elongation[7,8]. Therefore, many efforts have been devoted to
improve the plasticity of bulk metallic glasses. A bulk metal-
lic glass composite containing ductile dendrites synthesized
through an in situ processing method exhibited remarkable com-
pressive and tensile plasticity due to the interaction between
ductile dendrites and shear bands[26–28]. High compressive
plasticity was also observed in some particle reinforced metallic
glass composites[29]. It is proposed that the reinforcements may
restrict the propagation of shear bands, prompting the formation
of multiple shear bands.

The tungsten fiber reinforced metallic glass composite has
been observed to fail along a single adiabatic shear band at high
strain rates and show self-sharpening behavior during ballistic
impact. This behavior makes it have some potential applications,
such as kinetic energy penetrator[30]. Substantially improved
plasticity in metallic glass composites has also been found in
metallic glass matrix composites reinforced with continuous
tungsten and steel fibers[30–33]. Conner et al.[31] performed
compression and tension experiments on tungsten or steel fiber
reinforced Zr41.25Ti13.75Cu12.5Ni10Be22.5 metallic glass com-
posites with different fiber volume fraction (Vf ). Multiple shear
bands were observed in the metallic glass matrix under com-
pression, leading to a large increase in compressive plasticity
as well as a high fracture strength. Under tension, the largest
increase in strength and strain to failure was obtained in the
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Fig. 1. Back scatter scanning electron micrographs showing (a) distribution of
tungsten fibers in the metallic glass Zr41.2Ti13.8Cu12.5Ni10Be22.5 composite and
(b) crystalline phases in the glassy matrix.

SEM micrograph, as shown inFig. 1a. To reveal the detailed
microstructure in the metallic glass matrix, a back scatter SEM
micrograph with higher magnification is shown inFig. 1b. Sim-
ilar to some other tungsten fiber composite, the tungsten/matrix
interface reactant is rare[33]. Plate-like and polygonal crys-
talline phases are present in the glassy matrix. Energy dispersive
X-ray spectroscopy (EDX) analysis revealed that the plate-like
phase is a Zr-rich phase, while the polygonal phase is a Be-rich
phase.

The fatigue specimens were cut by wire electrical discharge
machining to have a 10 mm long gauge with rectangular cross-
section. Tungsten fibers in the specimens were arranged in the
direction parallel to the loading axis. Before fatigue tests, all the
specimens were mechanically polished for surface observation.
Cyclic push–pull load was applied to the specimens under con-
stant load control and the strain was measured by an extensome-
ter attached on one side of the specimen. Fatigue lifetimes were
measured at a selected stress amplitude of 550 MPa. Fatigue
tests were run at a frequency of 1 Hz (sinusoidal waveform) and
a load ratio ofR =−1 using a MTS 10 KN servo-hydraulic test-
ing machine at room temperature in air. Tungsten fiber volume
fractions in the three composite specimens are 18, 26 and 37%,
respectively, which were determined by calculating the area that
fibers occupy on the fracture surface, as shown in Section3.2.
Fatigue tests were terminated when the specimens fractured and
the number of cycles to failure was defined as fatigue life. All
t S360
0%Vf steel wire reinforced composite having weakly bon
ber/matrix interface. Mode II cracking at the fiber/matrix in
ace and fiber pullout may contribute to the enhanced tough
f the composite[31].

Although fiber reinforced metallic glass composites exh
romising fracture strength and certain plasticity, their defo

ion and fracture behavior under cyclic loading have rece
ittle attention. In order to use metallic glass composite as e
eering material, their fatigue behavior is a major concern.
ain goal of the present article is to examine the failure me
isms influencing deformation behavior and fatigue in a tung
ber reinforced metallic glass composite, with particular em
is on the role of fibers in delaying crack growth, and there
nhancing toughness of the composite.

. Materials and experimental procedure

The materials studied in the present investigation are a u
ectional tungsten fiber reinforced bulk metallic glass com
tes with glassy matrix of Zr41.25Ti13.75Ni10Cu12.5Be22.5. The
omposites were synthesized by induction melting method u
igh purity metals under argon atmosphere. Tungsten fibers
iameter of around 300�m were straightened and cleaned
cetone using ultrasonic cleaning followed by ethanol clea

ngots of the matrix material were melted in a resistive furn
nd infiltrated into the reinforcement. The quartz tube filled
einforcement and matrix was then quenched in a brine solu
omplete details of the processing methods are described
here[32,33].
Tungsten fiber distribution in the metallic glass Zr41.2-

i13.8Cu12.5Ni10Be22.5 composite is typified by the back scat
 he fractured specimens were investigated by a Cambridge
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Fig. 2. Plot of the elastic moduli of tungsten fiber reinforced metallic glass
Zr41.2Ti13.8Cu12.5Ni10Be22.5 composite as a function of fiber volume fraction.
The straight line is the elastic modulus calculated by the rule of mixture.

scanning electron microscopy (SEM) to reveal the deformation
morphology and fracture features.

3. Results and discussion

3.1. Fatigue life of the composites

Tungsten fiber and metallic glass matrix are in their elastic
range at the selected stress amplitude of 550 MPa. The varia
tion of elastic modulus, which is defined as the slope of the
stress–strain curves in the tensile part of the first cycle, with
fiber volume fraction is shown inFig. 2. It is noted that elastic
modulus of the composite increases with increasing fiber vol-
ume fraction. As shown inFig. 2, the calculated elastic modulus
Ec based on the rule of mixtures is as below:

Ec = Em(1 − Vf ) + EfVf (1)

Here subscripts c, m and f represent composite, matrix and fibe
respectively.Em andEf have been obtained elsewhere[16,31].

It is apparent that the measured elastic modulus is comparable
to that calculated by the rule of mixtures.

Fig. 3a shows cyclic strain response of the tungsten
fiber reinforced metallic glass composites with different
fiber volume fractions at a push–pull stress amplitude of
550 MPa. For comparison, the cyclic strain and fatigue life-
time of the fully amorphous and partially crystallized alloy
Zr41.2Ti13.8Cu12.5Ni10Be22.5 are also shown in the figure[16].
Fatigue life of the composite increases with increasing fiber vol-
ume fraction, indicating that fatigue life can be increased by
adding the tungsten fibers (Fig. 3b). Cyclic strain amplitudes for
the composites are much lower than that for the unreinforced
metallic glass at the same cyclic stress amplitude. Besides, strain
amplitude tends to decrease when the fiber volume fraction
changes from 18 to 37%, reflecting a good stiffening effect of
the tungsten fibers. It can be seen fromFig. 3a that, for all the
amorphous alloys and composites, the cyclic strain amplitude
nearly maintains constant, i.e. no cyclic hardening or softening
occurred. This is consistent with the lack of work hardening
ability in fully bulk metallic glasses[7,13,15].

3.2. Fractography observations

Fracture surface for the 18%Vf tungsten fiber/Zr41.25Ti13.75-
Ni10Cu12.5Be22.5 composite is shown inFig. 4a. Such fracture
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lasses at a stress amplitude of 550 MPa and (b) relation of fatigue life v
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urface morphology is strongly suggestive of fatigue failur
uctile metals and alloys. Crack initiated from the surface fla

he glassy matrix, as indicated by the arrow inFig. 4a. Obvious
ber/matrix interface debonding was observed at a tungsten
lose to the crack initiation site, as shown inFig. 4a. Copious
icrocracks were observed within the fiber, whereas no ob
icrocrack can be observed within the fibers far away from

rack initiation site in this figure.
To further discern crack initiation and growth regions as

s microcrack distribution within tungsten fibers, a back sc
icrograph is presented inFig. 4b. The regions of crack in

iation, stable crack propagation and overload fracture ca
learly seen. Fatigue crack normally initiated from the sur
aw in the glassy matrix because no tungsten fiber is seen

llic glass Zr41.2Ti13.8Cu12.5Ni10Be22.5 composites and two unreinforced bulk meta
ume fraction of tungsten fibers in the composites.
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Fig. 4. Scanning electron micrographs of the fractures surface for the composite with 18 vol% tungsten fiber. Macroscopic fatigue fractography observed by SEM
(a) and back scatter image (b); (c) fatigue crack initiated from a surface flaw of the glass matrix; (d) relatively flat region adjacent to crack initiation site; (e) fatigue
crack propagation region; (f) higher magnification image of region B in ‘c’, showing a local cracking in the crystalline phase.

that site. After initiation of the crack, it propagated inwards into
a relative flat region (marked by ‘A’) and then into a region with
radiating characterization (marked by ‘B’), as shown inFig. 4c.
Region A consists of a microscopically smooth area separated
by curved steps, as shown inFig. 4d. Substantially enhanced
surface roughness compared to region A was observed in region
B (Fig. 4e) which represents steady fatigue crack propagation
stage of the composite. High magnification micrograph of crack
propagation region B is shown inFig. 4f. The fracture surface is
quite irregular and composed of ductile microvoids and periodic
markings. Crack can be seen in the plate-shaped phase, showing
brittle nature of the crystalline phase.

In order to further understand the role of fibers in retarding
fatigue crack propagation, fracture surface at different regions
of the composite was investigated in more detail.Fig. 5a shows
three tungsten fibers (with different deformation morphology)
near the fatigue crack initiation site on the fracture surface of the
composite. Copious microcracks are visible on the two fibers
(A and B) closer to the crack initiation site. There are more
microcracks in fiber A which is closer to crack initiation site than
fiber B, as shown in the figure. Besides, fiber/matrix debonding
in fiber A was observed (Fig. 5b). These microcracks in fiber A
are clearly seen on higher magnification micrograph inFig. 5c.
Even though microcracks were also observed in fiber B, there is
a lack of microcracks in the central part of the fiber, as clearly
seen inFig. 5d.
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and passed through the fibers. Therefore, the fiber, closest to the
crack initiation site, damages seriously.

Fig. 7 shows the SEM micrograph of the overload fracture
region for the glassy matrix. No evidence of vein-like morphol-
ogy caused by viscous flow typical of fully amorphous alloys
is observed. The fracture surface is characterized by cleavage
crack in the plate-like crystalline phases and ductile microvoids.
The formation of these microvoids may originate from the brit-
tle polygonal crystalline phases. As part of elastic energy has
been released during fatigue crack propagation and formation of
microcracks around polygonal and plate-like crystalline phases,
no adiabatic shear band will form in the overload fracture region.

Fig. 8a and b show back scatter SEM micrographs of the frac-
ture surfaces in the composite containing 26 and 37%Vf tungsten
fiber, respectively. Even though it is difficult to locate precisely
the crack initiation sites in the two specimens, it can be observed
that crack initiated from the surface flaw of glassy matrix which
was located at the bottom side and bottom-right corner of the
specimen with 26 and 37%Vf fibers, respectively, as shown in
Fig. 8a and b. This fatigue region A exhibits lighter color com-
pared to overload region B in these back scatter micrographs.
White dotted curves are drawn to separate the fatigue region
from the overload region, as shown inFig. 8a and b. It can be
seen that the fracture surface roughness in the fatigue region is
lower than that in the overload region, consistent with the obser-
vation that fracture surface toughness scaled with local crack
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t
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g tigue
c und
t racks
w h few
Microcracks can only be observed locally in tungsten fi
ear fiber/matrix interface on the overload fracture surfac

he composite (Fig. 6a and b), and their amount is less th
hat in fibers A and B in the fatigue region. The local micr
acks are clearly seen on the higher magnification microgr
n Fig. 6c and d. Based on microcrack distribution on fiber f
ure surfaces in the crack propagation and overload regio
s deduced that microcracks formed easily in the fatigue re
nd that its amount increases when fatigue crack tip approa
f

s

it
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rowth rates in bulk amorphous alloys[20]. Based on this part
ion, the region of crack initiation and propagation covers a
ne-third of the fracture surface. This proportion is much hi

han that in the unreinforced fully amorphous alloys[16]. Unlike
nreinforced amorphous alloys, the fatigue crack front pr
ated quite unevenly through the composites, with the fa
rack propagating predominantly in the glassy matrix and ro
he fibers. For the three composites studied here, fatigue c
ere always seen to initiate and propagate in the area wit
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Fig. 5. Scanning electron micrographs showing deformation morphologies of tungsten fiber in the fatigue crack propagation region. (a) Low magnification of two
fibers marked by A and B; (b) fracture morphology of tungsten fiber A closest to the crack initiation site. The fiber is full of copious microcracks; (c) higher
magnification image of fiber A showing copious microcracks; (d) fracture morphology of tungsten fiber B. No microcracks can be seen in the central part.

Fig. 6. Fracture morphologies of the tungsten fibers in the overload region of the composite observed at low magnification (a) and (b), and high magnification (c)
and (d). Local microcracks can only be seen near the fiber/matrix interface.
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Fig. 7. Scanning electron micrographs of metallic glass matrix in the overload
fracture region observed at low magnification (a) and high magnification (b).

tungsten fibers. This indicates that the tungsten fibers play an
important role in retarding crack propagation, which is consis-
tent with the enhanced fatigue life in the composite containing
high volume fraction of tungsten fibers.

Deformation and fracture of the tungsten composites are
mainly confined to a narrow region near fracture surface,
whereas no crack was observed on the other position of the
specimen surfaces. Normally the composites exhibit flat fracture
surface with few fiber pullout, as shown inFig. 9a. Fiber/matrix
interface morphology can be observed from higher magnifica-
tion micrograph of specimen surface in the tungsten composite
in Fig. 9b. No obvious debonding can be discerned, reflecting
strong fiber/matrix bonding.

3.3. Crack growth path in the tungsten
fibers/Zr41.25Ti13.75Cu12.5Ni10Be22.5 composite

For the three tungsten fibers/Zr41.25Ti13.75Cu12.5Ni10Be22.5
composites, their fatigue lives are longer than that of the unre-
inforced metallic glasses. From the fracture surfaces, the effect
of tungsten fibers in retarding crack growth is prominent based
on the following observations. First, the area of fatigue crack
initiation and stable propagation for the composites is much
larger than that of the unreinforced BMG[16]. Secondly, the
crack path is substantially changed when encountering fibers,
passing predominantly through the area with sparse fiber dis-
t path
w oug

Fig. 8. Scanning electron micrographs of the fracture surfaces in the compos-
ites with fiber volume fraction of: (a) 26 vol% and (b) 37 vol%. White dotted
curves represent the boundaries between fatigue crack propagation and overload
fracture regions.

the matrix. A typical example of the crack path on the frac-
ture surface can be seen inFig. 8a and b. This phenomenon can
be easily understood by considering the effect of tungsten fiber
volume fraction. Suppose that there exist two regions with dif-
ferent fiber volume fractions in the front of a fatigue crack in
the tungsten fibers/Zr41.25Ti13.75Cu12.5Ni10Be22.5composite, as
schematically illustrated inFig. 10. The preferential crack path
in the two regions can be calculated based on stiffness and strain
of the composite. Suppose fiber volume fraction in region B
(VB

f ) is higher than that in region A (VA
f ), i.e.VB

f > VA
f . Based

on the rule of mixtures, the elastic moduli of the composite in
regions A and B,EA

c andEB
c , are calculated as:

EA
c = Em(1 − VA

f ) + EfV
A
f (2a)

EB
c = Em(1 − VB

f ) + EfV
B
f , (2b)

whereEm andEf are elastic moduli of matrix and fiber. When
the composite is subjected to a load parallel to the fiber direction,
region B will have a higher elastic modulus (and therefore higher
stiffness) than region A, i.e.EB

c > EA
c . Correspondingly, the

local strain in region B should be lower than that in region A
because of locally increased effective stiffness of the composite
in region B. Therefore, the crack opening displacement (COD)
in the matrix of region B will be lower than that in region A at the
same tensile stress level during cyclic loading. In addition, the
n parent
ribution. This means that fatigue cracks will change its
hen encountering fibers and propagate predominantly thr
 hearer the crack tip approaches the fiber, the greater the ap
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Fig. 9. Scanning electron micrographs of specimen surfaces in tungsten fibe
reinforced metallic glass composite after fatigue loading. (a) Relatively flat frac-
ture surface and short distance of fiber pullout resulting from strong interfacia
bonding and (b) higher magnification of specimen surface showing well-bonded
tungsten/matrix interface without interfacial microcracks.

stiffness in the matrix is. This is due to a strong bonding between
the fiber and the matrix[34]. All these suggest that fatigue crack
will preferentially propagate in the region without fibers or with
few fiber distributions.

Fig. 10. Schematic illustration of tungsten fiber distribution in two different
regions A and B in front of the fatigue crack.

3.4. Microcrack formation mechanisms within tungsten
fibers

Copious microcracks were observed on fracture surfaces of
tungsten fibers which were located in the fatigue crack growth
region. However, microcracks were only observed locally on
fracture surfaces of the fibers in the overload region. For all
the tungsten fibers on the fracture surface of composite, it
was observed that cracks always formed along radial direc-
tion and serious damage of fibers frequently occurred near the
fiber/matrix interfaces (Fig. 5b and d). The formation of these
microcracks can be explained based on the difference in the
Poisson’s ratio between the glassy matrix and tungsten fiber
in the composite. As the coefficiency of thermal expansion
(CTE) of tungsten fiber is lower than that of the metallic glassy
matrix, triaxial residual stress exists in both fiber and matrix
for the tungsten fiber composites. In tungsten fibers, both axial
and transverse stresses are compressive. In the metallic glassy
matrix, while both axial and tangential stresses are tensile, the
radial stress is compressive[31].

When the tensile load is applied in the axial direction, Poisson
effect of fiber and matrix may cause transverse contraction of
the composite. The transverse strain in matrix and fiber,εt

m and

Fig. 11. Schematic illustration of (a) crack tip sketch relative to fiber and matrix
in the composite and (b) axial strain distribution in the glassy matrix as a function
of distance from the crack tip.
r

l
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Fig. 12. Schematic illustration of toughening mechanisms by fiber in the tungsten fiber reinforced metallic glass matrix composite under fatigue loading.

εt
f , are defined as:

εt
m = εa

m × νm (matrix) (3a)

εt
f = εa

f × νf (fiber) (3b)

where subscripts m and f represent matrix and fiber, respectively.
εa

m andεa
f represent axial strains in the matrix and the fiber.νm

andνf are Poisson’s ratios of the matrix and the fiber and are
equal to 0.36 and 0.28, respectively[31]. During the tensile
half cycle, fiber and matrix may have the same axial strain, i.e.
εa = εa

m = εa
f , because of a strong interfacial bonding between

the fiber and the matrix, as seen inFig. 9b. From Eqs.(3a)and
(3b), we can obtain differential transverse strain�εt between
the matrix and the fiber:

�εt = εt
m − εt

f = εa(νm − νf ). (4)

The difference (νm − νf ) in the Poisson’s ratio should be constant
in the whole specimen. However, due to high stress concentra-
tion near the crack tip the average axial strain near the crack tip,
εa,N, must be obviously higher than the strain far away from the
crack tip,εa,F, i.e.

|εa,N| � |εa,F|. (5)

The valueεa depends on the distance to fatigue crack tip. This
can be schematically illustrated inFig. 11a and b. From Eqs.(4)
a r the
c ack
t

|
T tip,
| and
t ear
t far
a

|

From Eq.(7), it can be concluded that the cyclic stresses on
the two positions (near and far away from the crack tip) dif-
fer significantly. Therefore, during cyclic loading, there exists
transverse fatigue loading on fibers both near to and far away
from the fatigue crack tip. Microcracks will initiate and propa-
gate easily within the fibers near the fatigue crack tip at higher
transverse stress amplitude during tension-compression cyclic
loading (Fig. 4b) and even occupy the whole tungsten fiber
(Fig. 5b). On the other hand, microcracks are difficult to initiate
inside the tungsten fibers far away from the fatigue crack tip
(Fig. 6a and b) because the transverse stress amplitude applied
to the tungsten fiber is relatively low. Occasionally, a few micro-
cracks were observed at periphery of the tungsten fiber in the
overload region of the composite (Fig. 6c and d).

Based on observations on fracture morphologies of the tung-
sten composite, the toughening mechanisms of the tungsten
fibers in the composite can be schematically illustrated inFig. 12.
As the fatigue crack propagates into the fiber/matrix interfa-
cial region under cyclic loading (Fig. 12a), tensile stress con-
centration and shear stress along interface will cause tungsten
fiber/matrix interfacial debonding (Fig. 12b). Part of the energy
is absorbed by both the newly formed interface and microcracks
inside the fibers (Fig. 5), which will result in a reduced fatigue
crack-growth rate. When subjected to further cyclic loading,
fatigue crack will propagate around the tungsten fiber, with a
resultant debonding of the whole interface near the fatigue crack
f the
f ging
e een
t to
a at the
c ber
m d the
f
t bro-
k ce
b ing
t

nd(5), we deduce that the differential transverse strain nea
rack|�εt,N| must be higher than that far away from the cr
ip, |εt,F|, i.e.

�εt,N| � |�εt,F|. (6)

he higher differential transverse strain near the crack
�εt,N|, will lead to a higher transverse stress at the fiber
he matrix. Therefore, from Eq.(6), the transverse stress n
he crack tip,σt,N, must be substantially higher than that
way from the crack tip,σt,F, i.e.

σt,N| � |σt,F|. (7)
ace (Fig. 12c). The fiber may not fracture at this time when
atigue crack propagates beyond the fiber, leading to a brid
ffect by the unbroken fiber. This bridging traction will scr

he matrix crack tip from the applied far field load, leading
decrease in the effective stress intensity experienced

rack tip. When subjected to further cyclic loading, the fi
ay fracture at a weak spot away from the crack face, an

atigue crack will further propagate in the matrix (Fig. 12d). As
he fatigue cycles increase, the matrix may still grip the
en fiber through frictional force at the fiber/matrix interfa
efore pullout of the fiber from the matrix, further increas

he toughness of the composite.
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4. Conclusions

Fatigue life of the tungsten fibers/Zr41.25Ti13.75Cu12.5Ni10-
Be22.5 metallic glass composites is longer than that of the unre-
inforced metallic glasses. For the three composites investigated,
the specimen with higher fiber volume fraction exhibits supe-
rior fatigue crack growth resistance and higher fatigue life.
Fatigue cracks initiated from the surface flaw of the glassy
matrix and propagated predominantly in the matrix under the
applied stress amplitude. Crack will be retarded when encoun-
tering tungsten fibers and will propagate round the fibers,
leading to a bridging effect by the unbroken fiber. Interfacial
debonding, copious mirocracks within the fibers and bridg-
ing effect may cause the enhanced toughness of the tungsten
fibers/Zr41.25Ti13.75Cu12.5Ni10Be22.5 composites.
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