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A major drawback in using bulk metallic glasses (BMGs) as structural materials is their
extremely poor fatigue performance. One way to alleviate this problem is through the
composite route, in which second phases are introduced into the glass to arrest crack
growth. In this paper, the fatigue crack growth behavior of in situ reinforced BMGs
with crystalline dendrites, which are tailored to impart significant ductility and toughness
to the BMG, was investigated. Three composites, all with equal volume fraction of
dendrite phases, were examined to assess the influence of chemical composition on the
near-threshold fatigue crack growth characteristics. While the ductility is enhanced at the
cost of yield strength vis-à-vis that of the fully amorphous BMG, the threshold stress
intensity factor range for fatigue crack initiation in composites was found to be enhanced
by more than 100%. Crack blunting and trapping by the dendritic phases and constraining
of the shear bands within the interdendritic regions are the micromechanisms responsible
for this enhanced fatigue crack growth resistance.

I. INTRODUCTION

Bulk metallic gasses (BMGs) have many attractive
mechanical properties that include high values of stiffness,
strength, hardness, and crack initiation toughness. Howev-
er, lack of ductility and crack growth resistance and ex-
tremely poor fatigue properties are some of the major
impediments for widespread structural applications of
these materials.1 Plastic deformation in BMGs at low tem-
peratures (i.e., at temperature below 70% of the glass
transition temperature, Tg) occurs through localization of
shear into narrow bands, referred to as shear bands.1 In the
absence of a microstructure, shear bands propagate unhin-
dered, ultimately leading to failure. This is the reason for
poor ductility in monotonic loading of unconstrained
BMG specimens. Under cyclic loading, shear bands form
at relatively low stresses (sometimes as low as 10% of the
tensile strength of the BMG) and become crack initiation
sites that grow under fatigue loading, leading to relatively
low endurance limits vis-à-vis crystalline metals and
alloys.2 Consequently, improving fatigue performance of
BMGs has been a major area of recent research.

One way of enhancing the fatigue resistance of BMGs
is to introduce compressive residual the stresses at the
surfaces, which can be accomplished through a shot-
peening process.3 However, unlike crystalline alloys,
(steels are a classic example) where there is a synergistic
interaction between residual stresses and work hardening
of the surface layers, strain softening in BMGs counter-
acts the potential benefit of compressive residual stress-
es.4,5 Therefore, no net enhancement in fatigue life could
be obtained through this method.3

The second and more obvious option to improve fa-
tigue life is to introduce a “microstructure” to the BMG.
This can be done in a number of different ways. One is to
crystallize the BMG by annealing it above its Tg. Howev-
er, this process severely embrittles the alloy and hence is
not viable.6–9 Ex situ reinforcements have also been tried,
but problems with porosity and glass/particle interfaces
typically prevent significant improvement over the
monolithic glass.10 Yet another approach is to allow for
crystalline dendrite formation in situ during cooling.11–14

In this strategy, controlling the interdendrite spacing
throughout the sample is critical for toughening, as the
cooling rates at the surface and interior of the sample
could differ significantly.15 This problem was solved by
Hofmann et al.15 who designed the processing in such a
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way that the dendrites precipitate when the BMG is in the
semi-solid state and then the alloy is cooled to vitrify the
remaining liquid. The processing parameters are con-
trolled such that the resulting microstructure is optimized
in terms of second-phase volume fraction, morphology,
and length. In particular, this approach ensures that the
interdendrite spacing is less than the critical length scale
required for shear-band initiated fracture, thus allowing
for processing of BMG composites with a tensile ductil-
ity of >10% and mode I notch fracture toughness up
to �170 MPa�m1/2.15 Recently, Launey et al.16 showed
through the fracture resistance curves measured in terms
of the J-integral that these BMG matrix composites
exhibit fracture toughness up to 150 to 200 MPa�m1/2,
which is 3 to 4 times higher than that of as-cast BMG
with similar composition.

In general, the nonlinear deformation that enhances
quasi-static toughness of a material also leads to lowered
fatigue resistance.17 Therefore, how these newly devel-
oped BMG composites fare, in terms of fatigue, is an
issue of importance, especially given the extremely poor
fatigue characteristics of monolithic BMGs. Flores
et al.,18 who have examined the fatigue crack growth
behavior of a BMG composite with 25 vol% of second-
ary ductile phase (referred to as LM2), reported that the
threshold stress intensity range for fatigue crack initia-
tion, DK0, is similar to that of the monolithic BMG. In
contrast, Wang et al.19 report that the secondary phase
deteriorates the fatigue endurance limit of BMGs. It
should be noted that the composites examined by these
two groups tend to have microstructures with highly
variable length scales, which may be a possible reason
for the discrepancy.

Recently, Launey et al.20 examined the unnotched fa-
tigue response (stress–life or S–N approach) of a semi-
solidly processed BMG matrix composite with nominal
composition of Zr40Ti34Nb7.6Cu6.4Be12.5, developed by
Hofmann et al.,15 and show that it has remarkably higher
fatigue limit than monolithic BMGs, and even better
than some steel and aluminum alloys. However, reliable
structural design strategies require characterization of
a material through the fracture mechanics approach (also
referred to as defect tolerant approach), as the S–N
approach is highly sensitive to experimental parameters
such as the type of loading applied, surface conditions of

the specimens, and the casting defects in them. With this
in mind, we evaluate the fatigue crack growth behavior of
these newly developed BMG composites in an attempt to
examine how the ductile phase affects fatigue crack
growth, particularly near the threshold. An additional,
and important, objective of this work is to examine the
compositional effect on fatigue behavior of Zr–Ti–Nb–
Cu–Be BMG composites. To this end, the composition of
the glass matrix and the dendrite were systematically al-
tered by varying the Zr/Ti ratio while holding Nb, Cu, and
Be compositions constant, as all three elements chemi-
cally partition in the alloy. This was accomplished without
changing the overall volume fraction of second phase.
This allowed us to investigate the fatigue crack growth
behavior of three similar composites, one Zr-rich, one Ti-
rich, and one with Zr and Ti approximately equal com-
position, and examine the role of matrix and dendrite
properties on fatigue performance.

II. MATERIALS AND EXPERIMENTS

Three different BMG composites were examined in this
work; the chemical compositions are given in Table I.
These composites are referred to as DH1, DH1A, and
DH1B hereafter. While DH1 has near-equal Ti and Zr
contents, DH1A is Ti-rich whereas DH1B is Zr-rich. They
were processed semisolidly to achieve a uniform dendrite
length and interdendrite spacing.15 The solid alloy was
heated to the semisolid region between the solidus and
liquidus temperatures and held isothermally for several
minutes to attain homogeneity. Then the semisolid liquid
was quenched rapidly to vitrify the remaining liquid into a
glass (�100 K/s). Further processing details can be found
in references.15,22 The processing was carried out in such
a way that all the three composites contain �0.60 volume
fraction of glass, allowing for direct comparison of the
compositional effect without the varying volume fractions
complicating it.
Samples were cut from the ingots through electro-

discharge machining and were mirror polished and
etched by Kroll’s reagent (10 mL HNO3 + 5 mL HF +
85 mL H2O) for optical microscopy. X-ray diffraction
was conducted on the BMG matrix composites to
detect the presence of crystalline phases by Panalytical
x-ray diffractometer using Cu Ka radiation. Chemical

TABLE I. Compositions, amorphous matrix volume fractions, and quasi-static mechanical properties of the three composites examined.

Material Composition (at.%) Vf (%) sy (MPa) sf (MPa) ef (%)

DH1 Ti31.4Zr36.6Nb7Cu5.9Be19.1 58.0 1204 � 88 1701 � 98 19.6

DH1A Ti43Zr25Nb7Cu6Be19 61.6 1163 � 38 1602 � 42 13.9

DH1B Ti25Zr43Nb7Cu6Be19 57.0 1071 � 11 1503 � 41 19.6

Vitreloy 12,21 Zr41.2Ti13.8Cu12.5Ni10Be22.5 100 1900 1900 2

Vf, volume fraction of the amorphous matrix; sy, yield strength; sf, fracture strength; ef, failure strain.
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composition of the dendritic phase was evaluated by
energy dispersive x-ray spectroscopy (EDX).

Uniaxial compression tests were performed, primarily
to estimate the yield strength, sy, of the composites on
cylindrical samples of 2.5 mm diameter and 4.5 mm
length that were cut from cast ingots using EDM wire
cutting. Compression tests were carried out in a Zwick
screw-driven machine at a strain rate of 10�3 s�1. All the
tests were conducted up to the sample fracture. In each
case, three tests were performed. Since it was not possi-
ble to mount an extensometer on these relatively short
specimens, the cross-head displacement, after correcting
for the machine compliance, was converted into strains.
Hence, these are only nominal strains.

Fatigue crack growth studies were conducted on
notched four-point bend flexure specimens with dimen-
sions of 40 (length) � 6 (width) � 3 (thickness) mm3.
An edge notch that has a width of 80 mm and depth
2.1 mm was cut in these by EDM wire cutting, giving a
starting a/W ratio of 0.35. The outer and inner span
lengths of the four-point loading were 30 and 15 mm,
respectively. Both sides of the fatigue samples were
polished to 1 mm finish using diamond suspension and
one side of the specimen was etched with Kroll’s reagent
so as to observe the crack’s interaction with the micro-
structure. The specimens were precracked first by fa-
tigue loading (maximum of the cyclic load between
400 and 700 N). These loads correspond, approximately,
to DK �10 to 15 MPa�m1/2 for the initial notch length.
After a crack initiates at the notch root and grows to
�200 mm, the threshold stress intensity factor range,
DK0, was determined by employing the load shedding
method,23 wherein the applied stress intensity range DK
was reduced by 1 MPa�m1/2 for a particular number of
applied load cycles. The DK0 value was obtained when
the crack growth rate is approximately 10�10 m/cycle
or less.

After obtaining the DK0, DK was periodically in-
creased and crack growth was measured. For all the fa-
tigue crack growth experiments, the load ratio, R (defined
as the ratio of minimum to the maximum load of the
fatigue cycle) and frequency were maintained at 0.1 and
10 Hz, respectively. All the tests were performed in air
and at room temperature (�23 �C). The crack growth was
monitored by a high-magnification optical microscope
that is capable of measuring crack extension in excess of
2 mm. The crack growth rates, da/dN, was estimated by
dividing the crack length increment during a predeter-
mined interval with the number of cycles, N, applied
during that interval. To analyze how the crack propagates
along amorphous matrix and dendrites, tests were inter-
mittently stopped and images were taken using scanning
electron microscopy (SEM). Fractography on the bro-
ken specimens was also performed on fractured samples
using SEM.

III. RESULTS

A. Microstructures

Representative optical micrographs of the BMG com-
posites are given in Fig. 1, which show body-centered
cubic (bcc) dendrites in a continuous amorphous matrix.
The dendrite arm spacing in all the composites is �1 to
2 mm, and the interdendrite distance varies between 10
and 15 mm. The dendrite volume fraction, estimated using

FIG. 1. Optical micrographs of BMG composites (a) DH1, (b) DH1A,

and (c) DH1B, showing dendrites distributed in the amorphous ma-

trix. The contrast difference in (b) is caused by the Ti-based dendrites,

which have different Z contrast than the Zr-based ones.
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Sigmascan image analysis, is �40% in all the composites
in our present study. The chemical compositions of
the dendrites, determined using electron-dispersive x-ray
analysis (EDX), are Ti45Zr40Nb14Cu1 for DH1, Ti65Zr20
Nb14Cu1 for DH1A, and Ti20Zr65 Nb14Cu1 for DH1B.
These compositional changes are reflected in the change
of contrast between these three alloys.

X-ray diffraction (XRD) patterns of the BMG compos-
ites contain peaks that clearly indicate the presence of the
crystalline phase. Figure 2 shows the x-ray diffraction
pattern of the BMG matrix composites in comparison
with a monolithic BMG, Vit-1. (In all cases, Vit-1 was
used as a baseline). The peaks in the XRD pattern
are identified to be bcc b Ti–Zr–Nb phase. There is
a slight shift in diffraction angle for all the three BMG
matrix composites, which is a result of a change in
the lattice parameter caused by compositional variation.
The XRD pattern of a fully amorphous BMG shows
only two broad peaks that are characteristic of amor-
phous materials.

B. Mechanical properties

The engineering stress–strain curves obtained under
uniaxial compression are shown in Fig. 3. In general, all
the three composites exhibit a distinct yield followed by
considerable plasticity, with the samples failing between
nominal strains of 14% and 19%. This enhancement in
plastic deformation (compared with that of fully amor-
phous alloys that show limited plasticity even in com-
pression24) comes at the expense of the sy. For example,
the fully amorphous Zr-based BMG, Vitreloy-1 has a sy

of�1.9 GPa, whereas the composites tested here have sy

ranging from 1 to 1.2 GPa. However, fully amorphous
alloys are elastic-perfectly plastic; that is, they show no

work hardening.24 As a result, their fracture strength
is the same as sy. In contrast, the composites exhibit
nominal work-hardening behavior in compression, so
the stress at failure ranges between 1.5 and 1.7 GPa.
(Since the experiments are conducted in compression,
these are not the ultimate tensile strengths and are only
indicative stress values at failure.) Although fully amor-
phous alloys do not exhibit any work hardening, the
observed strain hardening in the case of the composites
is caused by the increased plastic flow resistance of the
crystalline dendrites that yield first, but work harden
substantially. The failure stress of 1.7 GPa, which is for
DH1 alloy, is only �10% lower than that of Vitreloy-1.
These results are summarized in Table I. It is observed
that among the composites, the strength increases as
Ti/Zr is increased from �0.6 to �1.0, but does not
change afterward.
Fatigue crack growth data obtained on the BMG ma-

trix composites are shown in Fig. 4, represented as crack
growth rate per cycle, da/dN, versus the stress intensity
factor range, DK, plots. All three composites exhibit
broadly similar fatigue crack growth response, with sta-
ble crack growth occurring over a significant range of
DK values, similar to what is observed in ductile metals
and alloys.
Fatigue crack growth behavior can be classified into

three distinct regimes, near-threshold, steady-state (or
Paris), and fast fracture regimes. Because of the small
sample size and extensive crack blunting at higher DK
values (>16–19 MPa�m1/2), we could not obtain mean-
ingful data for the fast fracture regime, which would
indicate the fracture toughness of the material. However,
for the near-threshold and early part of the Paris regimes,
the plane strain conditions are satisfied and hence these
data are used for further analysis.

FIG. 2. X-ray diffraction (XRD) patterns of BMG matrix composites.

For comparison purposes, an XRD pattern obtained on fully amor-

phous BMG, Vitrelloy-1 is also shown.

FIG. 3. Compressive stress-strain responses of the three BMG

matrix composites tested at room temperature at a strain rate of

10�3 s�1.
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The fatigue crack growth response in the intermediate
regime of steady-state crack growth can be characterized
using the Paris law,

da

dN
¼ C DKð Þm ; ð1Þ

where C and m are material constants, with the exponent
m often referred to as the Paris exponent. For ductile
metals, m ranges between 2 and 4. Values of C, m, and
DK0 obtained on the three composites are listed in
Table II. Variation of m and DK0 with the composition,
in terms of Ti/Zr ratio, are plotted in Fig. 5. Here, data
for the monolithic BMG, Vitreloy 1, which is a widely
studied BMG, were also plotted for comparison. It is
clear from these plots that the fatigue crack growth
resistance of BMG composites examined in this work
is far superior compared with that of the fully amor-
phous BMG (Vitreloy 1) or its composite with 25 vol%
of second phase,2,18,25 with DK0 of the composites ex-
amined in this study being larger by at least 100%. The
m values recorded in the composites are much larger,

closer to 4 in the case of the Zr-rich alloy whereas it is
closer to 2 in the case of Vit-1. This suggests that while
fatigue crack initiation is much more difficult in the
composites, its steady-state growth is comparatively
faster. Additionally, m and DK0 values for 300-M
high-strength steel and age-hardened aluminum alloy
(2090-T81), taken from literature, are given in Table II.
Interestingly, our BMG composites have higher DK0

than all these alloys.
Within the composites examined, the DK0 value for

the Zr-rich composite is slightly higher than the other
two compositions, which have similar DK0 values. A
gradual reduction in m with increasing Ti content, from
a value close to 4 to 2.5, was observed.

C. Micromechanisms of crack growth

Figures 6 and 7 show several micrographs obtained
from the fatigued samples that were unloaded once the
threshold limit was reached and examined using SEM.
Figure 6 shows an image of the shear bands getting
confined by the dendrites. Figure 7 shows the crack
interaction with the dendritic phase, illustrating the fact
that ductile dendrite phase effectively blunts the crack
tip and through this process hinders its propagation.
Additionally, the high-magnification SEM image of
DH1 [Fig. 7(b)] shows traces of plastic deformation at
the crack tip, which shows effective arrest of slip on a
shear band. Plastic deformation of dendrites could also
lead to work hardening, further stabilizing crack growth.
The SEM images suggest that there is crack branching
caused by presence of second phases near the threshold.
This could result in roughness-induced crack closure.
Figure 7 also shows that the fatigue crack behavior is
similar in all three of the composites, indicating that they
fatigue with similar characteristics, even though they
vary in composition from Ti-based [Fig. 7(c)] to Zr-
based [Fig. 7(d)].

In the Paris regime, the plastic deformation in BMGs
is manifested by the formation of shear bands oriented
nearly parallel to the crack growth direction, as shown in

FIG. 4. Variation of the crack growth rate under cycling loading, da/
dN, as a function of the applied stress intensity factor range, DK, for
the three BMG composites examined in this study. Arrows indicate to

the threshold values.

TABLE II. Fatigue crack growth parameters and densities of the BMG matrix composites tested in this work. Data for Vitreloy 1 and several

crystalline alloys, taken from literature, are also given for comparison.

Material DK0 (MPa�m1/2) m C (MPa�m1/2) Density (g/cm3)

DH1 composite 5.0 3.5 1.5 � 10�11 5.58

DH1A composite 5.4 2.4 5.9 � 10�11 5.43

DH1B composite 5.7 3.5 3.2 � 10�12 5.85

Vitreloy 12 1–3 2.7–4.9 1.7 � 10�13 to

1.6 � 10�11

6.05

Vitreloy 125 1.5 1.5 ��� 6.05

Vitreloy 1 composite (LM2)18 1.2 1.8 ��� ���
300-M Steel2 3 2–4 ��� 7.9

2090-T81 Al alloys2 2.1 2–4 ��� 2.7

DK0, threshold stress intensity factor range for fatigue crack initiation; m, Paris exponent.
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Fig. 8(a). The crack propagation in the amorphous ma-
trix occurs through these shear bands. Crack growth
along the matrix/dendrite interface [Fig. 8(b)] or through
interpenetration of dendrites also occurs [Fig. 8(c)]. A
number of factors such as the angle of crack incidence,
the elastic mismatch across the interface, and the ratio of
interfacial toughness determine the path of the crack.20

It is inferred from scanning electron micrographs that
at higher incidence angles the crack penetrates through
the dendrites, while at lower incidence angles the crack
gets deflected and passes through interface of dendrites
and matrix.
Fractographs obtained from the samples that fractured

into two pieces are shown in Fig. 9. These images clear-
ly show the presence of fatigue striations on both the
amorphous matrix and dendrite in all the composites.
However, the striation spacing is much coarser in the

FIG. 6. A scanning electron micrograph, obtained from DH1 that was

subjected to cyclic load of DK � 10 MPa�m0.5, showing shear bands

confined within two dendrites. Contrast variations are the result of

etching.

FIG. 7. Scanning electron micrographs, taken in the backscattered mode, obtained near the threshold limit in fatigue-crack propagation in the

composites, showing that the crack propagation is effectively hindered by the ductile dendrites through (a, c) crack arrest or (b, d) crack

branching. (a, b) are from alloy DH1, (c) is from DH1A, and (d) is from DH1B. Arrow indicates the crack growth direction.

FIG. 5. Variation of the threshold stress intensity factor range for

fatigue crack growth, DK0, and the Paris exponent, m, plotted as a

function of the Ti/Zr ratio. Data obtained by Zhang et al.23 on fully

amorphous Zr-based BMG, Vitrelloy 1, are also plotted for compari-

son purposes.

K. Boopathy et al.: Near-threshold fatigue crack growth in bulk metallic glass composites

J. Mater. Res., Vol. 24, No. 12, Dec 20093616



amorphous matrix [Fig. 9(c)] than in the dendrites. On
measuring striations spacing on dendrites at a particular
DK, it is found that the crack growth rate matches well
with striation spacing. For example, the striation spacing
in the dendrite when the applied DK � 16 MPa�m1/2 is

approximately 0.16 mm, which is equal to the crack
growth rate, 1.5 � 10�7 m/cycle in the Zr-based DH1B
composite. This result confirms that the fatigue crack
growth in the BMG composites is controlled by the

FIG. 8. Scanning electron micrographs obtained from BMG compos-

ite samples that were subjected to fatigue crack growth experiments.

The crack growth rate here corresponds to that of the Paris regime

with applied DK � 0 to MPa�m1/2. (a) Formation of several shear

bands in DH1, parallel to the direction of the crack growth, in the

matrix and crack propagation through one of them. (b) A crack mean-

dering around the dendrites by propagating through the matrix/den-

drite interface in DH1. (c) Image obtained in the secondary electron

image mode on an etched surface of DH1B showing that the fatigue

crack passes through the dendrite when the crack makes high inci-

dence angle with interface. Arrows indicate crack growth direction.

FIG. 9. Fractographs obtained from the fatigue fractured surfaces of

the BMG composites showing (a) low-magnification fracture mor-

phologies of the matrix and the dendrite, and (b, c) fatigue striations

in the dendrite and the amorphous matrix, respectively. Note that the

striation spacing is much larger in the matrix than in the dendrite,

indicating the crack growth rate in the former is much higher. Also

note extensive debonding of the dendrites along the matrix/dendrite

interface, which could possibly have occurred after the crack has

passed through, suggesting tensile residual stresses at the interface.
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dendrites, since the crack growth rate is much slower in
them than in the amorphous matrix.

At the higher end of the Paris regime, the growing
crack develops a large plastic zone as shown in Fig. 10.
This is a similar result to what has been shown in quasi-
static fracture toughness tested samples18 and fatigue
samples20 of DH1. Since the specimen size is small,
both in terms of thickness as well uncracked ligament
length, a plastic hinge develops and the data obtained
are no longer valid in the context of fracture mechanics.
At that juncture, the fatigue tests were stopped and
the samples were broken under quasi-static loads for
fractography.

IV. DISCUSSION

The experimental results presented in the preceding
section show that the fatigue crack growth resistance of
the BMG composites is far superior to that of the mono-
lithic BMG. It is also evident that the dendrites, which
are considerably softer than the amorphous matrix, are
the cause of the enhanced fatigue crack growth resis-
tance through crack blunting, which arises because of
the relatively easy plastic flow and slow crack growth
rate in the crystalline dendrites. Despite having different
yield strengths, Fig. 5 demonstrates that the change
in chemical composition among these composites does
not significantly affect DK0 or crack growth rates in
the Paris regime. Launey et al.20 recently reported high
fatigue limit compared with the monolithic BMG for a
similarly processed composite, DH3, which has 67 vol%
of dendrites (as opposed to �40% in this study). While
the fatigue life of monolithic BMGs is primarily decided
by the early nucleation of shear bands under cyclic
loads and the subsequent propagation of them to form
first microcracks and then macrocracks that ultimately
lead to catastrophic fracture. The presence of uniform-
ly spaced dendrites in the BMG matrix composites

prevents such mechanisms from operating and hence
impart a higher DK0, which in turn enables these com-
posites to tolerate even a sizable defect.
Flores et al.18 reported that DK0 of BMG composites

with 25 vol% of second phase is 1.24 MPa�m1/2, and yet
our measured values are nearly five times that, on simi-
lar composites. We think that the marked improvement
in DK0 is not caused by the difference in sample dimen-
sions (compact tension versus four-point bending), but
rather by the length scale of the microstructure. As noted
by Hofmann et al.,15 toughening and ductility can only
be achieved when the length scale of the dendrites
matches the length scale at which a shear band trans-
forms into a mixed mode crack. If the dendrite volume
fraction is too low or if, more importantly, the size of the
dendrites is too small, shear band arrest does not occur.
This is most likely the cause of the lower threshold stress
intensity of the BMG matrix composite, LM2, tested in
Ref. 18, despite having similar microstructure and com-
position. It appears that the semisolid processing strategy
for coarsening the microstructure is far more important
for fatigue enhancement than whether the composites are
Ti-based or Zr-based.
The Paris exponents of the BMG matrix composites

are in the range of 2.6 to 3.7, with the Ti-based alloy
DH1A having the smaller value and the Zr-based alloy
DH1B having the larger. As mentioned previously, typi-
cal Paris exponents for ductile metals lie in the range of
2 to 4. An exponent of 2 can be rationalized using the
geometric model that is based on crack-tip blunting and
hence cyclic crack tip opening displacement.17 On the
other hand, an exponent of 4 suggests progressive dam-
age accumulation ahead of crack tip through plastic
straining. It is interesting to note that the reported values
of m for Vitreloy 1 and the BMG matrix composite LM2
are close to 2.18,25 This suggests that in both these mate-
rials crack growth is controlled by that of the matrix. In
contrast, the m values of the composites tested in this
work are much higher (closer to 4 in the case of DH1B)
suggesting that these are controlled by progressive dam-
age accumulation.

V. SUMMARY AND CONCLUSIONS

An experimental investigation into the mechanical
properties of three engineered BMG matrix composites,
which have similar ductile dendrite volume fraction
but with varying chemical composition, was conducted.
Results show that these composites have considerably
higher threshold for fatigue crack growth initiation than
monolithic BMGs and other previously reported BMG
matrix composites. This was achieved by carefully design-
ing the microstructure length scale of secondary ductile
phase, such as dendrite arm spacing and interdendrite
length, to constrain the shear bands and arrest propagating

FIG. 10. Typical image showing the development of an extensive

plastic zone ahead of the crack tip at high stress intensity factor range.

Arrow indicates the crack growth direction.
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cracks. The Paris exponent, m, in the crack growth regime
is in a similar range to ductile crystalline materials. Fa-
tigue striations in the dendrite and glass matrix exemplify
that the primary crack growth mechanism is blunting and
resharpening of the crack tip. The effect of changing the
composition of the composites from Zr-based to Ti-based
appears to have little effect on the fatigue characteristics.
Although both the Ti-based and Zr-based BMG matrix
composites have been shown to have>10% tensile ductil-
ity, they have much different fracture toughness values.
Zr-based composites with �60% glass phase (DH1) have
been shown15 to have KIc � 100 MPa�m1/2 while Ti-based
BMG composites with �60% glass phase (DV1) have
been shown22 to have KIc � 50 MPa�m1/2. It seems that
the lower density of the Ti-based alloys has a penalty with
toughness. However, this work demonstrates that there is
little penalty in the fatigue crack growth by moving to a
lower density Ti-based composite over a Zr-based one.
The scale of the microstructure of the two phases is the
critical component.
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