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a  b  s  t  r  a  c  t

The  notch  fracture  toughness  of  Fe75Mo5P10C8.3B1.7 monolithic  bulk  metallic  glass  (BMG)  and
Fe77Mo5P9C7.5B1.5 and  Fe79Mo5P8C6.7B1.3 BMG  matrix  composites  with  �-Fe  as reinforcing  phase,  fab-
ricated  by  suction  mould  casting,  were  evaluated.  It was found  that  the  monolithic  BMG  has  a  toughness
of 27  MPa  m1/2, while  the  Fe77Mo5P9C7.5B1.5 BMG  composite  reinforced  by  single  �-Fe  dendrite  phase
exhibits  a  higher  toughness  of nearly  40 MPa  m1/2.  However,  for the Fe Mo P C B alloy  with  more
eywords:
morphous materials
apid-solidification
uenching
echanical properties
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dendrites,  the toughness  decreased  up  to  25  MPa  m1/2. Microstructure  investigation  reveals  that  the
simultaneous  formation  of  Fe–Mo–P  hard  brittle  phase  apart  from  �-Fe  dendrites  in  the  Fe79Mo5P8C6.7B1.3

alloy  is  the  reason  for the degradation  of the  fracture  toughness.
© 2011 Elsevier B.V. All rights reserved.
icrostructure

. Introduction

Uniaxial compression tests are widely used to evaluate the
echanical properties of bulk metallic glasses (BMGs) because all

he monolithic BMGs look similar (zero ductility) under the tensile
oading at ambient temperature with standard strain rate [1].  How-
ver, the data obtained from the conventional compression tests are
ot always reliable because the results are significantly affected by
he sample geometry, confinement and machine stiffness effects
2,3]. In this regard, three-point-bending test is an alternate way
o compare the mechanical properties of the different BMGs, espe-
ially their fracture toughness, which is a more useful parameter
or practical significance in structural applications and reported
urrently in various BMGs [4–7].

Among the BMG  family, Fe-based BMGs are of great interest
ue to their ultrahigh strength, excellent corrosion resistance and
elatively low material cost [8,9]. Unfortunately, most of the Fe-
ased BMGs fail with extreme brittleness and exhibit very low
racture toughness, which limit their application as structure mate-

ials. How to improve the toughness of the Fe-based BMGs is the
ocus of the present research [10,11].
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More recently, we  have successfully developed an in situ �-Fe
dendrites reinforced Fe-based BMG  matrix composite with large
compressive plasticity [12]. In this work, we provide a further
investigation into the notch toughness of the Fe-based BMG  and its
matrix composites under three-point-bending mode. The mecha-
nism of enhanced toughness will be discussed based on the fracture
morphology observation.

2. Experimental

Multi-component master alloys with the compositions of Fe75Mo5P10C8.3B1.7,
Fe77Mo5P9C7.5B1.5 and Fe79Mo5P8C6.7B1.3 were prepared by arc melting of raw mate-
rials under a titanium metal gettered argon atmosphere [12]. Hereafter, the alloys
are  labeled as S20, S18 and S16, referring to the metalloids content of 20, 18 and
16  at.%, respectively. Sample rods with a diameter of 1.5 mm and a length of 50 mm
were produced by suck casting method. The structure of the as-cast alloys was
examined by X-ray diffraction (XRD), scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM), respectively. The thermal properties of the
alloys were investigated with a differential scanning calorimeter (DSC) under argon
atmosphere at a heating rate of 0.33 K/s.

Samples for notch toughness measurements were taken from the as-cast rods
with 1.5 mm diameter. Notches were made to a depth of approximately half of
the  rod using a slow-speed diamond saw. Three-point single edge notched bend
tests fixture with span distance of 12 mm were performed on a Zwick/Roell test-
ing machine under displacement control at 0.1 mm/min. About 10 samples were
conducted for each composition to ensure the results reproducibility. Note that the
notch toughness (KQ, not KIC) values were calculated by using standard references
for this geometry [13].
3. Results and discussion

Fig. 1(a)–(d) shows the XRD patterns and the cross-section
micrographs of the three as-cast alloys. It can be observed that the

dx.doi.org/10.1016/j.jallcom.2011.07.016
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Fig. 1. (a) The XRD patterns of the as-cast S20, S18 and S16 alloys rod with a diameter
of  1.5 mm and the corresponding SEM backscattered electron images of these three
alloys (b), (c) and (d), respectively.
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Fig. 2. The DSC scans recorded for S20, S18 and S16 alloys, respectively.

S20 sample exhibits only a broad halo diffraction peak in XRD pat-
tern and featureless appearance in SEM image (Fig. 1(b)), indicating
a fully amorphous structure of the alloy. However, for the alloys
S18 and S16, a mixed structure of amorphous matrix together with
bcc �-Fe dendrites was formed, demonstrating in situ synthesis
of Fe-based BMG  matrix composites (approximately 40% and 60%
of volume fractions according to the area analysis from the SEM
micrographs shown in Fig. 1(c) and (d), respectively).

Fig. 2 shows the DSC curves of the three alloys. It can be clearly
seen that the alloy S20 with monotonic glassy structure exhibits a
distinct glass transition with a relatively low glass transition tem-
perature Tg (about 708 K) followed by two crystallization peaks
with the onset temperature Tx of 740 K. However, for S18 and S16
BMG  composites, the Tg increases up to 738 and 740 K, while the
onset of crystallization temperature increase up to 776 and 803 K,
respectively. The changes in Tg implies the change of composition
of the residual glassy phase in S16 and S18 alloys. In additions,
the first crystallization peak of S18 and S16 BMG  composites com-
pletely disappeared, which is related to the precipitation of �-Fe
phase in these two alloys.

Fig. 3(a) shows the appearance of the notched sample with
the root diameter of about 250 �m for three-point bending test.
Fig. 3(b) exhibits a plot of notch toughness KQ vs. Fe contents for
the three alloys. The monolithic BMG, i.e. the alloy of S20, has
a toughness of 27 MPa  m1/2, which is actually higher than some
brittle Fe-based BMGs (usually less than 10 MPa  m1/2) [14]. This
can be attributed to the low glass transition temperature of the
alloy, which is usually related to a low activation barrier for shear
flow [15]. On the other hand, the composite alloy of S18 which
has about 40% volume fraction of �-Fe dendrites exhibits a tough-
ness of nearly 40 MPa  m1/2, indicating that precipitation of �-Fe
dendrites could significantly enhance toughness. This value can be
comparable to some tough Cu-based BMGs reported previously [5].
However, with a further increase in the dendrite phase, the tough-
ness decreased to 25 MPa  m1/2 for the S16 alloy. To be noted that
the large error bar for the toughness value originates from the pos-
sible existence of defects (such as voids) in samples induced in the
suck casting process.

The fracture morphology of the alloys is an important basis for
understanding their fracture toughness. Fig. 4(a) shows the SEM
micrographs of the fracture surface for the S20 BMG. It can be seen
that the fracture surface can be divided distinctly into the crack ini-
tiation zone just near the root (indicated by A) and instantaneous

fracture zone (indicated by B). Fig. 4(b) and (c) are the amplified pic-
tures from zone A and B, respectively. The mirror zone in the crack
initiation exhibits the nanoscale periodic characterizes, which is
always shown in some brittle BMGs. However, the ratio of mir-
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Fig. 4. The SEM images of the three-point bending fracture morphology of S20 alloy
ig. 3. The SEM image of preload S18 alloy (a) and the notch toughness vs. Fe content
b).

or zone to the whole fracture surface for the present alloy is far
ess than those brittle BMGs reported [16,17].  In additions, using
he equation of w ≈ 1/6�(KC/�Y )2, the average critical plastic zone
ize w is estimated to be 6.3 �m,  which is much larger than the
avelength of the initial perturbation of the meniscus (usually at
ano-scale in brittle BMGs) proposed by Wang et al. [18]. Accord-

ngly, the dimple-like patterns appeared at instantaneous fracture
one (see Fig. 4(c)) indicates that this Fe-based BMG  is pretty tough
t micro-scale.

Fig. 5(a) displays the SEM micrographs for the fractured surface
f S18 alloy, which shows the highest toughness among the three
lloys studied. In contrast to the monotonic BMG  (S20), the frac-
ure surface exhibits very rough characteristic without the mirror
one related to the crack initiation, but quite similar to the tough
r-based BMG  reported previously [4].  This is probably due to the
trong interactions between cracks and soft �-Fe phase in the hard
MG  matrix. Consequently, the cracks bifurcate and blunt in the
rack initiation zone as shown in Fig. 5(b). This can be regard as
ne of energy dissipation mechanism and avoid the unstable crack
ropagation, resulting higher fracture toughness. In addition, when
he crack further propagates to the instable stage (overload region),
hallow dimples-like pattern was formed as shown in Fig. 5(c),
hich is typical feature for the instable propagation of cracks for
MGs.

Fig. 6(a) shows the SEM fractographs of S16 alloy with more �-Fe
endrites. Similar to the S18 alloy, the fracture surface of the alloy
isplays rough morphology. However, as shown in Fig. 6(b), it was

ound that some dendrites tear in the crack initiation zone and some
oids were formed, implying that the fracture characterizes of this
lloy looks like an intergranular fracture mode, i.e. sugar-like three
(a)  and the higher magnification of crack initiation (b) and instantaneous fracture
zone (c), respectively.

dimensional structure of the grain after the instantaneous fracture
at the overload region, as shown in Fig. 6(c).

The question then arises as to why the S16 alloy with more
dendrite phase holds lower fracture toughness as compared to
S18 alloy. To clarify this enquiry, the detailed study of microstruc-
ture of the two alloys was carried out using TEM. Fig. 7(a) shows

the TEM bright field image of S18 alloy, revealing clearly a mix-
ing structure containing dendrites and amorphous phase. The
selected area diffraction (SAD) pattern of one dendrite as shown
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Fig. 5. The SEM micrographs for the bending fracture morphology of S18 alloy (a)
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Fig. 6. The SEM micrographs for the bending fracture morphology of S16 alloy (a)
and  the higher magnification of crack initiation (b) and instantaneous fracture zone
nd  the higher magnification of crack initiation (b) and instantaneous fracture zone
c),  respectively.

n Fig. 7(b) exhibits obviously a BCC structure with the lattice
onstant of 2.87 Å, corresponding to �-Fe. It also exhibits a com-
osite structure for the S16 alloy as shown in Fig. 7(c). However,
he SAD pattern of the dendrite displays two sets of diffraction
pots as shown in Fig. 7(d). Fig. 7(e) and (f) show the TEM dark
eld image taken from one diffraction spot from each SAD pat-

ern, respectively. It was revealed that the strong pattern is from
he diffractions of �-Fe as the same as S18 alloy, while the weak
AD pattern corresponds to the diffractions from impurity phase
(c),  respectively.

of FeMoP compound in S16 alloy. The FeMoP compound is known
as a very brittle phase, whose precipitation could account for the
deterioration of the fracture toughness of S16 alloy even though it
contains more ductile dendrite phase [19]. This result is similar to
structural relaxation during annealing of the BMG  below Tg or par-
tial crystallization at higher temperatures, which appeared some

phase embrittlement tendency and leads to a decrease in toughness
[20,21].
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Fig. 7. (a) TEM bright field image of the dendrite phase of S18 alloy and (b) SAED pattern of the dendritic phase taken along [1 1 1] zone axis; (c) TEM bright field image of
the  dendrite phase of S16 alloy and (d) the SAED pattern of the dendritic phase taken along [1 1 0] zone axis; (e) and (f) show the TEM dark field according to the two sets of
d
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iffraction spots shown in (d), respectively.

. Conclusions

This paper reported on the notch fracture toughness of the three
e-based alloys including Fe75Mo5P10C8.3B1.7 monolithic BMG, and
e77Mo5P9C7.5B1.5 and Fe79Mo5P8C6.7B1.3 BMG  matrix compos-
tes. The monolithic BMG  exhibits a pretty good toughness of
7 MPa  m1/2 owing to its low glass transition temperature. The
oughness could be significantly enhanced up to 40 MPa  m1/2 in
e77Mo5P9C7.5B1.5 composite due to the precipitation of pure �-Fe
endrite, which prevents the rapid unstable operation of the shear
and and promote the crack bifurcation. However, the toughness

s deteriorated for Fe79Mo5P8C6.7B1.3 BMG  matrix composite with
ore �-Fe dendrites because of the precipitation of a small amount
f brittle phase of FeMoP compounds apart from �-Fe. It is proposed
hat the intrinsic properties of precipitation phase may  play more
mportant role in the fracture toughness rather than the formation
f dendrite phase.
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