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Abstract: In recent years, CuZr-based bulk metallic glass (BMG) composites ductilized by a shape
memory B2 CuZr phase have attracted great attention owing to their outstanding mechanical
properties. However, the B2 CuZr phase for most CuZr-based glass-forming compositions is
only stable at very high temperatures, leading to the uncontrollable formation of B2 crystals
during quenching. In this work, by introducing Co (i.e., 4, 5, and 6 at. %) and 10 at. % Al into
CuZr-based alloys, the relatively good glass-forming ability (GFA) of CuZr-based alloys still can
be achieved. Meanwhile, the B2 phase can be successfully stabilized to lower temperatures than
the final temperatures of crystallization upon heating CuZr-based BMGs. Unlike previous reported
CuZr-based BMGs, the primary crystallization products upon heating are mainly B2 CuZr crystals
but not CuZr2 and Cu10Zr7 crystals. Furthermore, the primary precipitates during solidification are
still dominated by B2 crystals, whose percolation threshold is detected to lie between 10 ± 2 vol. %
and 31 ± 2 vol. %. The crystallization kinetics underlying the precipitation of B2 crystals was also
investigated. Our results show that the present glass-forming composites are promising candidates
for the fabrication of ductile CuZr-based BMG composites.

Keywords: metallic glasses; rapid solidification; glass-forming ability; crystallization

1. Introduction

Composites have been designed in an attempt to accomplish an optimal trade-off between strength
and ductility in many classes of materials, which exhibit superior mechanical properties compared
with either constituent material alone [1–3]. In the past decades, a new class of composites, called bulk
metallic glass (BMG) composites, have been explored by introducing ductile crystalline phases ex situ
or in situ in a glassy matrix in order to enhance the ductility or/and toughness at the cost of the high
strength of intrinsically brittle BMGs [4–15]. During deformation, ductile crystals in BMG composites
may serve as heterogeneous nucleation sites for the initiation of shear bands and act as attraction or
pinning centers during shear band propagation. This leads to the formation of multiple shear bands
in the glassy matrix and then the enhancement of room-temperature ductility [16–19]. However, the
strain softening induced by the formation of shear bands in the glassy matrix cannot be compensated
by the strain hardening provided by these ductile phases during deformation. Overall, the microscopic
strain-softening of BMG composites dominates their plastic deformation [4–19]. In this regard, shape
memory B2 CuZr crystals were introduced into a glassy matrix as an alternative reinforcing phase
because the B2 CuZr crystals usually show a pronounced work hardening during deformation due
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to the unique transformation-mediated deformation mechanism [20–29]. As a result, such BMG
composites show not only good tensile plastic deformation ability but also work-hardening capacity,
which further promotes the development of BMGs to be used as structural materials in future [20–32].
Until now, many CuZr-based glass-forming compositions have explored to fabricate ductile BMG
composites with obvious work hardening [20–32].

Usually, during rapid solidification, the formation of B2 CuZr crystals in the CuZr-based glassy
matrix, including their distributions, volume fractions, and gran sizes, strongly depends on the cooling
rates, casting temperatures, and melting frequency of master alloys. By carefully controlling the
casting parameters mentioned above during solidification, BMG composites with good mechanical
properties could be prepared [20–33]. However, the optimum microstructures of CuZr-based BMG
composites processing homogenously distributed and appropriate volume fractions of relatively fine
B2 crystals only can be simultaneously obtained by considering two key factors: (1) inhibiting the
easy decomposition of the high-temperature metastable B2 CuZr phase into the low-temperature
equilibrium phases (i.e., CuZr2, Cu10Zr7 or other equilibrium crystals) via a eutectoid reaction
during solidification by controlling compositions of CuZr-based alloys [20–32]; (2) avoiding the
interpenetration of B2 spherical crystals during solidification when their volume fractions reach a
critical crystalline volume fraction between 30 and 50 vol. % [29,30]. In other words, in order to control
the formation of the B2 CuZr phase during quenching, it should be considered to stabilize the B2 CuZr
phase with minor element additions instead of only adjusting the casting process. Both of these factors
raise a big challenge to manipulate the formation of the B2 phase during rapid quenching so as to
explore CuZr-based shape memory BMG composites with optimum mechanical properties.

Previous results have demonstrated that more than 4 at. % Co addition into near-equiatomic
Cu-Zr binary alloys can significantly enhance the thermal stability of the B2 CuZr phase so that the B2
CuZr phase can be easily preserved at low temperatures [34–36]. However, the glass-forming ability
(GFA) of CuZr-based alloys with the addition of Co can be gravely deteriorated, and only amorphous
ribbons can be produced. Under these circumstances, other micro-alloying elements should be also
introduced into CuZr-based alloys in an attempt to maintain the GFA or reduce the deterioration of
GFA induced by the Co addition [34–36]. It has been found that the addition of Al, Ag, Ti, or rare earth
metals can enhance the GFA of CuZr-based alloys even though the thermal stability of the B2 CuZr
phase cannot be effectively improved at the same time [37–41]. Therefore, systematic investigations
have been devoted to fabricate Cu-Zr-Al-Co BMGs and their composites by carefully adjusting the
contents of Al and Co [31,42–44]. However, so far, a balance between the thermal stability of the
B2 CuZr phase and the GFA of the CuZr-based alloy has not yet been achieved [31,42–44]. On the
one other hand, another method, i.e., partially crystallizing a glass in an extremely short time, was
proposed to fabricate ductile CuZr-based BMG composites [45,46]. However, the major crystallization
products of CuZr-based BMGs during annealing are Cu10Zr7, and/or CuZr2 and others, but not
the B2 CuZr phase [33]. Meanwhile, the B2 CuZr phase only exists at higher temperatures than the
final temperature of crystallization [33]. Hence, both the heating and cooling rates and the annealing
temperature during partial crystallizing must be very high, which severely restricts the widespread
use of this preparation method.

Therefore, it is desirable to explore new CuZr-based BMGs with good GFA, whose major
crystallization products become the B2 CuZr phase, in order to easily fabricate CuZr-based BMG
composites by controlling the rapid solidification of melts or fast and partial-crystallizing BMGs.
In this paper, (Cu0.5Zr0.5)90−xAl10Cox (x = 4, 5, and 6 at. %) BMGs with good GFA and high thermal
stability were successfully prepared, and their major crystallization products are the B2 CuZr phase.
Their crystallization kinetics were also investigated.

2. Materials and Methods

The (Cu0.5Zr0.5)90−xAl10Cox (x = 4, 5, and 6 at. %) master alloys were prepared by arc
melting appropriate amounts of the constituting elements (>99.9% purity) under a Ti-gettered argon
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atmosphere, which were remelted at least for three times to achieve chemical homogeneity. Then
master alloys were cast into rods with a diameter of 2 mm and a length of 55 ± 15 mm via a suction
casting device (i.e., custom-made in Germany) under an argon atmosphere. An arc-melting current of
280 A for approximately 8 s was applied during suction casting. Furthermore, a wedge-shaped rod
was also prepared by an injection machine (i.e., custom made in Germany) at an argon atmosphere,
whose casting temperature was set to be 1473 ± 10 K. The phase analysis of the as-cast samples was
characterized by the X-ray diffraction (XRD) in a transmission geometry (STOE STADI P, Dresden,
Germany) or in a reflection mode (Rigaku D/max-rB, Weihai, China), respectively. The glass transition
temperatures, Tg, the onset temperatures of crystallization, Tx, and the liquidus temperatures, TL, of
the as-cast rods were measured using a differential scanning calorimetry (DSC, Netzsch 404C, Jinan,
China) under a flow of purified argon at a heating rate of 20 K/min. Additionally, the glass transition
temperatures and the crystallization behaviors were also checked using a differential scanning
calorimetry (DSC, Perkin-Elmer Diamond, Dresden, Germany) under a flow of high purity argon at
heating rates of 5, 10, 20, and 40 K/min. The as-cast samples were first annealed at the temperatures
between Tg and the finish temperature (Tcryst-final) of crystallization for (Cu0.5Zr0.5)90−xAl10Cox

(x = 4, 5, and 6 at. %) at a heating rate of 40 K/min and a cooling rate of 100 K/min, whose phases
were also characterized by an XRD device. The morphology of the precipitates (i.e., sizes, distributions
and volume fractions) in the annealed samples were observed using a scanning electron microscopes
(SEM, Gemini 1530, Dresden, Germany) equipped with an energy-dispersive X-ray (EDX, Bruker AXS,
Dresden, Germany) device.

3. Results and Discussion

3.1. Formation of Cu-Zr-Al-Co Bulk Metallic Glasses with Good Glass-Forming Ability

Previous reports have shown that with increasing Co from 0 at. % to 10 at. %, the GFA of
CuZr-based alloys decreases dramatically [42–44]. However, the B2 CuZr phase can be effectively
stabilized at room temperature when the content of Co exceeds 4 at. %, which causes the formation
of only amorphous ribbons but not bulk amorphous samples. Lu et al. proposed a parameter,
γ (=Tx/(Tg + TL)), to evaluate the GFA [47] and found that, usually, the larger the γ is, the better
the GFA the alloy has. It has been demonstrated that the value of γ decreases from to 0.37 ± 0.1 to
0.35 ± 0.1 with increasing the Co from 0 at. % to 10 at. % [42–44]. In order to simultaneously improve
the GFA of CuZr-based alloys and keep the high thermal stability of the B2 CuZr phase, both 10 at. %
Al and 4–6 at. % Co were introduced into CuZr-based alloys. Figure 1a shows the XRD patterns of
the as-cast (Cu0.5Zr0.5)90−xAl10Cox (x = 4, 5, and 6 at. %) BMGs with a diameter of 2 mm. There are
no crystalline reflexes in the XRD patterns but there is an obviously broad peak around 2θ = 17.5◦,
indicating that the fabricated rods are fully amorphous. Figure 1b exhibits the DSC curves measured
at a heating rate of 20 K/min. With the increasing temperature, all the present alloys exhibit a similar
thermal behavior with one exothermic event being preceded by a glass transition.

Accordingly, the glass transition temperature (Tg) and the onset temperature of crystallization
(Tx) together with the liquidus temperature (TL) for the investigated samples can be obtained
(Table 1). Previous results have shown that the critical thickness of the fully amorphous phase for the
(Cu0.5Zr0.5)90Al10 BMGs is less than 6 mm [48], whose Tg, Tx, TL, and γ are about 714 K, 787 K, 1230 K,
and 0.406, respectively. Meanwhile, the values of γ for the Cu50−xZr50Cox (x = 0, 0.5, 2, 4, 5, 7.5, 10, 15,
and 20 at. %) amorphous ribbons decrease from 0.377 to 0.327 while those for the (Cu0.5Zr0.5)100−xCox

(0, 5, 12.5, 22.5, and 23 at. %) amorphous ribbons are less than 0.377 [31,33,42–44]. However, for the
(Cu0.5Zr0.5)90−xAl10Cox (x = 4, 5, and 6 at. %) BMGs, the values of Tg and Tx increase to 725–733 K and
782–790 K and the corresponding γ locates between 0.398 ± 0.003 and 0.399 ± 0.003, implying that the
GFA of Cu-Zr-Al-Co alloys is still good. It has been proposed that the GFA of an alloy strongly depends
on the stability of the supercooled liquid and the resistance to crystallization [47]. As listed in Table 1,
the widths of the supercooled liquid region (∆Trg = Tx − Tg) for the (Cu0.5Zr0.5)90−xAl10Cox (x = 4, 5,
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and 6 at. %) BMGs, which is usually used to estimate the stability of the supercooled liquid against
crystallization [49], were calculated to be larger than 55 K. This means that the thermal stabilities
of the supercooled liquids are higher than those of Cu-Zr-(Co) metallic glasses but lower than that
of (Cu0.5Zr0.5)90Al10 BMG (i.e., 77 ± 5 [48]). Such facts further confirm the change tendency of the
GFA mentioned above. Furthermore, a high-temperature solid phase transformation (HTSPT) from
low-temperature crystallization products to the B2 CuZr phase for near-equiatomic CuZr-based BMGs
usually appears between the crystallization and melting events [33]. For the CuZr-based BMGs with
the addition of high-content Ag or rare earth metals, such a high-temperature HTSPT shifts to high
temperatures and even overlaps with melting peaks [33]. On the contrary, the addition of Co with a
content higher than 4 at. % would stabilize the B2 CuZr phase into low temperatures, leading to the
overlap of crystallization and such a high-temperature HTSPT [31,33,42–44]. In our case, no obvious
endothermic peaks can be observed between crystallization and melting events. Therefore, the addition
of Al and Co could stabilize the B2 phase to low temperatures or enhance the HTSPT temperature.
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Figure 1. (a) XRD patterns of the (Cu0.5Zr0.5)90−xAl10Cox (x = 4, 5, and 6 at. %) BMGs with a diameter
of 2 mm; (b) DSC curves of the as-cast BMGs at a heating rate of 20 K/min.

Table 1. Thermal parameters of the as-cast (Cu0.5Zr0.5)90−xAl10Cox (x = 4, 5, and 6 at. %) BMGs.

Compositions Tg (K) Tx (K) ∆Trg TL (K) γ

(Cu0.5Zr0.5)86Al10Co4 725 ± 2 783 ± 2 58 ± 4 1239 ± 5 0.399 ± 0.003
(Cu0.5Zr0.5)85Al10Co5 726 ± 2 782 ± 2 56 ± 4 1241 ± 5 0.398 ± 0.003
(Cu0.5Zr0.5)84Al10Co6 733 ± 2 789 ± 2 57 ± 4 1249 ± 5 0.398 ± 0.003

3.2. Primary Precipitates from Partially Crystallized Cu-Zr-Al-Co Bulk Metallic Glasses or from
Rapid Solidification

In order to clarify the effects of the Co and Al additions on the thermal stability of the B2 CuZr
phase, the microstructural evolutions of the present samples annealed above the Tx were investigated.
Figure 2 shows the XRD patterns of the as-annealed (Cu0.5Zr0.5)90−xAl10Cox (x = 4, 5, and 6 at. %)
samples. In general, for most of CuZr-based BMGs, the dominant crystallization products are Cu10Zr7,
CuZr2, and/or AlCu2Zr and others, but not B2 CuZr crystals [33]. However, the primary crystallization
products for the present BMGs are the B2 CuZr phase during the early stage of the crystallization.
With the gradually increasing annealing temperature, the volume fraction of the B2 CuZr crystals
increases gradually together with the precipitation of some Cu10Zr7 and AlCu2Zr crystals (Figure 2).
That implies that the B2 CuZr phase is indeed stabilized to low temperatures but not the HTSPT
temperature is enhanced. The enhanced thermal stability of the B2 CuZr phase with the addition of Co
puts the B2 phase in a strong position during the competition between vitrification and crystallization
during quenching, leading to the deterioration of the GFA to some degree. Furthermore, a small
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percentage of Al in Cu-Zr-Al alloys has been proven to dramatically enhance the population of
full icosahedra and their connectivity [50]. In addition, ab initio calculations also showed that the
electronic interactions involving the Al addition are bond-specific and environment-specific. As a
result, the associated bond shortening can strongly affect the type, frequency, and stability of the
coordination polyhedral [50]. Overall, the present Cu-Zr-Al-Co alloy systems still can maintain a
relatively good GFA.
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Figure 2. XRD patterns of the as-annealed (Cu0.5Zr0.5)90−xAl10Cox (x = (a) 4; (b) 5; and (c) 6 at. %)
samples at a heating rate of 40 K/min at temperatures as indexed in the present figures.

On the other hand, the primary precipitates in the glassy matrix during quenching were also
investigated. A wedge-shaped sample was fabricated using an injection machine whose cooling rate is
relatively lower than that of the suction casting machine in our case [51]. Hence, the critical thickness
of the fully amorphous phase for the (Cu0.5Zr0.5)84Al10Co6 sample obtained under the current casting
condition is less than 2 mm (i.e., 1.4 mm). It has been shown that the thickness of the fully amorphous
phase for the as-cast samples can be used to roughly evaluate the change tendency of the applied
cooling rate, i.e., the larger the dimension the sample owns, the higher the applied cooling rate
becomes [52].

As shown in Figure 3 (see the yellow arrows and the inserted XRD pattern), it is clear that the
B2 CuZr crystals together with a small amount of CuZr martensites, Cu10Zr7 and AlCu2Zr crystals
precipitate in the glassy matrix. Meanwhile, with decreasing the applied cooling rate, the crystalline
volume fraction gradually increases. The species of most precipitates from quenching are identical
to the crystallization products upon heating Cu-Zr-Al-Co BMGs. Besides, the formation of CuZr
martensites is expected to be induced by the internal stress from the quenching [29,53]. Under a
high cooling rate (i.e., the thickness of the sample is less than approximately 1.8 mm), there are
very few well-separated B2 crystals with an approximately spherical shape distributing in the glassy
matrix (see the blue circle in Figure 3). When the volume fraction of the B2 crystals approaches
10 ± 2 vol. %, the spherical crystals trend to impinge upon each other (see the A region in Figure 3).
This interpenetration process continues with increasing the crystalline volume fraction and then an
obvious structural framework composed by B2 crystals starts to form at a critical volume fraction of
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33 ± 2 vol. %. Such a microstructural transition can be quantified by the percolation theory [29,30].
Generally speaking, the percolation threshold for dual-phase composites locates between 10 vol. %
and 50 vol. % [54], which strongly depends on the morphologies and sizes of the reinforced phase
and the size ratios of the constituent phases. Pauly, Liu, and Fu et al. concluded the critical crystalline
volume fraction for the microstructural transition in Cu-Zr-Al BMG composites was determined to lie
between 30 and 50 vol. % [29,30,55], while it is about 35 vol. % for Zr-based BMG composites. In our
case, the percolation threshold can be determined to be between 10 ± 2 vol. % and 31 ± 2 vol. % for
Cu-Zr-Al-Co BMG composites.
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3.3. Crytallization Kinetics of Cu-Zr-Al-Co Bulk Metallic Glasses

Since kinetic effects can also play an important role in the formation of BMGs during the
solidification of metallic glass-forming liquids [47], the crystallization kinetics of the B2 CuZr phase
in Cu-Zr-Al-Co BMGs were investigated. It has been shown that the apparent activation energies of
crystallization were calculated based on the dependences of Tx and Tp on heating rates according to
the Ozawa method and Kissinger equation, respectively [56–58]:

ln(ϕ) = A − Ex/RT (1)

ln(ϕ/T2) = B − Ep/RT (2)

where ϕ is the heating rate, R is the gas constant, T is the characteristic temperature, and A and B are
the constant. Ex and Ep are the apparent activation energies of crystallization at Tx and Tp, respectively.

As shown in Figure 4a, the isochronal DSC measurements at different heating rates for
(Cu0.5Zr0.5)90−xAl10Cox (x = 4, 5, and 6 at. %) samples were conducted (for clarity only selected
results). With increasing Co in Cu-Zr-Al MGs, the value of Ex increases first from 386 ± 30 kJ/mol to
486 ± 26 kJ/mol and then decreases to 395 ± 15 kJ (Figure 4b–d). Meanwhile, the value of Ep increases
gradually from 320 ± 16 kJ/mol to 400 ± 25 kJ/mol, respectively (Figure 4b–d). Such observations
show that the resistance to crystallization is enhanced with the addition of Co into Cu-Zr-Al MGs.
Since Co can be easily dissolved into the B2 CuZr phase and other crystalline precipitates [34–36] and
then enhance the thermal stability of the B2 CuZr phase, the driving force for the precipitates in the
glassy matrix could be enhanced, leading to the increases of Ex and Ep. Furthermore, the Ex being
larger than Ep for each alloy also implies the crystallization products, i.e., B2 CuZr crystals together
with a little Cu10Zr7 and AlCu2Zr, require less activation energy to grow up after the nucleation of B2
CuZr crystals.



Metals 2016, 6, 225 7 of 12
Metals 2016, 6, 225 7 of 12 

 

 

Figure 4. (a) DSC curves for the (Cu0.5Zr0.5)84Al10Co6 BMGs at different heating rates, and the Ozawa 

and Kissinger plots based on the isochronal DSC measurements for (Cu0.5Zr0.5)90−xAl10Cox (x = (b) 4, (c) 

5, and (d) 6 at. %) samples. 

In order to further clarify the nucleation and growth mechanisms of the B2 CuZr phase during 

the early stage of crystallization, the Johnson-Mehl-Avrami (JMA) analysis was conducted based on 

the isothermal curves for (Cu50Zr50)84Al10Co6 BMGs at different temperatures (Figure 5). Meanwhile, 

the corresponding crystalline volume fraction (x) was calculated as a function of the annealing time 

and temperature (see the inset in Figure 5). In an attempt to describe the isothermal phase 

transformation for the investigated samples, the JMA model was adopted [59–61]: 

x(t) = 1 − exp{−[K(t − τ)]n} (3) 

where x(t) is the crystalline volume fraction at different annealing time (t), τ is the incubation time, 

and n is the Avrami exponent correlated with the nucleation and growth mechanisms. Then the value 

of K is determined by [59–61]: 

K = K0·exp(−Ea/RT) (4) 
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and Kissinger plots based on the isochronal DSC measurements for (Cu0.5Zr0.5)90−xAl10Cox (x = (b) 4,
(c) 5, and (d) 6 at. %) samples.

In order to further clarify the nucleation and growth mechanisms of the B2 CuZr phase during the
early stage of crystallization, the Johnson-Mehl-Avrami (JMA) analysis was conducted based on the
isothermal curves for (Cu50Zr50)84Al10Co6 BMGs at different temperatures (Figure 5). Meanwhile, the
corresponding crystalline volume fraction (x) was calculated as a function of the annealing time and
temperature (see the inset in Figure 5). In an attempt to describe the isothermal phase transformation
for the investigated samples, the JMA model was adopted [59–61]:

x(t) = 1− exp{−[K(t − τ)]n} (3)

where x(t) is the crystalline volume fraction at different annealing time (t), τ is the incubation time,
and n is the Avrami exponent correlated with the nucleation and growth mechanisms. Then the value
of K is determined by [59–61]:

K = K0·exp(−Ea/RT) (4)

As shown in Figure 5b,c, with increasing the annealing temperature from 793 K to 798 K, the
volume fraction of precipitates is enhanced from about 1 vol. % to 12 vol. %. Meanwhile, it is worth
noting that some spherical crystals uniformly distribute in the glassy matrix and their corresponding
size increases from 1.75 ± 0.75 µm to 4.5 ± 3 µm with the increasing crystalline volume fraction.
Furthermore, the amount of the nucleation sites almost stays constant but only the sizes of the spherical
precipitates become larger. The EDX measurements (Figure 6) show that the concentration of B2 CuZr
precipitates (i.e., Cu37.4Zr46.2Al9.7Co6.7) is almost identical to that of the remaining glassy matrix (i.e.,
Cu38.8Zr45.2Al9.2Co6.8). Furthermore, previous reports have shown that the formation of the B2 CuZr
phase is polymorphic [29]. All these facts imply that the growth of the B2 CuZr phase during the
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early crystallization is interface-controlled, being the same as the crystallization of Cu-Zr-Al/Ag/Ti
BMGs [38,46,62,63] but different from the diffusion-controlled crystallization of Cu-Zr-Al-Ag/Y/Ni
BMGs [64–66].Metals 2016, 6, 225 8 of 12 
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Since the early crystallization is mainly dominated by the formation of B2 CuZr crystals and the
subsequent crystallization is governed by the B2 CuZr crystals and other crystals, here the local Avrami
exponents (n) were calculated from the slope of the fitting curves of ln{ln[1/(1 − x)]} vs. ln(t − τ)
when the crystalline volume fraction (x) locates between 1 vol. % and 20 vol. % (Figure 5d). When the
x-value lies between 1 vol. % and 20 vol. %, the local Avrami exponents (n) for the investigated
samples gradually increase from about 1.75 to 3.5. It has been shown [58,67] that the Avrami exponent
can be determined by a linear relationship, n = a + bp, where a is a nucleation parameter, b represents
the dimensionality of the crystal growth, and p is the growth index. In our case, with no need for
long-range diffusion, polymorphic B2 crystal growth rates are often fast and isotropic even though
the simultaneous formation of crystalline precipitates from the parent amorphous phase requires
diffusion at or near to the transformation front [68], leading to a constant p of 1 throughout the early
crystallization. In the beginning, the crystallization of the present BMGs without any change in
concentration into a stable crystalline compound can be observed and the nucleation of the precipitates
becomes more active. Then a rapid increase of the nucleation rate of the B2 CuZr phase can be induced
before the x-value reaches 1 vol. %. When the n exponent gradually increases up to 3, the nucleation
rate is gradually close to zero and then the crystalline volume fraction is mainly controlled by the
growth of the pre-existing B2 CuZr precipitate. That corresponds well with our SEM measurements.
Therefore, the value of b during the early crystallization roughly increases from 2 to 3. Therefore, the
early crystallization of the present BMGs should be interface-controlled two- and three-dimensional
growth at almost a zero nucleation rate. Afterwards, other stable crystalline compounds, i.e., AlCu2Zr
and Cu10Zr7, start to precipitate in the glassy matrix, resulting in the further increase of the n exponent.
Such observations implying that it should be easy to control the partial crystallization of Cu-Zr-Al-Co
BMGs, which is helpful to control the formation of the B2 CuZr phase using the fast and partial
crystallization method [33].

4. Conclusions

In this study, novel (Cu0.5Zr0.5)90−xAl10Cox (x = 4, 5, and 6 at. %) BMGs with good GFA and high
thermal stability were prepared. With the addition of Co and Al into CuZr-based alloys, the width of
the supercooled liquid is relatively larger than the Cu-Zr-Co amorphous ribbons but smaller than the
Cu-Zr-Al BMG, while the activation energies of crystallization exceed 300 kJ/mol. Furthermore, the
dominant crystallization products upon heating the present BMGs are identical to the precipitates from
Cu-Zr-Al-Co melts during quenching, i.e., the B2 CuZr crystals. Furthermore, during quenching, the
spherical crystals trend to impinge upon each other when the volume fraction of B2 crystals approaches
10 ± 2 vol. % and this interpenetration process continues at a critical volume fraction of 33 ± 2 vol. %.
Studies on the early crystallization kinetics of the present BMGs show that the nucleation and growth
is interface-controlled two- and three-dimensional growth. The fabricated BMGs could be a good
candidate to fabricate ductile BMG composites by controlling rapid solidification or by rapidly and
partially crystallizing BMGs.
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