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ABSTRACT
The CuZr-based bulk metallic glass matrix composites have attracted great atten-
tion in recent years owing to their unique mechanical properties compared to bulk 
glassy samples. The vital effect of B2 CuZr phase on mechanical properties was 
previously confirmed in CuZr-based alloys with equiatomic concentrations of 
copper and zirconium. In this paper, the structures and mechanical properties of 
the  Cu45Zr48Al7 alloy, which has hypereutectoid composition with respect to stoi-
chiometric B2 CuZr phase, were studied. This alloy exhibits high glass-forming 
ability, but low tendency to form the B2 CuZr phase during solidification. How-
ever, we demonstrated that depending on the cooling rate during solidification, 
governed by sample diameter, either bulk metallic glass or bulk metallic glass 
matrix composite can be produced. In order to allow partial crystallization of the 
B2 phase during solidification with the volume fraction allowing to observe the 
strain hardening effect, the minimum cooling rate should be lower than 40 K/s. 
The composite consisting of a glassy outer layer and a crystalline core composed 
of the B2 phase exhibits fracture strength of the same level as the bulk glassy 
sample (above 1800 MPa) obvious work-hardening with a plastic deformation 
of about 6%.

Received: 20 July 2023 
Accepted: 7 October 2023 
Published online: 
29 October 2023

© The Author(s), 2023

Handling Editor: Naiqin Zhao.

Address correspondence to E-mail: tkoziel@agh.edu.pl

http://orcid.org/0000-0003-1109-9010
http://crossmark.crossref.org/dialog/?doi=10.1007/s10853-023-09024-y&domain=pdf


 J Mater Sci (2023) 58:16225–16238

Introduction

The first bulk metallic glass (BMG), with each dimen-
sion of at least 1 mm, was developed in 1974 [1] and 
since then the critical size has been subsequently 
increasing until the development of  Pd40Cu30Ni10P20 
alloy by Inoue group with a critical cooling rate of 
0.067 K/s and a critical diameter of 72 mm [2]. Pd-
based alloys are considered to have the greatest glass-
forming ability (GFA). However, due to the extremely 
high cost of palladium, their commercial applications 
are excluded. Among the various glass-forming sys-
tems developed over the past decades, the Zr– and 
Cu-based systems are very attractive due to their high 
GFA, high fracture strength and relatively low costs 
of elements compared to other glass-forming systems 
[3, 4]. Due to the atomic-size mismatch between Cu 
and Zr (atomic radii of 1.27 Å and 1.58 Å, respectively 
[5]) and the large negative heat of mixing (− 23 kJ/mol) 
[6], these two elements will always be present in their 
reciprocal alloys, Zr being present in Cu-based glass-
forming alloys, and vice versa.

Bulk metallic glasses exhibit outstanding proper-
ties like high elasticity, superior strength, good corro-
sion and wear resistance, compared to their crystalline 
counterparts. However, their major drawback is room 
temperature brittleness, related to the stress localiza-
tion into shear bands, which limits their potential 
engineering applications [7–9]. In order to overcome 
this shortcoming, the concept of bulk metallic glass 
matrix composites (BMGMCs) with ductile crystalline 
phases embedded in the glassy matrix have emerged. 
Many attempts have been made to form BMGMCs. 
Initially, a presence of crystalline phase was gener-
ated by partial devitrification of the monolithic glass 
during annealing. However, partially nanocrystalline 
structure generally does not improve toughness, when 
compared to monolithic glass. The composites can be 
also formed either by ex-situ introduction of particles/
fibers prior to casting [9–11] or in-situ precipitation 
of the crystalline phase during solidification [9, 12, 
13]. The main advantages of in-situ formed BMGMCs 
are simple processing route and good bonding at the 
interface between the amorphous matrix and reinforc-
ing precipitates.

The idea underlying the development of BMGMCs 
is related with possible manipulation of shear bands 
nucleation and propagation during deformation by 
utilizing the presence of ductile crystalline precipi-
tates. Their presence favors greater plastic strains by 

enabling dislocation motion within a ductile crystal-
line phase and by ensuring that the shear bands never 
reach an unstable condition in the amorphous matrix. 
These requirements are fulfilled if the shear modulus 
of the crystalline phase is lower than that of the glassy 
matrix [14].

The vast majority of BMGMCs exhibit several per-
cent of plastic strain, but undesired strain-softening 
during deformation is observed rather than work-
hardening. This phenomenon, which is highly unde-
sirable in engineering applications, is associated with 
lack of any strengthening mechanisms within the 
glassy matrix or in-situ formed precipitates.

In the last years, the Cu–Zr-based BMGMCs with 
in-situ formed B2 CuZr phase, have emerged great 
research interest because of possible martensitic trans-
formation of a cubic B2 CuZr into monoclinic B19’ 
CuZr phase, which can increase both strength and 
plastic strain during deformation. The vital effect of 
the B2 CuZr phase in the  Cu47.5Zr47.5Al5 alloy cast in 
form of 2-mm-diameter rods was first reported by Das 
et al. in 2005 [16]. Unlike other types of BMGMCs, the 
CuZr-based composites comprise the shape-memory 
B2 CuZr crystalline phase, which undergoes marten-
sitic transformation during deformation into the B19’ 
phase [10–16]. In other words, these composites are 
characterized by the transformation-induced plasticity 
(TRIP) effect, similar to certain conventional crystal-
line alloys.

One of the biggest challenges in designing BMG-
MCs with the in-situ formed B2 CuZr phase is to 
control the volume fraction of this phase in the as-
cast state. Upon cooling, the binary  Cu50Zr50 alloy 
solidifies congruently to the CuZr phase with a cubic 
B2 CsCl-type structure at 935 °C (1208 K) and this 
phase is thermodynamically stable down to 715 °C 
(988 K) [17, 18]. If the system is given enough time, 
the B2 CuZr phase decomposes eutectoidally to the 
orthorhombic  Cu10Zr7 and tetragonal  CuZr2 brit-
tle phases, which are equilibrium phases at room 
temperature. Therefore, in order to understand the 
formation of BMGMCs, the competition between 
glass formation, precipitation of the B2 CuZr and 
room temperature equilibrium phases should be 
considered. Cooling rate equal to or higher than 
the critical cooling rate (CCR) for glass formation 
leads to vitrification at Tg temperature. On the other 
hand, low cooling rates result in the formation of 
the B2 CuZr phase during solidification, but fur-
ther eutectoid decomposition of this phase into the 
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low-temperature equilibrium phases is possible. 
Therefore, in order to obtain both phases, B2 CuZr 
and amorphous, moderate cooling rates are neces-
sary. This competition can be reflected in differential 
scanning calorimetry (DSC) analysis, where initially 
amorphous CuZr-based alloy is subjected to heating. 
Once the exothermic event(s) related to crystalliza-
tion of an amorphous phase is finished, an eutectoid 
transformation of the crystallization products into 
the B2 CuZr phase, accompanied by endothermic 
peak should occur prior to the melting event. Song 
et al. [14] showed that locations of onset crystalliza-
tion (Tx), endset B2 phase formation (Tf) and liquidus 
(TL) temperatures affect the formation of each phase. 
The glass-forming ability is proportional to the Tx/TL 
ratio, whereas the B2 CuZr phase formation is pro-
portional to Tf/TL and inversely proportional to Tx/Tf. 
Therefore, the tendency to formation of BMGMCs 
with the B2 CuZr phase can be formulated using a 
dimensionless K parameter [14]:

Depending on the K value, the CuZr-based alloys 
can be classified into three types [14]:

• Type I: K < 0.7;
• Type II: 0.77 < K < 0.9;
• Type III: K > 0.94.

If the endothermic peak associated with the for-
mation of the B2 CuZr phase is shifted to low tem-
peratures (Type I alloys), the glass-forming ability 
becomes very limited. The application of high cool-
ing rates (small diameter samples) enables casting 
of amorphous-crystalline composites, but it can 
cause an undesired transformation of the B2 CuZr 
into martensite, due to thermal stresses during rapid 
quenching [19]. On the other hand, high values of K 
parameter (Type III) mean that the time/temperature 
window for the formation of B2 phase during solid-
ification is very limited, but BMGMC with larger 
dimensions can be obtained. For Type II alloys, the 
formation of BMGMCs is possible, because of suffi-
cient time necessary to form the B2 CuZr phase dur-
ing solidification [14].

The glass-forming ability of a binary Cu–Zr 
system is very limited, but it can be significantly 
increased by the addition of transition metals such 

(1)K =
T
f

T
L

as Ti, Ni or Al. The addition of up to 8% of aluminum 
to the  Cu50Zr50 alloy increases the supercooled liquid 
region by as much as 30 K [20]. Because the B2 CuZr 
phase is an equiatomic phase, the majority of reports 
on the BMGMCs containing B2 CuZr phase is on the 
 (Cu0.5Zr0.5)100−xMx relation, where M stands for any 
alloying elements. In this paper, the microstructures 
and mechanical properties of the  Cu45Zr48Al7 alloy, 
which has hypereutectoid composition with respect 
to stoichiometric B2 CuZr phase, were studied.

Cooling rate during solidification in a given cast-
ing method is a crucial factor. Based on the physi-
cal properties and a difference between melting and 
glass transition temperatures of most BMGs, Lin and 
Johnson [21] obtained a simple equation for express-
ing the cooling rate (CR):

where R is the dimension (diameter, thickness) 
expressed in cm.

On the other hand, Löffler et al. [22] proposed

where d is the casting thickness expressed in cm.
Comparing both equations, it is clear that for the 

same Dc value, the CCR based on Eq. (3) is twice 
than that of the obtained from Eq. (2). However, the 
cooling rate during solidification may vary on the 
casting parameters—initial temperature of the cop-
per mold, mold geometry, melting current etc. Based 
on the relation between water-cooling system tem-
perature (WCST) and rod diameter, the minimum 
cooling rate during solidification can be obtained 
according to the following formula [23]:

This formula was derived based on the micro-
structural observations of the as-cast Fe-25 wt% Ni 
in the rod axis, so it corresponds to the minimum 
cooling rate during solidification.
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(4)CR =
10

−0.0059⋅WCST+4.9746

{d(mm)}
0.0195⋅WCST−3.6351
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Materials and methods

The  Cu45Zr48Al7 alloy was synthesized in an arc melter 
(Edmund Bühler GmbH) on a water-cooled copper 
hearth under a purified Ti-gettered argon atmosphere 
using raw metals with at least 99.9% purity. Before 
melting, the chamber was evacuated to < 5 ×  10–2 mbar, 
backfilled with high purity (6N) Ar. The flushing and 
backfilling cycle was repeated three times to mini-
mize the oxygen concentration in the chamber. Next, a 
series of rod samples with length of 55 mm with diam-
eters from 3 to 8 mm were produced using a water-
cooled suction unit. Standard water-cooling system 
temperature (290 ± 1 K) was used to ensure efficient 
heat removal. Same device and casting procedure was 
used for estimation of cooling rate during solidifica-
tion in our previous work [23].

The as-cast rod samples were cut according to the 
procedure given in Fig. 1. In order to minimize pos-
sible differences in cooling rate, the initial and final 
parts of the rod length were discarded from the tests. 
Samples for microscopic observations (referred to as 
LM) were taken at 10 mm and 45 mm from the bottom 
end. Additionally, two samples were cut for mechani-
cal testing (S1, S2), and samples for X-ray diffraction 
(XRD) and differential scanning calorimetry (DSC) 
analyses were placed between them.

The structures of as-cast and deformed samples were 
characterized using an X-ray diffractometry (Panalytical 
Empyrean) with  CuKα radiation (1.5406 Å). Differential 
scanning calorimetry (Netzsch DSC F1 Pegasus) at a con-
stant heating rate of 20 K/min was used to measure char-
acteristic temperatures of phase transformations (glass 
transition Tg, onset crystallization Tx, peak Tp, solidus 
Ts, and liquidus TL). The Tg temperatures were estimated 
as inflection points on the DSC curves. Moreover, start 
and final temperatures of the phase transformation (Ts 
and Tf, respectively) related with formation of the B2 
CuZr during heating were determined. Based on DSC 
measurements, the reduced glass-transition temperature 

(Trg = Tg/TL [24]) and the tendency to form bulk metallic 
glass composite with a B2 CuZr phase during solidifica-
tion (K = Tf/TL [14]) were calculated.

Standard grinding and polishing procedures (final 
polishing with colloidal silica suspension) were 
applied to reveal crystal structures. Volume fractions 
of crystalline areas were estimated on light micros-
copy images using ImageJ software. Microstructural 
examinations were carried out using light micros-
copy (LM, Nikon ECLIPSE LV150N) and scanning 
electron microscopy (SEM, FEI Versa 3D) techniques. 
SEM observations were carried out using back-scat-
tered electron (BSE), energy-dispersive spectroscopy 
(EDS, Ultim Max, Oxford Instruments) and electron 
backscatter diffraction (EBSD, Symmetry S-2, Oxford 
Instruments) detectors. The EBSD analyses were per-
formed in cross-sections, i.e., in planes perpendicular 
to the cylindrical axis.

High-resolution scanning transmission electron 
microscopy (HRSTEM) studies were carried out using 
a FEI,  Titan3 G2 60–300 microscope operated at 300 kV. 
The images were captured in bright field (BF) and 
fast Fourier transforms (FFT) were applied to solve 
the diffractions. The studies were performed on TEM 
lamellae, prepared via focused ion beam milling using 
the ZEISS NEON CrossBeam 40EsB. Room tempera-
ture compression tests were performed at an initial 
strain rate of 1 ×  10–4  s−1 using an Instron 5982 testing 
machine. The height-to-diameter aspect ratio of the 
bulk compression specimens was kept to 2.0 and both 
ends of the specimens were carefully ground to make 
them parallel. Mean values of yield strength (σ0.2), 
fracture strength (σmax) and plastic strain (εp) were 
calculated from three tested specimens for each rod 
diameter, so extra rod samples dedicated for mechani-
cal testing were produced. The σ0.2 was calculated as 
the amount of stress that resulting in a plastic strain 
of 0.2%. Fracture surface observations after compres-
sion tests were carried out using SEM equipped with 
a secondary electron (SE) detector.

Results

Minimum cooling rates during solidification estimated 
from Eq. (4) are presented in Table 1 (values obtained 
from Eqs. 2 and 3 are given for comparison). As the 
relation between CR and rod diameter for a constant 
water-cooling system temperature was proven as 

Figure 1  Scheme of cutting and taking samples for testing.
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exponential decay [23], the highest decrease of cool-
ing rate is noticed for the lowest diameter.

Figure 2 shows XRD patterns of the  Cu45Zr48Al7 
alloy cast in 3- to 8-mm-diameter rod samples. Typical 
amorphous halos without any detectable sharp Bragg 
peaks were recorded for the 3- , 4- and 5-mm-diameter 
samples. The crystalline B2 CuZr phase (CsCl-type 
bcc-based structure), with the main intensity peak at 
2θ = 39° corresponding to the (110) plane was detected 
for higher diameter samples. Minor peak can be 
observed for the 6 mm sample, indicating low volume 
fraction of B2 phase. For the 8-mm-diameter sample, 
apart from the B2 phase, the crystalline  AlCu2Zr phase 
 (Cu2MnAl-type fcc structure) was also identified.

The DSC studies (Fig. 3) confirmed presence of the 
amorphous phase in all studied variants, including 
8-mm-diameter sample. The studied samples exhibit 
a distinct glass transition temperature, followed by a 

supercooled liquid region and two exothermic peaks 
related to crystallization of the amorphous phase, with 
onset crystallization temperature Tx = 760 ± 1 K and 
peak crystallization temperatures of about 763 and 
870 K. The enthalpy of crystallization of the first exo-
thermic event is much higher compared to the second 
one (Table 2). With further heating three endothermic 
events were recorded, with the last one related to melt-
ing process ending at a temperature of about 1160 K. 
The two preceding events, which are much weaker 
compared to last one, are most likely related to the for-
mation of the B2 CuZr phase during heating, because 
the composition of this alloy is hypereutectoid with 
respect to the stoichiometric B2 CuZr phase.

For the 8-mm-diameter sample, it was possible to 
cut the specimens for DSC measurements from the 
outer part of the rod as well as the central one. There is 
a clear difference in DSC scans; typical thermal events 

Table 1  Minimum cooling 
rates during solidification 
estimated from Eqs. (2–4)

Cooling rate (K/s) Rod diameter

3 mm 4 mm 5 mm 6 mm 7 mm 8 mm

From Eq. (4) 199 112 71 49 36 28
From Eq. (2) 111 63 40 28 20 16
From Eq. (3) 222 125 80 56 41 31

Figure  2  XRD patterns of as-cast  Cu45Zr48Al7 alloy with a 
diameter between 3 and 8 mm.

Figure 3  DSC curves of the  Cu45Zr48Al7 alloy samples recorded 
at a heating rate of 20 K/min.
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for the initially amorphous alloys were observed for 
the specimen cut from the outer part (close to surface) 
of the rod, while for the central part only melting event 
could be noticed.

The ability to form CuZr-based BMGMC in the 
 Cu45Zr48Al7 alloy was estimated at 0.93–0.94, so it can 
be classified to low susceptible alloys, with possible B2 
formation for larger sample dimensions.

Figure 4 shows LM images of  Cu45Zr48Al7 alloy cast 
in form of as 4- , 5- and 6-mm-diameter rods. Sparse 
spherical precipitations distributed randomly within 
a featureless matrix were observed. The morphology 
of the dendritic precipitation in its central part was 
revealed by scanning electron microscopy (Fig. 4c, 
d). Approaching the interface between crystal and 
matrix, the dendrites become finer and finally cannot 
be resolved using SEM, so high-resolution transmis-
sion electron microscopy was employed to examine 
both phases. The interface between glassy matrix and 
crystalline precipitate for the 5 mm sample is shown 
in Fig. 5a and corresponding HRSTEM image (Fig. 5b). 
The FFT pattern from disordered region (matrix) con-
firmed its amorphous structure (Fig. 5c), while FFT 
taken from dendrite (Fig. 5d) confirmed existence of 
the B2 CuZr phase.

The micrographs of the end faces of 7- and 8-mm-
diameter samples are depicted in Fig. 6. The mean vol-
ume fraction of crystalline areas for 7-mm-diameter 

sample was 14%, but they tend to form coarser areas 
at the upper part of the rod (Fig. 6b). Increase of the 
sample diameter up to 8 mm brought about crystal-
lization of whole central part of the cast (Fig. 6c, d) 
with the amorphous (featureless) phase remaining 
only at the outer part of the rod (Fig. 6e). In this case 
nice grain boundaries and dendritic morphology of 
crystals could be observed within resolution of LM 
(Fig. 6f) and SEM (Fig. 6g). Mean volume fraction of 
crystalline areas was measured as 43%.

Figure 7 and Table 3 depict mechanical properties of 
the  Cu45Zr48Al7 alloy tested in compression at a strain 
rate of 1×10–4  s−1. This alloy exhibits fracture strength 
above 1700 MPa, but the fracture behavior strongly 
depends on the structure. Compressive stress–strain 
curves without a distinct plastic strain were recorded 
for the sample diameter up to 6 mm, which is typi-
cal behavior for most monolithic BMGs. On the other 
hand, composites (7 and 8 mm dia. samples) exhibit 
relatively large plastic strain and work-hardening, 
as the flow stress increases with the increasing strain 
after yielding. The higher volume fraction of the B2 
phase, the lower yield strength and the higher plastic 
strain. The composite containing of about 43% of B2 
phase shows yield strength 1352 ± 66 MPa, fracture 
strength 1848 ± 198 MPa and plastic strain above 6%.

Figure 8 shows comparison of XRD patterns of 
as-cast and deformed 6 and 8 dia. samples. Similar 

Table 2  Characteristic 
temperatures and enthalpies 
of transformations measured 
for the  Cu45Zr48Al7 alloy with 
diameters of 3 to 8 mm along 
with parameters describing 
the glass-forming ability (Trg) 
and tendency to formation 
of the B2 CuZr during 
solidification (K)

Rod diameter

3 mm 4 mm 5 mm 6 mm 7 mm 8 mm

outer central

Tg (K) 699 704 707 706 704 707 –
Tx (K) 760 760 760 759 759 761 –
Tp1 (K) 761 761 762 761 760 763 –
Tp2 (K) 872 868 873 872 871 866 –
TB2(1) (K) 988 989 989 989 987 987 –
TB2(2) (K) 1072 1070 1071 1072 1072 1070 –
Tf (K) 1085 1081 1084 1084 1080 1081 –
Ts (K) 1129 1136 1131 1134 1136 1134 1132
TL (K) 1160 1165 1161 1164 1163 1165 1166
ΔH1 (J/g) − 47.4 − 45.2 − 42.5 − 41.6 − 44.6 − 31.0 –
ΔH2 (J/g) − 10.4 − 10.3 − 11.5 − 10.7 − 11.1 − 8.1 –
ΔHB2(1) (J/g) 12.4 9.7 8.6 8.5 9.5 7.1 –
ΔHB2(2) (J/g) 19.6 21.2 16.2 16.1 17.6 12.2 –
ΔHtop (J/g) 98.5 98.8 76.5 80.2 98.3 92.0 81.4
Trg 0.60 0.60 0.61 0.61 0.61 0.61 –
K 0.94 0.93 0.93 0.93 0.93 0.93 –
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Figure 4  a–c The overall 
view of the cross-section 
of the  Cu45Zr48Al7 alloy 
observed by light micros-
copy: a 4 mm dia., b 5 mm 
dia., c 6 mm dia., d, e SEM 
images of the 5 mm dia. 
sample.

Figure 5  STEM images of 
the 5-mm-diameter sample: 
a amorphous-crystalline 
interface; b–d HRSTEM 
images of the interface (b), 
amorphous (c) and crystalline 
(d) areas. Insets show FFT 
images of amorphous and 
crystalline phases.
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patterns with a broad amorphous halo and a weak 
peak coming from B2 phase was noticed for 6-mm-
diameter samples. On the other hand, a broad maxi-
mum originating from the glassy phase superposed 
by reflections of the B19’ martensite were recorded 
for 8 mm sample. More reflections from the B2 phase 
could be observed on the deformed samples which is 
a result of non-homogeneous distribution of this phase 
along the rod length.

SEM observation of the fractured surfaces allowed 
to observe vein-like melted patterns (Fig. 9) for all 
samples, with characteristic droplets and layers of 
solidified liquid (depicted by white arrows). This 

phenomenon is related to the storage of elastic defor-
mation energy, which is released during the formation 
of the shear bands in the form of heat. As a result, it 
leads to a local temperature increase to very high val-
ues, estimated even at several thousand degrees [25, 
26]. More developed fracture surface was observed for 
partially crystalline 8-mm-diameter sample (Fig. 9c, 
d). In this case, numerous shear bands were observed 
on the lateral surface (Fig. 10). The propagation of 
shear bands is blocked by the B2 particle, which hin-
ders shear bands movement at the interface between 
the glassy matrix and the precipitate. Inside the par-
ticle, there are parallel stripes marked with arrows 

Figure 6  a–d The overall 
view of the cross-section of 
the 7 mm (a, b) and 8 mm (c, 
d) samples observed by light 
microscopy. Micrographs a 
and c were recorded at the 
bottom part, b and d at the 
upper part of the rods. e–g 
Microstructures of the 8 mm 
dia. sample observed close 
to surface (e) and in the rod 
axis (f, g).
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(Fig. 10b), which indicates the occurrence of a mar-
tensitic transformation from B2 to B19’ CuZr phase 
during deformation.

Microstructure observations performed on the 
metallographic specimen prepared from fractured 
7-mm-diameter sample confirmed the deformation-
induced martensitic transformation. Characteristic 
martensitic laths were observed inside the separated 
spherical precipitates (Fig. 11a) and large crystalline 
regions (Fig. 11b). EBSD analysis confirmed pres-
ence of the B19’ CuZr phase. Figures 12a, b show 
SEM micrographs recorded in the forward scatter 
detector (FSD) image and Inverse Pole Figure (IPF) 
map, respectively. It is known, that between parent 
B2 and B19’ phases the  [100]B2 ||  [100]B19’, (011)B2 || 
(001)B19’ and (01–1)B2 || (010)B19’ orientation relation-
ships should be fulfilled [30, 31]. In the areas between 
B19’ CuZr phase, the B2 phase could not be indexed 
during EBSD analysis, so direct comparison of pole 
figures of parent and child grains was not possible. In 

order to confirm this, the idealized pole figures of the 
cubic B2 CuZr phase (Fig. 12c) was rotated to fulfil this 
relationship and good agreement with experimental 
pole figures of multivariant B19’ CuZr phase can be 
noticed (Fig. 12d).

Discussion

The glass-forming ability of a binary Cu-Zr system 
is limited, but aluminum is known to significantly 
improve it. Since the B2 CuZr phase has an equiatomic 
composition, most of the developed CuZr-based BMG-
MCs have the same content of these elements. How-
ever, Al can be also dissolved in this phase. Pauly et al. 
[11] proposed polymorphous crystallization mecha-
nism of the B2 CuZr phase formation during solidifica-
tion of the  Cu47.5Zr47.5Al5 melt, with a maximum solu-
bility of approximately 4 at% Al in B2 CuZr dendrites. 
The  Cu45Zr48Al7 alloy has hypereutectoid composition 
with respect to the stoichiometric B2 CuZr phase. DSC 
measurements showed that this alloy exhibits low ten-
dency to form B2 CuZr phase during solidification, as 
the K parameter is 0.93 ÷ 0.94, which places it in type 
III alloys [14]. However, we proved that by tailoring 
of the cooling rate during solidification, governed by 
changing the sample diameter, it is possible to obtain 
the BMGMC with a different volume fraction of the 
B2 CuZr phase. With increasing rod diameter, the 
axial cooling rate exponentially decreases, and a good 
agreement with relation of 20/{d(cm)}2 was noticed 
for the standard (290 ± 1 K) water-cooling system 
temperature.

For smaller diameters (up to 6 mm) it is lower than 
1%, with individual spherical precipitates. In case of 
7 mm dia. sample, corresponding the axial cooling 
rate of 36 K/s, a composite consisting of about 14% 
of a crystalline B2 CuZr phase was successfully pro-
duced. Increase in the sample diameter to 8 mm (axial 

Figure  7  Compressive engineering stress–strain curves for the 
as-cast  Cu45Zr48Al7 alloy tested at a strain rate of 1 ×  10–4   s−1. 
The curves are shifted relative to each other for clarity of pres-
entation.

Table 3  Mechanical 
properties of the  Cu45Zr48Al7 
alloy tested in compression

Rod diam-
eter (mm)

σ0.2 (MPa) σmax (MPa) εp (%) Volume fraction of 
crystalline areas (%)

Minimum (axial) cooling 
rate during solidification

3 – 1830 ± 44 –  < 1 199
4 – 1776 ± 98 –  < 1 112
5 – 1834 ± 34 –  < 1 71
6 1559 ± 140 1720 ± 91 1.7 ± 0.7  < 1 49
7 1297 ± 377 1798 ± 71 4.9 ± 3.4 14 36
8 1352 ± 66 1848 ± 198 6.1 ± 3.2 43 28

16233



 J Mater Sci (2023) 58:16225–16238

cooling rate of 28 K/s) enabled to obtain BMGMC com-
posed of amorphous outer layer and crystalline core 
with total volume fraction of crystalline areas of about 
43%. XRD studies proved that in this alloy, the cubic 
 AlCu2Zr phase is formed, which is most probably 
located between the dendrite arms. With increasing 
volume fraction of the precipitates they may impinge 
each other leading to form coarse crystalline areas, as 
observed in Fig. 6c, d. Han et al. reported a percolation 
threshold for dual-phase Cu–Zr–Al–Co BMG compos-
ites between 10 and 31 ± 2 vol% [27], and we observed 
this phenomenon for the composite containing 14% of 
crystallites (Fig. 6b). In addition, we noticed a differ-
ence between bottom and top ends which is probably 
related by difference of the cooling rates. The residual 
heat coming from the excess melt above the rod leads 
to lower cooling rate and coarse crystalline areas.

In contrast to the CuZr-based BMGMCs with equia-
tomic concentrations of Cu and Zr, we observed two 
endothermic events preceding the melting process on 
DSC curves. This is related to shifting the composi-
tion out of the eutectoid composition, so a two-stage 

Figure  8  XRD patterns of as-cast and deformed  Cu45Zr48Al7 
alloy with a rod diameter of 6 and 8 mm.

Figure 9  SEM images of 
the fractured surface for the 
5 mm (a, b) and 8 mm (c, d) 
diameter samples.
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transformation during heating is necessary to reach a 
B2 CuZr phase stability region. With the applied heat-
ing rate of 20 K/min, the first endothermic event starts 
at about 873 K (peak temperature ~ 988 K), while end-
set temperature of second event (Tf) is approx. 100 K 
higher. Both endothermic peaks disappeared in the 
8 mm dia. sample cut from the central part of the rod 
consisting of the B2 CuZr phase. In this case no solid-
state transformations were recorded and only melting 
event was noticed. It confirms that the B2 CuZr phase 
was stable from room temperature up to the solidus 
temperature.

No significant changes in mechanical properties 
of the suction-cast  Cu45Zr48Al7 alloy were noticed for 
sample diameters between 3 and 6 mm, as the volume 
fraction of precipitates was below 1%. The fracture 
strength is in the range of 1800 MPa, but no distinct 
plastic strain can be expected. With increasing vol-
ume fraction of the B2 CuZr phase successfully sta-
bilized to room temperature, the beneficial effect of 

B2 CuZr phase on the mechanical properties of BMG-
MCs can be noticed. For 7 mm dia. sample contain-
ing 14% of B2 crystallites, the mean fracture strength 
was approx. 1800 MPa, but distinct plastic strain 
was observed (5%). These values were even higher 
for the composite containing 43% of crystalline area 
(σmax = 1848 ± 195 MPa and εp = 6.1 ± 3.2% for 8 mm dia. 
sample). However, the yield strength, which depends 
mostly on the volume fraction of the glassy phase, 
decreased from 1559 ± 140 MPa to 1350 ± 66 MPa with 
increasing sample dimeter from 6 to 8 mm. It should 
be noted here that any casting defects significantly 
affect mechanical properties leading to high estimation 
error. The best 8 mm dia. sample exhibited fracture 
strength above 2 GPa and a plastic strain above 8%. 
Our results are similar to those obtained in Cu–Zr–Al 
alloy with equiatomic concentrations of Cu and Zr 
[13, 28–31], so the key point is to stabilize the B2 CuZr 
phase down to room temperature.

Figure 10  SEM images of 
the lateral surfaces 8-mm-
diameter sample.

Figure 11  SEM images of 
metallographic specimen 
prepared on the cracked sec-
tions of the 7-mm-diameter 
sample.

16235



 J Mater Sci (2023) 58:16225–16238

The work-hardening behavior was observed for the 
BMGMCs. XRD studies of the deformed samples sup-
ported by SEM observations and EBDS analysis on the 
metallographic specimens prepared from the fractured 
samples confirmed existence of the B19’ CuZr mono-
clinic phase along with primary B2 CuZr and amor-
phous phases. The martensite laths of B19’ phase were 
observed both within individual spherical precipitates 
and the large crystalline areas (see. Figure 11).

Conclusions

The  Cu45Zr48Al7 hypereutectoid alloy with respect to 
the stoichiometric CuZr eutectoid composition is char-
acterized by high glass-forming ability (Trg = 0.6) and 
low tendency to formation of the B2 CuZr phase dur-
ing solidification (K = 0.93). Depending on the cooling 
rate during solidification, either bulk metallic glass or 
bulk metallic glass matrix composite with a remark-
able fraction of the B2 CuZr phase can be produced. 
If the axial cooling rate is 40 K/s or higher, the glassy 

Figure 12  EBSD analysis of the deformed 7-mm-diameter sam-
ple: a SEM micrograph in the FSD image; b SEM FSD image 
and IPF map with highlighted area of pole figures analysis; c 
idealized pole figures of the cubic B2 CuZr phase rotated to fit 

the theoretical crystallographic orientation relationship; d experi-
mental pole figures of the monoclinic B19’ CuZr phase (gener-
ated from highlighted area of b).
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matrix with spare B2 precipitates were observed, so 
no strain hardening effect could be observed in com-
pression. Decrease of a cooling rate, governed by 
increase of a sample diameter, allowed formation of 
the B2 phase during solidification. The composites 
consisting of a glassy outer layer and a crystalline 
core exhibit obvious work-hardening behavior. The 
fracture strength of a composite containing 43% of a 
crystalline phase, composed mainly of B2 CuZr with 
a minor  AlCu2Zr phase is of the same level as the bulk 
glassy sample (above 1800 MPa), but it has a plastic 
deformation of about 6%. The B2 → B19’ deformation-
induced martensitic transformation was confirmed to 
contribute to work-hardening, which is extremely 
important feature in designing load-bearing materials.
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