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The influence of casting temperatures on microstructures and mechanical properties of 
rapidly solidified Cu50Zr45.5 Th.s Y 2 alloy was investigated. With increasing casting 
temperatures, the amount of the crystalline phase decreases. At a high casting 
temperature, Le., 1723 K, glass-forming ability (GFA) of the presentalloy is enhanced. 
The 1:esults imply that adjusting the casting temperature could be used for designing the 
microstructures of bulk metallic glass matrix composite. Nanoindentation tests indicated 
that CuZr phases are slightly softer and can accommodate more plastic deformati011 than 
the amorphous matrix. Compression tests confirmed that this kind of second phase 
(CuZr) precipitated under lower casting temperatures helps to initiate multiple shear 
bands, resulting in a great improvement in mechanical properties of the samples. Our 
work indicates that casting temperatures have a great influence on GFA, microstructures, 
and mechanical properties of the rapidly solidified alloy, therefore controlling the casting 
temperature is crucial to the production of BMGs. 

I. INTRODUCTION based alloys and have been widely used in industrial 
production. Properties of materials depend on their microstruc

tures; while the micr~structures are closely correlated to 
the manufacturing process used. Many processing meth
ods, for example, quenching, annealing, cold working, 
etc., are developed to achieve the desired microstruc
tures, further leading to obtaining the optimal proper-· 
ties. 1 Melt treatment, including ultrasonic . vibration 
treatment,2 superhigh temperature treatment,3

-
5 etc., is 

' evidenced to be effective in changing the microstruc
tures and improving the properties of Al-, Ni~, and Fe-

u) Address all correspondence to this author. 
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Metallic glass (MG) has been developed for almost 
50 years. 6 Similar to the steel industry, the database 
among processes, microstructures, and properties for 
bulk metallic glasses (BMGs) should be built up to pro
mote their commercial applications. 7 In the past few 
decades, tl-ie researchers in this field have. concentrated 
on developing alloy compositions with large glass-form
ing ability (GFA), in all common alloy systems, and 
understanding the relationship between microstructures 
and properties. s-Io Some significant. progress has been 
achieved as seen by the successful development of 
BMGs in many alloy systems, including Al, Fe, Ni, Cu, 
Zr, Mg, Re (rare-earth metals), etc., base alloys. The size 
of BMGs increasing from micrometer to inch8

-
10 and the 
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plasticity of BMGs has been improved by introducing 
· 1 II f'b 12 partrc e, 1 er, etc., to form bulk metallic glass ma-

trix composites (BMGCs). However, there are a few 
concerns on the relationship between processing tech
niques and properties of BMGs. Shen et al. 13 studied 
the effect of the cooling rate Qn plasticity of TiCu-based 
BMG. Manov et al.3 and Popel et al.4·5 reported the 
effect of quenching temperature on the microstructure 
of Al and Fe-based amorphous ribbons. In fact, the 
knowledge on this aspect must be setup because it is 
crucial to boost BMGs' applications. Our existing work 
has systematically studied the influence of the casting 
conditions on microstructures and properties of BMGs. 
In our two previous works, 14·15 we investigated the ef
fect of casting temperatures on nanocrystal formation in 
the amorphous matrix and thermal stability of amor
phous alloys. It is concluded that high casting tempera
ture can effectively reduce the degree of heterogeneity in 
the alloy melts, leading to the enhancement of thermal 
stability and a decrease in plasticity in the resultant 
amorphous alloys. To extend these investigations, in this 
work, we concentrate on the influence of casting temper
ature on GFA. Furthermore, we discuss the relationship 
between the microstructures obtained under different 
casting temperatures and their mechanical properties. 

II. EXPERIMENTAl 

Cu-based BMGs were selected in this study'because of 
low price and high strength along with the easy formation 
of in situ nanocrystals. 16

-
19 Ingots with nominal compo

sition of CusoZr45.5 Th.s Y 2 were obtained by arc melting 
high purity elements under Ti-getter argon atmosphere. 
The amorphous ribbons with a thickness of about 60 J.Lm 
were prepared by the single-roller melt-spinning method. 
The cylinder samples with different diameters were 
manufactured using the copper mold injection casting 
method under a high-purity argon atmosphere. The cast
ing temperature (also called the quenching temperature 
in the melt spinning process) was monitored by an infra
red thermoscope. Three casting temperatures were cho
sen, 1323, 1523, and 1723 K. The oxygen content of 
the samples fabricated under different temperatures 
was measured to be below 500 ppm. The continuous 
differential scanning calorimeter (DSC) experiment of 
amorphous ribbons was performed on a Netzsch DSC 
204 (Selb, Germany) at a heating rate of 20 K/min. The 
apparatus was calibrated for temperature and enthalpy 
using highly pure indium and zinc before the measure
ments. Microstructures were checked using x-ray diffrac
tion (XRD) (Cu Ko: radiation; Philips PW1050, The 
Netherlands), optical microscopy and scanning electron 
microscopy (SEM; Hitachi S3400N, Tokyo, Japan). Com
pression tests (MTS 810, Eden Prairie, MN) and nanoinden
tation tests were performed to evaluate the mechanical 

properties of the samples. The fractured samples were also 
observed using SEM. 

Ill. RESULTS 

To check the influence of casting temperatures on 
glass formation in the Cu50Zr45.5 Ti2.5 Y 2 alloy, the alloy 
was cast into 2 and 3-mm-diameter cylindrical samples 
under different casting temperatures of 1323, 1523, and 
1723 K. Figure 1 shows their XRD patterns. Only the 
2-mm-diameter samples prepared at 1723 K possess a 
broad peak in the XRD patterns, indicating that the 
sample is in the amorphous state. The other two 2-mm
diameter samples prepared at 1323 and 1523 K exhibit 
some Bragg peaks on the XRD patterns. For the samples 
with 3 mm diameter prepared at 1323, 1523, and 
1723 K, the Bragg peaks are clearly seen in their XRD 
patterns, revealing that all 3-mm-diameter samples crys
tallized to some extent. The crystalline phases formed 
during solidification were indexed as CuZr, maybe a 
mixture of austenite and martensite phase (Powder Dif
fraction Data, International Center for Diffraction Data, 
published by JCPDS, Newton Square, PA, 2002). Fur
thermore, martensite transformation was confirmed in 
the DSC measurement (Fig. 2). Similar results were 
reported previously. 19

-
23 For 3-mm-diameter cast sam

ples, we found that the percentage of the crystalline 
phase reduces with the increase of casting temperature, 
which is inferred from the intensity of Bragg peaks in 
the samples. This was further confirmed by DSC mea
surement and microstructure observation. 

Figure 2 shows DSC curves of 2-mm-diameter sam
ples prepared at different casting temperatures. The glass 
transition temperature, onset crystallization temperature, 
and crystallization enthalpy for these samples were de
termined, which are tabulated in Table I. In comparison, 
the ribbons prepared under 1323 and 1723 K were also 

20 30 40 50 60 70 80 

2 Theta (deg.) 

FIG. 1. XRD patterns of as-cast rods with different diameters and 
different casting temperatures in Cu50Zr45.5 Ti2.5 Y 2 alloy. 
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measured, and the results were also listed ·in Fig. 2 
and Table I. For the samples prepared under 1323 and 
1523 K, some small endothermic peaks are observed in 
the range from 420 to 470 K, which are magnified in 
Fig. 2(b). Martensite transformation is thought to be 
responsible for these peaks. No peaks are found for the 
sample prepared at 1723 K. Some researchers reported 
that the Cu50Zr50-based alloys can exhibit a martensite 
transformation when cooled quickly to a temperature 
below 440 K,24 which is confirmed in this work. Fur
thermore, it suggests that the sample prepared at 1723 K 
is amorphous. The result is supported by the calculation 
of crystallization enthalpy for these samples. The magni
tude of crystallization enthalpy is thought to be a func
tion of the content of the amorphous phase. From Fig. 2 
and Table I, we can see the value of the enthalpy of 
crystallization increases with increasing casting temper
ature. The content of the crystalline phase in the 
amorphous matrix is calculated with the expression of 
"1-Esimple/Ereference",. where Esampte and Ereference are 

1323 K Rod ~=2 mm 
1523 K Rod (,;;z·n:;n:;--···-

............ ~ ............... "~·-······. ···········- ··, 

400 500 600 700 aoo· 
(a) Temperature (K) 

FIG. 2. (a) DSC scanning· of as-cast rods with 2 mm diameter of 
Cu5oZr45 .5 Ti2.5 Y 2 alloy prepm·ed under different: casting temperatures. 
For comparison, the DSC\curve of ribbon quenched at 17.23 K is listed 
together. The inset in (b) is a high magnification of the rectangle in (a). 

TABLE I. Thermal parameters of the samples prepared under differ
ent casting temperatures obtained by DSC measurement at a heating 
rate of 20 K/min. 

b.Em.t. MCI)'St. 

T1 (K) T2(K) (J/g) Tg(K) Tx (K) (J/g) 

1323 K <D = 2 mm 437 466 2.6 660 709 -33.9 
1523 i< <D = 2 mm 435 461 2.0 663 709 -37.0 
1723 K <Il = 2 mm 663 710 -49.8 
1323 K ribbon ... 666 709 -48.6 
1723 K ribbon 666 712 ·-'50.2 

Th T2, and b.£111,1 are onset temperature, finishing temperature, and heat of 
martensite transfonnation. T1P Tx, and ilEcryst. are glass transition temper
ature, onset crystallization temperature, and the enthalpy of crystallization. 

the enthalpy of the sample and the reference, respec
tively. The reference is fully amorphous. The calculation 
method is applicable in the present work as the composi
tions of the amorphous matrix prepared under different" 
casting temperatures are similar. We used energy disper
sive x-ray spectroscopy (EDS) to check the composi
tions of the amorphous phase and crystalline phases, 
which are Zr46.29Cu49.3J Th.49 Yl.9J and Zr46.ssCu48.82-
Ti2.58 Y 2.05 (in atomic percentage), respectively. Herein, 
we take the 2-J;llm-diameter sample prepared under 
1723 K as the reference material. The content of the 
crystalline phase of the samples prepared at the other 
two casting temperatures is calculated, which is 25% 
for 1523 K and 32% for 1323 K. It can be seen that the 
content of crystalline phases fall with increasing casting 
temperature, and when the casting temperature reaches 
1 7'23 K no crystalline phases are formed. From these 
results, one may conclude that a b.igh casting tempera
ture would enhance GFA. It also implies that adjusting 
the amount and size of the crystalline phase in the 
BMGCs by controlling the casting temperature is possi
ble. It is beneficial to the understanding of the relation
ship of microstructures to the mechanical properties for 
BMGCs and monolithic BMGs. 

The morphologies of the crystalline phases in differ
ent samples are shown in Fig. 3. Figures 3(a)-3(c) corre
spond to 2-mm-diam~ter samples prepared at 1323, 
1523, and 1723 K, respectively. When the casting tem
peratures are 1323 and 1523 K, the crystals are observed 
in the form of spheres. Most of crystalline phases are 
aggregated together, which may be due to the inhomo
geneous distribution of the cooling rate along the radial 
direction during casting. When the casting temperature 
elevates to 1723 K, no crystals are observed, as seen in 
Fig. 3(c). The amount of the crystalline phases in the 
samples with different ·casting temperatures is consistent 
with the XRD and DSC measurements. These results 
also support the conclusion that increasing the casting 
temperature enhances GFA of the alloy. 

It is generally accepted that the introduction of the 
second phase, such as fiber, dendrite, particle, etc., into. 
the amorphous matrix helps to improve the properties of 
BMGs, 8- 12 especially plasticity, which is one of the prin
cipal restraints for BMGs' commercial applications. In 
the present work, we also exani.ined the effect of precipi
tated CuZr phases on mechanical properties of the sam
ples using I1anoindentation tests and compression tests. 

The nanoindentation test was used to investigate the 
properties of CuZr phases and the amorphous matrix, 
and the results are shown in Fig. 4. The specimen is a 
2-mm-diameter as-cast rod prepared at 1523 K. As men
tioned previously, the composition of the crystalline phase 
is nearly the same as that of the amorphous matrix. Ac
cordingly, the results shown in Fig; 4 are also suitable for 
specimens with different casting temperatures. Figure 4(a) 
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(a) (b) 

FIG. 3. Optical images of as-cast rods with different diameters in Cu50Zr45.5Ti2.5Y2 alloy prepared under different casting temperatures: 
(a) 2 mm, 1323 K, (b) 2 mm, 1523 K, (c) 2 mm, 1723 K, and (d) 1.5 mm, 1323 K. 

shows the load-depth curves under different maximum 
loads. The area enveloped by the load-depth curves and 
the horizontal axis is larger for CuZr phases than for the 
amorphous matrix .under different maximum loads, indi
cating that CuZr phases can accommodate more plastic 
deformation in the localized zone than the amorphous 
matrix. In addition, the CuZr phases are slightly softer 
than the amorphous matrix, which is indicated by the 
hardness in Fig. 4(c), 6.1 GPa for the CuZr phases and 
6.3 GPa for the amorphous matrix. Figure 4(b) shows that 
the CuZr phases have slightly higher Young's modulus 
than the amorphous matrix. 

Mechanical properties of samples prepared under dif
ferent casting temperatures were also studied using com
pression tests. The typical true stress-strain curves for 
the samples are shown in Fig. 5. The samples prepared at 
1723 K yielded at about 1600 MPa and immediately 
fractured at 1770 MPa with little plastiC deformation 
(about 0.5%). For samples prepared at 1323 and 1523 K, 
the yield strength falls to about 1100 and 1220 MPa, 
respectively, followed by obvious work hardening. 
The materials fail at 1770 and 1820 MPa, respectively, 

with plastic deformation of about 5% and 7% at 
fracture. Similar phenomena were reported in other 
CuZr- 19

-
23·25-27 and TiCu-26 based amorphous alloys. 

Multiple shear bands are believed to soften BMG mate
rials.28 Figure 5 also shows the compressive stress-strain 
curve of the 3-mm-diameter as-cast sample, which con
sists of CuZr phases, as shown in Fig. I. This sample 
exhibits extraordinary work hardening, yielding at about 
460 MPa and rapidly increasing to about 1750 MPa with 
about 6% plastic deformation. The improvement of the 
plasticity of Cu-Zr-Ti-Y metallic glass was further con
firmed by observing the density of shear bands on the 
lateral surfaces of the specimens prepared at 1323, 1523, 
and 1723 K. As shown in Fig. 6, profuse shear bands 
were seen on the samples prepared at 1323 and 1523 K, 
which make the materials experience a lot of plastic 
deformation without failure. Contrarily, rare shear bands 
were observed on the samples prepared at 1723 K, indi
cating that the specimen deformed in a brittle way. 
These results are consistent with Fig. 5. Figures 6(d), 
6( e), and 6(f) are the fracture surfaces of the composite, 
full-amorphous and almost full-CuZr-phase samples, 
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FIG. 4. (a) Load-depth curves, (b) Young'.s modulus, and (c) hard
ness of as-cast rod with 2 mm diameter prepared under 1523 K in 
Cu5oZr45.s Ths Y 2 alloy, obtained by nanoindentation tests under dif
ferent maximum loads. 

re_spectively. Some disturbance on the vein-pattems of 
the samples prepared at 1523 K marked by the ellipses in 
Fig. 6(d) reveal that the occurrence of the CuZr phase 
can obstruct the development of vein-patterns. It also 
means that the CuZr phase can block the propagation of 
shear bands, leading to the production of multiple shear 
bands. 19

-
23

•
25

-
28 The deformability of the CuZr phase 

(Fig. 5) will increase the resistance of the plastic defor
mation of the samples prepared at the relatively lower 
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FIG. 5. Typical true stress-strain curves of as-cast rods with different 
diameters and different casting temperatures in Cu50Zr45.5 Ti2.5 Y 2 al
loy, obtained by uniaxial compression tests at the strain rate of 2 x 
10-4s-1

• The ratio of length to diameter of all the specimens is 2:1. 

casting temperature. As a result, we considered that 
CuZr phases forined at the lower casting temperatures 
of 1323 and 1523. K significantly improve mechanical 
properties of BMGs and are responsible for their work 
hardenability. ·. 

IV. DISCUSSION 

Casting temperature has a large influence on the GFA 
of the alloy, as shown in Fig. 1. Generally, one always 
correlates glass formation to nucleation and growth of 
crystals.8

-
10

•
29 To obtain high GFA, techniques avoiding 

the crystallization in the melt is highly desirable. From 
Fig. 1, we identified that the primary competing crystal
line phase against glass formation is CuZr phases in the 
present alloy. To better understand the crystallizatipn 
proce,ss of CuZr phases, we observed the morphology. 
of CuZr phases at higher magnification, as shown in 
Fig. 3(d) and compared with Figs. 3(a) and 3(b). The 
crystals are heterogeneously distributed in the amor
phous matrix whether on a macroscopic [Figs. 3(a) and 
3(b)] or microscopic [Fig. 3(d)] scale. This sheds light 
on the formation mechanism of CuZr phases. Heteroge
neous distribution of CuZr phases may be attributed to 
the following two reasons. First, the inhomogeneous dis
tribution of the cooling rate along the radial direction, as 
mentioned previously, leads to the macroscopic inhomo
geneity. The second reason is. the occurrence of hetero
geneity in the melt,4

•
30

-
32 which induces preferential 

nucleation and growth in some sites. These nuclei grow 
in the form. of spheres, which is ·different from the 
growth mechanism of dendrites. With crystallization 
proceeding, the aggregation occurs, as marked in Fig. 
3(d). This accelerates the crystallization, which leads to 
the morphology of crystals shown in Figs. 3(a) and 3(b ). 

The pre-existing nuclei in the mylt can be from 
two possible sources. One is the local ordering cluster, 
which is suggested to exist in the melt by previous 
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(a) (b) 

(c) (d) 

FIG. 6. SEM images (a)-(c) corresponding to the lateral surfaces of fractured samples prepared under 1323, 1523, and 1723 K, respectively; 
(d, e) corresponding to the fracture surface of the samples prepared under 1523 and 1723 K; (f) corresponding to the fracture surface of almost 
full-CuZr phase sample with 3 mm in diameter prepared at 1323 K. 

literature. 4•
30

-
32 The other is the surviving crystals, 

which can melt at ultrahigh temperature. Both are 
thought to be metastable and can gradually dissipate 
with increasing temperature.4

•
30

-
32 For the local ordering 

cluster, its effectiveness as a nucleation site is closely 
correlated to the temperature. At a temperature far below 
the critical temperature, the heterogeneities were 
reported to remain in the melt for a long time. Converse
ly, when the temperature is over the critical temperature, 
the heterogeneities simultaneously dissipate. The critical 
temperature of this transformation was proposed to be 
about 1.4 T m (melting temperature of the alloy)_3·4•

30
-

32 

The surviving crystal might be the Cu5Zr phase in the 
present alloy. In Cu50Zr50 alloy, metastable eutectic in
volving Cu5Zr and Zr is suggested to be responsible for 
its high GFA.33 Cu5Zr is primarily precipitated when 
annealing the amorphous CusoZrso alloy. The similar 
result was reported in Cu46Zr54 alloy by Wang et al.34 

Other papers reported the discovery of nanoscale Cu5Zr 
in the rapidly solidified Cu50Zr50

35 and Zr-Cu-Ni-Al 
alloys. 36 In this work, the investigated alloy is 
Cu50Zr50-based. It is possible to form a small amount of 
tiny Cu5Zr particles in the rapidly cooled master ingot 
obtained by arc melting. According to the Tournier's 
theory,37 tiny particles survive at a temperature of 
1388 K, which is only about 1.2 T m, cu5Zr (T m, Cu5Zr is 
the melting temperature of Cu5Zr.) when the master 
ingot is remelted to prepare the samples using copper 
mold casting. The survival of these tiny crystals would 

affect the microstructures of the resultant as-cast sam
ples. As a result, the occurrence of heterogeneity in the 
melt depends on the casting temperature. When the cast
ing temperature is high (1723 K in the present work), 
heterogeneity would disappear in the melt and GF A will 
be enhanced. It is consistent with the results we previ
ously reported that the enhancement of thermal stability 
was observed in the amorphous alloys prepared at high 
casting temperature. While the samples cast at low cast
ing temperatures (1323 and 1523 Kin the present work), 
some crystals will precipitate. 

Although the heterogeneity surviving in the melt un
der low casting temperature deteriorates GFA of the 
alloy, the crystal phases grown up from those heteroge
neity improve the mechanical properties of BMGs, 14 as 
shown in Fig. 5. The samples with homogeneous amor
phous structure obtained by high casting temperature 
casting exhibit brittleness, like most of the BMGs. The 
CuZr phases formed in the samples prepared at low 
casting temperatures are softer and more ductile than 
the amorphous matrix. Under loading, the CuZr phases 
will undergo plastic deformation at a relatively low 
stress level while the amorphous matrix remains elastic. 
This kind of inconsistency of deformation behaviors 
between the amorphous matrix and CuZr phases leads 
to stress concentration on the interface. It is generally 
accepted that the in situ formed CuZr crystals are 
well bonded with the glassy matrix, which avoids the 
initiation of the cracks on the interface. To keep the 
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consistency of deformation behaviors between the amor
phous matrix and CuZr phases, shear bands would be 
initiated in the amorphous matrix under further loading. 
This leads to the loss of yield strength in the materials, 
which is shown in Fig. 5. However, multiple shear bands· 
initiating in the amorphous matrix can accommodate 
much plastic deformation, contributing to the improve
ment of plasticity of the materials (Fig. 4). 

In general, GFA and property of BMGs are closely 
related · to their solidification · conditions?·14·15 Con
trolling solidification conditions, for example casting 
temperatures in the present work, not only enhances 
GFA of the alloy, but also improves mechanical proper
ties of BMGs by introducing structural heterogeneity on 
a macro- or nanoscale. 14 Understanding the relationship 
between solidification conditions and properties of 
BMGs would be significant and beneficial to promote 
BMGs' applications. 

V. CONCLUSION 

The influence of casting temperature on microstruc
tures and mechanical properties of CusoZr45.5 Th.s Y 2 
alloy prepared using copper mold casting were investi-. 
gated in the present work. This leads us to draw the 
following conclusions: 

(1) With the increase of casting temperature, GFA of 
the alloy is enhanced. Under the casting temperature of 
1723 K, full amorphous sample was successfully made 
at a size of 2 mm in diameter in the CusoZr4s.sTh.sY2 
alloy. Under the lower casting temperatures, CuZr 
phases were primarily precipitated in the alloy. It is 
thought to be attributed to the crystals or clusters surviv
ing in the melt. 

(2) The introduction of the CuZr phase by controlling 
the casting temperature effectively improves the plastic
ity of Cu-zr...,.Ti-Y metallic glass. The amount of CuZr 
phases is related to the casting temperature. Mechanical 
tests indicate that CuZr phases are softer and more duc
tile than the amorphous matrix. Under loading, CuZr 
phases induce the initiation of multiple shear bands, 
leading to large improvement in the plasticity of the 
materials. 

(3) Through the comparison of the deformation be~ 
haviors between CuZr phases, amorphous matrix, and 
composite work hardenability, the composite exhibited 
in the compression tests is thought to be attributed to 
the precipitated CuZr phases instead of the amorphous 
matrix. 
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