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Abstract 

Since the discovery, metallic glasses (MS) and bulk metallic glasses (BMG - metallic glasses with a minimum 
diameter of 1 mm) have opened up a novel engineering field in the world of metallic materials. These types of 
glassy metals with good glass forming ability have excellent mechanical, magnetic and corrosion resistance 
properties, that are dissimilar to properties of conventional crystalline materials. Particularly, Cu - based BMG 
have attracted much attention due to their excellent mechanical properties, exhibiting compressive strength of 
over 2200 MPa and great ductility values (up to 18 % for Cu47.5Zr47.5Al5  at.%  at room temperature) coupled to 
large critical casting thicknesses (up to 12 mm for Cu42Zr42Ag8Al8 at.%). Conical ingot of the composition of 
Cu60Zr30Ti10 at.% of diameter 1 - 5 mm was prepared by suction casting method at the Institute of Materials 
Research in Košice. In order to investigate critical casting thickness of the alloy, conical shape ingot was 
transmitted by monochromatic synchrotron radiation of the wavelength of 0.020671 nm (59.9799 keV) and X-
ray diffraction patterns were recorded by 2D detector. Passing from the amorphous to crystalline part of 
sample, critical casting thickness (CCT) was determined as largest diameter, where the structure remains still 
amorphous. In order to demonstrate the difference between the amorphous and crystalline state of the same 
alloy, ingots of critical (ø ~ CCT), subcritical (ø < CCT) and supercritical (ø > CCT) diameters were cast. 
Compression test was performed and strength of the materials was compared. 

Keywords: Metallic glasses, BMG, Cu60Zr30Ti10, critical casting thickness, synchrotron radiation 

1. INTRODUCTION 

The future of metallurgy lies in mastering disorder. If our future is to master disorder, then amorphous metals 
will certainly point the way. In particular, metallic glasses (i.e. amorphous metals produced from the melt) are 
formed by intentionally stabilizing the disordered liquid structure, and the rules for doing so become better 
understood with each passing year. Their properties are not limited by the presence of lattice defects; they 
promise a suite of genuinely exceptional properties. Extreme values of strength, fracture toughness, magnetic 
properties, corrosion resistance, and other properties have been recorded in amorphous metals. In some 
cases, these come not individually, but in combinations unparalleled by any other material known as 
humankind [1]. Among metallic glasses, there is a group called Bulk Metallic Glasses (BMG) which are 
amorphous metals with section thickness of at least 1 mm (some researchers classify a glass as BMG with 
the requirement of minimum section thickness of 10 mm). Metallic glasses are attractive for engineering, 
especially for high - tech applications. Usually, despite of attractive physical and mechanical properties, 
monolithic bulk metallic glasses undergo inhomogeneous plastic deformation and exhibit poor ductility (< 1 %) 
at room temperature what restricts them as a structural material for the variety of applications. During 
deformation, BMGs do not show strain hardening, but instead upon yielding, they tend to form shear bands in 
which plastic deformation occurs in a highly localized manner. Cu based BMG have attracted much attention 
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not only due their excellent mechanical and corrosion properties, but also due to great ductility values at high 
strength (up to 18 % above 1800 MPa for Cu47.5Zr47.5Al5  at.% at room temperature - this remarkable value is 
attributed to special microstructural features at the atomic scale, which enable homogeneous nucleation of the 
shear bands and continuous multiplication during deformation) [2, 3]. These properties predetermine such 
types of glasses for applications as different kinds of construction materials or sensors, where deformation can 
be converted into measurable units such as electric signals [4]. In recent years Cu based glassy alloys have 
been synthesized in various forms [5]. They possess excellent mechanical properties with a tensile strength 
of about 2100 MPa, compressive plastic strain up to 2 % and compressive fracture strength of about 2200 
MPa (Cu-Zr-Al) [6]. The reduced glass transition temperature was reported to be 0.62 for the Cu60Zr20-30Ti10-20 
glassy alloys, thus good glass forming ability is expected [7]. The authors [8-10] have previously reported 
formation of nanocrystals dispersed in a glassy matrix in the as - quenched alloys of the composition of 
Cu60Zr30Ti10 at.% as well as in the form of bulk rods. They conclude that prepared materials (as the thin ribbons 
and thick rods of several mm) are a nanocomposite, i.e. nanocrystals embedded in an amorphous matrix. The 
maximum diameter of the rod with a glassy structure was reported to be 4 mm [7], Park et al. reported that the 
maximum diameter of the same composition is 2 mm [11]. In the study we present our own results focused on 
determination of critical casting thickness (CCT) of the Cu60Zr30Ti10 at.% bulk metallic glass. The scientific 
equipment at the Laboratory of Progressive Alloys at the Institute of Materials Research in Košice - Slovakia 
allowed us to passed through the entire process of the experiment - from preparation of the material to 
characterization of the entire volume in form of as - quenched ribbon (verification of the amorphous character) 
and as - cast rod (considered for CCT determination of the alloy). We performed unique experiment with 
synchrotron radiation in transmission (Debye - Scherrer) geometry so we were able to find out CCT 
undoubtedly! In order to demonstrate the difference in mechanical properties between amorphous and 
crystalline states of the alloy, ingots of critical (ø ~ CCT), subcritical (ø < CCT) and supercritical (ø > CCT) 
diameters were cast, compression test was performed and results were compared. 

2. EXPERIMENTAL PROCEDURE 

Master alloy of the composition of Cu60Zr30Ti10 at.% was prepared by arc-melting of high purity Cu (99.999%), 
Zr (99%) and Ti (99.98%) under a titanium - gettered argon atmosphere. The alloys were remelted several 
times in order to achieve homogeneous chemical composition over the whole cast. The amorphous ribbon 
thick ~ 30 �m was prepared by melt-spinning technique under an argon atmosphere. In order to prepare 
materials for CCT determination, copper mould of conical shape with continuously changing diameter from 1 
- 5 mm was prepared (Figure 1).  

 

Figure 1 Copper mould and conical bulk alloy for CCT determination 

Bulk alloy in a conical form was prepared in suction casting facility attached to the arc melting, where remelted 
master alloy was suck into the copper mould cooled with water. There were several attempts to find appropriate 
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suction parameters until ingots of desired shape were prepared. Chemical composition of the samples was 
verified by SEM EDX Jeol JSM 7000 F. Initial evaluation of the amorphous structure of the ribbon was verified 
by laboratory X-Ray diffractometer (Philips X´Pert Pro) with Cu K� radiation (wavelength of 0.15405 nm), 
locally with transmission electron microscopy (Jeol 2100 F) and finally confirmed with hard XRD measurement 
at beam line P02.1 at DESY. In order to determine CCT of the bulk conus, in-situ hard XRD measurement was 
carried out in transmission (Debye-Scherrer) geometry at the beam line P02.1 [12] - PETRA III [3] synchrotron 
facility in Hamburg, Germany using monochromatic synchrotron radiation of the energy of 59.9799 keV  
(G = 0.020671 nm). 

Bulk conical alloy was scanned shot-by-shot along a straight path with the step size of 0.5 mm, passing from 
the amorphous to crystalline part of the ingot while XRD patterns were recorded simultaneously by 2D detector. 
We were able to localise, where the structure of the cast ingot starts to be crystalline. Or by other words we 
found the largest diameter, where the structure still remains amorphous - the critical casting thickness of the 
alloy (Figure 2). After CCT identification, conical ingots of critical, subcritical and supercritical diameters were 
prepared and mechanical (compression) tests performed to fracture at room temperature on 200 kN Zwick to 
determine and compare compression strength of the amorphous, semi - crystalline and crystalline rods of the 
same composition. 

 

Figure 2 Layout of the experiment with synchrotron radiation. Conical bulk alloy is transmitted by 
monochromatic synchrotron radiation of the wavelength of 0.02067 nm (59.98 keV) while X-ray diffraction 
patterns are recorded by 2D detector. Passing from the amorphous - a), to crystalline section - b), critical 

casting thickness (CCT) was determined as the largest diameter, where the structure still remains 
amorphous 

3. RESULTS  

After preparation of the alloy in the form of ribbon and conical bulk rod, chemical composition and chemical 
homogeneity was examined by EDX. The quantitative analysis proved good (within 2 at.%) agreement to 
required composition. Verification of the sample amorphous character was performed at synchrotron beam 
line P02.1 using hard monochromatic X-rays and locally by TEM. X-ray diffraction pattern and TEM electron 
diffraction pattern (SAED) are depicted in Figure 3. Bulk conical alloy was scanned shot-by-shot along a 
straight path with the step size of 0.5 mm, passing from the amorphous to crystalline part of the conical ingot 
and XRD patterns were recorded by the plate detector. XRD patterns from individual points were analysed. At 
a diameter of about 2.8 mm, there was a clear change in the character of analysed XRD patterns. The broad 
diffuse diffraction maxima - characteristic feature for the glassy structures were transformed to the distinct 
Bragg's peaks representing crystalline structure. We were able to localise critical thickness starting from which 
the sample is partially crystalline.  
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Figure 3 Verification of the amorphous character confirmed by XRD measurement performed at synchrotron 
beam line P02.1 using hard monochromatic X-rays of wavelength 0.020671 nm and locally by TEM. a) X-ray 

diffraction pattern from beam line P02.1 - DESY, b) TEM electron diffraction pattern 

Critical casting thickness of the alloy of the Cu60Zr30Ti10 at.% alloy was found to be 2.8 mm (Figure 4). After 
CCT identification, cylindrical ingots of critical (ø = 3 mm), subcritical (ø < 1 mm) and supercritical (ø > 4 mm) 
diameters were prepared by suction casting method at Laboratory of Progressive Alloys [17] and mechanical 
(compressive) tests at room temperature were realized on 200 kN Zwick. The main purpose of mechanical 
testing was to compare compression strength of amorphous (ø < 1 mm), partially - crystalline (ø = 3 mm) and 
crystalline (ø > 4 mm) alloys of the same composition. Results of the compression test are shown in Table 1. 
It is evident that the highest value of compression strength has the rod with a fully amorphous structure  
(ø < 1 mm), exceeding 3500 MPa. The lowest values of compression strength possess the rod of the diameter 
of 4 mm, which structure is completely crystalline, what has been proved by synchrotron radiation. 

4. CONCLUSION 

Despite the number of reports on the formation of nanocrystals embedded in the glassy matrix of the ribbons 
prepared from Cu60Zr30Ti10 at.% bulk metallic glass [8 - 10], our investigation demonstrated and confirms the 
ability to quench the alloy to fully amorphous state. By investigation of critical casting thickness of the conical 
bulk alloy we identified section, from which the alloy begins to be crystalline. Critical casting thickness of the 
Cu60Zr30Ti10 at.% alloy is 2.8 mm. Our result is in quite good agreement with study of Park et al. [11], they 
localized CCT of the alloy between 2 and 3 mm (without having conical specimens with continuously changing 
parameter). Different results of CCT from individual authors are probably result of different material preparation 
(parameters of melt spinning and suction casting methods) and method of analysis (techniques used to 
analyze alloys that not always allowed to pass through the entire volume of the sample, e.g. XRD diffraction 
with laboratory diffractometer, or techniques which could have affect the amorphous sample during 
preparation, e.g. transmission electron microscopy). Compressive strength of fully amorphous Cu60Zr30Ti10 
at.% alloys excess 3.5 GPa exceeding crystalline counterparts by more than three times.  

Table 1 Compression strength of the Cu60Zr30Ti10 (at.%) alloy in the form of as - cast rods with critical  
               (ø = 3 mm), subcritical (ø < 1 mm) and supercritical (ø > 4 mm) diameters prepared by suction casting  
               technique 

Diameter of the as - cast rod of the 
Cu60Zr30Ti10 alloy (mm) 

Compression strength (MPa) 

4.1.1. 1 4.1.2. 3581 

4.1.3. 3 4.1.4. 1705 

4.1.5. 4 4.1.6. 994 
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Figure 4 Critical casting thickness determination using monochromatic synchrotron radiation of the 
wavelength of 0.020671 nm (59.9799 keV) at beam line P02.1 at DESY, Germany. Bunch of photons with 

cross section of 0.5 x 0.5 mm was transmitted through the conical sample along a straight path with the step 
size of 0.5 mm. At a diameter of about 2.8 mm, there was a distinct difference in XRD pattern. Critical casting 

thickness of the Cu60Zr30Ti10 at.% alloy was found to be 2.8 mm 
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