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Abstract: A composite material based on polyethylene terephthalate (PET, about 1% by mass) and 

Al85Y8Ni5Co2 metallic glass was obtained by mechanical alloying and consequent spark plasma 

sintering. The spark plasma sintering was performed at a temperature near to the super cooled 

liquid region of the metallic glass. Mechanical properties and the structural characterization of the 

composite material were obtained. It was conceived that composite samples (Al85Y8Ni5Co2/PET) 

have a better thermal conductivity in comparison with pure PET samples. The formation of the 

crystalline phases causes degradation of physical properties. It was calculated that the activation 

energy for crystallization of the Al85Ni5Y8Co2 metallic glass is higher than that of the other types of 

metallic glasses (Mg67.5Ca5Zn27.5 and Cu54Pd28P18) used for composite preparation previously. This 

denotes a good thermal stability of the chosen metallic glass. 
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1. Introduction 

The unique properties of composite materials often make them more desirable than pure 

components. A combination of two different materials can result in enhanced properties, such as high 

strength and good ductility. The reinforcement elements help to improve the mechanical properties 

[1] of the composites. Metallic glasses have gained attention because of their remarkable properties 

[2]. They have outstanding corrosion and wear resistance and show unusual magnetic softness [3,4]. 

The procedure for casting metallic glasses is generally an inexpensive process. Metallic glasses have 

various applications in optical, electrical, magnetic, and mechanical materials, as well as in 

membranes, biological materials, and biotechnology [5]. 

Research activities have shown that polyethylene terephthalate (PET) can be used as an anti-

friction polymer material [6]. The addition of a small quantity of polymer (PET) does not decrease 
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the mechanical properties of the matrix that much during the process. The work of Yusof et al. [7] 

confirmed that PET can be used as anti-friction material within aluminum alloys. A composite 

material with enhanced properties was obtained by Kundig et al. [8]. The process for composite 

material preparation is done by co-extrusion or ball milling [9–11]. PET can control electrical 

properties of the materials [12]. A functional block copolymer [13] structure can also be produced 

with metallic nanoparticles. 

Metallic glasses, which have low glass transition temperatures near the melting point of the 

polymer, can be used to produce metallic glass polymer composites. This allows the con-thermal-

plastic deformation. Al-based metal glasses are good choices for this purpose. For example, Wang et 

al. presented Al-based matrix composites, reinforced with different fillers, with good mechanical 

properties [14–18]. The twist extrusion technique was used for processing polymers with metallic 

glass, and the mechanical properties of aluminum based alloys were improved [19]. Therefore, this 

technique can be used for aluminum based alloys, especially for merging aluminum based metallic 

glasses. Various types of hybrid composite materials were also produced [19,20].  

This work is an extension of the earlier works related to composite materials preparation. In the 

previous work [21], a composite material based on high-density polyethylene (HDPE) reinforced 

with Mg67.5Ca5Zn27.5 metallic glass (about 10% by mass) was obtained by co-extrusion and 

compression. The co-extrusion and compression procedures were performed at the temperatures in 

the supercooled liquid temperature region for both materials, between the glass transition 

temperature (Tg) and crystallization temperature (Tx). It was found that the composite samples 

(HDPE/Mg67.5Ca5Zn27.5) had excellent adhesion towards each other, good thermal conductivity, and 

high elastic modulus. In another study [22], bulk composites based on Cu54Pd28P18 metallic glass and 

polytetrafluoroethylene (PTFE, about 1% by mass) were obtained by ball milling and subsequent 

spark plasma sintering (SPS) methods. The spark plasma sintering procedure was carried out at the 

temperature close to the supercooled liquid temperature region of the metallic glass. The mechanical 

and structural characterization of the obtained metallic glass/polymeric composite samples was 

performed. It was found that composite samples (Cu54Pd28P18/PTFE) have better thermal conductivity 

in comparison with the pure PTFE samples. It was also shown that precipitation of the crystalline 

phases on the interface between the metallic glass particles leads to the degradation of their physical 

properties. 

In the present work, the composite material based on the Al85Y8Ni5Co2 metallic glass mixed with 

polyethylene terephthalate (PET, about 1% BY mass) was obtained and studied. Investigations of the 

structure and thermal properties of the obtained composites were performed. 

2. Materials and Methods  

A metallic glass ribbon (Al85Y8Ni5Co2) was used for the sample preparation. Al-Y-Ni-Co alloy 

ingots were prepared by argon arc melting from the mixtures of pure Al, Ni, Co, and Y metals (purity 

of about 99.9% by mass). The ribbon samples were prepared by a copper roller melt spinning 

technique. The thickness of the resulting ribbon ranged from 0.02 to 0.03 mm, and the width ranged 

from 4.7 to 4.9 mm. A high density polyethylene terephthalate (PET) with an average particle size of 

about 200 μm was also used. 

X-ray diffraction (XRD) experiments were performed with a DRON (CoKα radiation) 

diffractometer (Research and production enterprise "Bourevestnik", Saint Petersburg, Russian 

Federation) (2θ angles: from 10 to 120 degree. Step: 0.1 degree. Exposition time per step: 5 s. Beam 

size: 6–8 mm). The lattice parameters and phase compositions were determined with an accuracy of 

±0.0001 nm and ±5%, respectively. The size of the crystallites in the powders was determined by the 

broadening of the diffraction pattern profiles with Cauchy functions. The accuracy of the crystallite 

size determination was ±1 nm. The percentage of the amorphous phase was determined, according 

to a kinematic standard method and annealed nickel powder as a standard [23]. 

The thermal properties of the prepared samples were examined using the NETZSCH DSC 204 

F1 Phoenix Differential Scanning Calorimeter (DSC) (Netzsch Erich Netzsch GmbH & Co, Selb, 

Upper Franconia, Bavaria, Germany) with a heating rate of 10 °C/min. The maximum temperature 
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was 600 °C for DSC and 350 °C for heat capacity measurement. The mass of the samples was 10–15 

mg. The glass transition temperature (Tg) and the crystallization temperature (Tx) were estimated 

from the DSC curves using the standard computer application.  

The Netzsch LFA 447 NanoFlash provided the thermal diffusivity analyses of composite 

materials. Composite materials have been studied in the temperature range from 25 to 200 °C. The 

thermal conductivity was analyzed, according to the requirements of ASTM E1461. 

The density of the samples obtained was measured by the hydrostatic weighing method using 

an analytical balance and the GR-202, using the density determination set and AD-1653, in ethanol. 

Thermal conductivity of the samples was calculated using the following relation [24]: 

λ = α·Cp·ρ (1)

where α is the thermal diffusivity [mm2/s], Cp is the specific heat capacity [J/g·K] and ρ is the sample 

density [g/cm3]. 

The thermal conductivity, heat capacity, thermal diffusivity, and density of the obtained 

samples were determined with an accuracy of ±3%, ±5%, ±3%, and ±0.01 g/cm3, respectively. The 

accuracy of the activation energy estimation was of about ±5 kJ/mol. 

The activation energy of the crystallization was estimated by measuring the kinetics of 

crystallization at heating rates of 5, 10, 20, and 40 °C/min, according to the methods of Kissinger [25] 

(2) and Ozava [26] (3). 
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where V is the heating rate, R is the gas constant, E is the activation energy, and C is a fitting constant. 

The pulverization of the metallic glass and the subsequent blending of the PET were carried out 

by the ball milling (BM) technique using a water-cooled high energy planetary ball mill (AGO-2S) 

with a rotation speed of 840 min−1. Steel reactors and balls (4 mm diameter) were used. The mass ratio 

of the beads and the powder mixture was 10:1. The grinding time for pulverization of the glass ribbon 

was 45 min. The grinding time for mixing the metallic materials and the polymers was about 5 min. 

The prepared composite powder mixture was placed into a cylindrical graphite die with 12.7 

mm inside diameter, 30 mm outside diameter, and 30 mm height. The sample was also wrapped in a 

graphite sheet, 0.2 mm thick. The sintering was done using a spark plasma sintering system (SPS) 

(Labox 650, Sinter Land, Japan) [27–30] under the following conditions: heating rate 50 °C/min, 

maximum temperature of 245 °C, pressure up to 50 MPa, residence time 5 min. The parameters of the 

SPS configuration and the device schema are shown in Reference [27]. The SPS processing 

parameters, such as pressure, voltage, or pressing time, can be varied to achieve the required 

properties. 

The schematic figure indicating all stages of the samples preparation is presented in the Figure 1. 
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Figure 1. Scheme used for manufacturing samples using a ball milling technique and subsequent 

spark plasma sintering. 

3. Results and Discussion 

The XRD diffraction pattern of the Al85Y8Ni5Co2 bands contained only one amorphous halo 

(Figure 2a); no evidence of residual crystallinity peaks was detected. According to the XRD analysis, 

the curves are totally amorphous. DSC analysis of the ribbons showed that the metallic glass had a 

low transition temperature (Tg) of about 120 °C and a crystallization temperature (Tx) of about 260 °C 

(Figure 3a). 

The main criterion for the selection of the polymeric material was its ability to get soft in the 

super cooled temperature region of the metallic glass phase. Polyethylene terephthalate (PET) is 

relative to this temperature range. This polymeric material is in the liquid state at a temperature close 

to the supercooled liquid region of the chosen metallic glass, and is capable of interacting with the 

metallic glass particles. Similarly, PET was chosen for its wide distribution and low cost. 

The DSC curve of PET shows that, although the melting temperature of the polymer is 250 °C, it 

starts to change its properties and transform into a viscous liquid somewhat above 75 °C (Figure 2a). 

Thus, at temperatures above 250 °C both materials (Al85Y8Ni5Co2 metallic glass and PET) are in a 

viscous liquid state. Hence, it should be feasible to prepare the composite samples between their Tg 

and Tx. 

To prepare bulk composite samples, starting with the SPS method, the initial materials must be 

in powder form. Therefore, grinding of the metallic glass ribbon (Al85Y8Ni5Co2) in a dispersed powder 

using the mechanical alloy method in a planetary ball mill was performed. It was found that the 

grinding process by ball milling results in the formation of the crystalline phases based on Al of 

approximately 20% (see Figure 2b and Table 1). For the SPS process, different temperatures from 200 

°C and higher were applied, and the quality of the samples obtained was not so good. Hence, the 

temperature near Tg of the metallic glass Al85Y8Ni5Co2 (of approximately 250 °C) was chosen. 

However, the SPS process of the amorphous powder Al85Y8Ni5Co2 at 250 °C caused a small amount 

of crystalline phases to increase. In addition to the Al phase, the Al9Co2Ni phase was also found. 

Consequently, the total amount of the crystalline phases was about 25% (see Figure 2c and Table 1). 

It should be recognized that the structure of the polymer after SPS is semi-crystalline/semi-

amorphous, and that most of x-ray diffraction peaks are below 30 degrees 2θ (Figure 2d). To obtain the 

composite samples, 1% by weight of PET polymer powders is added to Al85Y8Ni5Co2 powders during 

mechanical alloying. After ball milling, the amount of crystalline phase increases up to 30% (see Figure 
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2e and Table 1). After the SPS process at 250 °C of the composite powder (Al85Y8Ni5Co2/PET metal glass), 

the amount of crystalline phases increases to 40% (Figure 2f and Table 1). 

 

Figure 2. X-ray diffraction (XRD) pattern of the Al85Y8Ni5Co2 ribbon (a), Al85Y8Ni5Co2 ribbon, after ball 

milling (BM) (b), Al85Y8Ni5Co2 bulk sample, after BM and spark plasma sintering (SPS) (c) and 

polyethylene terephthalate (PET) powder (d), composite Al85Y8Ni5Co2/PET powder, obtained BM (e), 

composite Al85Y8Ni5Co2/PET bulk sample, obtained by BM and SPS (f). 

Table 1. Phase composition of the obtained samples. 

Phase 

Composition 

Al85Y8Ni5Co2, 

Ribbon 

Al85Y8Ni5Co2, 

Ribbon, after 

BM 

Al85Y8Ni5Co2 

after BM 

and SPS 

PET/Glass 

Composite 

Powder, after 

BM 

PET/Glass 

Composite, 

after SPS 

Amorphous 100% 80% 75% 70% 60% 

Al (FCC) - 20% 20% 20% 20% 

Al9Co2Ni - - 5% 10% 20% 

 

Figure 3. Differential scanning calorimetry (DSC) analysis of the Al85Y8Ni5Co2 ribbon sample and 

polyethylene terephthalate powder sample (a), and thermal conductivity of pure PET samples, 

Al85Y8Ni5Co2 metallic glass, and composite samples (b). 
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The thermal conductivity analysis of the prepared bulk samples is presented in Table 2 and 

Figure 3b. It is clearly shown that the thermal conductivity of the composite material is reduced by 

adding only 1% by weight of PET, relative to the pure metal glass sample. The difference between 

the thermal conductivity of the composite sample and the metal glass sample is about 50%. This 

difference is much greater compared to the results presented in our previous works (in the case of 

composite materials with other polymers and metallic glass materials) [21,22]. It must also be taken 

into account that the bulk composite samples obtained by SPS were fragile. This reduction in thermal 

conductivity and brittleness of the bulk samples, obtained by the SPS, should be explained by the 

formation of the thin PET films on the boundaries between the metallic glass powder particles and, 

thus, the appearance of the photon scattering centers. In addition, this could be explained by the 

protective layer of Al oxide on the surface of the particles of metallic glass powder and the absence 

of diffusion reaction between the particles, as indicated in the previous work [21]. 

The SEM images of the bulk sample prepared by SPS are shown in Figure 4a. The compound 

after SPS is very porous. Some of the metallic glass particles are covered with the polymer (Figure 

4b), and some of them were connected to each other by the necks (Figure 4c,d). However, such 

interactions between particles were not observed everywhere. The surface of the Al85Y8Ni5Co2 

metallic glass strip and the surface of the overall sample of pure PET polymer, obtained by SPS, are 

shown in Figure 4e,f for comparison. The porous structure of the bulk samples was also responsible 

for the low thermal conductivity. 

Table 2. Thermal properties and densities of the obtained samples. 

Temperature Analysis, °C 25 50 75 100 125 150 175 200 

Al85Y8Ni5Co2 metallic glass 

Thermal diffusivity, mm2/s 0.768 0.774 0.771 0.775 0.770 0.775 0.769 0.770 

Thermal conductivity, W·m−1·K−1 1.45 1.49 1.51 1.55 1.56 1.60 1.62 1.65 

Heat capacity, J/(g·K) 0.584 0.595 0.606 0.617 0.628 0.640 0.651 0.662 

Sample density, g/cm3 3.235 

Polyethylene terephthalate (PET) 

Thermal diffusivity, mm2/s 0.161 0.137 0.129 0.115 0.106 0.10 0.092 0.084 

Thermal conductivity, W·m−1·K−1 0.220 0.255 0.274 0.266 0.249 0.246 0.241 0.239 

Heat capacity, J/(g·K) 1.03 1.40 1.60 1.74 1.77 1.85 1.97 2.14 

Sample density, g/cm3 1.33 

Composite sample: Al85Y8Ni5Co2+ PET (1%) 

Thermal diffusivity, mm2/s  0.525 0.522 0.514 0.51 0.505 0.502 0.497 0.494 

Thermal conductivity, W·m−1·K−1 0.798 0.807 0.821 0.850 0.864 0.875 0.882 0.887 

Heat capacity, J/(g·K) 0.59 0.60 0.62 0.647 0.664 0.677 0.689 0.697 

Sample density, g/cm3 2.577 
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Figure 4. SEM images of the obtained samples: Surface of the composite sample Al85Y8Ni5Co2 + PET 

(1%) obtained by SPS (a), the particle coated by PET (b), neck formations between some of the particles 

during SPS process (c,d), surface of the Al85Y8Ni5Co2 ribbon sample (e), and polyethylene 

terephthalate bulk sample (f). 

The activation energy of the crystallization process was calculated using the equations of 

Kissinger (2) and Ozava (3). These values are shown in Table 3 in comparison with the activation 

energies of other types of metallic glasses studied in our previous works (Mg67.5Ca5Zn27.5 and 

Cu54Pd28P18) [21,22]. The activation energy of the Al85Y8Ni5Co2 metallic glass is greater (Table 3); in 

addition, it is in a good correspondence with the activation energy of the metallic glasses based on 

Al, obtained in Reference [31]. Therefore, we can assume that, indirectly, it influences the quality of 

the bulk composite samples. Therefore, at higher activation energies for crystallization, it is more 
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difficult to initialize the interaction process between the metallic glassy particles and the mass transfer 

obtained between the two different materials in the neighboring particles. 

Table 3. The activation energies of the crystallization process in the metallic glasses based on the 

Al85Y8Ni5Co2, Mg67.5Ca5Zn27.5, and Cu54Pd28P18 ribbons. 

Metallic glass ribbon Al85Y8Ni5Co2 Mg67.5Ca5Zn27.5 [21] Cu54Pd28P18 [22] 

Activation Energy (ETx), kJ 

Calculated by Kissinger Equation (2) 303.5 140.9 302.7 

Calculated by Ozava Equation (3) 313.5 147.1 311.8 

Average value 309 144 307 

4. Conclusions 

A method was proposed that allows obtaining a composite material based on a polyethylene 

terephthalate and Al85Y8Ni5Co2 metallic glass. The method comprises SPS consolidation of the 

polymer blending with the metallic glass particles at a temperature near the temperature of the 

supercooled liquid of the metallic glass and the melting temperature of the PET. 

The obtained composite samples have a superior thermal conductivity compared to the pure 

PET samples. The activation energy of the crystallization process has been calculated and compared 

with the activation energies of other types of metallic glasses used for composites preparation in 

previous works (Mg67.5Ca5Zn27.5 and Cu54Pd28P18). It was shown that the Al85Y8Ni5Co2 metallic glass 

has the highest activation energy in comparison with the other metallic glasses (Mg67.5Ca5Zn27.5 and 

Cu54Pd28P18). The relatively higher activation energy of the amorphous alloy studied in this research 

indicates its higher stability with respect to the crystallization process upon heating. However, 

significant oxidation of the surface of the alloy particles leads to a modification in the chemical 

composition of the surface layers of the material, and as a result, to a partial surface crystallization of 

the powder. This affects the quality of the composites produced, since the appearance of crystalline 

phases in metallic glass usually leads to deterioration of physical properties. The obtained results can 

be beneficial in terms of obtaining different antifriction composite materials based on metallic glass 

and self-lubricated polymers. 
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