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Abstract 

In this work, the effect of pressure on the crystallization (Tc) and glass transition (Tg) temperatures of a modelled 

PdSi liquid alloy was investigated for different cooling rates by using Quantum Sutton Chen(K-SC) potential 

which is used to determine the interactions between atoms. It was determined that at the cooling rates of 2,5x1011 

K/s and 2,5x1012 K/s the alloy system in liquid phase transformed into crystal and amorphous phase, respectively. 

The glass transition temperature was defined by the Wendt-Abraham parameter and radial distribution function 

(RDF) peaks. It was concluded that the increment of pressure led to an increase in the crystallization and glass 

transition temperatures and the ratio of Tg/Tm resulted in an improvement of the glass forming ability. 
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Quantum Sutton-Chen Potansiyeli ile Modellenen Sıvı PdSi Alaşımının 

Kristalizasyon ve Camsı Geçiş Sıcaklığına Basıncın Etkisi 
 

 

Öz 

Bu çalışmada atomlar arasındaki etkileşmelerin belirlenmesinde Kuantum Sutton Chen (K-SC) potansiyel 

fonksiyonu kullanılarak farklı soğutma hızları için model PdSi sıvı alaşımının kristallenme (Tc) ve camsı geçiş 

sıcaklıklarına (Tg) basıncınetkisi incelendi. 2,5x1011 K/s ve 2,5x1012K/s soğutma hızlarında sıvı fazdaki alaşım 

sisteminin sırasıyla kristal ve amorf faza dönüştüğü tespit edildi. Camsı geçiş sıcaklığı, Wendt-Abraham 

parametresi ve radyal dağılım fonksiyonu (RDF) piklerinden belirlendi. Basınç artışınınkristallenme, camsı geçiş 

sıcaklığıve Tg/Tm oranınıyükselterek camsı oluşum kabiliyetini arttırdığı tespit edildi. 

 

Anahtar kelimeler: Kuantum Sutton Chen, Cam geçiş sıcaklığı, Kristalleşme sıcaklığı, PdSi alaşımı. 

 
1.Introduction 

 

The glassy metals (also known as metallic glasses or amorphous metals) are attractive materials due to 

their wear, high corrosion resistance, hardness and superior magnetic properties [1, 2]. The first metallic 

glass was first synthesized by fast cooling of Au75Si25 alloy from liquid phase by Duwez et al.in 1960 

[3]. Amorphous structures are generally obtained by cooling the material from the liquid phase with a 

cooling rate (106-1012 K/s) which will not allow the crystalline phase to nucleation and grow [4, 5]. 

Droplet cooling and piston anvil method [6], blow molding method [7], levitation melting and casting 

method [8] are the most commonly used methods in the production of metallic glasses. In addition to 

these, milling [9], mechanical alloying [10], laser and electron bombardment [11] methods are also used 

in the manufacture of metallic vitreous materials in frequently. The metals in the liquid phase may 

solidify in crystalline or amorphous form depending on the cooling rate. The elements and alloys 
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solidified in amorphous form have a thermodynamically semi-stable structure [12].The best metallic 

glasses are obtained from zirconium and palladium alloys. Composite armors, aircraft and ship parts, 

biomedical materials, electrical transformers, solar and wind panels are the application areas where 

metallic glasses are used [13]. The difficulties in their production due to weakness of their plastic 

deformations bring into being the biggest disadvantage of these materials. In the recent research made 

on glassy metals, the necessary factors were determined for glass forming. 

 The ratio of glass transition (Tg) temperature over melting temperature (Tm) which is reduced 

glass temperature (Trg=Tg/Tm)can be used as a benchmark to determine the glass forming ability of an 

element or alloy [3]. For pure metals Trg=0,25 and for alloy systems it can take the values between 0.5 

and 0.8 [3, 14]. It is very important to know the microscopic mechanism of the formation of crystalline 

and amorphous structure from liquid phase. However, to study the effect of pressure experimentally on 

glass transition temperature is quite difficult. Recently, through the development of computer 

technology, researchers have been studied the effect of the applied pressure in the process of fast-cooling 

from the liquid phase theoretically by using the molecular dynamic simulation techniques [15-17]. There 

are effective simulation techniques that provide an understanding of the physical structure and properties 

of the systems in atomic scale. One of these techniques, the Molecular Dynamic (MD) simulation 

method, is widely used to study the structural and thermodynamic properties of high-tech materials such 

as intermetallic alloys, metallic glasses, semiconductors, polymers and nanostructures [18-21]. 

 For a system composed of N particles, solving the equations of motion determined by the 

Lagrange or Hamiltonian functions by means of an appropriate numerical algorithm constitutes the basis 

of classical MD simulation method. [22, 23]. In MD simulation studies, determining the correct potential 

energy function that defines interatomic interactions for the system to be examined is extremely 

important for the obtained results to be consistent with the experimental data. 

 On the other hand, the determination of potential energy parameters for different atomic types 

in the modelling of alloy systems isa problem faced in MD studies [18-21]. One of the effective potential 

functions used in the modelling of both monatomic and alloy systems is the Embedded Atom Method, 

which involves many-body interactions proposed by Daw and Baskes [24]. Furthermore, varied types 

of function have been developed by Vother-Chen [25], Finnis-Sinclair [26] and Sutton-Chen [27] to 

model different metallic systems [28, 29]. 

 The systems to be examined can be modelled by first-principles methods more realistically. 

However, low number of particles and high-speed computers for calculations are necessary [30]. The 

K-SC potential determined by fitting the parameters to the properties of first-principles has been used 

successfully in examining the glassy formation, crystallization phenomena and surface properties of 

metallic systems and in the modelling of clustered structures and nanowires [14]. 

 In this study, the liquid PdSi alloy was modelled by using the potential function of Quantum 

Sutton-Chen (K-SC) [28] and the effect of pressure on the phase transformation temperatures was 

investigated under different cooling rates. The temperatures of transitions from alloy system modelled 

in liquid phase to the crystal and amorphous structures obtained under different cooling rates were 

determined from the discontinuities in the cohesive energy and the Wendt-Abraham parameter, 

respectively. Furthermore, it was tried to identify the structure of the modelled alloy system by using 

the Radial Distribution Functions (RDF) obtained under different temperature and pressure values. 

 
2. Material and Methods 

 

The solution of the motion equation of the system to be modelled obtained from the Lagrange function 

by a suitable numerical algorithm forms the basis of MD simulation. The Lagrange function of MD cell 

composed of N atoms allowed to change shape and volume [31, 32] is given as; 

𝐿𝑃𝑅(𝐫𝑁, 𝐫̇𝑁, 𝐡, 𝐡̇) =
1

2
∑ 𝑚𝑖(𝐬̇𝑖

𝑡G𝐬̇𝑖) − ∑ ∑ 𝜙(|𝐡𝐬𝑖𝑗|) +
1

2
𝑀Tr(𝐡̇𝑡𝐡̇) − 𝑃𝑒𝑥𝑡𝑉

𝑁

𝑗>𝑖

𝑁

𝑖=1

𝑁

𝑖=1

                        (1) 

Here, mi is the mass of the i particle; si is the coordinate of the ith atom that can take the values between 

0 and 1;a, b, and c representing the computational cell axes constitute the h=(a, b, c) matrix; and Grefers 

to the metric tensor having the value of hth. Besides, M having an arbitrary value denotes the mass of 
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the computational cell; Pext refers to the value of external pressure; and V obtained from taking the 

determinant of h matrix is the volume of the MD cell. From Equation (1) the equations of motion of the 

system were found as; 

𝐬̈𝑖 = −
1

𝑚𝑖
𝐅𝑖 − 𝐆−1𝐆̇𝐬̇𝒊          (2) 

 

𝐡̈ = 𝑀−1(Π − 𝐈𝑃𝑒𝑥𝑡)σ          (3) 

 

In these equations, σ=(bc, ca, ab) and Π refers to the microscopic stress tensor. The clear express 

of microscopic stress tensor is given as below; 
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2.1. Potential Energy Function 

 

In this study, in order to determine the physical interactions between the atoms of the binary alloy 

system, the K-SC potential, a type of the Embedded Atom Method (EAM) involving many-body 

interactions, was used. According to this EAM method, the total energy of a system consisting of N 

atoms and containing two different atomic types such as a and b is expressed as; 

 



  

  























































































































































ba

ab

baab

ba

ab

b

bb

b

b

bb

a

aa

a

a

aa

N

ji

n

ij

ba
ba

N

ji

n

ij

ab
ab

N

ji

N

i j

m

ij

b
bb

n

ij

b
b

N

ji

N

i j

m

ij

a
aa

n

ij

a
a

SC
T

r

A

r

A

r

A
c

r

A

r

A
c

r

A
E

,,

,

2/1

,

2/1

2

1

2

1

2

1

2

1







                  

                 

      

   (5) 

 

 Here, ia and ib represent the sums over all a and b type atoms. In calculations, the potential 

parameters used to determine the interactions between different types of atoms that form the alloy 

system were proposed by Lorentz-Berthelet [18] following as below; 

 

2
    

2
    

2

ji

jiij

ji

jiij

ji

jiij

mm
mm

nn
nn

AA
AA








 ,,     (6) 

jijiij             (7) 

 



S. Kazanc, C. Aksu Canbay / BEÜ Fen Bilimleri Dergisi 8 (4), 1233-1242, 2019 

1236 

 Here, A is a parameter of length dimension; m and n are integers having positive values. In this 

study, K-SC potential parameters used for Pd and Si elements were determined by fitting the 

experimental parameters such as lattice constant, cohesive energy and bulk modulus. The potential 

parameters used in the calculations for Pd and Si elements were given as in Table 1 [14]. 

 

Table 1.The K-SC potential parameters for Pd and Si elements [14]. 

Element n m  (eV) c A (Å) 

Pd 12 7 0,003967 113,14 3,9382 

Si 6 5,25 0,064310 12,76 3,7653 

 

In this study, the atoms of the modelled PdSi alloy system were randomly placed at fcc (face-

centered cubic) lattice points as their initial positions. Periodic boundary conditions were applied to 

minimize finite volume effects along three axes of the MD cell. The value of cut-off potential was 

determined as2.2APdPd. The initial velocities of the atoms were randomly assigned in compliance with 

the Maxwell-Boltzman distribution at a temperature selected as the starting condition. 

 By multiplying the atomic velocities by the thermostat parameter in both steps of integration the 

temperature of the system was kept at the desired value. Gear's 5th order predictor-corrector algorithm 

was used for the numerical solution of motion equations. The MD computation time was determined as 

8.29 fs. By keeping the alloy system along5x104 MD steps at the temperature value of 2000 K, the 

structure was allowed to transform completely into the liquid phase. This modelled alloy system 

balanced in liquid phase was used for all cooling rates and pressures applied. Radial distribution 

functions are commonly used in MD simulation studies to determine crystal, amorphous and liquid 

phase structures. 

 

𝑔(𝑟) =
𝑉

𝑁2
⟨

∑ 𝑛𝑖(𝑟)𝑖

4𝜋𝑟2∆𝑟
⟩         (8) 

 

Here, r represents the interatomic distance; n(r) denotes the number of particles in the spherical shell 

having Δr thickness positioned at the distance of r away from I atom; N is the total number of particles; 

and V expresses the MD cell volume [33]. 

 

3. Results  

 

In this study, in order to detect the melting temperature of the PdSi alloy, the temperature of the system 

was increased by starting from 500K to 2000K by increment steps of 100K. At each temperature value, 

the system was balancedby5x104MDsteps. In order to determine the melting temperature, the cohesive 

energy was plotted against the temperature, as shown in Figure 1. The cohesive energy values were 

determined by averaging on the last 5000 MD steps for each temperature. 

 As seen in this plot, the energy increasing linearly with temperature shows a discontinuity when 

it reaches 1200K. This discontinuity indicates that the modelled alloy system was transformed from a 

solid phase to a liquid phase. The melting temperature was determined as 1250 ± 50 K from the plot in 

Figure 1. The experimental melting temperature of the PdSi alloy is 1245K [34]. It is seen that the 

melting temperature result obtained from MD calculations made for this study is consistent with the 

experimental values. 

 After the modelled PdSi alloy system consisting of 4000 atoms gain edits liquid phase structure 

by having been keptwith5x104 MD steps at the temperature value of 2000 K, it was cooled down to the 

temperature of 300 Kat the cooling rates of 2.5x1011 K/s and 2.5x1012 K/s and under pressure values of 

0, 3 and 7 GPa. The RDF curves for the modelled alloy system at different temperatures obtained at the 

cooling rate of 2.5x1011 K/s and under three different pressure values are shown in Figure 2. 

 It was determined from RDF curves obtained at 1400 K that PdSi alloy had a liquid phase 

structure under all three pressure values. The same graphs show the splittings one very secondary peak 

at 700 K for 0 GPa, 800K for 3 GPa and 1000 K for 7 GPa. This splitting on the second peak is known 

as a characteristic feature of metallic glasses. 
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 The obtained glassy structure has no stable structure. It can be seen from RDF curves where 

sharper peaks begin to form at different points by decreasing temperature. The peak intensities increased 

with decreasing temperature and the modelled alloy system has been transformed into a fcc unit cell 

crystal structure under all three pressure values at 300 K temperature. When the peaks started to form, 

the nucleation of the crystalline phase began in the liquid phase and the increasing peak intensities with 

decreasing temperature indicate that the nuclei have been grown and at the end the structure transformed 

into a crystalline phase [35]. Plus, the inter-atomic distances decreased with increasing pressure caused 

the peaks shifting to the left. 

 As shown in Figure 3, the transition temperature of the PdSi alloy system from liquid phase to 

crystal phase was determined from the cohesive energy change versus temperature for three pressure 

values. During cooling down from high-temperature, the values decreasing almost linearly showed a 

sudden discontinuity at certain temperatures. This discontinuity in the cohesive energy refers to the 

crystallization temperature (Tc), indicating the transition from the liquid phase to the crystal phase [30]. 

Crystal phase transition temperatures of modelled alloy system were determined as 650 K for 0 GPa, 

750 K for 3 GPa and 950 K for 7 GPa of pressure values.  

 The pressure increment led to an increase in the temperature of transition from liquid phase to 

crystal phase. Increasing pressure enhanced the density of the modelled alloy system and caused a 

decrease in the inter-atomic distance. Therefore, it can be said that the pressure increase is a very 

effective factor in the nucleation and growth of the crystalline phase in the liquid phase [36]. 

 Figure 4 shows the RDF curves obtained by cooling the PdSi alloy system from the liquid phase 

at the cooling rate of 2.5x1012K/s. As seen in this figure, while the modelled alloy system was in the 

liquid phase at the temperature of 1400 K, as a result of the rapid cooling the slumps were appeared to 

fall to down from the top of the secondary peaks of the RDF curves at the temperature values of 600 K 

for 0 GPa, 700 K for3 GPa and 900 Kfor7 GPa. By the decrease in temperature this slumps have become 

more distinct. This slump seen at the secondary peak on the RDF curve shows the transition from the 

liquid phase to the amorphous structure. It is seen that the modelled alloy system has amorphous phase 

structure at room temperature in all pressure values. In addition, the primary peak intensity increases 

with the decrease in temperature in all three pressure cases. It can be said that during the solidification 

by decreasing temperature, the increase in the close neighbouring order of the atoms in the PdSi alloy 

caused an increase in the primary peak intensity. 

 In MD simulations, the Wendt-Abraham parameter is used to determine the glass transition 

temperature. This parameter is obtained by dividing the first minimum gmin value of the RDF curve by 

the first maximum gmax value (gmin/gmax) [1]. As shown in Figure 5, in order to determine the glass 

transition temperature of the modelled alloy system the gmin/gmax change versus temperature was given 

for different pressure values. 

 Decreasing almost linearly with decreasing temperature, the gmin/gmax parameter can be seen to 

be changed at some temperatures for all three pressure values. The temperature value of this change 

refers to the glass transition temperature of the modelled alloy system. The glass transition temperature 

was determined as 600 K, 700 K and 900 K for pressure values of 0 GPa, 3 GPa and 7 GPa, respectively. 

The increase in pressure applied on the model alloy system increased the glass transition temperature. 

In previous studies [14, 17] made for different element and alloy systems ,it was also reported that the 

glass transition temperature had increased by increased pressure. At high pressure values, the distance 

between the atoms in the liquid phase decreases and the model alloy system gains a higher density. As 

a result, the decrease in the mobility of atoms due to high pressure increases the Tg value [17]. 

 The reduced glass transition temperature (Trg), known as the ratio of the glass transition 

temperature to the melting temperature, is a criterion for glass forming ability of alloy systems and can 

take values from 0.5 to 0.8 [3, 14]. In these MD calculations made here for PdSi alloy system, the Trg 

values were determined as 0.48 for 0 GPa, 0.56 for 3 GPa and 0.72 for 7 GPa of pressure values. From 

obtained results, it can be said that the pressure incrementled to an increase in the value of Trg and in the 

glass forming ability for the cooling rate used. 

 In Figure 6 (a-c), the positions of the Pd and Si atoms in the modelled alloy system consisting 

of 4000 atoms can be seen. Figure 6 (a) shows the atomic positions in the modelled alloy system under 

a pressure of 0 GPa and at a temperature of 2000 K. Since the atoms are completely positioned randomly 

and irregularly, it can be said that the alloy system is in liquid phase. Figures 6 (b and c) displays the 

atomic positions obtained at a temperature of 300 K and under the pressure values of 0 GPa and 7 GPa. 
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At the temperature of 300 K, it is obviously seen that the atoms of the alloy system have a regular 

arrangement, so it can clearly be concluding that the structure completely transformed into crystal phase 

from liquid phase. It can also be said that the increase in pressure increased the degree of order of the 

structure by looking at the atomic positions obtained at the pressure value of 7 GPa. 

 

Figure 1. Cohesive energy change versus temperature. 

 

 

Figure 2. RDF curves obtained for modelled PdSi alloy system under three different pressure values 

and at the cooling rate of 2.5x1011 K/s. 
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Figure 3.Cohesive energy change versus temperature at the cooling rate of 2.5x1011 K/s. 

 

 

Figure 4: RDF curves obtained for modelled alloy system under three different pressure values and at 

the cooling rate of 2.5x1012 K/s. 
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Figure 5.The glass transition temperature under different pressure values and at the cooling rate of 

2.5x1012 K/s. 

 

 

 

 

 

 

 

 

(a)    (b)    (c) 

Figure 6.The atomic positions of PdSi alloy system at different temperature and pressure values;  (a) 

1400 K-0 GPa, (b) 300 K-0 G Pa, (c) 300 K-7 GPa. White spheres show Pd atoms, black spheres show 

Si atoms. 

 

4. Conclusion 
 

In this work, the effect of pressure on crystallization (Tc) and glass transition temperatures (Tg) of PdSi 

liquid alloy was investigated for cooling rates of 2,5x1011 K/s and 2,5x1012 K/s. Interactions between 

atoms were determined by using the Quantum Sutton Chen (K-SC) potential function. It was observed 

that, the PdSi alloy system was in fcc structure at 300 K temperature under the cooling rate of 2.5x1011 

K/s and in amorphous structure under the cooling rate of 2.5x1012K/s. The glass transition temperature 

was determined from Wendt-Abraham parameter and radial distribution function (RDF) peaks. By 

increasing the application pressure on the alloy system the crystallization, glass transition temperature 

and Tg/Tm ratio increased and the glass formation ability enhanced..  
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