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A B S T R A C T

The present article is aimed to investigate influence of the heating rate, temperature (T), pressure (P) on the
structure and phase transition of amorphous Ni material with heating rate 2 � 105, 2 � 106 and 2 � 107 K/s at T ¼
300 K; T ¼ 300, 400, 500, 600, 700, 800, 900 and 1000 K at heating rate 2� 106 K/s; T ¼ 300, 621 and 900 K at P
¼ 1, 2, 3, 4 and 5 GPa by molecular dynamics simulation method with Sutton-Chen embedded potential and
periodic boundary conditions. The structure of amorphous Ni material determined through the radial distribution
function, the total energy, the size and the average coordination number. The phase transition and the glass
transition temperature determined through the relationship between the total energy and temperature. The result
shows that when the heating rate increases, the first peak's position for the radial distribution function is 2.45 Å
and a constant, the first peak's height, the total energy and the size increase, the average coordination number
decreases from 13 to 12. When temperature increases from 300 to 1000 K at P ¼ 0 GPa, the position decreases
from 2.45 Å to 2.40 Å, the average coordination number is 13 and a constant, glass transition temperature is 631
K, the total energy increases, the size increases and happens the phase transition from the amorphous state to the
liquid state. When pressure increases from 0 GPa to 5 GPa at T ¼ 300, 621 and 900 K, the position decreases, the
height increases, the total energy increases, the size decreases, the average coordination number decreases from
13 to 12, that shows with amorphous Ni material when increasing heating rate, T, P lead to structural change,
phase transition of materials is significant.
1. Introduction

Recently, amorphous nickel (Ni) material has significant application
in the theoretical, experimental, and simulation research community. It is
extensively used in different devices such as magnetic devices [1],
biomedical microelectronics [2, 3, 4, 5, 6], magnetic resonance cameras
[7], photocatalysts [8, 9], high speed storages [10], sensors [11], solar
batteries [12, 13, 14, 15], sol-gel technologíe [16], microwaves [17],
electrochemical equipments [18], intracellular precursors [19]. electro-
chemical reductions [20], nucleation techniques [21] and other fields of
science and technology [22]. Besides, they also use amorphous Ni ma-
terials in many applications such as ceramic additives, capacitive mate-
rials, conductive pastes, coatings, lubricants, and electrodes [23, 24, 25].
To study and manufacture amorphous Ni materials, researchers use
methods such as experimental methods, theory methods and simulation
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methods [26]. Experimental methods include the polyol synthesis [27],
the chemical vapor deposition (CVD), the decomposition in liquid phase
[28, 29, 30] and the gravimetric therapy (TG) [31]. Physical properties of
amorphous Ni material depend on the structure, the shape and crystal-
lization factors. These processes depend on synthetic, chemical and
physical methods [32, 33, 34, 35]. Empirical methods used in the pro-
duction process are very complex and it is difficult to control the shape
and the size of amorphous Ni material [36]. Theoretical methods include
the medium field theory [37], the Monte Carlo method (MC) [38], the
contingent valuation method (CVM) [39], the Green function theory [40,
41], the effective mean-field theory [42] and the Bethe model [43].
Besides, there still are simulationmethods and they are considered as one
of the most superior research methods. By simulations, researchers can
track the phase transition and change the physical properties from
micro-level to macro-level. In simulating the structure, the phase
mber 2020
he CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

mailto:dungntdt2018@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.heliyon.2020.e05548&domain=pdf
www.sciencedirect.com/science/journal/24058440
http://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2020.e05548
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.heliyon.2020.e05548


Figure 1. The structural features such as the shape (a), the radial distribution function (b) of amorphous Ni material with the heating rate of 2 � 105 K/s.
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transition temperature and the crystallization process, the molecular
dynamics (MD)method is a most popular tool for metal materials [44, 45,
46, 47, 48, 49, 50]. For experimental methods, materials sizes from 20
nm to 39.91 nm [51], the effect of heating rate and temperature on the
shape (cube and sphere) are determined. In particular, the decrease in
melting temperature depends on the size of Ni material. The structural
characteristics of materials show that there is a direct correlation be-
tween the size and the area and the inverse ratio between the size and the
volume [52] has led to a decline in melting curve [53] and has proven
experimentally for many metals. This effect was studied by Pawlow [54]
and shows experimentally by Takakagi [55]. The melting temperature of
Au nanoparticles was determined using the MicroED method [56] and
the size of nanoparticles did not observe [57]. Meanwhile, the phase
transition of Ni material can be determined by stress or temperature of
material [58, 59, 60, 61]. According to the empirical method of Ichikawa,
the closest linking distance of Ni is 2.52 Å [62]. The melting temperature
depends on the size of materials because the density of atoms at the
surface layer is much larger than that in the material (the binding energy
of atoms on the surface layer is smaller than that in the material). This
phenomenon is determined successfully by Pawlow [54]. In addition, the
structural characteristics of amorphous Ni material are determined as
follows: the melting temperature is 1728 K [63], the Curie temperature is
631 K [64,65], the glass transition temperature is 630 K [66] and the
crystallization temperature is 800 K [67]. In particular, appears the dif-
ference between the Curie temperature and the glass transition temper-
ature of the material and that is caused the dependence of these
quantities on the density, the bonding length and the radial distribution
function [68, 69, 70, 71, 72]. By the empirical method Ichikawa shows
that the closest linking distance is 2.43 Å [73] for bulk Ni, 2.45 Å [74] for
Ni nanoparticles and 2.24 Å [75] for AlNi nanoparticles. Meanwhile, Ni
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material has the covalent radius of 1.21 Å [76], which shows that the
Ni–Ni bond length is twice the covalent radius. Based on the obtained
results on structural characteristics of Ni materials combined with our
recent studies on the structure of nanomaterials such as Fe, Ni [66,77,
2

78], Ni [79], we continue to study the influence of temperature, pressure
and depth of earth's surface on structural characteristic quantities of
amorphous Ni materials by the MD method [80].

2. Method of calculation

To carry out the research process of amorphous Ni materials, we carry
out some steps. In the first step, initially random sowing numbers atoms
N¼ 3000 atoms Ni into the cube with the size ℓ and shown in the formula
(1)

ρ¼N
V
;ℓ¼

�
N
ρ

�1=3

(1)

by the MD method with the embedded Sutton-Chen potential and peri-
odic boundary conditions [81, 82, 83, 84]. This method is represented by
Eq. (2)

combined with the Verlet algorithm and the heating process by the laws
of Nos�e [85], Hoover [86]. In Eq. (2), Etot, Φ(rij), F(ρi), ε, a, rij, ρi, C, N, n,
m are constants, ε¼ 0.0073767 eV, a¼ 3.5157 Å, n¼ 10.0, m ¼ 5.0, C¼
84.745, rc ¼ 20 Å [87,88].

In the second step, materials run NVT recovery statistics (N, V, T ¼
const) at T¼ 7000 Kwith 2� 104 steps of MD simulation and the time for
each MD step is 0.46 fs for the material to be stable in the liquid state.
Then temperature decreases from 7000 K to 300 K and increases from
300 K to 400, 500, 600, 700, 800, 900 and 1000 K at P ¼ 0 GPa. Simi-
larly, pressure increases from zero to 1, 2, 3 and 4 GPa, at T ¼ 300, 631
and 900 K. All materials run NVT, NVP with 2 � 104 steps of MD
simulation and run NVE with 2 � 105 steps of MD simulation at corre-
sponding temperatures and pressures.
In the third step, to determine the structure and the phase transition

of amorphous Ni material, we determine the size ℓ, the total energy Etot



Table 1. The structural characteristics of amorphous Ni material with different heating rates.

Heating speed (K/s) 2 � 105 2 � 106 2 � 107

r(Å) 2.45 2.45 2.45

g(r) 4.53 5.19 5.27

ℓ(nm) 3.28 3.23 3.23

Etot (eV) -13138 -13517 -13523

CN 13 13 13

Table 2. Structural characteristics of amorphous Ni material at different temperatures.

T(K) 300 400 500 600 700 800 900 1000

r(Å) 2.45 2.45 2.45 2.45 2.45 2.45 2.45 2.4

g(r) 5.19 4.78 4.30 4.23 3.98 3.93 3.53 3.36

ℓ(nm) 3.23 3.26 3.29 3.26 3.29 3.26 3.32 3.29

Etot(eV) -13517 -13448 -13350 -13295 -13245 -13202 -13143 -13105

CN 13 13 13 13 13 13 13 12

H. Dang Thi Minh et al. Heliyon 6 (2020) e05548
of the system and the radial distribution function (RDF) g(r) and shown
in the formula (3)

gðrÞ¼ V
N2 〈

ΣiniðrÞ
4πr2Δr〉 (3)

with the coordination number (CN) shown in the formula (4)

CN¼ 4πρ
Z r1

0
gðrÞr2dr (4)

as determined in [89, 90]. Here, r is the first peak's position for the radial
distribution function, g(r) is the first peak's height for the radial distri-
bution function and the probability of finding an atom in the distance
from r to r þ Δr, ni(r) are the coordinates, V is the volume, N is the
number of atoms and ρ ¼ 7.81 g.cm�3 is the density.

In the fourth step 4, to check the accuracy of results, we use tools as
the centrosymmetric parameter [91,92], the bond angle analysis [93],
the bond order analysis [94] and the AFM analysis method to find the
morphology of surface [95], fractal and multi-fractal geometric struc-
tures determined directly from the database [96].

3. Results and discussion

3.1. Effect of heating rate

With different heating rates, structural characteristics of amorphous
Ni material are shown in Figure 1 and Table 1.
Figure 2. The shape (a) and the radial distribution fun
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At the heating rate of 2 � 105 K/s, then amorphous Ni material has a
cubic shape shown in yellow color (Figure 1a) with the dimension ℓ ¼
3.28 nm, the total energy Etot ¼ -13138 eV, the average coordinate
number CN ¼ 13, and the first peak's position of the RDF rNi-Ni ¼ 2.45 Å,
the first peak's height of the RDF g(r)¼ 4.53 (Figure 1b). With the Sutton-
Chen dip interaction, our obtained Ni–Ni binding length is rNi-Ni¼ 2.45 Å
and this result is in good agreement with previously published results rNi-
Ni ¼ 2.43 Å [73], rNi-Ni ¼ 2.45 Å [74], rNi-Ni ¼ 2.24 Å [66] and is twice
than the covalent radius 1.21 Å [76]. When the heating speed increases
from 2 � 105 K/s to 2 � 106 and 2 � 107 K/s, the coordination number
CN is 13 and constant, the position rNi-Ni is 2.45 Å and constant, the
height g(r) increases from 4.53 to 5.27, the size ℓ decreases from 3.28 nm
to 3.23 nm. The total energy Etot decreases from -13138 eV to -13517 and
-13523 eV and the size increases dramatically at the heating rate of 2 �
107 K/s. That leads to an increase in the size of amorphous Ni material
because the density of atoms decreases. The size of amorphous Ni ma-
terial is broken at the heating rate of 2 � 107 K/s (Table 2). These results
are useful for future experimental studies.

3.2. Effect of temperature

Next, studying the effect of temperature (T) on structural character-
istics and the obtained results are shown in Figure 2.

The amorphous Ni material at T¼ 300 K has a cube shape, the size is ℓ
¼ 3.23 nm, the total energy Etot ¼ -13517 eV, the density of atoms is
evenly distributed and is represented by dark blue (Figure 2a), the po-
sition is rNi-Ni ¼ 2.45 Å and the height g(r) ¼ 5.19. When temperature
ction (b) of amorphous Ni material at T ¼ 300 K.



Figure 3. Phase transition of amorphous Ni material at different temperatures.
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increases from 300 to 400, 500, 600, 700, 900 and 1000 K, the shape of
the Ni material changes, the size ℓ increases from 3.23 nm to 3.29 nm,
the total energy Etot increases from -13517 to -13448, -13350, -13295,
-13245, -13202, -13143 and -13105 eV, the position is rNi-Ni¼ 2.45 Å and
constant, the height g(r) decreases from 5.19 to 4.78, 4.30, 4.23, 3.98,
3.93, 3.53 and 3.36 (Table 2). When temperature increases, the total
energy of the system increases. The relationship between temperature
and the total energy is shown in Figure 3. When temperature increases
from 300 to 400, 500, 600, 700, 800, 900 and 1000 K, the total energy
increases from -13517 to -13448, -13350, - 13295, -13245, -13202,
-13143 and -13105 eV. In the range from 300 to 600 K, the total energy
increases slowly and is shown in blue lines. When temperature increases
and is larger than 700 K, the total energy increases faster and is shown in
the red line. The intersection of the blue line and the red line at the point
T ¼ 631 K is called as the glass phase transition point or glass
Figure 4. The shape (a), the RDF (b) at P ¼ 0 GPa; the RDF (c), the size (d), the
different pressures.
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temperature Tg, This result is in very good agreement with experiments
and simulations [64, 65, 66], calculations and stress changes of Ni in NiAl
alloys [97,98].
3.3. Effect of pressure

Pressure is increased from 1 GPa to 2, 3 and 4 GPa at T¼ 300, 631 and
900 K and the simulated results are shown below.

3.3.1. At temperature T ¼ 300 K
Structural characteristics and the phase transition of amorphous Ni

material at T ¼ 300 K and different pressures are shown in Figure 4.
The amorphous Ni material at T ¼ 300 K and P ¼ 0 GPa has the cube

shape (Figure 4a), the first peak's position of the RDF is rNi-Ni ¼ 2.45 Å,
the first peak's height of the RDF g(r)¼ 5.19 (Figure 4b), the size ℓ¼ 3.23
nm, the total energy Etot ¼ -13517 eV and the CN ¼ 13. When pressure
increases from zero to 1, 2, 3 and 4 GPa, the shape of the material
changes, the first peak's position decreases from 2.45 Å to 2.20, 2.10,
2.05 and 2.05 Å; the first peak's height g(r) changes from 5.19 to 6.05,
6.11, 6.22 and 6.04 (Figure 4c); the size ℓ decreases from 3.23 nm to
2.89, 2.78, 2.71 and 2.66 nm (Figure 4d); the total energy Etot increases
from -13517 eV to -10624, -6935, -3081 and 625 eV (Figure 4e); the CN
decreases from 13 to 12 (Figure 4f) te when pressure increases, the
density of atoms decreases.

3.3.2. At temperature T ¼ 631 K
Structural characteristics and the phase transition of amorphous Ni

material at T ¼ 631 K and different pressures are shown in Figure 5.
The amorphous Ni material at T ¼ 631 K and P ¼ 0 GPa has the cube

shape (Figure 5a), the first peak's position of the RDF is rNi-Ni ¼ 2.45 Å,
the first peak's height of the RDF g(r)¼ 4.23 (Figure 5b), the size ℓ¼ 3.26
nm, the total energy Etot ¼ -13295 eV and the CN ¼ 13. When pressure
increases from zero to 1, 2, 3 and 4 GPa, the shape of the material
changes, the first peak's position decreases from 2.45 Å to 2.20, 2.10,
2.05 and 2.05 Å; the first peak's height g(r) changes from 4.23 to 5.67,
total energy (e) and the CN (f) for amorphous Ni material at T ¼ 300 K and



Figure 5. The shape (a), the RDF (b) at P ¼ 0 GPa; the RDF (c), the size (d), the total energy (e) and the CN (f) for amorphous Ni material at T ¼ 631 K and
different pressures.
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5.72, 5.82 and 6.07 (Figure 5c); the size ℓ decreases from 3.26 nm to
2.90, 2.79, 2.72 and 2.67 nm (Figure 5d); the total energy Etot increases
from -13295 eV to -10655, -6918, -3469 and 52 eV (Figure 5e); the CN
decreases from 13 to 12 (Figure 5f) te when pressure increases, the
density of atoms decreases.
Figure 6. The shape (a), the RDF (b) at P ¼ 0 GPa; the RDF (c), the size (d), the
different pressures.
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3.3.3. At temperature T ¼ 900 K
Structural characteristics and the phase transition of amorphous Ni

material at T ¼ 900 K and different pressures are shown in Figure 6.
The amorphous Ni material at T ¼ 900 K and P ¼ 0 GPa has the

cube shape (Figure 6a), the first peak's position of the RDF is rNi-Ni ¼
2.45 Å, the first peak's height of the RDF g(r) ¼ 3.53 (Figure 6b), the
total energy (e) and the CN (f) for amorphous Ni material at T ¼ 900 K and
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size ℓ ¼ 3.32 nm, the total energy Etot ¼ -13143 eV and the CN ¼
13. When pressure increases from zero to 1, 2, 3 and 4 GPa, the
shape of the material changes, the first peak's position decreases from
2.45 Å to 2.20, 2.15, 2.05 and 2.05 Å; the first peak's height g(r)
changes from 3.53 to 5.24,5.57,5.57 and 5.95 (Figure 6c); the size ℓ
decreases from 3.32 nm to 2.91, 2.79, 2.72 and 2.67 nm (Figure 6d);
the total energy Etot increases from -13143 eV to -10800, -7327,
-3675 and -32 eV (Figure 6e); the CN decreases from 13 to 12
(Figure 6f) te when pressure increases, the density of atoms decreases.
For amorphous Ni material when the heating rate increases, the first
peak's position of the RDF is rNi-Ni ¼ 2.45 Å and constant. When
temperature increases from 300 K to 1000 K at P ¼ 0 GPa and when
pressure increases from zero to 1, 2, 3 and 4 GPa at T ¼ 300, 631
and 900 K, the first peak's position of the RDF rNi-Ni decreases. For
amorphous Ni material, the structure only changes when temperature
T > 900 K and pressure P > 0 GPa. The obtained results are very
useful basis for the future experiments such as determining the
change in structure and phase transition of amorphous Ni material.

4. Conclusion

We studied the effect of the heating rate, temperature and pressure on
structural characteristics of amorphous Ni material by the MD method
with the Sutton-Chen embedded potential and periodic boundary con-
ditions. The resulting material is nano-sized and shown in dark blue.
When the heating rate increases from 2 � 105 K/s to 2� 106 and 2 � 107

K/s, the size of amorphous Ni material increases, the total energy of the
system increases and increases dramatically at the heating rate of 2� 107

K/s. When temperature increases from 300 K to 400, 500, 600, 700, 800,
900 and 1000 K, the size and the total energy increase. In particular,
when temperature increases from 300 K to 600 K, then the total energy
increases slowly. When temperature increases from 600 K to 1000 K, the
total energy increases rapidly and the glass phase transition happens at Tg
¼ 631 K. When pressure increases at T ¼ 900 K, the size decreases faster
than at T ¼ 300 K and 621 K. When pressure increases in a liquid state,
the size decreases more than in an amorphous state. When temperature
increases from 300 K to 1000 K, the first peak's position of the RDF de-
creases from 2.45 Å to 2.40 Å, the first peak's height of the RDF decreases
from 5.19 to 3.36 and the average coordination number decreases from
13 to 12. When pressure increases at T ¼ 300, 631 and 900 K, the first
peak's position of the RDF decreases from 2.45 Å to 2.05 Å. When pres-
sure increases at T ¼ 900 K, the first peak's height of the RDF greatly
increases. When pressure increases, the density of atoms at a liquid state
increases faster than that in an amorphous state and the CN decreases
from 13 to 12. Therefore, the Ni material always exists in an amorphous
state. When temperature increases, the material changes from an amor-
phous state to a liquid state at T ¼ 1000 K and when pressure increas�e,
the amorphous Ni material has largest change of the first peak's height for
the RDF at T ¼ 900 K. The obtained results will serve as a basis for future
experimental research.
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