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Effect of Ultrafast Cooling on Pore Formation
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Materials with amorphous porous structure are the perspective due to unique combination of their mechanical

and energy-absorption properties. We perform atomistic dynamics simulations of amorphous titanium nickelide
under isobaric conditions with pressure of 1 atm. Effect of cooling at extremely high rates on the formation of
pores in amorphous titanium nickelide is studied. For liquid phase, we determine a vaporization temperature and
equation of states. We find that the pore morphology including the average linear size of pores depends on the
magnitude of the cooling rate. The porosity of this amorphous solid does not depend on such high cooling rates.
This finding is in good agreement with experimental and simulation results obtained for solidification of porous
Al-based alloys. The results of the present work will be useful in study of mechanical properties of amorphous
metal alloys with a nanoporous structure.
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1. Introduction

Porous titanium nickelide (Ni50Ti50 alloy or NiTi) is
the most famous and widely functional material for many
applications due to its unique mechanical properties, ex-
cellent corrosion resistance and biocompatibility [1–7].
These properties are largely determined by the specificity
of the porous structure, such as the presence of perco-
lating pore networks or isolated pores in the system, as
well as the size and geometry of the pores. One of the
significant achievements is synthesis of Ni and Ti-based
metallic foams with micro- or nanosized pores, with low
density, high strength, high surface area, and open poros-
ity [8]. The main application of such foams with mi-
crosized pores is related with production of bone im-
plants [9–11], whereas metallic foams with nanoporous
structure are demanded, for example, in production of
energy-storage elements [12, 13]. Moreover, in metal-
lic foams the pore morphology (closed-cell or open-cell)
plays a crucial role [8, 14]. The porous structure may
consist of interconnected and/or spatially separated cells,
and the presence of such cells determines the mechani-
cal properties of the porous systems and, eventually, the
fields of their application.

Despite the successes achieved in the development of
technologies for the production of porous metal alloys,
the experimental and simulation studies of porous amor-
phous NiTi alloy are very poor. The production of porous
amorphous NiTi alloy is much more complicated primar-
ily due to the high melting point of titanium nickelide
(Tm ≈ 1583 K) [1, 2]. Powder metallurgy methods, such
as laser and spark plasma sintering of nickel-titanium
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powders, are mainly used for the synthesis of porous
NiTi alloy with a crystalline structure [15–17]. Another
method of porous NiTi production is generation of the
bubble-like cells in the melt at a temperature above the
melting (liquidus) temperature with subsequent vitrifi-
cation of this melt [8, 18]. Upon rapid solidification of
the melt, these bubbles form a porous structure of the
amorphous material. This method allows one to obtain
a porous alloy with low degree of porosity at relatively
low applied cooling rates. However, this method does
not allow generation of nanosized pores, and the method
does not exclude the appearance of crystalline inclusions
in an amorphous matrix. Moreover, there is no clear un-
derstanding of the effect of a melt cooling protocol on
pore morphology in porous NiTi alloy.

In the present work, based on atomistic dynamics sim-
ulations we show that the morphology of the pores in
amorphous porous NiTi alloy can be controlled by means
of applied cooling rates.

2. Parameters of considered system

The interaction energy between the atoms of titanium
nickelide is defined through the modified embedded-atom
method (MEAM) interatomic potential. The potential
was proposed by Ko et al. for NiTi-based alloys [19, 20]
and this type of potential correctly reproduces the struc-
tural and dynamic properties of NiTi alloy at low tem-
peratures. The simulation cell contained 109744 atoms
(54872 atoms of Ni and 54872 atoms of Ti). The peri-
odic boundary conditions were applied in all the direc-
tions. Temperature and pressure were controlled by the
Nose–Hoover thermostat and barostat with the damping
parameters QT = 100∆t and QP = 5000∆t, respectively.
Here the time step was ∆t = 1 fs. Initially, the simu-
lated system was prepared so that it corresponded to the
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Fig. 1. (a) Fragment of the B2 crystal structure for ti-
tanium nickelide with 6859 atoms. (b) Density of the
system ρ as function of temperature T for equilibrium
NiTi melt evaluated from atomistic dynamics simula-
tions.

cubic B2 crystalline phase at the temperature T = 0 K
(see Fig. 1a). Then, this crystalline system was rapidly
heated and equilibrated at the (p,T)-states with pressure
of p = 1 atm and with various temperatures in the range
T ∈ [300, 9500] K.

The mass density of NiTi, evaluated from simulation
data, as a function of temperature is shown in Fig. 1b.
The density of the system decreases rapidly at tempera-
tures above 8000 K, and the “liquid–vapor” phase tran-
sition is observed at temperature Tb ≈ 8750 K. We start
the cooling procedure of a melt with the lowest density
and this procedure allows to generate a porous amor-
phous solid. The equilibrium liquid sample NiTi at tem-
perature T = 8500 K and density ρ = 3.44 g/cm3 is the
most suitable for this. Three samples of the porous amor-
phous NiTi alloy at temperature T = 300 K are obtained
by rapid isobaric cooling of the liquid sample with the
cooling rates ϑc = 5×1013, 1014, and 5×1014 K/s. Note
that such very high cooling rates were recently obtained
experimentally for nanometer-sized samples [21].

3. Pore morphology under ultrafast cooling

Figure 2a shows the snapshots of amorphous NiTi alloy
with a nanoporous structure obtained by cooling of the
melt at three different rates. The supercooling level of
the system is (Tm − T )/Tm ≈ 0.8, and the porous amor-
phous phase is stable at such deep supercooling level (see
Fig. 2a). Remarkable feature of vitrification by ultrafast
cooling is that the system does not have enough time dur-
ing this cooling to form a dense homogeneous structure
due to slow and uneven thermal compression [22, 23]. As
a result, during a rapid isobaric cooling, pores form in
the system.

The coefficient of porosity of the system is estimated
using the relation [24]:

φ = (1− ρ

ρ0
)× 100%. (1)

Here ρ is the mass density of porous amorphous NiTi
alloy, ρ0 = 6.24 g/cm3 is the mass density of homoge-
neous amorphous NiTi alloy at temperature T = 300 K.

Fig. 2. (a) 3D-snapshots of amorphous NiTi alloy with
porous structure at temperature 300 K (left column)
and 3D-maps of the inside surface of the pores obtained
at different cooling rates (right column). Green and
blue spheres are the Ti and Ni atoms, respectively. (b)
Average linear size of pores d as function of the cooling
rate ϑc. Inset: experimental and simulation d vs. ϑc

data obtained for Al-based alloys [28, 29].

The parameter φ can take values from 0% to 100%.
So, one has φ = 0% for a sample without pores, and
φ = 100% for the case of vacuum. We find that the mass
density of NiTi melt increases from ρ = 3.44 g/cm3 to
ρ = (4.3± 0.15) g/cm3 during the applied quench proce-
dure from the state with the temperature 8500 K to the
solid state with the temperature 300 K. The generated
porous amorphous alloy has the porosity φ = (31 ± 3)%
and value of the coefficient φ is independent of cooling
at such high rates. Note that materials with such level
of porosity are widely used in production of membranes
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and electrodes for energy storage elements, where the
cell structures with meso- and microporosity allow one
to achieve optimal electrochemical characteristics of the
materials [25–27].

In Fig. 2a the constructed maps of the inside surface of
the pores for all three samples are shown. As seen from
Fig. 2a, the porous structure of the amorphous alloy ap-
pears due to the empty cells of spherical shape uniformly
distributed throughout the system. Linear sizes of these
cells range from 1 nm to 10 nm. It is important to note
that there is correlation between the cell concentration
and the cooling rate, which was taken in the cooling pro-
tocol to generate the porous amorphous alloy. The pores
coalesce and form hollow ramified tunnels that permeate
the whole system at vitrification for cooling rates more
than 1014 K/s. At cooling rates less than 1014 K/s, lower
concentration of pores is observed in the amorphous sam-
ple, where the pores are mainly isolated. This is clearly
seen in Fig. 2a, where the geometry of the pores is shown
for the case of the porous amorphous alloy generated by
cooling at the rate of 5× 1013 K/s.

We find that the average linear size d of pores de-
creases rapidly with increasing cooling rate ϑc, whereas
the porosity of the system remains constant. This trend
is also valid for other types of systems. For example, as
seen in the inset to Fig. 2b, the experimental and simula-
tion data for the ϑc-dependence of the linear size of pores
d obtained for Al-based alloys show similar trend [28, 29].
The presence of such dependence between the quantities
ϑc and d is explained by the fact that more pores with
smaller sizes are formed at relatively higher cooling rate.
The growth of such small pores leads to the formation
of percolated pores. For example, at the cooling rate of
5 × 1014 K/s, the pores have a high concentration and
these pores do not have time to completely coalesce. As
a result, the percolating pores are formed. For compari-
son, at the cooling rate of 5×1013 K/s, the pores coalesce
and form large spherical cavities (see Fig. 2a).

4. Concluding remarks

In the present work, we have shown that the porous
amorphous NiTi alloy can be generated by ultrafast cool-
ing of a low-density melt and these results can be useful
in the development of designing methods of porous amor-
phous alloys with the necessary parameters of the porous
structure. The main results of this study can be summa-
rized as follows:

1. The equation of state, ρ(T ), of the equilibrium NiTi
melt for the temperature ranging from T = 300 K
to 9500 K was determined using isobaric atomistic
dynamics simulation with MEAM potential, pro-
posed by Ko et al.

2. Amorphous NiTi alloy with isolated pores and
percolated porous structures can be generated by
means of ultrafast isobaric cooling of low-density
liquid melt, and the generated amorphous samples
are characterized by the porosity φ = (31± 3)%.

3. It was shown that the average linear size of pores
depends on magnitude of the cooling rate, by means
of which the amorphous alloy was generated. This
result is in qualitative agreement with experimen-
tal and simulation data obtained for other types of
porous alloys.
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