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Vitrification of metals and alloys has received much attention in the field of materials science.
Although some progress has been made, this phenomenon has yet to be fully understood. Herein, we
investigate the vitrification process of pure Ni using an ab initio molecular dynamics simulation.
The results of the molecular dynamics simulation and predictions from the specific volume and
density diagrams as well as a casting experiment indicate that Ni may have a high reduced glass
transition temperature but due to kinetic reasons is not a good glass former. The results of the
present work provide new information about the glass-transition phenomenon and suggest that the
reduced glass transition temperature is only an indicator of how easily can glass be formed and that
its stability is a significantly more important feature. © 2008 American Institute of Physics.
�DOI: 10.1063/1.3042240�

I. INTRODUCTION

Upon sufficiently fast cooling, crystallization of the liq-
uid phase is suppressed and the liquid solidifies to produce a
glass1—a disordered solid-state substance, which is also of-
ten called an amorphous solid. The liquid-glassy trace exhib-
its continuity, and the specific volume of a crystal at a given
temperature is lower than that of the glassy phase2,3 provided
that the substance contracts upon solidification. The glass-
transition phenomenon has attracted significant attention
from physicists and materials scientists.4,5 Upon a glass tran-
sition, the average relaxation time has been reported to
change by a few orders of magnitude from 0.1 to 100 s. This
change is directly manifested by a rapid decrease in the heat
capacity Cp from liquid to solid values as the degrees of
freedom become kinetically frozen.6 The glass transition
temperature Tg can be defined as the onset temperature of the
Cp increase upon heating.7 Notwithstanding the significant
progress achieved in the field, a comprehensive theory of
glass transition has yet to be developed.

The increase in the glass-transition temperature �Tg� with
the cooling rate indicates a kinetic character of vitrification8

because the relaxation process9 is not as efficient at a high
cooling rate. However, although Kauzmann10 has clearly il-
lustrated the thermodynamic aspects of a glass transition
when the entropy of a liquid approaches that of a crystal, it is
likely that both kinetic and thermodynamic aspects of the
glass transition are important. The role of thermal conductiv-
ity has also been discussed recently.11 It is generally thought
that pure metals must have low glass-transition temperatures
due to their low glass-forming ability �GFA�.

Because the synthesis of a metallic amorphous phase in
an Au–Si system by a rapid solidification technique was
successful,12 numerous metallic amorphous and glassy alloys

have been produced up to date. The high GFA achieved at
some alloy compositions has allowed bulk metallic glassy
alloys to be produced in a thickness range of 1–100 mm
using various casting processes.13,14 Metallic glassy alloys
exhibit high strength, hardness, and wear resistance as well
as a large elastic deformation, good soft magnetic properties,
and high corrosion resistance.13–15

The thermal expansion of metals occurs due to the an-
harmonicity of the potential energy well, and at constant
pressure it exhibits a nonlinear behavior.16,17 The thermal
expansion of liquid metals is found to differ from that of
solids. According to recent studies, the thermal expansion of
liquids is due to an increase in the free volume of holes,18

and for many metals a nearly linear density variation as a
function of temperature has been observed19,20 even upon
deep supercooling.21 The thermal expansion of the glassy
phase has been studied by in situ x-ray diffraction
measurement.22 In addition, we have approached the glass-
transition temperature from the viewpoint of specific volume
versus temperature diagram,23 extended the criterion of a
small volume change upon melting, which was proposed
previously,24,25 and introduced the � parameter. The � param-
eter indicates how fast a metal/alloy can reach the glass tran-
sition temperature. Ni and some noble metals such as Pt and
Pd theoretically exhibit high reduced glass-transition �Trg

=Tg /Tl� temperatures �Tg glass-transition temperature,
Tl—equilibrium liquidus temperature� due to the relatively
high Tl, small volume changes upon solidification, and suf-
ficient thermal expansion coefficients of the liquid phase. Pt-
and Pd-based alloys are also among the best glass
formers.15,26

II. CALCULATIONS AND EXPERIMENT

In the present work, we investigated the vitrification pro-
cess of pure Ni by an ab initio molecular dynamics �MD�
simulation method at an extremely high cooling rate of
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1013 K /s, which is higher than the predicted critical cooling
rate, estimated Tg, and compared it to the equivolume tem-
perature obtained from the specific volume versus tempera-
ture diagram. Because the thermal expansion coefficient of a
liquid phase ��l� is higher than that of a solid one ��s�, the
specific volume of certain metals in a liquid state at a suffi-
ciently low temperature may be less than that of the corre-
sponding solid one3,27 upon cooling if crystallization is
suppressed.28

We calculated and plotted the volume changes in a solid
crystalline and a liquid phase for pure Ni as a function of
temperature starting from solid Ni at 298 K �8.9 Mg /m3�
and liquid Ni at 1727 K �7.905 Mg /m3� using thermal ex-
pansion data. If the specific volume-temperature plots of a
liquid and the corresponding solid crystalline phase intersect
at a temperature above absolute zero, this intersection tem-
perature may be treated as a critical temperature �equivolume
temperature�. Then if the metal contracts upon solidification
and nucleation of the crystal is suppressed, the liquid may
become a glassy phase above this temperature at a suffi-
ciently high cooling rate. By analogy with Kauzmann’s
paradox,10 we suggest that a liquid metal should not have a
lower volume at a given temperature than its crystalline
counterpart provided it contracts upon solidification and
changes in the chemical bond character do not occur.

The volume coefficient of thermal expansion ��T� at
constant pressure is

� = � 1

V0

�V

�T
�

p

, �1�

where V is the specific volume at a given temperature T.
The following equation allows the specific volume of

solid Ni Vs at a given temperature to be calculated:

Vs = V0 + �s�T�V0�T − T0� . �2�

The thermal expansion coefficient of liquid Ni ��l� �which is
essentially constant� can be derived from the density ��l�
variation as a function of temperature

�l = �m − �l�m�T − Tm� , �3�

where �m is the density of a liquid Ni measured at 1727 K,
which is close to the melting temperature �Tm�.

To estimate Kauzmann temperature �TK� �Ref. 10� of
pure Ni, we used the entropy data from Ref. 29 which in turn
uses heat capacity �Cp� data for crystalline Ni below30 and
above 298 K,31 as well as that of liquid Ni.32 The heat ca-
pacity value for liquid Ni was 43.1�1.3 J /mol K.

In order to record a cooling curve, a cylindrical rod
sample of pure Ni with a 3 mm diameter was cast by a
copper mold Ar injection casting technique �pressure 0.7
MPa� in an argon atmosphere at a nearly ambient pressure.
The time-temperature cooling curve was obtained by record-
ing the temperature of the melt with a thin �0.3 mm diam-
eter� K-type thermocouple, which was connected to an
analog-to-digital signal converter �Graphtec GL-500�. Data
were sampled in 1 ms intervals.

The initial structure of liquid pure Ni was constructed
using the reverse Monte Carlo simulation method33 and the
density values as well as pair distribution function �PDF�

were obtained elsewhere.34 A cubic cell consisting of 128
particles �1.167�1.167�1.167 nm3� was created using a
PDF of pure Ni at 1800 K, and then this cell was used as the
initial configuration in further calculations.

The supercooling process was calculated using the ab
initio MD simulations. All MD calculations were performed
using the Vienna ab initio simulation package35 within the
local spin density approximation. Vanderbilt ultrasoft
pseudopotentials36 were used and a plane-wave cutoff energy
of 241.7 eV was applied. The quenching rate used to obtain
the glass was 1013 K /s. For this purpose, beginning from
1800 K �the cell size was corrected for this temperature� the
structure was cooled for each 100 K during 2000 time steps
where each time step was 5 fs. After each 100 K decrement,
the change in density was corrected by an additional volume
relaxation calculation with a higher cutoff energy of 302 eV.
Due to the large supercell and numerous time steps, the MD
simulation was performed on the G point only.

Because density functional methods always have errors
in volume calculations and this study used a minimal number
of k-points, we performed the volume optimization for a bulk
Ni supercell �3�3�3� structure �Fig. 1, inset� with an ini-
tial lattice constant a=1.0572 nm, which equals the experi-
mental one within the same input parameters described pre-
viously. The calculated lattice constant for the selected
supercell was found to be 1.0285 nm. This difference in the
calculated and experimental lattice constants allowed us to fit
our simulation results.

III. RESULTS

Figure 1 shows the resulting PDFs, which illustrate a
nonperiodic structure. Some features of these PDFs are quite
remarkable. As the temperature decreased, as expected, the
first peak became stronger and sharper, whereas the second
peak was split into two shoulders. The PDF had a tendency
to not become asymptotical to one because the size of the
supercell is limited. One can see that the sample at 1000 K
possessed a much higher degree of short and medium range
order than that at 1800 K �Fig. 1�.

Figure 2�a� exhibits the specific volume-temperature
�V-T� diagram created for pure Ni in accordance with the
data found in Refs. 16, 17, and 21. Different literature

FIG. 1. PDFs of liquid and glassy Ni at 1800 and 1000 K, respectively. The
inset shows a bulk Ni supercell at 1000 K.
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sources provide slightly different thermal expansion coeffi-
cients for liquid Ni. The specific volume of liquid Vl at a
given temperature was calculated from the corresponding
density values �l. The same diagram for density versus tem-
perature is shown in Fig. 2�b�. Recent levitation experiments
have shown that the constancy of the thermal expansion co-
efficient of liquid Ni obtained by density measurements is
maintained even below the liquidus temperature.21 The V-T
and �-T diagrams plotted in Fig. 2 allowed the theoretical
equivolume temperature for Ni to be determined as about
0.57–0.7 �Tl

Ni=1728 K� via the intersection point of two V-T
and � plots obtained for the solid and liquid states. This
value is very high for a pure metal.

Figure 2 also shows the ab initio MD simulation results.
A few interesting features are found. First, the slope of the
liquid Ni curve differed from that calculated by the thermal
expansion coefficient, which was obtained at a slow cooling.
Such a difference can be explained considering the extremely
high cooling rate of 1013 K /s used during the MD simula-
tion as required to avoid crystallization of liquid Ni. Hence,
it is reasonable to assume that at such a high cooling rate, the
changes in the atomic configurations in a liquid cannot fol-
low the changes in temperature due to the relatively large
relaxation time14,37 of such a liquid, which causes the dV /dT
slope to deviate from the predicted slope using the thermal
expansion coefficient.

The slope of the curve calculated using ab initio MD
simulation changes around 1100–1200 K followed that of
solid Ni at lower values of the specific volume and higher
density. This temperature corresponds well to that obtained

using the thermal expansion data of solid and liquid Ni cal-
culated for slow cooling of the liquid phase and heating of
solid crystalline Ni. Thus, 1150 K may be considered as the
vitrification temperature of Ni. Because the thermal expan-
sion coefficients of Ni measured by different authors
differ,14,16,21 the vitrification temperature predicted by the
thermal expansion data may differ by about 100 K.

Figure 3 shows the variation in the entropy of pure Ni in
solid �Ss�T�� and liquid states �Sl�T�� as a function of tem-
perature. Because the intersection point was difficult to de-
termine, the Sl�T� values obtained by integrating Cp�T� could
be imprecise, which may significantly influence TK.

Figure 4 shows the cooling curve recorded on Cu mold
casting of pure Ni in an argon atmosphere. The deflection of
the temperature curve from exponential cooling related to the
beginning of crystallization occurred near 1350 K. A signifi-
cant change simultaneously occurred in the derivative dT /dt
�the cooling rate� near 1200 K. Thus, Ni shows a high super-
cooling of about 380 K.

IV. DISCUSSION

As long as heterogeneous nucleation is suppressed, Ni
exhibits deep supercooling even at a slow cooling rate.
Moreover, the self-diffusion coefficient of Ni in liquid Ni,
Ni80P20, Pd40Ni40P20, and Pd43Ni10Cu27P20 alloys over a wide
temperature range varies only within 10%–20% as a function
of composition. Pure Ni at 1795 K has a self-diffusion coef-
ficient of 3.80�0.06�10−9 m2 s−1, which is only 20% be-

FIG. 2. �Color online� �a� Specific volume-temperature and �b� density-
temperature diagrams for pure Ni �solid lines� in a liquid �according to
different literature sources� and solid state. Diamond points and two least-
squares method fits represent the results of the ab initio MD simulation.
Vertical line indicates the melting temperature.

FIG. 3. Entropy values of solid and liquid Ni as a function of temperature
�Refs. 29–33�. Dotted line represents extrapolation of Sl�T�. Equilibrium
solidus-liquidus temperature is 1728 K.

FIG. 4. �Color online� Cooling curve recorded on Cu mold casting of pure
Ni. Resultant rod sample has a crystalline structure.
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low the diffusion coefficients of Ni in Ni–P and Pd–Ni–Cu–P
alloys.38 Moreover, it has also been shown that diffusive mo-
tion is governed by the packing fraction of the atoms, which
is similar to dense liquids.38 Furthermore, it has been
emphasized38 that Ni, Ni80P20, Pd40Ni40P20, Pd40Ni10Cu30P20,
and Pd43Ni10Cu27P20 �Refs. 39 and 40� are all densely
packed41,42 liquids with very similar values for the packing
fraction.43 It should be mentioned that according to Ref. 44 a
certain amount of glassy Ni, which contains impurities, has
been reported to form in local thin areas upon splat cooling
at a cooling rate of 1010 K /s. As amorphous Ni can be pro-
duced by gas condensation,45 it is assumed that TK may be
higher than suggested in Fig. 3, but the precise value is dif-
ficult to calculate. Moreover, as found in Ref. 3, Tg of
Pd43Cu27Ni10P20 obtained by the enthalpy change is very
similar to that produced using thermal expansion data of
solid and liquid.

Thus, if Ni has such a high reduced glass transition tem-
perature and its self-diffusion coefficient follows the same
trend for various different glass-forming alloys, why is Ni
not a bulk glass former? This question can be answered by
considering competing crystalline compounds46 and packing
efficiency.47,48 In bulk glass-forming alloys, the competing
phase is rarely a primary pure metal phase but is a supersatu-
rated solid solution, an intermetallic compound, or a
quasicrystal49,28 in which the formation mechanism may dif-
fer. The formation of such a phase often requires long-range
diffusion while a pure metal crystallizes by a polymorphous
transformation mechanism. On the other hand, equal sized
spheres prefer crystalline fcc or hcp structures to fill the
space. These are the reasons why monoatomic metallic
glasses are highly unstable even below Tg. Moreover, this
instability is also indicated in the empirical principles, which
determine the GFA of alloys.13,15 Thus, even after vitrifica-
tion at an extremely high cooling rate �say at gaseous-phase
condensation� monoatomic metallic glasses can devitrify/
crystallize for kinetic reasons50,51 upon heating within a short
time span. Even the Au–Si binary glassy alloy was quite
unstable.12 Hence, instability limits the usage of Trg as well
as the proposed � criterion concept to estimate the GFA of
alloys. Thus, the importance of stability of the supercooled
liquid ��Tx=Tx−Tg, where Tx is the onset crystallization
temperature�52 or �=Tx / �Tg+Tl� criterion53 �as well as the
�m �Ref. 54� and other similar criteria� should be empha-
sized. Moreover, the glass-transition temperature of some
amorphous alloys is above the crystallization temperature �at
a certain heating rate�,55 and even if these alloys possess
sufficiently high Trg values, the thermal stability of the re-
sultant glass is not high.

Another aspect which should be discussed is fragility of
the liquid.9,56 A parameter F1 introduced recently considers
both Trg and the fragility index m=d log10 	 /d�Tg /T� �T=Tg

of
the supercooled liquid �	 is the Maxwell relaxation time�.57 It
has been suggested that the parameter Trg alone is a good
GFA indicator for glass forming systems with similar fragil-
ity values but is not reliable for materials with significantly
different fragilities.57 Pure metals are believed to be fragile
liquids. Thus, even if some of them have high Trg, their
actual GFA is not high.

V. CONCLUSIONS

The equivolume temperature approach to determine the
glass-transition temperature of metals and ab initio MD
simulation demonstrate that Trg of Ni may be as high as
�0.6–0.7, which is an extremely high value for pure metals.
The above result limits the applicability of the Trg concept to
metallic glasses and indicates that a parameter combining
both Trg and the stability of the supercooled liquid against
crystallization must be used. In addition, our finding pro-
vides new insight in the investigation of the glass-transition
phenomenon. Moreover, it also suggests that Ni may be a
suitable base and alloying element for bulk glassy alloys.
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