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Spinodal and thermodynamic limit of superheat of gold
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A four-parameter generalized Berthelot equation of state has been employed to
determine the spinodal and the thermodynamic limit of superheat of liquid gold. It
is established that gold obeys the two-parameter law of corresponding states. It is
also established that the new parameters introduced in the attractive term of the
equation of state are thermodynamic similarity parameters. It is shown that liquid
gold can be superheated to a temperature 6719K. That is, liquid gold, under rapid
heating, can be superheated to temperature 3476K above the boiling temperature
without undergoing liquid-vapour phase transition. Above this temperature, liquid
gold will undergo explosive boiling owing to homogeneous nucleation.
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Introduction
The nanoparticles of noble metals exhibit physical
properties that make them unique for scientific and
technological applications: electronics, catalysis,
biotechnology,
spectroscopy,
etc.
The
thermochemical properties of the compounds and
inter metallic phases of gold have been well
investigated. One of the functional tasks of statistical
mechanics and thermodynamics is to find the
equations of state of substances. Having accurate
equations of state for the substances is important in
the design of several industrial processes and for
precise calculations describing a variety of
thermodynamic processes. Many modifications of
the known equations of state have been proposed. 1-7
These modifications result in the generalization
of the known equations of state with a numerical
stability and ability to describe the thermodynamic
properties of a wide range of technically important
substances used in industries. To improve the
accuracy of an equation of state usually its attractive
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term and the repulsive term are modified. In some
cases, the equation - of - state parameters
dependence on temperature is assumed. Laser
ablation and explosion of wires are two techniques
of producing gold nano particles.
In these
processes, gold is rapidly heated. Under these
conditions, gold is superheated to temperature,
much above its normal boiling temperature. The
spinodal, on the phase diagram, is the stability
boundary. Beyond this boundary, gold undergoes
explosive boiling. To understand the mechanism of
superheating and explosive boiling, the knowledge
of the spinodal and the thermodynamic limit of
superheat is required. The present work, based on a
new four-parameter generalized Berthelot equation
of state, deals with the determination of the spinodal
and the thermodynamic limit of superheat of gold.
Considering the difficulties in obtaining reliable
experimental data on the spinodal and superheating
of gold, this work acquires scientific and
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technological significance.

parameter Vc/b or Zc can also be used as the
thermodynamic similarity parameter instead of the
parameter n.

Generalized Berthelot Equation of State
To improve the accuracy of the known Berthelot
equation of state, an improvement is proposed by
introducing the parameters m and n in its attractive
term. Such a generalized Berthelot equation of state
for one mole of substance has the form:

P=

RT
a
− m n
V −b T V

(1)

Where P - pressure, V - molar volume, T temperature, R - universal gas constant, a, b, m and
n are substance-specific parameters.
The liquid-vapour critical point conditions are

 P 

 = 0,
 V Tc

 P
 2  =0
 V Tc
2

The parameters of the generalized Berthelot
equation of state may be determined through the
critical-point parameters of substances. The use of
the critical-point parameters in determining the
parameters of the equation of state will improve the
ability of the equation of state to determine the high
-temperature properties of substances.
Eq. (5) may be rearranged as

n 2 − 4nZ c − 1 = 0

(7)

Eq. (7) is a quadratic equation having two
solutions for n. The parameter n cannot have a
negative value. Hence, we have

Application of the critical - point conditions to
the equation of state given by Eq. (1) gives the
critical volume, critical temperature and critical
pressure as

 n +1
Vc = 
b
 n −1

(2)

n = 2Z c + 4Z c2 + 1

(8)

Riedel’s parameter is defined as

 P 
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(4)

The critical compressibility factor is then given by

PV n 2 − 1
Zc  c c =
RTc
4n

(5)

Taking into account Eqs. (2)-(5), we may write Eq.
(1) in terms of reduced variables
P* = P / Pc , V * = V / Vc , T * = T / Tc as

P =

Determination of the Equation-of-state
Parameters

1 
4nT 
n +1 
−

n − 1  (n + 1)V  − (n − 1) T mV n 

(6)

The reduced equation of state given by Eq. (6)
represents the two - parameter law of corresponding
states with the thermodynamic similarity parameters
m and n. That is, substances obeying the generalized
Berthelot equation of state, with the same values of
parameters m and n are thermodynamically similar.
Such substances have similar intermolecular force
characteristics. It follows from Eqs. (2) and (5) that

, at critical point
From Eqs. (6) and (9), we get

R =

2n + m(n + 1)
n −1

(9)

(10)

Eq. (10) may be rearranged to get the expression
for m as

m=

(n − 1) R − 2n
n +1

(11)

Eq. (2) may be rearranged to get the expression
for b as

 n −1 
b=
 Vc
 n +1 

(12)

Eq. (3) may be rearranged to get the expression
for a as

a=

(n + 1) 2 RVc n −1Tc m +1
4n

(13)

Eqs. (8)-(13) enable one to determine the
parameters a, b, m and n through the critical-point
parameters and the Riedel’s parameter of
substances.
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Figure 1 | Schematic phase diagram of substances.

Figure 2 | Spinodal of gold.

Table 1 | Parameters of the generalized Berthelot equation of state.

a

Metal

Jkg-1K-1m3mol-1

Gold

1849719.9

b

m

n

0.5380

0.183

1.533

Ts ,0

Vs*,0

Vs ,0

10-5m3mol-1

Table 2 | Thermodynamic limit of superheat of gold.

Metal

Ts*,0

Gold

0.908

K
6719

0.605

10-5 m3/mole
1.5470

Table 3 | Spinodal of gold.

14

Vs*

Ts*

Ps*

0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

0.018
0.332
0.637
0.809
0.905
0.957
0.984
0.996
1.000

-127.100
-20.362
-5.750
-1.610
-0.048
0.598
0.870
0.975
1.000
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Spinodal and Thermodynamic Limit of
Superheat
The knowledge of the spinodal, a characteristic
curve on the phase diagram (Fig. 1), is essential in
describing the properties of substances in the critical
and in the metastable states with decreased
thermodynamic stability. The spinodal defines the
thermodynamic stability boundary of the phase
envelope. Inside the spinodal envelope, a system is
unstable. Above Tc, the liquid phase becomes
indistinguishable from vapour phase,8-14 as the free
energy barrier separating them vanishes.
Moreover, the critical point lies on both the
spinodal and binodal lines. The liquid can be
superheated to the temperatures well above their
equilibrium boiling temperatures. Such nonequilibrium metastable states can exist only during
finite time interval because of spontaneous
development of growing vapour bubbles.
The spinodal is, defined by the condition,

difference between the temperature of superheat
and the equilibrium boiling temperature at a given
pressure attains the maximum. The maximum value
of the difference between the temperature of
superheat and the equilibrium boiling temperature,
under
zero
pressure,
is
a
characteristic
thermodynamic parameter of liquids called the
thermodynamic limit of superheat. Hence, in this
work, the thermodynamic limit of superheat under
zero pressure is determined.
Under zero pressure, i.e Ps*=0, Eq. (17) gives
m



4 m+1 (n + 1)Vs − n
*

Vs

n +1
m +1

(n + 1)V

(n + 1)V
Vs*,0 =

*

*
s

*
s



− (n − 1)





2m
m +1

=0

2

− (n − 1) = 0

n
n +1

(18)

Substituting Eq. (18) into Eq. (16), we get
 P 
−
 =0
 V T

(14)

Liquids remaining in the liquid state above the
boiling temperature in the ambient pressure are said
to be superheated. These liquids are in metastable
state in a thermodynamic sense. A liquid cannot be
superheated up to its critical temperature. There is a
limit to the maximum attainable temperature for any
liquid without boiling. This heating limit is called the
maximum
attainable
superheat
or
the
thermodynamic limit of superheat.15,16
The thermodynamic limit of superheat is given by
the conditions,

 P 
−    = 0 , P* = 0
 V T 

(15)

Application of the condition given by Eq.(14)to
Eq.(6) gives the spinodal in V*,T* coordinates and in
P*,V* coordinates as
1

 ( n + 1)V * − ( n − 1)  2  m+1
s
 
*
Ts =  
*n +1


4Vs



(16)

m

4 m+1 ( n + 1)Vs* − n 

Ps* =
Vs

*

n +1
m +1

2m

( n + 1)Vs* − ( n − 1)  m+1

(17)

As seen from Fig. 1, with the decrease in pressure,
the difference between the temperature of
superheat and the equilibrium boiling temperature
at a given pressure, increases. At zero pressure, the

n +1

*
s ,0

T

1  n + 1  m +1
= 1 

n 
m +1 
4

(19)

Eqs. (18) and (19) give the expressions for the
parameters of the thermodynamic limit of superheat.
By substituting the values of thermodynamic
similarity parameter m and n of gold, the reduced
volume of liquid gold at the maximum attainable
superheat under zero pressure and maximum
attainable reduced temperature of superheat at zero
pressure are estimated through Eqs. (18) and (19).
The obtained results are presented in Table 2.
With the obtained values of the parameters m
and n (Table 1), the spinodal of gold is determined
through Eqs. (16) and (17). The results are presented
in Table 3. Moreover, the spinodal of gold is plotted
in Fig. 2.

Results and Discussion
As seen from Table 1, the value of the parameter
n is greater than that of the parameter m. That is,
the attractive term in the generalized Berthelot
equation of state has a stronger dependence on
volume than on the temperature. The spinodal
(stability boundary on the phase diagram) of gold
and the thermodynamic limit of superheat of gold
have liquid been determined. As seen from Table 2,
the liquid gold, under zero pressure, can be
superheated to a temperature 0.908 Tc. This value
agrees with the experimental value.22 That is, liquid
gold can be superheated to a temperature 3476K
above its normal boiling temperature.
At the
thermodynamic limit of superheat, the volume of the
liquid gold is 1.547 X 10-5 m3mol-1. Above this
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temperature, liquid gold will undergo explosive
boiling owing to homogeneous nucleation.

Conclusion
The spinodal (stability boundary on the phase
diagram) of gold and the thermodynamic limit of
superheat of liquid gold have been determined. It
has been established that the liquid gold, under zero
pressure, can be superheated to a temperature
0.908Tc. This value agrees with the experimental
value. That is, liquid gold can be superheated to a
temperature 3476K above its normal boiling
temperature. At the thermodynamic limit of
superheat, the volume of the liquid gold is 1.547 X
10-5 m3mol-1. Above this temperature, liquid gold will
undergo explosive boiling owing to homogeneous
nucleation.
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