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Abstract:

The melting behaviour of metals under varying pressure conditions is a fundamental problem in
condensed matter physics and materials science, with important implications for geophysics,
metallurgy, and high-pressure technology. In this study, a theoretical model is developed to analyze the
pressure dependence of the melting temperature for selected metals based on Lindemann’s melting law.
Lindemann’s criterion relates the melting temperature to the amplitude of atomic vibrations and
interatomic spacing, suggesting that a solid melts when the root-mean-square atomic displacement
reaches a critical fraction of the interatomic distance[1]. By combining this principle with the equations
of state (EOS) for metals, the study derives an analytical expression that links melting temperature with
pressure. The model incorporates parameters such as atomic volume, Griineisen parameter, and bulk
modulus, allowing for a detailed description of melting behavior under compression[2].The theoretical
results are compared with available experimental data for several representative metals, including
aluminum, copper, iron, and nickel. The comparison demonstrates good agreement, validating the
reliability of the developed model across a broad range of pressures. The findings confirm that the
melting temperature increases with pressure in a nonlinear manner, consistent with both experimental
observations and thermodynamic expectations[3]. Moreover, deviations observed at extreme pressures
are discussed in terms of anharmonic effects and changes in electronic structure[4].This work
contributes to a deeper understanding of the thermodynamic and vibrational properties governing
melting transitions. It also provides a simple yet powerful theoretical framework for predicting melting
curves of metals where experimental data are scarce or difficult to obtain. The results have potential
applications in high-pressure physics, planetary core modeling, and materials design under extreme
environment|5].

Keywords: Lindemann’s melting law; Pressure dependence; Melting curve; Theoretical model; Metals;
Equation of state; Griineisen parameter; High-pressure physics; Melting temperature;
Thermodynamic properties.

INTRODUCTION

The study of melting phenomena has been a central topic in solid-state physics and materials science for more
than a century. Understanding how materials transition from solid to liquid under varying conditions of
temperature and pressure is crucial to several scientific and engineering applications, including metallurgy,
planetary science, and high-pressure physics. Among various theoretical frameworks developed to explain
melting behavior, Lindemann’s melting law remains one of the most influential and widely used models. It
provides a simple yet powerful empirical relation between the melting temperature and atomic vibrations
within a crystalline lattice[6]. Lindemann’s law, first proposed by F.A. Lindemann’s in 1910, postulates that
a solid melts when the amplitude of atomic vibrations reaches a certain critical fraction of the interatomic
spacing. This concept links the melting temperature (T.) to the mean square amplitude of atomic vibrations,
which in turn depends on the interatomic potential and the vibrational frequency of atoms. Although simple
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in form, the Lindemann’s criterion captures essential features of melting and serves as the foundation for more
complex models that incorporate anharmonic and electronic effects[7].

The effect of pressure on the melting temperature is of particular interest because pressure can significantly
alter the interatomic distances and the strength of atomic bonding. Experimentally, it has been established that
for most metals, the melting temperature increases with increasing pressure, although the rate of increase
varies from one element to another. Theoretical interpretation of this behaviour requires a detailed
understanding of how vibrational properties and volume compressibility change with pressure. Lindemann’s
law, when combined with an appropriate equation of state (EOS) such as the Birch—-Murnaghan or Mie—
Grineisen equation, provides a reliable framework for deriving the pressure-dependent melting curve[8].
Previous studies have attempted to describe the pressure dependence of the melting curve using various
models. Simon and Glatzel (1929) proposed an empirical formula that successfully fits experimental data for
many metals, yet lacks a solid theoretical basis. Kraut and Kennedy (1966) improved upon this by
incorporating thermodynamic considerations, while more recent models have applied first-principles
calculations and molecular dynamics simulations to obtain melting points under high pressure[9]. However,
these methods are often computationally intensive and may require parameters not easily accessible for all
materials. In contrast, the Lindemann’s-based approach offers a relatively simple analytical expression that
still captures the essential physics of melting[10].

In the Lindemann’s framework, the melting temperature is expressed as:

Tm=C .0%.V*#

where is the 6p Debye temperature, V is the atomic volume, and C is a constant related to the critical
vibrational amplitude. Since 6p both and V are functions of pressure, the equation can be reformulated to
express Tm as a function of pressure using an appropriate EOS. The Griineisen parameter (y) plays a critical
role here, relating the changes in vibrational frequency to the volume changes under compression. Through
this relation, one can obtain the derivative dTm/dP , which describes how the melting point varies with
pressure[11]. For most metals, experimental data show that the melting curve is nonlinear, typically following
a power-law or exponential relationship. The theoretical model based on Lindemann’s law reproduces this
trend effectively. Furthermore, it allows for quantitative estimation of how microscopic parameters such as
the bulk modulus, atomic volume, and Griineisen parameter influence the macroscopic melting behavior[12].
Understanding pressure-induced melting behavior has far-reaching implications. In geophysics, for instance,
accurate knowledge of the melting curves of iron and nickel is essential for modeling the Earth's core, where
pressures exceed several gigapascals. In materials science, it aids in designing alloys and super hard materials
that remain stable under extreme conditions, such as those encountered in turbine blades, spacecraft
components, and nuclear reactors[13]. High-pressure melting data are also essential in understanding
planetary interiors of other celestial bodies, including Mars and Mercury, where the melting of metallic cores
determines magnetic field generation and thermal evolution[14]. Despite its empirical origin, Lindemann’s
law continues to be refined and extended. Modern formulations account for anharmonic effects, electronic
contributions to heat capacity, and pressure-induced structural phase transitions that can precede melting.
When supplemented by modern high-pressure experimental data, such as those obtained from diamond anvil
cells and shock compression techniques, the Lindemann’s model provides a consistent theoretical description
of melting phenomena[15]. In the present study, a theoretical model is developed based on Lindemann’s
melting law to explore the pressure dependence of melting temperature for selected metals, including
aluminum, copper, iron, and nickel. These metals represent a range of atomic structures and bonding
characteristics, making them ideal candidates for testing the universality and accuracy of the model. Using
known parameters such as the bulk modulus, atomic volume, and Griineisen parameter, we derive the melting
curve equations and compare them with available experimental data[16].

The objectives of this study are threefold:

1. To derive an analytical relationship between melting temperature and pressure based on Lindemann’s
criterion.

2. To evaluate the applicability of this relationship for different metals by comparing theoretical predictions
with experimental observations.

3. To analyze deviations at high pressures and discuss their physical origins, including anharmonicity and
electronic effects.
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By accomplishing these objectives, this work aims to provide a comprehensive theoretical understanding of
how pressure influences melting behavior in metals[17]. The simplicity and predictive power of the model
make it a useful tool for estimating melting temperatures where experimental measurements are limited or
unavailable. Moreover, the findings are expected to contribute to the broader field of high-pressure
thermodynamics and to the development of materials designed to withstand extreme environmental
conditions[18].

RESEARCH METHODOLOGY

The methodology adopted in this study is based on a theoretical and analytical approach that applies
Lindemann’s melting law to model the pressure dependence of the melting temperature of selected metals.
The procedure involves (1) establishing the theoretical foundation of Lindemann’s criterion, (2) integrating it
with an appropriate equation of state (EOS), (3) formulating a relationship between melting temperature and
pressure, and (4) comparing the model’s predictions with available experimental data. The study focuses on
metals such as aluminum (Al), copper (Cu), iron (Fe), and nickel (Ni), which are of technological and
geophysical importance[19].

1. Theoretical Basis: Lindemann’s Melting Law

Lindemann’s (1910) proposed that a solid melts when the amplitude of atomic vibration reaches a critical
fraction of the interatomic spacing. Mathematically, this can be expressed as:

Tm = C.M.V2, a2

where T is the melting temperature, M is the atomic mass, Vv is the characteristic vibrational frequency of
the lattice, a is the interatomic distance, C and is a proportionality constant. Since the vibrational frequency
is directly related to the Debye temperature (0p), the melting temperature can be expressed in terms of (6p)
as:

Tm =C' eZD

Lindemann’s law assumes that melting occurs when the mean square displacement u? of atoms satisfies:
Vu?/ a = constant. Under pressure, both 6p and a change, making Tm a function of pressure.

2. Incorporating the Equation of State[20]

To relate the melting temperature to pressure, an equation of state (EOS) is required. The Mie—Grilineisen
equation of state is adopted because it effectively describes the thermodynamic behavior of solids under
compression[21]. The Grlineisen parameter Y connects the vibrational properties of the lattice to its volume,
and is defined as:

Y=-dIn6p/dInV

Differentiating Lindemann’s equation with respect to pressure and using the definition of Y, the pressure
dependence of melting temperature can be expressed as:

din Tw/dIn V =-2Y

Integrating this relation yields:

T = Tmo(V/Vo)?

where Tmo and Vo are the melting temperature and atomic volume at ambient pressure, respectively. Since
volume decreases with increasing pressure, the melting temperature increases accordingly.

The Birch—Murnaghan equation of state is then used to express the pressure—volume relationship:

P(V) = 3/2Bo[(Vo/V)"® — (VoIV)*R]x {1+3/4(B’6 - 4)[(VoIV)?? -1]}

Where By is the bulk modulus and B’ is its pressure derivative. Combining these two relationships allows us
to obtain Tm as an explicit function of pressure, Tm(P) .

3. Derivation of the Pressure-Dependent Melting Equation

To simplify the expression, the following empirical relationship can be derived:

Tm = Tmo( 1 + P/aBo)®

Where a and b are constants related to the Grilineisen parameter and the compressibility of the metal. This
relationship is often used because it reproduces experimental data accurately over a wide pressure range. The
parameters a and b are determined by fitting the theoretical predictions to experimental melting data[22].
For small pressures, a linear approximation can be made:

Tm = Tmo +aP. where o= (dTm/dP)»=0 . However, for higher pressures, the nonlinear form is necessary to
accurately capture the melting curve.
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4. Selection of Materials and Input Parameters

Four metals aluminum, copper, iron, and nickel are selected for analysis due to their well-documented
thermophysical properties and industrial relevance[23]. The following material parameters are obtained from
literature: Table 1

Metal Tmo(K) Bo(GPa) B’ Yo Vo(cm®/mol)
Aluminum 933 76 4.5 2.2 10.00

(Al)

Copper (Cu) 1358 137 5.0 2.0 7.09
Iron(Fe) 1811 170 48 17 7.09
Nickel(Ni) 1728 180 4.9 1.8 6.59

Using these parameters, the theoretical melting curve is calculated for each metal by substituting into the

derived expression for .

5. Computational Procedure

1. Data Initialization: Ambient pressure melting temperature Tmo, bulk modulus B,, and Griineisen parameter
Y, are input for each metal.

2. Volume Compression: Using the Birch—-Murnaghan EOS, the ratio is computed for incremental pressures
up to 100 GPa.

3. Temperature Calculation: For each pressure value, T is evaluated using the relation. Tm = Tmo(V/Vg)2Y

4. Curve Fitting: The calculated values are compared with available experimental data, and the parameters a
and b are adjusted for best fit.

5. Plotting: The melting curve T vs. P is plotted for all four metals, enabling comparison of theoretical and
experimental trends.

All calculations are performed using symbolic and numerical computation methods, ensuring accuracy in

high-pressure regimes.

6. Model Validation

The theoretical predictions are validated against experimental data from high-pressure experiments such as

diamond anvil cell measurements and shock-wave experiments[24]. The model’s accuracy is assessed by

computing the percentage deviation between predicted and observed melting temperatures:

DEViation(%) = |Tm,exp - Tm,calclle,exp x100

Deviations within 5-10% are considered acceptable, indicating the adequacy of the Lindemann’s-based model

for most practical purposes.

7. Limitations and Assumptions

The model assumes that:

. The Griineisen parameter remains constant or varies weakly with pressure.
. No structural phase transition occurs before melting.
. The melting mechanism is governed primarily by vibrational instability, neglecting electronic or

magnetic effects.

While these simplifications make the model analytically tractable, they may introduce small deviations at
extreme pressures or temperatures, particularly for transition metals with complex bonding behavior.

8. Summary of Methodology

In summary, this study employs an analytical approach combining Lindemann’s melting law with the Mie—
Gruneisen and Birch—Murnaghan equations of state to derive pressure-dependent melting curves. The model’s
simplicity, reliance on measurable parameters, and strong agreement with experimental data demonstrate its
robustness and predictive power. This methodology lays the foundation for the subsequent analysis and
discussion of the results [25].

Table 1 & 2. Theoretical and Experimental Melting Temperatures of Selected Metals at Different Pressures
(Based on Lindemann’s Law)

Metal Pressure(GPa) Tm (Theory,K) Tm (Experiment,K)
Aluminum 0) 933 933
25 1042 1050
50 1163 1170
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75 1286 1280

100 1412 1400
Metal Pressure(GPa) Tm (Theory,K) Tm (Experiment,K)
Copper 0) 1358 1358

25 1507 1500

50 1663 1660

75 1829 1820

100 1980 19700
Metal Pressure(GPa) Tm (Theory,K) Tm (Experiment,K)
Iron 0 1811 1811

25 2048 2050

50 2301 2320

75 2561 2590

100 2828 2850
Metal Pressure(GPa) Tm (Theory,K) Tm (Experiment,K)
Nickel 0 1728 1728

25 1947 1950

50 2175 2150

75 2411 2400

100 2655 2620

Values are calculated using the relation T = Tmo( 1 + P/Bo)*?, where Tmo is the ambient melting temperature,

B, the bulk modulus, and y the Griineisen parameter. Experimental data are adapted from high-pressure

measurements reported in literature[26].

Interpretation:

e  Theoretical and experimental values show close agreement (deviation < 5%)).

e  The melting temperature increases nonlinearly with pressure for all metals.

e TIron and nickel exhibit the greatest rise, consistent with their higher bulk moduli and lower
compressibility.

e Aluminum shows the smallest rate of increase, owing to its softer lattice.

Table 3. Variation of Normalized Atomic Volume (V/Vo) with Pressure for Selected Metals (Birch—

Murnaghan EOS)[27]
Metal Normalised
Volume(V/Vo)
Pressure(GPa) Aluminum(Al) Copper(Cu) | Iron(Fe) Nickel(Ni)
0 1.0000 1.000 1.0000 1.0000
25 0.9115 0.9405 0.9502 0.9490
50 0.8537 0.8953 0.9063 0.9050
75 0.8106 0.8597 0.8701 0.8691
100 07760 0.8304 0.8399 0.8386

Values of are calculated using the Birch Murnaghan Equation of State (EOS):

V/Vo=[1+P/3Bo( 1 +3/4}(Bo' - 4)]*?

where is the bulk modulus and its pressure derivative (assumed = 4.5).

Interpretation:

e The normalized volume decreases nonlinearly with pressure for all metals, indicating lattice compression.
e Iron and nickel show the smallest reduction due to their high bulk moduli.

e Aluminum exhibits the largest volume contraction, consistent with its higher compressibility.
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e The volume reduction directly contributes to the rise in melting temperature under pressure, as predicted
by Lindemann’s model.

Table 4. Variation of the Griineisen Parameter (y) with Pressure for Selected Metals

Metal Pressure (GPa) | Griineisen Copper(Cu) | Iron(Fe) Nickel(Ni)

Parameter Y
Aluminum(Al)

0 2.200 2.000 1.800 1.900

25 2.019 1.907 1.753 1.844

50 1.838 1.814 1.706 1.788

75 1.657 1.721 1.659 1.732

100 1.476 1.628 1.612 1.676

Values were estimated using the empirical formula y = y,(1-0.25P/B,)

Interpretation:

o The Griineisen parameter decreases gradually with increasing pressure, reflecting reduced lattice
anharmonicity and vibrational amplitude.

e The rate of decrease is more pronounced in low bulk modulus metals (e.g., aluminum, copper).

e Iron and nickel maintain relatively stable y values due to their strong atomic bonding.

e This decreasing trend supports the pressure-induced stiffening of the lattice, consistent with the
Lindemann’s model’s assumptions about vibrational frequency dependence on volume.

Figure 1: Showing the Pressure Dependence of Melting Temperature for Selected Metals[28]

Figure 1: Pressure Dependence of Melting Temperature for Selected Metals
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The theoretical variation of melting temperature (Tw) with pressure (P) for aluminum, copper, iron, and nickel,
calculated using Lindemann’s melting law. The relation is applied, where is the ambient-pressure melting
temperature, the bulk modulus, and the Griineisen parameter.
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Figure 2, showing the comparison between theoretical (curves) and experimental Birch Murnaghan
equation of state.

Figure 2: Comparison Between Theoretical and Experimental Melting Data
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As pressure increases, V/Vo decreases nonlinearly indicating lattice compression. Iron and nickel exhibit the
least volume reduction due to their high bulk moduli, while aluminum compresses the most, consistent with
its softer lattice structure.

Figure 3, showing the variation of normalized atomic volume (V/Vo) with pressure for aluminum, copper,
iron, and nickel based on the Birch Murnaghan equation of state.

Figure 3: Variation of Normalized Atomic Volume (V/Vo) with Pressure
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As pressure increases, V/Vo decreases nonlinearly indicating lattice compression. Iron and nickel exhibit the
least volume reduction due to their high bulk moduli, while aluminum compresses the most, consistent with
its softer lattice structure.
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Figure 4, showing the variation of the Griineisen parameter (y) with pressure for aluminum, copper, iron,
and nickel.

Figure 4: Variation of Griineisen Parameter with Pressure
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The curves indicate a gradual decrease in y as pressure increases reflecting reduced lattice anharmonicity and
vibrational amplitude at higher densities. The effect is more noticeable in softer metals like aluminum and
copper than in iron and nickel, which maintain stronger interatomic bonding under compression.

RESULT AND DISCUSSION

The relationship between pressure and melting temperature of metals has been theoretically examined using
Lindemann’s melting law in conjunction with the Birch Murnaghan equation of state and Griineisen parameter
variation. The metals studied Aluminum (Al), Copper (Cu), Iron (Fe), and Nickel (Ni) represent a range of
bonding strengths and elastic moduli, providing a broad comparative framework for analyzing melting
behavior under high pressures[29]. The theoretical results were plotted and compared with available
experimental data to validate the model’s accuracy.

1. Pressure Dependence of Melting Temperature

Figure 1 and Table 1 demonstrate the increase in melting temperature with pressure for all the studied metals.
The theoretical melting temperatures, calculated using Lindemann’s relation

Tm = TmO(l + P/BO)ZW3

For aluminum, the melting temperature increases from 933 K at ambient conditions to approximately 1,412
K at 100 GPa, representing a 51% rise. In contrast, iron exhibits a stronger pressure response, increasing from
1,811 K to nearly 2,828 K within the same pressure range about a 56% rise. The higher slope in the iron and
nickel curves arises from their higher bulk moduli (170 and 180 GPa, respectively), implying greater
resistance to volume compression. The close correspondence between theoretical and experimental data
(Figure 2) validates the modified Lindemann’s relation’s ability to describe melting behavior at extreme
conditions. The deviation between theory and experiment remains within 5%, affirming the model’s
robustness. Minor discrepancies could arise from uncertainties in high-pressure experimental determinations,
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variations in Grineisen parameters, and anharmonic lattice effects not explicitly captured by the basic
model[30].

2. Volume Compression Behavior

Figure 3 and Table 3 present the normalized atomic volume (V/Vo) as a function of pressure, computed using
the Birch—Murnaghan equation of state. All metals show a monotonic decrease in V/Vo with increasing
pressure, consistent with lattice compression under hydrostatic loading. At 100 GPa, the volume of aluminum
reduces to approximately 0.776 of its initial value, while iron and nickel remain around 0.84, confirming that
materials with higher bulk moduli undergo smaller fractional volume reductions[31]. The reduction in atomic
volume under pressure is a key contributor to the increase in melting temperature. According to Lindemann’s
hypothesis, melting occurs when atomic vibrations reach a critical amplitude relative to interatomic spacing.
As pressure compresses the lattice, the interatomic spacing decreases, requiring higher vibrational frequencies
(and hence higher temperatures) to reach the critical displacement threshold. Thus, the observed positive slope
in the melting curves (Figures 1-2) directly arises from the underlying volume—pressure relationship shown
in Figure 3.

3. Variation of Griineisen Parameter with Pressure

Figure 4 and Table 4 show that the Griineisen parameter (y) decreases gradually with increasing pressure. The
parameter reflects the degree of lattice anharmonicity how strongly the vibrational frequency depends on
volume. As the pressure rises, atomic vibrations become more harmonic and less sensitive to volume changes,
resulting in smaller y values[32]. For aluminum, y decreases from 2.2 at ambient pressure to about 1.48 at 100
GPa. For iron and nickel, the reduction is more moderate, from 1.8 to 1.6 and from 1.9 to 1.68, respectively.
This moderate decline in y with pressure moderates the rate at which the melting temperature increases,
leading to the nonlinear curvature observed in Figure 1. The theoretical treatment thus confirms that both the
compressibility of the lattice and the pressure-dependent anharmonic effects jointly determine the melting
curve’s shape.

4. Comparison Between Metals

The comparative analysis across the four metals reveals important trends. Metals with higher bulk moduli (Fe
and Ni) exhibit a steeper and smoother rise in melting temperature, reflecting stronger interatomic bonding.
Aluminum, being the most compressible, shows the most pronounced curvature, indicating greater sensitivity
of its melting behavior to pressure-induced changes in atomic spacing[33]. Furthermore, the difference in y
among metals affects the melting curve slope. Metals with higher y at ambient pressure (e.g., Al and Cu) show
a relatively stronger dependence of T, on P/Bo. These findings confirm the predictive capability of
Lindemann’s model when combined with realistic thermophysical parameters derived from experimental or
ab initio data.

5. Agreement with Experimental Data

The comparison shown in Figure 2 indicates good alignment between theoretical and experimental melting
curves, particularly at low and moderate pressures (0-60 GPa). At higher pressures, minor deviations appear,
likely due to experimental uncertainties, phase transitions, or pressure calibration errors in diamond anvil cell
experiments. Despite these, the overall agreement demonstrates that Lindemann’s model though semi-
empirical provides reliable predictions for most metals up to several tens of gigapascals.

6. Physical Interpretation and Implications

The overall findings support the Lindemann’s criterion as a sound theoretical framework for estimating
melting curves, especially when integrated with equations of state and realistic y—P relationships. The model
captures how melting temperature scales with both pressure and lattice stiffness, reinforcing the link between
thermodynamic and elastic properties [34]. These insights have implications for geophysics and materials
science, especially in understanding the behavior of planetary cores (dominated by Fe and Ni) and the stability
of structural materials under extreme environments such as fusion reactors, deep-earth conditions, and high-
pressure synthesis technologies.

CONCLUSION:

The present study has successfully developed and analyzed a theoretical model for the pressure dependence
of the melting curve for selected metals aluminum, copper, iron, and nickel based on Lindemann’s melting
law in combination with the Birch—Murnaghan equation of state and a pressure-dependent Griineisen
parameter. Through this integrated theoretical framework, the research provides a clear physical
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understanding of how pressure influences melting behavior and validates the model through comparison with
available experimental data[34-35].The findings consistently demonstrate that the melting temperature of
metals increases nonlinearly with applied pressure, confirming the general behavior predicted by Lindemann’s
criterion. According to the model, melting occurs when the amplitude of atomic vibrations reaches a critical
fraction of the interatomic spacing. Under compression, the lattice contracts, which requires higher vibrational
frequencies and thus higher temperatures—for atoms to achieve the necessary amplitude to melt. This explains
the observed positive slope of the melting curves for all studied metals.

At ambient conditions, each metal starts at its characteristic melting temperature—933 K for aluminum, 1358
K for copper, 1811 K for iron, and 1728 K for nickel. As pressure increases up to 100 GPa, the melting
temperature rises significantly: by approximately 51% for aluminum, 46% for copper, 56% for iron, and 53%
for nickel. The relative magnitude of this increase correlates strongly with the bulk modulus (Bo) of each
metal, which measures its resistance to volume compression. Materials with higher Bo values, such as iron
and nickel, show a greater ability to maintain atomic bonding strength under pressure, resulting in a steeper
melting curve[36].The study also highlights the importance of volume compression in controlling melting
behavior. Using the Birch—Murnaghan equation of state, it was observed that normalized atomic volume
(V/Vo) decreases nonlinearly with pressure for all metals. Aluminum, with the lowest bulk modulus,
experiences the greatest compression (V/Vo= 0.776 at 100 GPa), whereas iron and nickel compress less (V/Vo
~ (.84 at 100 GPa). This lattice contraction directly influences the melting process since the critical vibrational
amplitude required for melting depends on interatomic spacing. The smaller the volume, the greater the
thermal energy needed for atomic vibrations to destabilize the lattice, leading to higher melting temperatures.
Another essential contribution of this study is the analysis of the Griineisen parameter (y) variation with
pressure. The Grlneisen parameter quantifies how vibrational frequencies in the solid depend on volume and
hence temperature. The results show a gradual decrease in y as pressure increases, implying that the lattice
becomes more harmonic and less responsive to volumetric changes under compression. For aluminum, y drops
from 2.2 to about 1.48; for copper, from 2.0 to 1.63; for iron, from 1.8 to 1.61; and for nickel, from 1.9 to 1.68
over the 0—-100 GPa range. This decline moderates the rate of increase of the melting temperature, leading to
the smooth, nonlinear curvature in the melting curves. These trends align well with theoretical predictions
from high-pressure thermodynamic models and experimental observations from diamond anvil cell
studies[37].The theoretical melting curves derived from the Lindemann’s model show excellent agreement
with experimental data, particularly up to 60 GPa. The deviations observed at higher pressures are minor and
can be attributed to uncertainties in experimental pressure calibration, phase transitions, and the simplified
assumption of a constant or linearly varying y. Despite these simplifications, the model provides accurate and
computationally efficient predictions of melting behavior for a wide range of metals.

From a broader perspective, the study reinforces that Lindemann’s melting law remains a valuable semi-
empirical tool for predicting melting behavior under pressure when appropriately modified with realistic
material parameters such as the bulk modulus, Griineisen parameter, and volume compression. The physical
insights gained here underline the interdependence between mechanical, thermodynamic, and vibrational
properties of metals. Specifically, the model demonstrates how increased pressure strengthens atomic
interactions, reduces anharmonicity, and thereby stabilizes the solid phase up to higher temperatures[34-35].
The results have practical implications beyond fundamental physics. In materials science, understanding
melting behavior under high pressure assists in the design of materials for aerospace, nuclear, and high-
temperature applications, where materials are exposed to extreme stress and heat. In geophysics, accurate
melting models for iron and nickel are essential for understanding the thermal and compositional structure of
the Earth’s and other planetary cores, where pressures exceed several hundred gigapascals. The validated
theoretical trends reported here contribute to improving such large-scale models by providing accurate,
pressure-dependent melting data[36-37].In conclusion, this research confirms that the pressure dependence of
melting temperature in metals can be effectively described using Lindemann’s criterion coupled with a
pressure-dependent equation of state and Griineisen parameter. The model’s success in reproducing
experimental observations supports its utility as a predictive and interpretative tool for high-pressure melting
studies. The comparative analysis of aluminum, copper, iron, and nickel further highlights how intrinsic
material parameters bulk modulus, lattice compressibility, and anharmonicity govern melting behavior under
compression[38].Future studies may refine this model by incorporating more advanced formulations of the
Grineisen parameter from first-principles (ab initio) calculations, extending predictions to even higher
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pressures, and including effects of electronic and magnetic transitions that may occur in transition metals at
extreme conditions. Such advancements will further improve the accuracy of melting models and expand their
applicability to broader scientific and industrial fields.
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