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Abstract

We present a theory of pressure-dependent melting temperature to describe the physical fact that both cooling and pressurization

can cause the solidification of liquid metal. Based on the Force-Heat Equivalence Energy Density Principle, an equivalent

relationship between the heat energy variations during cooling and the mechanical work during pressurization is established as

the molten metal solidifies. Then, this equivalent relationship is applied to develop a pressure-dependent melting temperature

model without any adjustable parameter for metals. The model reveals the inner relationship between melting temperature,

pressure, the bulk modulus and its first pressure derivative at zero pressure. The predicted results by our model are in good

agreement with the available experimental data. Moreover, this study provides insights into the fundamental understanding

of quantitative effect of pressure on melting temperature, which is in contrast to the well-known Lindemann’s and Simon’s

equations that are both empirical melting temperature equations. It is worth noting that the melting curve of metals to very

high pressure can be well predicted by our model only needing two experimental data at low pressures.

1
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Key Points: 9 

 A theory for pressure-dependent melting curve of metals is developed to describe the 10 

solidification of metal under different pressures. 11 

 The proposed theoretical model reveals the inner relationship between melting 12 

temperature and pressure. 13 

 The model provides insights into the fundamental understanding of quantitative effect of 14 

pressure on melting temperature. 15 
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Abstract 17 

We present a theory of pressure-dependent melting temperature to describe the physical fact that 18 

both cooling and pressurization can cause the solidification of liquid metal. Based on the Force-19 

Heat Equivalence Energy Density Principle, an equivalent relationship between the heat energy 20 

variations during cooling and the mechanical work during pressurization is established as the 21 

molten metal solidifies. Then, this equivalent relationship is applied to develop a pressure-22 

dependent melting temperature model without any adjustable parameter for metals. The model 23 

reveals the inner relationship between melting temperature, pressure, the bulk modulus and its 24 

first pressure derivative at zero pressure. The predicted results by our model are in good 25 

agreement with the available experimental data. Moreover, this study provides insights into the 26 

fundamental understanding of quantitative effect of pressure on melting temperature, which is in 27 

contrast to the well-known Lindemann’s and Simon’s equations that are both empirical melting 28 

temperature equations. It is worth noting that the melting curve of metals to very high pressure 29 

can be well predicted by our model only needing two experimental data at low pressures. 30 

1 Introduction 31 

The melting behavior of metals to very high pressure is an important field in geophysics 32 

(Errandonea, 2013), which helps to understand the properties of planetary interiors (Vočadlo and 33 

Alfè, 2002). Melting processes in the deep mantle of Earth have important implications for the 34 

origin of the deep-derived plumes believed to feed hotspot volcanoes (Andrault et al., 2012). 35 

Extensive experimental and theoretical studies have been performed on the melting behavior of 36 

metals (Boehler, 1993; Yoo et al., 1993; Alfè et al., 2004; Zhang et al., 2016). At low pressure, 37 

the experimental results of melting temperature (Tm) are mainly measured using diamond-anvil 38 

cells (DAC) method, which presents relatively few problems (Boehler, 1993; Alfè et al., 2004). 39 

However, the DAC experiments become progressively more difficult when the pressure increases 40 

above about 100 GPa (Alfè et al., 2004). When the pressure is above 200 GPa, the shock wave 41 

(SW) experiments is the only available measurement method of getting melting temperatures 42 

(Alfè et al., 2004). Nevertheless, the temperature cannot be obtained directly through SW 43 

experiments because this kind of experimental method needs to use some assumptions of the 44 

Grüneisen parameter and the specific heat (Yoo et al., 1993; Alfè et al., 2004). Therefore, the 45 

significant error exists when estimating   by the SW method (Alfè et al., 2004). To better 46 

understand the melting behavior of metals to very high pressure, theoretical calculation is an 47 

alternative and convenient approach to obtaining   of metals to very high pressure (Laio et al., 48 

2000). To date, many theoretical methods have been proposed to predict   in different pressure 49 

ranges (Laio et al., 2000; Belonoshko et al., 2000; Zhang et al., 2016). First principles and 50 

molecular dynamic (MD) simulations (Laio et al., 2000) have been used to forecast the melting 51 

temperature of solids, but they show difficulties in complex computation using different potential 52 

energy functions (Belonoshko et al., 2000; Zhang et al., 2016). In addition, the simulation results 53 

do not always meet the experimental results (Belonoshko et al., 2000; Errandonea, 2010, 2013; 54 

Zhang et al., 2016). The estimations of the melting temperature still mostly depend on several 55 

well-known empirical melting equations, including Lindemann’s equation (Wang et al., 2001) 56 

and Simon’s equation (Errandonea, 2010). However, the empirical melting equations generally 57 

stem from the earlier melting measurements at the relative lower pressure ranges (Wang et al., 58 

2001), and bring large uncertainties for the assessment of melting curves under extremely high 59 

pressure. Moreover, even though empirical equations can describe the experimental results, they 60 

do not have reliable predictive ability. The reliable prediction of melting temperature to very high 61 
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pressure is still a challenging problem (Errandonea, 2013, Zhang et al., 2016). Thus, this study 62 

aims to establish a unified model to quantitatively characterize the inner relationship between 63 

melting temperature and pressure for metals, and then achieves the reliable prediction of the 64 

melting temperature of metals to very high pressure. 65 

2 Method and model 66 

In the previous work, Li et al. (2010) has proposed the Force-Heat Equivalence Energy 67 

Density Principle, which established the equivalent relationship between mechanical work and 68 

heat energy in the contribution to material failure. For a certain material, both the mechanical 69 

work and heat energy can change the chemical bonds between atoms. And the principle has been 70 

successfully applied to quantitatively characterize the temperature dependence of mechanical 71 

properties of materials, such as fracture strength (Li et al., 2010), critical resolved shear stress 72 

(Ma et al., 2018) and yield strength (Li et al., 2019). For liquid metals, they can be solidified 73 

either by cooling or by pressurization. Here, the energy variations of metal caused by cooling and 74 

pressurization can be represented by heat energy and mechanical work of pressure, respectively. 75 

Based on the Force-Heat Equivalence Energy Density Principle, we can assume that: the heat 76 

energy variations during solidification with isobaric cooling have an equivalent relationship with 77 

the mechanical work during isothermal pressurization for metals. In the isobaric solidification 78 

process, the heat energy variations can be evaluated by potential energy between atoms and 79 

kinetic energy of atomic motion at different temperatures (Zhang et al., 2018). Thus, the 80 

equivalent relationship between heat energy variations and mechanical work is expressed as:  81 

( ) ( ) ( )
n

ke peT P P
W P E T E T                                                   (1) 82 

where ( )W P  is the mechanical work under the pressure P , T  is the temperature difference. 83 

( )keE T  and ( )peE T  are the kinetic energy variations of atomic motion and potential energy 84 

variations of atoms in per unit mass, respectively.   and   are the equivalent coefficients, n  is 85 

an equivalent index. 86 

The average kinetic energy of atoms is equal to the average potential energy between 87 

atoms for the periodical change of vibrating atoms. The kinetic energy and potential energy 88 

density in per unit mass at different temperatures can be expressed as: 89 

0

3
( ) ( )

2
pe ke P PP

E T E T kN T M                                                 (2) 90 

where T  is the temperature (in Kelvin), k is the Boltzmann constant (1.381×10
-23

 J K
-1

), 0N  is 91 

the Avogadro's constant (6.023×10
23

 mol
-1

), M  is the molar mass. 92 

In the isothermal compression process, the volume of the object will change under the 93 

influence of external pressure. The amount work of the external pressure acting on a unit mass 94 

object can be expressed as (Callen, 1985): 95 

( ) ( )d
T Tv

W P P v v                                                         (3) 96 

where v  is volume per unit mass. 97 
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If the melting temperatures at 1P  and 2P  are obtained, substituting Equation (2) and 98 

Equation (3) into Equation (1), one can get that: 99 

 2

1
0 m2 m1

3
( )d ( ) ( )

2

n
V

T PV
P v v kN T T M                                           (4) 100 

where 1V  and m1T  are the volume per unit mass and melting temperature at pressure 1P , 101 

respectively. 2V  and m2T  are the volume per unit mass and melting temperature at pressure 2P , 102 

respectively. 103 

The relative volume under applied pressure can be calculated by the Murnaghan equation 104 

(Akella and Kennedy, 1971) using the bulk modulus 0B  and its first pressure derivative 0B   at 105 

0P  , which can be given as: 106 

0

0 0

0

1

B
B v

P
vB

  
   
    

                                                              (5) 107 

where 0v  denotes the specific volume at zero pressure. 108 

Substituting Equation (5) into Equation (4), one can conclude that: 109 

 2 2 0 1 1 0
0 m2 m1

0

( ) ( )
2 3 ( )

1

n

V P B V P B
M kN T T

B
 

   
    

  

                      (6) 110 

For the melting temperature at arbitrary pressure, the following relationship can be 111 

obtained: 112 

 
1

0 m m1

3
( )d ( ) ( )

2

n
V

T PV
P v v kN T T M                                           (7) 113 

where mT  is the melting temperature at pressure P . Substituting Equation (5) and Equation (6) 114 

into Equation (7), mT  can be expressed as: 115 

0

0

1

0 0 0

1 00 1 0
m m1 m2 m11

0 2 0 2 0

1 00 1 0

( ) ( ) 1

( )

( ) ( ) 1

n

B

B

B P B P B

P BB P B
T T T T

B P B P B

P BB P B







   
 

 
   

   
   

                       (8) 116 

Utilizing Equation (8), the melting temperature of ten kinds of metals are predicted and 117 

the predictions are compared with the recent experimental values measured by Errandonea 118 

(2010) as well as previous theoretical results. During the calculation, the bulk modulus 0B  and 119 

its first pressure derivative 0B   used in this study are given in Table 1. And the first and last 120 

experimental data of melting temperature which were also measured by Errandonea (2010) are 121 

taken as the reference values to predict those ten metals. As we can see in figure 1, the predicted 122 
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results of Mg, Mn, Cu, Ag, Au, Zn, Cd, Al, In, and Pb by our model agree well with these 123 

measurements (Errandonea, 2010) when the index n in Equation (8) is 1/2. Thus, the index n is 124 

determined as 1/2, and the final form of the proposed pressure-dependent melting temperature 125 

model is: 126 

0

0

1 2
1

0 0 0

1 00 1 0
m m1 m2 m11

0 2 0 2 0

1 00 1 0

( ) ( ) 1

( )

( ) ( ) 1

B

B

B P B P B

P BB P B
T T T T

B P B P B

P BB P B







   
 

 
   

   
   

                              (9) 127 

Table 1. Bulk modulus 0B  and pressure derivative 0B   of the metals 128 

Metal 0B  

(GPa) 
0B   Reference Metal 0B  

(GPa) 
0B   Reference 

Au 167 6.00 Dewaele et al., (2004) Ag 101 6.2 Holzapfel and Nicol (2007) 

Pt 277 5.08 Dewaele et al., (2004) Mg 36.8 4.3 Errandonea et al., (2003) 

Ta 194 3.52 Dewaele et al., (2004) Ni 183 6.2 
Guinan and Steinberg 

(1974) 

W 296 4.30 Dewaele et al., (2004) Mo 263 4.4 
Guinan and Steinberg 

(1974) 

Cu 133 5.30 Dewaele et al., (2004) γ-Fe 166 5.29 
Guinan and Steinberg 

(1974) 

Al 73 4.54 Dewaele et al., (2004) Pd 193 5.35 
Guinan and Steinberg 

(1974) 

In 41.8 4.81 Takemura, (1991) Tl 35.7 5.09 
Guinan and Steinberg 

(1974) 

Cd 42 6.5 Takemura, (1997) Co 190 4.26 
Guinan and Steinberg 

(1974) 

Zn 65 4.6 Takemura, (1997) Cr 162 4.89 
Guinan and Steinberg 

(1974) 

Mn 158 4.6 
Fujihisa and Takemura, 

(1995) 
α-Sn 52.13 4.18 Cui et al., (2008) 

Ti 155.87 2.73 Srivastava et al., (2011) Pb(fcc) 43.20 4.87 Vohra and Ruoff (1990) 

V 132.06 2.49 Srivastava et al., (2011)     

One can see that the model (Equation (9)) does not include any adjustable parameter, 129 

which uncovers the quantitative relationship between the melting temperature at different 130 

pressures, the bulk modulus and its first pressure derivative at zero pressure. And since the bulk 131 

modulus and its first pressure derivative at zero pressure of metals can be conveniently obtained 132 

from material handbooks or literatures, the melting curve of metals to very high pressure can be 133 

easily predicted by our model only using two easily obtained melting temperatures at low 134 

pressures. 135 
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 140 

Figure 1. Comparison of predicted results and experimental data of pressure dependent melting 141 

temperature of Al, In, Pb, Mg, Cd, Zn, Mn, Cu, Au and Ag 142 

 143 

3 Results and discussions 144 

As we can see from figure 1, the predictions by our model are in better agreement with 145 

available experimental data than Lindemann Law, first principles and MD simulations results. To 146 

further verify the predictive ability and accuracy of our model, the extrapolation of prediction 147 

results of Cu and Al to higher pressures are also forecasted. As shown in figures 2 and 3, the 148 

predictions of Cu and Al by our model are more consistent with the experimental results than 149 

previous theoretical methods such as MD, generalized pseudopotential theory (GPT) and Ab 150 

initio calculations. In figure 3, the theoretical results of Al by using density functional theory 151 

(DFT) and Harrison local pseudopotential (HLP) models are also highly consistent with 152 

experimental data. However, the DFT and HLP methods rely on accurate calculation of 153 

interatomic interactions using quantum mechanics techniques (Alfè et al., 2004) which are 154 

difficult to apply. 155 
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Figure 2. The predicted melting temperature of Cu to higher pressures by our model compared 157 

with the experimental data and previous theoretical results. 158 
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 159 

Figure 3. The predicted melting temperature of Al to higher pressures by our model compared 160 

with the experimental data and previous theoretical results. 161 

 162 

Besides, the melting temperatures of Pd, Pt, Co and Ni at different pressures are also 163 

predicted and compared with the experimental data as well as previous theoretical results. In 164 

Equation (9), the selection of the reference point ( m1T  and m2T ) is arbitrary. For convenience, we 165 

can choose one melting temperature at atmospheric pressure and the other melting temperature 166 

near atmospheric pressure as reference points. In figures 4, 5 and 6, the reference melting 167 

temperatures are marked with the dotted oval. The predicted results of Pd by our model are in 168 

better agreement with experimental results than MD and two-phase (TP) methods, as shown in 169 

figure 4. For Pt in figure 5, the Ab initio simulation results varying linearly with pressure also 170 

agree well with the experimental values up to 30 GPa. It can be also found that the predicted 171 

results by our model are not only in excellent agreement with experimental data but also reflect 172 

the nonlinear relationship between the melting temperature and pressure. The prediction results 173 

of Co and Ni to higher pressures are highly consistent with experimental data, as shown in figure 174 

6 (a) and (b). 175 
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Figure 4. The predicted melting temperature of Pd to higher pressures by our model compared 177 

with the experimental data and previous theoretical results. 178 
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Figure 5. The predicted melting temperature of Pt to higher pressures by our model compared 180 

with the experimental data and previous theoretical results. 181 
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Figure 6. The predicted melting temperature of Co and Ni to higher pressures by our model 183 

compared with the experimental data. 184 
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 185 

Furthermore, the melting temperature of Tl, Sn and In at different pressures are predicted 186 

by our model, and the predictions are compared with the experimental data measured by 187 

McDaniel et al. (1962), as shown in figure 7(a). The predicted results of γ-Fe are shown in figure 188 

7(b) and are compared with the experimental data measured by Boehler et al. (1990). Besides, 189 

the pressure dependence of melting temperature of W, Ta, Mo, V, Ti, and Cr up to 100GPa are 190 

also predicted, and compared with the experimental data measured by Errandonea et al. (2001), 191 

as shown in figure 8. The reference melting temperatures used in Equation (9) are also marked 192 

with the dotted oval in these figures. In all these cases, one reference melting temperature is at 193 

normal atmospheric pressure, and the other reference melting temperature is nearest to normal 194 

atmospheric pressure except W and Ta. The average data at around 17GPa for W and around 195 

10GPa for Ta are set as reference melting temperature because of the dispersion of experimental 196 

data. The predicted results of above metals are all in good consistency with the experimental 197 

data, which further proved the predictive ability and accuracy of the pressure-dependent melting 198 

temperature model proposed in this study. 199 
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 200 

Figure 7. Comparison of pressure dependence of melting temperature of Tl, Sn, In and γ-Fe 201 

predicted by our model with the experimental data. 202 
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Figure 8. Comparison of pressure dependence of melting temperature of W, Mo, Cr, Ta, V and 204 

Ti predicted by our model with the experimental data. 205 
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4 Conclusions 206 

A pressure-dependent melting temperature model without any adjustable parameter for 207 

metals is developed in this study based on the Force-Heat Equivalence Energy Density Principle. 208 

The model uncovers the interrelationship between the melting temperature at different pressures, 209 

the bulk modulus and its first pressure derivative at zero pressure. The predicted pressure-210 

dependent melting curves of metals by the proposed model are highly consistent with the 211 

available experimental data. Moreover, the model is more convenient to apply than the existing 212 

theoretical and simulation methods. The proposed model can easily predict the melting curve of 213 

metals to very high pressure only using two melting points at low pressures. The study develops 214 

a theoretical approach to predicting the melting curve of metals to very high pressure. 215 

Acknowledgments 216 

This work was supported by the National Natural Science Foundation of China under 217 

Grant Nos. 11727802, 11672050, 11602041; the Fundamental Research Funds for the Central 218 

Universities Nos. 106112017CDJQJ328840, 2019CDQYHK016; Chongqing Natural Science 219 

Foundation Nos. cstc2018jcyjAX0293, cstc2018jcyjAX0475. Data in this paper are available at 220 

https://figshare.com/articles/figures_docx/11692800. 221 

References 222 

Akella, J., & Kennedy, G.C. (1971), Melting of gold, silver, and copper-proposal for a new high 223 

pressure calibration scale. J. Geophys. Res. 76, 4969-4977. doi:10.1029/jb076i020p04969 224 

Akella, J., Ganguly, J., Grover, R., & Kennedy, G. (1973), Melting of lead and zinc to 60 kbar. J. 225 

Phys. Chem. Solids. 34, 631-636. doi: 10.1016/S0022-3697(73)80168-4 226 

Alfè, D., Vočadlo, L., Price, G.D. & Gillan, M.J. (2004), Melting curve of materials: theory 227 

versus experiments. J. Phys.: Condens. Matter. 16, S973–S982. doi: 10.1088/0953-228 

8984/16/14/006 229 

Andrault, D., Petitgirard, S., Nigro, G.L., Devidal, J.L., Veronesi, G., Garbarino, G., & Mezouar, 230 

M. (2012), Solid-liquid iron partitioning in Earth’s deep mantle. Nature 487, 354-357. doi: 231 

10.1038/nature11294 232 

Belonoshko, A.B., Ahuja, R., & Johansson, B. (2000), Quasi–Ab Initio Molecular Dynamic 233 

Study of Fe Melting. Phys. Rev. Lett. 84, 3638-3641. doi: 10.1103/PhysRevLett.84.3638 234 

Belonoshko, A.B., Ahuja, R., Eriksson, O., & Johansson, B. (2000), Quasi ab initio molecular 235 

dynamic study of Cu melting. Phys. Rev. B. 61, 3838-3844. doi: 236 

10.1103/PhysRevLett.84.3638 237 

Belonoshko, A.B., & Rosengren, A. (2012), High-pressure melting curve of platinum from ab 238 

initio Z method. Phys. Rev. B. 85, 174104. doi: 10.1103/PhysRevB.85.174104 239 

Boehler, R., & Ross, M. (1997), Melting curve of aluminum in a diamond cell to 0.8 Mbar: 240 

implications for iron. Earth Planet. Sc. Lett. 153, 223-227. doi: 10.1016/s0012-241 

821x(97)00188-x 242 

Boehler, R. (1993), Temperatures in the Earth’s core from melting-point measurements of iron at 243 

high static pressures. Nature 363, 534-536. doi: 10.1038/363534a0 244 

Boehler, R., Bargen, N.V., & Chopelas, A. (1990), Melting, thermal expansion, and phase 245 

transitions of iron at high pressures. J. Geophys. Res. 95, 21731-21736. doi: 246 

10.1029/JB095iB13p21731 247 

Brand, H., Dobson, D.P., Vočadlo, L., & Wood, I.G. (2006), Melting curve of copper measured to 248 



Confidential manuscript submitted to replace this text with name of AGU journal 

 

16 GPa using a multi-anvil press. High Pressure Res. 26, 185-191. doi: 249 

10.1080/08957950600873089 250 

Callen, H.B. (1985), Thermodynamics and an introduction to thermostatistics. John Wiley & 251 

Sons, New York.  252 

Cannon, J.F. (1974), Behavior of the elements at high pressures. J. Phys. Chem. Ref. Data. 3, 253 

781-824. doi: 10.1063/1.3253148 254 

Cricchio, F., Belonoshko, A.B., Burakovsky, L., Preston, D.L. & Ahuja, R. (2006), High-pressure 255 

melting of lead. Phys. Rev. B. 73, 140103(R). doi: 10.1103/PhysRevB.73.140103 256 

Cui, S., Cai, L., Feng, W., Hu, H., Wang, C., & Wang, Y. (2008), First-principles study of phase 257 

transition of tin and lead under high pressure. Phys. Stat. Sol. B. 245, 53-57. doi: 258 

10.1002/pssb.200743240 259 

Dewaele, A., Loubeyre, P., & Mezouar, M. (2004), Equations of state of six metals above 94 260 

Gpa. Phys. Rev. B. 70, 094112. doi: 10.1103/PhysRevB.70.094112 261 

Dewaele, A., Mezouar, M., Guignot, N., & Loubeyre, P. (2007), Melting of lead under high 262 

pressure studied using second-scale time-resolved x-ray diffraction. Phys. Rev. B. 76, 263 

144106. doi: 10.1103/PhysRevB.76.144106 264 

Errandonea, D., Boehler, R., & Ross, M. (2001), Melting of the alkaline-earth metals to 80 Gpa. 265 

Phys. Rev. B. 65, 012108. doi: 10.1103/PhysRevB.65.012108 266 

Errandonea, D., Meng, Y., Häusermann, D., & Uchida, T. (2003), Study of the phase 267 

transformations and equation of state of magnesium by synchrotron x-ray diffraction. J. 268 

Phys.: Condens. Matter. 15, 1277-1289. doi: stacks.iop.org/JPhysCM/15/1277 269 

Errandonea, D., Schwager, B., Ditz, R., Gessmann, C., Boehler, R., & Ross, M. (2001), 270 

Systematics of transition-metal melting. Phys. Rev. B. 63, 132104. doi: 271 

10.1103/PhysRevB.63.132104 272 

Errandonea, D. (2010), The melting curve of ten metals up to 12 GPa and 1600 K. J. Appl. Phys. 273 

108, 033517. doi: 10.1063/1.3468149 274 

Errandonea, D. (2013), High-pressure melting curves of the transition metals Cu, Ni, Pd, and Pt. 275 

Phy. Rev. B. 87, 054108. doi: 10.1103/PhysRevB.87.054108 276 

Dudley, J.D., & Hall, H.T. (1960), Experimental fusion curves of indium and tin to 105 000 277 

atmospheres. Phys. Rev. 118, 1211-1216. doi: 10.1103/PhysRev.118.1211 278 

Fujihisa, H., & Takemura, K. (1995), Stability and the equation of state of n-manganese under 279 

ultrahigh pressure. Phys. Rev. B. 52, 13257-13260. doi: 10.1103/PhysRevB.57.10989 280 

Getting, I.C., & Kennedy, G.C. (1970), Effect of pressure on the emf of chromel-alumel and 281 

platinum-platinum 10% rhodium thermocouples. J. Appl. Phys. 41, 4552-4562. doi: 282 

10.1063/1.1658495 283 

Godwal, B.K., Meade, C., Jeanloz, R., Garcia, A., Liu, A.Y., & Cohen, M.L. (1990), Ultrahigh-284 

pressure melting of lead: a multidisciplinary study. Science 248, 462-465. doi: 285 

10.1126/science.248.4954.462 286 

Guinan, M.W., & Steinberg, D.J. (1974), Pressure and temperature derivatives of the isotropic 287 

polycrystalline shear modulus for 65 elements. J. Phys. Chem. Solids. 35, 1501-1512. doi: 288 

10.1016/S0022-3697(74)80278-7 289 

Hästrӧm, A., & Lazor, P. (2000), High pressure melting and equation of state of aluminium. J. 290 

Alloys Compd. 305, 209-215. doi: 10.1016/s0925-8388(00)00736-2 291 

Holzapfel, W.B., & Nicol, M.F. (2007), Refined equations of state for Cu, Ag, and Au in the sub-292 

TPa region. High Pressure Res. 27, 377-392. doi: 10.1080/08957950701663942 293 

Japel, S., Schwager, B., Boehler, R., & Ross, M. (2005), Melting of Copper and Nickel at High 294 



Confidential manuscript submitted to replace this text with name of AGU journal 

 

Pressure: The Role of d Electrons. Phys. Rev. Lett. 95, 167801. doi: 295 

10.1103/PhysRevLett.95.167801 296 

Jayaraman, A., Klement, W., Newton, R.C., & Kennedy, G.C. (1963), Fusion curves and 297 

polymorphic transitions of the group III elements—Aluminum, gallium, indium and 298 

thallium-At high pressures. J. Phys. Chem. Solids. 24, 7-18. doi: 10.1016/0022-299 

3697(63)90036-2 300 

Kennedy, G.C., & Newton, R.C. (1963), Solids Under Pressure. McGraw-Hill, New York.  301 

Laio, A., Bernard, S., Chiarotti, G.L., Scandolo, S., & Tosatti, E. (2000), Physics of Iron at 302 

Earth’s Core Conditions. Science. 287, 1027-1030. doi: 10.1126/science.287.5455.1027 303 

Lazor, P., Shen, G., & Saxena, S.K. (1993), Laser-Heated Diamond Anvil Cell Experiments at 304 

High Pressure: Melting Curve of Nickel up to 700 kbar. Phys. Chem. Miner. 20, 86-90. doi: 305 

10.1007/BF00207200 306 

Lees, J., Williamson, & B.H.J. (1965), Combined very high pressure/high temperature 307 

calibration of the tetrahedral anvil apparatus, fusion curves of zinc, aluminium, germanium 308 

and silicon to 60 kilobars. Nature 208, 278-279. doi: 10.1038/208278a0 309 

Liu, Z.L., Zhang, X.L., & Cai, L.C. (2015), Shock melting method to determine melting curve by 310 

molecular dynamics: Cu, Pd, and Al. J. Chem. Phys. 143, 114101. doi: 10.1063/1.4930974 311 

Li, W.G., Yang, F., & Fang, D.N. (2010), The temperature-dependent fracture strength model for 312 

ultra-high temperature ceramics. Acta Mech. Sinica. 26, 235-239. doi:10.1007/s10409-009-313 

0326-7 314 

Li, W.G., Ma, J.Z., Kou, H.B., Shao, J.X., Zhang, X.Y., Deng, Y., Tao, Y., & Fang, D.N. (2019), 315 

Modeling the effect of temperature on the yield strength of precipitation strengthening Ni-316 

base superalloys. Int. J. Plasticity 116,143. doi: 10.1016/j.ijplas.2019.01.002 317 

Luo, F., Chen, X.R., Cai, L.C., Ji, G.F. (2010), Solid-Liquid Interfacial Energy and Melting 318 

Properties of Nickel under Pressure from Molecular Dynamics. J. Chem Eng. Data. 55, 319 

5149-5155. doi: 10.1021/je1007058 320 

Ma, J.Z., Li, W.G., Shao, J.X., Deng, Y., Zhang, X.H., Kou, H.B., Geng, P.J., Zhang, X.Y., & Li, 321 

Y. (2018), Temperature-dependent critical resolved shear stress model for (Cu-Au)-Co 322 

alloys in pure shear mode. Philos. Mag. 98, 251-261. doi: 10.1080/14786435.2017.1401745 323 

McDaniel, M.L., Babb, S.E., & Scott, G.J. (1962), Melting curves of five metals under high 324 

pressure.J. Chem. Phys. 37, 822-828. doi: 10.1063/1.1733167 325 

Minicucci, M., Trapananti, A., Cicco, A.D., Panfilis, S.D., & Aquilanti, G. (2005), Cadmium 326 

under high pressure and high temperature conditions. Phys. Scripta, T115, 1056. 327 

Mirwald, P.W., & Kennedy, G.C. (1976), Melting temperature of lead and sodium at high 328 

pressures. J. Phys. Chem. Solids. 37, 795-797. doi: 10.1016/0022-3697(76)90049-4 329 

Mitra, N.R., Decker, D.L., & Vanfleet, H.B. (1967), Melting curves of copper, silver, gold, and 330 

platinum to 70 kbar. Phys. Rev. 161, 613-617. doi: 10.1103/PhysRev.161.613 331 

Moriarty, J.A., Young, D.A., & Ross, M. (1984), Theoretical study of the aluminum melting 332 

curve to very high pressure. Phys. Rev. B. 30, 578-588. doi: 10.1103/PhysRevB.30.578 333 

Moriarty, J.A., & Althoff, J.D. (1995), First-principles temperature-pressure phase diagram of 334 

magnesium. Phys. Rev. B. 51, 5609-5616. doi: 10.1103/PhysRevB.51.5609 335 

Moriarty, J.A. (1986). in Proceedings of the APS Topical Conference on Shock Waves in 336 

Condensed Matter, Spokane, Gupta Y.M.(Ed.), Springer, Boston, pp. 101.  337 

Partouche-Sebban, D., Pélissier, J.L., Abeyta, F.G., Anderson, W.W., Byers, M.E., Dennis-Koller, 338 

D., Esparza, J.S., Hixson, R.S., Holtkamp, D.B., & Jensen, B.J. (2005), Measurement of the 339 

shock-heated melt curve of lead using pyrometry and reflectometry. J. Appl. Phys. 97, 340 



Confidential manuscript submitted to replace this text with name of AGU journal 

 

043521. doi: 10.1063/1.1849436 341 

Shen, G., Sata, N., Rivers, M.L., & Sutton, S.R. (2001), Melting of indium at high pressure 342 

determined by monochromatic x-ray diffraction in an externally-heated diamond anvil cell. 343 

Appl. Phys. Lett. 78, 3208-3210. doi: 10.1063/1.1374497 344 

Shuker, P., Melchior, A., Assor, Y., Belker, D., & Sterer, E. (2008), IR pyrometry in diamond 345 

anvil cell above 400 K. Rev. Sci. Instrum. 79, 073908. doi: 10.1063/1.2953307 346 

Srivastava, A., Chauhan, M., Singh, R.K. (2011), Pressure induced phase transitions in transition 347 

metal nitrides: Ab initio study. Phys. Status Solidi B. 248, 2793-2800. doi: 348 

10.1002/pssb.201046589 349 

Strong, H.M., & Bundy, F.P. (1959), Fusion curves of four group VIII metals to 100 000 350 

atmospheres. Phys. Rev. 115, 278. doi: 10.1103/PhysRev.115.278 351 

Takemura, K. (1991), Effect of pressure on the lattice distortion of indium to 56 Gpa. Phys. Rev. 352 

B. 44, 545-549. doi: 10.1103/PhysRevB.44.545 353 

Takemura, K. (1997), Structural study of Zn and Cd to ultrahigh pressures. Phys. Rev. B. 56, 354 

5170-5179. doi: 10.1103/PhysRevB.56.5170 355 

Vočadlo, L., & Alfè, D. (2002), Ab initio melting curve of the fcc phase of aluminum. Phy. Rev. 356 

B. 65, 392. doi: 10.1103/PhysRevB.65.214105 357 

Vočadlo, L., Alfè, D., Price, G.D., & Gillan, M.J. (2004), Ab initio melting curve of copper by 358 

the phase coexistence approach. J. Chem. Phy. 120, 2872-2878. doi: 10.1063/1.1640344 359 

Vohra, Y.K., & Ruoff, A.L. (1990), Static compression of metals Mo, Pb, and Pt to 272 GPa: 360 

Comparison with shock data. Phys. Rev. B. 42, 8651-8654. doi: 10.1103/PhysRevB.42.8651 361 

Wang, Z., Lazor, P., & Saxena, S.K. (2001), A simple model for assessing the high pressure 362 

melting of metals: nickel, aluminum and platinum. Phys. B. 293, 408-416. doi: 363 

10.1016/s0921-4526(00)00542-1 364 

Weingarten, N.S., Mattson, W.D., & Rice, B.M. (2009), Determination of the pressure dependent 365 

melting temperatures of Al and Ni using molecular dynamics. J. Appl. Phys. 106, 063524. 366 

doi: 10.1063/1.3213342 367 

Yoo, C.S., Holmes, N.C., Ross, M., Webb, D.J., & Pike, C. (1993), Shock Temperatures and 368 

Melting of Iron at Earth Core Conditions. Phys. Rev. Lett. 70, 3931-3934. doi: 369 

10.1103/PhysRevLett.70.3931 370 

Zhang, B., Wang, B., & Liu, Q. (2016), Melting curves of Cu, Pt, Pd and Au under high 371 

pressures. Int. J. Mod. Phys. B. 30, 1650013. doi: 10.1142/S0217979216500132 372 

Zhang, X., Li, W.G., Deng, Y., Shao, J.X., Zhang, X.Y., Zhang, X.H., Kou, H.B., Tao, Y., & Qu, 373 

Z.L. (2018), Theoretical prediction of temperature-dependent fracture strength for ultra-high 374 

temperature ceramic composites considering the evolution of damage and thermal residual 375 

stress. Ceram. Int. 44, 22656-22663. doi: 10.1016/j.ceramint.2018.09.043 376 


