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Structural analysis of liquid aluminum at high pressure and high temperature

using the hard sphere model
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The structure of liquid aluminum is measured up to 6.9 GPa and 1773 K using a multi-angle
energy-dispersive X-ray diffraction method in a Paris-Edinburgh press. The effect of pressure
and temperature on the structure and density of liquid aluminum is analyzed by means of the hard
sphere model. Peak positions in the structure factor of liquid aluminum show a nearly constant
value with varying temperatures at ~1-2 GPa and slightly change with varying pressures up to
6.9 GPa at 1173—-1773 K. In contrast, the height of the first peak in the structure factor signifi-
cantly changes with varying pressures and temperatures. Hard sphere model analysis shows that
the structure of liquid aluminum in the pressure-temperature range of this study is controlled
mostly by the packing fraction with only a minor change in hard sphere diameters. The obtained
packing fractions and hard sphere diameters are used to calculate densities of liquid aluminum at
high pressure-temperature conditions. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4963278]

I. INTRODUCTION

Liquid metals are traditionally classified into three
types:1 (D) the structure factor S(Q) shows a simple symmet-
ric wave form, (II) the first peak of the S(Q) has a shoulder
on the high-Q side, and (III) the first peak of the S(Q) shows
an asymmetry form. Liquid aluminum is a typical example
of liquid metals of type-1. The so-called Al-type liquid metal
contains aluminum, iron, magnesium, etc., and accounts for
~80% of entire liquid metals.' Therefore, the study of struc-
ture and physical properties of liquid aluminum is of funda-
mental importance in understanding liquid metals.

The structure of liquid aluminum has been investigated
by both experiment and theory at ambient pressure. Waseda'
showed that the S(Q) of liquid aluminum is close to a simple
symmetric wave form which fits well into a single compo-
nent system of the hard sphere model (HSM) by Ashcroft
and Lekner.? Their results show that the packing fraction of
liquid aluminum decreases from 0.45 to 0.39 with increasing
temperature from 943 to 1323 K under ambient pressure. A
density function theory study® also showed that the packing
fraction of liquid aluminum linearly decreases from 0.466 to
0.415 and the coordination number of liquid aluminum
decreases from 12.0 to 11.5 with increasing temperature
from 875 to 1250K. In addition, some efforts have been
made to determine the physical properties of liquid alumi-
num. For example, the density of liquid aluminum has been
studied at high temperatures under ambient pressure condi-
tions by using several methods such as the X-ray attenuation
technique,* volumetric method,” and large-drop method.®’
Nevertheless, the structure of liquid aluminum at high pres-
sures has not been studied due to technical difficulties.
Recently, efforts have been made to develop the structure
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measurement of liquids at high pressure and high tempera-
ture conditions using a Paris-Edinburgh (PE) press at the 16-
BM-B beamline at the Advanced Photon Source,8 and suc-
cessful results for the structure of liquids at high pressure
and high temperature conditions were demonstrated in some
systems such as liquid metals,()’10 molten salts,11 carbonate
melts,'? and silicate melts.'? In this study, we applied the
recently developed technique to investigate the structure of
liquid aluminum up to 6.9 GPa and 1773 K. The structural
data provide the information of the effect of pressure and
temperature on the structure and density of liquid aluminum
by applying the hard sphere model analysis.

Il. EXPERIMENTAL METHODS
A. High-pressure experiments

The structure of liquid aluminum was measured by in situ
energy dispersive X-ray diffraction (EDXD) experiments at
high pressures and high temperatures using a Paris-Edinburgh
(PE) press'® at the beamline 16-BM-B® at High Pressure
Collaborative Access Team (HPCAT) at the Advanced Photon
Source. We used a standard PE cell assembly,® which is mainly
composed of boron-nitride sample capsule, MgO ring, graphite
heater, boron-epoxy gaskets, and ZrO, caps. The sample is alu-
minum powder (99.5%, —325 mesh, Alfa Aesar), which is
shaped into a cylinder with 1.5 mm diameter and 2 mm height
by using a pellet die. Although the anvil gap becomes smaller
than the sample height at high pressure conditions, more than
500 um sample height was available for X-ray diffraction at
high pressure-temperature (P-T) conditions. The X-ray radiog-
raphy setup® was used to check capsulation of the liquid sam-
ple. We confirmed no change in the cylindrical sample shape
during experiment, which indicates no leak of the liquid sam-
ple. High temperature was generated by using a graphite heater.
Temperatures were estimated by the power-temperature curves

Published by AIP Publishing.
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FIG. 1. The pressure and temperature conditions of this study. Errors in tem-
perature are estimated to be less than 50 K by the reproducibility of melting
curves of NaCl and KCL."" Overall errors in pressure are estimated to be less
than 0.5 GPa that contains the differences of pressure before and after a
structural measurement of about 0.3 GPa and experimental errors of about
0.1 GPa.

determined in a separate experiment using an identical cell
assembly.® Uncertainty in temperature is estimated to be less
than 50K by the reproducibility of melting curves of NaCl and
KCL'' Pressures are determined by using the equation of state
of MgO." The pressure measurement was conducted before
and after the structure measurement and the average value is
adopted. The pressure difference before and after the structure
measurement was less than 0.5 GPa.

Figure 1 shows the experimental P-T conditions of this
study. Run-1 was conducted isobarically at four temperatures
of 1073, 1173, 1273, and 1373 K around 1 GPa and then iso-
thermally at five pressures of 1.3, 2.1, 3.2 4.2, 5.3, and
4.6 GPa at 1373 K. In Run-2, the structure measurement was
conducted at two temperatures of 1473 and 1573K at
1.4 GPa and then isothermally at six pressures at 1.4, 2.2,
3.4, 4.3,5.3, and 6.1 GPa at 1573 K. In Run-3, the structure
measurement was conducted at two temperatures at 1673 K
at 1.5GPa and 1773 K at 1.9 GPa, and six isothermal pres-
sures at 1.9, 2.8, 3.9, 4.9, 6.0, and 6.9 GPa at 1773 K.

B. Liquid structure measurements

Structure factor S(Q) of liquid aluminum was measured
by multi-angle EDXD using a Ge solid-state detector. EDXD
patterns were collected at seven diffraction angles (20 = 3.0,
4.5, 6.0, 9.0, 12.0, 18.0, and 25.0°), until counts reached at
least 1000 counts at a high energy (90keV) at each 20 angle.
The total data acquisition time to obtain the seven EDXD
patterns was 3.5 h. For background subtraction, background
EDXD patterns at each 260 angle were taken with the same
exposure time and the slit set-up with an empty cell assem-
bly which was composed of the identical cell parts without
the sample.

Figure 2(a) shows an example of EDXD patterns at
6.9 GPa and 1773 K after background subtraction, with data bin-
ning to increase the signal-to-noise ratio and subtraction of crys-
talline peaks arising from the surrounding capsule material
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FIG. 2. (a) EDXD patterns at seven 26 angles at 6.9 GPa and 1773 K after
background subtraction, data binning, and subtraction of crystalline peaks
from the surrounding capsule material (BN). (b) An example of the structure
factor S(Q) directly derived from the EDXD spectra in (a). (c) The S(Q) after
optimization'” with the Kaplow-type correction.'® Errors are indicated by
the width of the lines.

(BN) particularly at low 20 angles. The absorption at ~69 keV
is tungsten absorption edge from beamline components such as
tungsten slits. S(Q) was derived from the EDXD patterns by
using the program, aEDXD, developed by Park.® Figure 2(b)
shows the structure factor at the momentum transfer Q-range up
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FIG. 3. Examples of the HSM fitting to S(Q). The blue solid line represents
experimentally obtained S(Q) at 0.9 GPa and 1073 K, and dashed red line
represents the HSM fitting result. (a) Influence of the packing density on
S(Q). Green and yellow dashed lines show S(Q) calculated by using 10%
higher and lower values of the packing density, respectively. (b) Influence of
the hard sphere diameter on S(Q). Green and yellow dashed lines show S(Q)
calculated by using 10% higher and lower values of the hard sphere diame-
ter, respectively.

to 14 A™", obtained by analyzing the EDXD patterns shown in
Fig. 2(a). The Kaplow-type correction'® and an optimization
method!” were applied in determining final S(Q) (Fig. 2(c)).
The optimization process was iterated five times. To apply the
optimization process, the number density of liquid aluminum is
required. At first, we derived a temporary S(Q) by using a con-
stant value of the number density (0.0531 atom/A%), an average
value of previous studies at ambient pressure just above melting
temperature.'® We then optimized the number density from the
temporary S(Q) using the HSM analysis as described in Section
III. We repeated the optimization process using the obtained
number density and finally determined the optimal S(Q) results.

lll. THE HARD SPHERE MODEL APPROACH

The HSM has been widely used as a basic theory for
understanding gases and liquids (e.g., Ref. 1). The hard
sphere system is defined as a collection randomly filled with
undeformable hard spheres without overlapping. This filling
theory was proposed by Ornstein and Zernike'® and has been
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FIG. 4. Structure factors S(Q) of liquid aluminum. S(Q) is shown by an off-
set of 0.1 in the vertical axis for clarity. The line width indicated the errors
of S(Q). Black dashed lines indicate the first (Q;) and second (Q,) peak posi-
tions, respectively.

used with some additional approximation such as Percus-
Yevick approximation.”® Several types of the HSM with
Percus-Yevick approximation were proposed to model liquid
metals (e.g., Refs. 21-24). According to previous ambient
pressure studies (e.g., Ref. 1), S(Q) of simple liquid metals
such as liquid aluminum can be well reproduced by the HSM
of the single component system proposed by Ashcroft and
Lekner.” We therefore applied the HSM model proposed by
Ashcroft and Lekner? to analyze our data at high P-T. The
structure factor S(Q) in the HSM can be described by the fol-
lowing equations:*
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FIG. 5. Temperature dependences of the first and second peak positions and heights of liquid aluminum. Abbreviation: Q; = the first peak position as shown in
Fig. 4, O, = the second peak position as marked in Fig. 4, Q,/Q; =ratio of the first and second peak positions. For the errors of both peak positions, statistical
errors from the uncertainties in S(Q) are very small, and thus overall errors with fitting errors in peak position determination are less than 0.5%. In the height
of O determination, statistical errors from the uncertainties in S(Q) are less than 1% and fitting errors are less than 0.5%—1%. Thus, overall errors in the height
of O determination are estimated to be less than 2%. In the height of O, determination, statistical errors from the uncertainties in S(Q) are about 1%-1.5% and
fitting errors are ~1%—1.5%. Thus, overall errors in the height of O, determination are estimated to be ~3%.
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where ¢(Qo) is the direct correlation function that is trans-
formed to bipolar coordinates and is integrated over the
angular variable s, 7 is the packing fraction, and ¢ is the hard
sphere diameter. Number density (py) is correlated with the
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FIG. 6. Pressure dependences of the first and second peak positions and heights of liquid aluminum. For the errors of both peak positions, statistical errors
from the uncertainties in S(Q) are very small; thus, overall errors with fitting errors in peak position determination are less than 0.5%. In the height of Q deter-
mination, statistical errors from the uncertainties in S(Q) are less than 1% and fitting errors are less than 0.5%—1%. Thus, the overall errors in the height of 0,
determination are estimated to be less than 2%. In the height of O, determination, statistical errors from the uncertainties in S(Q) are about 1%—1.5% and fitting
errors are ~1%-1.5%. Thus, overall errors in the height of O, determination are estimated to be ~3%.

packing fraction and hard sphere diameter (Eq. (4)), and
therefore the HSM can be described by two free parameters
of the packing fraction and hard sphere diameter. In this
study, we applied the model to obtain both the packing frac-
tion and the hard sphere diameter. Thus, the number density
can be derived from experimentally measured S(Q) at high
pressures and high temperatures.

Figure 3 shows an example of the effect of packing frac-
tion and hard sphere diameter on S(Q) by the HSM analysis.
In the HSM,? increasing packing fraction enhances intensity
of peaks, sharpens the peak shape, and shifts the peak posi-
tion to the high-Q side (Fig. 3(a)), while the variation of the
hard sphere diameter influences mostly on the peak position
(Fig. 3(b)).
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FIG. 7. Examples of the HSM fitting to S(Q). (a) Typical fitting results of
the HSM applied to the experimental results at 0.9 GPa and 1073 K and at
6.9 GPa and 1773 K. The blue solid line represents experimentally obtained
S(Q), and the dashed red line represents the HSM fitting result. (b) Contour
plot of the error analysis of HSM model fitting. The red solid line, yellow
dotted line, green dashed line, and blue dashed line represent 1, 2, 3, and 4
standard deviation(s). (c) Typical result of HSM model fitting with the lim-
ited Q-region. The blue solid line represents experimentally obtained S(Q).
Dashed red, yellow, green, and magenta lines represent the HSM fitting
result with fitting in the entire Q-region, only in the first sharp peak, only in
the second sharp peak, and only in the first and second sharp peaks,
respectively.

IV. RESULTS AND DISCUSSION

Figure 4 shows structure factors S(Q) at high P-T
obtained in the three runs. We determined S(Q) at Q-range
up to 14A~". The line widths of S(Q) indicate the
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FIG. 8. Example of applying Eggert’s method.”® (a) The distribution
function G;(r) after i-times optimization procedure. The blue dotted
line represents Gg)(r) before optimization and the red solid line repre-
sents Gs)(r) after five times optimization. (b) Contour plot of the error
analysis of Eggert’s method. The red solid line, yellow dotted line,
green dashed line, and blue dashed line represent 1, 2, 3, and 4 standard
deviation(s).

uncertainties in intensity. Our results show very small errors
in intensity especially at low-Q range (Fig. 4). All S(Q) show
oscillation around 1. Three oscillations are clearly visible at
Q-range less than ~9 A‘l, and weak forth oscillation can be
seen at Q-range at ~9—11 A~!. These facts indicate the high
quality of our S(Q) results, similar to those obtained at ambi-
ent pressure.”> The high quality S(Q) data allow us to pre-
cisely fit S(Q) by using the HSM to determine the packing
fraction and the hard sphere diameter and the resultant
density.

Figure 5 shows the temperature dependences of the first
and second peak positions and their heights. We observed
almost constant positions of the first (Q;) and second (Q»)
peaks of S(Q) with varying temperatures under ~1-2 GPa
(Figs. 5(a) and 5(b)). We observed Q;=~2.67 A‘l,
0,=~5.03 A", and the ratio 0,/01=~1.88 up to 1773 K
under ~1-2 GPa with the variation of less than 1%. The con-
stant peak positions of the Q; and Q, of S(Q) are consistent
with the previous result at ambient pressure.”> On the other
hand, the heights of the first and second peaks clearly
decrease with increasing temperature (Figs. 5(d) and 5(e)),
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FIG. 9. Packing fraction and hard sphere diameter of liquid aluminum. (a) and (b) show temperature dependences of the packing fraction and the hard sphere
diameter, respectively. (c) and (d) show pressure dependences of the packing fraction and the hard sphere diameter, respectively.

which is also similar to the results of the previous ambient
pressure study.”” Figure 6 shows pressure dependences of
the O, and Q, positions, Q,/Q; ratio, and heights of the first
and second peaks at 1373, 1573, and 1773 K. Both Q; and
0O, positions increase by up to 2.1% and 1.3%, respectively,
with increasing pressure, while the Q,/Q; ratio is almost con-
stant within the errors. The height of the first peak markedly
increases by up to 13.4% with increasing pressure. Although
the height of the second peak changes by up to 4.1%, the
data are scattered within the experimental errors.

We fit the obtained S(Q) results into the HSM model.
Typical fitting results of S(Q) with the HSM model are shown
in Fig. 7(a). Figure 7(b) shows the error analysis of the HSM
fitting for the data at 0.9 GPa and 1073 K. We obtain the pack-
ing fraction #=0.440 and the hard sphere diameter
0 =2.524 A with the 1 standard deviation errors of +0.002
for the packing fraction and +0.004 for the hard sphere diam-
eter. The resultant density p is 2.34 + 0.02 (g/cm’).

We find slight inconsistency in the peak positions
between the first and second peaks in the HSM results (Fig.
7(a)). The HSM results show the second peak position at
slightly higher-Q side and higher height in comparison with
experimental results (Fig. 7(a)). The differences of the posi-
tion and the height of the second peak between experimental
and HSM results are 0.4% and 3.7% at 0.9 GPa and 1073 K,

respectively, and 1.2% and 2.3% at 6.9 GPa and 1773K,
respectively. To evaluate the effect of the peak position dif-
ference by the different peaks on the HSM model results, we
did test analysis using limited Q-range for the HSM analysis.
Figure 7(c) shows the HSM analysis results by using differ-
ent Q-ranges. HSM fitting with only the first peak region
(0=1.2-3.69 A) gives the parameters 71 =0.440,
o=2.517A, and p=2.36g/cm’. The difference in the pack-
ing fraction and hard sphere diameter between the fitting in
the entire Q-range and the fitting only in the first peak is
0.03% and 0.30%, respectively, and the resultant difference
in density is 0.86%. The HSM fitting only using the second
peak (Q=3.69-6.09 A™YH gives the parameters n=0.432,
o=2.549 A, and p=2.24 g/cm3, which is 1.70%, 0.96%,
and 4.48% different from that obtained from the fitting in the
entire Q-range, respectively. On the other hand, the HSM fit-
ting using both the first and second peaks gives the parame-
ters n=0.440, ¢ =2.522 A and p=2.35 g/cm3, which is
almost the same as that obtained by the fitting in the entire
Q-range (0.15%, 0.07%, and 0.36% difference, respectively).
This result indicates that combination of the first and second
peaks of the S(Q) may represent the structure of liquid
aluminum.

Some previous studies®®* have used the pair distribu-
tion function G(r) to obtain density. In the method proposed
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FIG. 10. Density of liquid aluminum as a function of pressure and tempera-
ture. (a) Density of liquid aluminum as a function of pressure at 1373,
1573, and 1773K. The dashed line represents the results of high-
temperature 2nd-order Birch-Murnaghan equation of state fitting (Table II).
In the density determination, statistical errors from the uncertainties in S(Q)
are up to 1%. In addition, fitting errors of each parameter in the HSM are
less than 0.5—-1% (Table I). Thus, overall errors in density determination are
estimated to be less than 2%. (b) Temperature dependences of the density
of liquid aluminum. Our experimental data (color solid symbols) were
obtained at 0.9-1.9 GPa from three runs. Black symbols show density data
determined at ambient pressure (pluses: Levin et al.,6 Crosses: Gol’tsova,5
asterisks: Smith et al.,4 vertical bars: Yatsenko et al.,7 horizontal bars:
Hanstrom and Lazor,>' and diamonds: Mauro ef al.>).

by Eggert er al.*® the density is derived from a small r-
region of the G(r) by assuming that atoms cannot exist
within atomic core diameter r,,,, and G(r) in the r-region
smaller than r,,;, should be expressed by —4nrpy. Therefore,
the density can be calculated by optimizing G(r) at r smaller
than r,,;,. We also attempted to apply the method to our lig-
uid aluminum data obtained at 0.9 GPa and 1073 K to com-
pare the analysis result with the HSM model. The initial G(r)
(Gy(r)) has large oscillations in the small-r region (Fig.
8(a)). We conducted the five-times iterative optimization
process'’ to minimize the unphysical oscillations, and the
obtained G(r) (Gs)(r)) after five times optimization proce-
dure shows small oscillations at r range smaller than r,,;,
(Fig. 8(a)). Figure 8(b) shows the uncertainty map as func-
tions of two parameters of r,,;, and density obtained through
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the Eggert’s density analysis. We find strong correlation
between density and r,,;, in the error distribution. The results
show that the final result with the minimum uncertainty
strongly depends on the shape of initial oscillation in G)(r).
Fitting of our liquid aluminum data into the Eggert’s
method?® shows that the density value can vary by >10%
with varying r,,, within 1 standard deviation error. These
tests do not support the use of the Eggert’s method to deter-
mine density from our obtained data. Eggert’s analysis may
be used only when the initial oscillations in G () are small
enough to avoid the strong dependence of the initial oscilla-
tion state on density derivation. Alternatively, the influence
of the initial oscillation on density determination may be
reduced by adopting another modification process in the
experimental background as Eggert er al*® and Morard
et al.*® conducted. However, any modification of experimen-
tal data needs to be carefully validated. Since the HSM
model analysis does not show such inter-dependence in the
error analysis (Fig. 7(b)), we consider that the HSM analysis
is a direct method for deriving density of type-I liquid metals
such as liquid aluminum.

Figure 9 shows the temperature and pressure dependences
of the packing fraction and the hard sphere diameter. With
increasing temperature at 0.9—1.9 GPa, we observed decreases
of both packing fraction and hard sphere diameter. The pack-
ing fraction decreases by 13% from 1073 to 1773 K, which is
attributed to the strong decrease of heights of QO and Q, peaks
with increasing temperature (Figs. 5(d) and 5(e)). A previous
experimental study' reported 12% decrease of packing frac-
tion of liquid aluminum from 943 to 1323 K at ambient pres-
sure, which is consistent with our results at 0.9-1.9 GPa. A
theoretical study’ also reported a strong decrease (11%
decreases from 875 to 1250K) of the packing fraction of lig-
uid aluminum with increasing temperature at ambient pressure
without significant change of hard sphere diameter. Similarly
to liquid aluminum, some other simple liquid metals also
show similar structural behavior with varying temperatures at
ambient pressure. For example, the packing fraction of liquid
indium decreases by 15% at the temperature range between
433 and 973K at ambient pressure.' The packing fraction of
liquid lead decreases by 31% at the temperature range
between 613 and 1323 K at ambient pressure.' On the other
hand, the hard sphere diameter shows relatively small change
of less than 2%, due to small variation in the Q, and Q, posi-
tions with varying temperatures (Figs. 5(a) and 5(b)). The
small change of the hard sphere diameter with varying tem-
peratures is also consistent with the theoretical observations
by Jakse and Pasturel.’ Figures 9(c) and 9(d) show pressure
dependences of the packing fraction and the hard sphere diam-
eter, respectively. With increasing pressure from 1.3 to
6.9 GPa, the packing fraction gradually increases by up to 9%,
while the hard sphere diameter showed slight decrease by less
than 2%, because the shifts of the O, and Q, positions with
increasing pressure (Figs. 6(a) and 6(b)) are only up to 2.1%,
which are markedly smaller than the change of the height of
the Q; and Q, peaks of up to 17% (Figs. 6(d) and 6(e)). These
data suggest that the structural change of liquid aluminum in
the P-T range of this study is mainly controlled by the packing
fraction.
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TABLE 1. Experimental conditions and structural results of liquid aluminum. Abbreviation: Q = first peak position Ah, 0, =second peak position AY,
0,/0, =ratio of the first and second peak positions, = packing fraction, ¢ = hard sphere diameter (A), and p = density (g/cm3).

Structure factor Hard sphere model
P (GPa) T (K) 01 (A 0, (A Height of 0, Height of 0, 0,10, n o (A) p (gfem’)
0.92) 1073 2.67(1) 5.02(2) 2.37(5) 1.24(5) 1.88(2) 0.440(2) 2.524(4) 2.34(2)
0.92) 1173 2.67(1) 5.03(2) 2.21(2) 1.22(3) 1.89(1) 0.423(2) 2.509(4) 2.29(2)
1.1(2) 1273 2.69(1) 5.02(2) 2.07(2) 1.20(3) 1.87(2) 0.407(3) 2.489(5) 2.26(3)
1.3(2) 1373 2.68(1) 5.04(2) 2.05(2) 1.20(2) 1.88(1) 0.403(2) 2.486(4) 2.25(2)
2.1(2) 1373 2.70(1) 5.06(1) 2.05(2) 1.19(1) 1.88(1) 0.402(2) 2.480(5) 2.26(3)
32(2) 1373 2.69(1) 5.06(1) 2.15(2) 1.21(2) 1.88(1) 0.414(2) 2.478(4) 2.33(3)
4.2(3) 1373 2.70(2) 5.08(1) 2.22(4) 1.21(1) 1.88(2) 0.425(2) 2.477(4) 2.40(3)
5.3(2) 1373 2.72(1) 5.09(2) 2.27(6) 1.22(2) 1.87(1) 0.427(2) 2.473(4) 2.42(3)
1.4(2) 1473 2.66(1) 5.03(1) 2.04(5) 1.20(2) 1.89(1) 0.403(2) 2.493(5) 2.23(3)
1.4(2) 1573 2.66(1) 5.03(2) 1.98(5) 1.192) 1.89(1) 0.396(3) 2.486(5) 2.20(3)
2.2(2) 1573 2.67(1) 5.07(2) 2.07(3) 1.18(5) 1.90(2) 0.406(2) 2.489(4) 2.25(2)
3.4(2) 1573 2.69(1) 5.06(2) 2.15(3) 1.21(3) 1.88(2) 0.416(2) 2.489(4) 231(2)
4.3(3) 1573 2.69(1) 5.06(2) 2.18(6) 1.21(3) 1.88(1) 0.419(2) 2.479(4) 2.35(3)
5.33) 1573 2.71(1) 5.08(2) 2.35(5) 1.22(2) 1.87(1) 0.435(2) 2.489(4) 2.41(2)
6.1(3) 1573 2.72(1) 5.09(1) 2.31(6) 1.23(2) 1.87(1) 0.433(2) 2.479(4) 2.43(2)
1.5(2) 1673 2.68(1) 5.04(1) 1.98(2) 1.18(1) 1.88(1) 0.394(2) 2.486(4) 2.19(2)
1.92) 1773 2.66(1) 5.03(2) 1.91(6) 1.18(3) 1.89(2) 0.384(3) 2.475(5) 2.17(3)
2.8(4) 1773 2.67(1) 5.05(2) 1.92(5) 1.18(2) 1.89(2) 0.383(3) 2.465(5) 2.19(3)
3.93) 1773 2.69(1) 5.07(1) 2.02(2) 1.19(1) 1.88(1) 0.399(2) 2.470(4) 2.27(2)
4.9(4) 1773 2.69(1) 5.07(2) 1.992) 1.192) 1.89(2) 0.393(3) 2.456(5) 2.27(3)
6.0(4) 1773 2.71(1) 5.09(2) 2.05(4) 1.20(2) 1.88(2) 0.399(3) 2.455(5) 2.31(3)
6.9(3) 1773 2.71(1) 5.10(2) 2.07(2) 1.20(2) 1.88(1) 0.403(3) 2.450(5) 2.35(3)

Figure 10 shows the density of liquid aluminum at high
P-T, calculated from the obtained packing fractions and hard
sphere diameters (Eq. (4)). To represent our data, the density
results are fitted into an equation similar to the high-
temperature 2nd-order Birch-Murnaghan equation of state

3K | /p 5 P H
S CRC
Po Po
Po = Po(Ty) X 6710(T7T°>7 (6)
K =Ko+ (T —Ty) % . (7N

Please note that, although the parameters K, dK/dT, and o
are considered as the bulk modulus, temperature dependence
of the bulk modulus, and thermal expansion coefficient in
the Birch-Murnaghan equation of state, we treat them as a
set of fitted parameters that represent our results. Cautions
need to be used when relating these parameters to their phys-
ical meanings. Other techniques such as the ultrasonic

TABLE II. Parameters of the 2nd-order Birch-Murnaghan equations of state
for liquid aluminum.

2nd-order Birch-Murnaghan

T (K) 933.47 (fixed)
po (g/em?) 2.33+0.02
Ko, (GPa) 40.44 = 4.39
oo (1073 (K1) 1521 +1.92
dK/dT —0.009 = 0.002

measurement (e.g., Ref. 29) may be used to further constrain
the bulk modulus. The reference temperature (7,) of
933.47 K is fixed at the melting temperature at ambient pres-
sure.’® We obtain density at the Ty (pocr(oy = 2.33 + 0.02 g/
cm3), with fitted parameters of Ky=40.44 * 4.39 GPa,
tp=1521 x10°*x192x10° K ' and dK/
dT =—0.009 = 0.002 GPa/K (Fig. 10(a) and Table II).

Temperature dependence of the density obtained in this
study at 0.9-1.9 GPa is compared with literature data at
ambient pressure‘H’25 A1 (Fig. 10(b)). Gol’tsova,” Levin
et al.,6 Yatsenko ef al.,” and Smith et al.* show similar den-
sity values, but Mauro et al.®® and Hanstrom and Lazor’’
reported about 3% larger density than other studies. Our den-
sity data obtained at 0.9—1.9 GPa show almost similar values
to those at ambient pressure in previous studies.*’>>!
Calculated densities at ambient pressure by the fitted equa-
tion are 2.18, 2.11, and 2.05 (g/cm3) at 1373, 1573, and
1773 K, respectively, which are ~3%-4% lower than the
results of previous ambient pressure studies’’ at 1373,
1573, and 1773K (2.25, 2.19, and 2.13 (g/cm3), respec-
tively). On the other hand, the slope of the temperature
dependence of density obtained from our high pressure data
is in good agreement with those of previous studies at ambi-
ent pressure.

V. CONCLUDING REMARKS

In this paper, we have investigated the structure and
density of liquid aluminum using the experimentally deter-
mined structure factors combined with the HSM analysis.
This method is useful not only for liquid aluminum but also
for other type-I simple liquid metals such as liquid iron,
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copper, and so on to understand the structure and density
change with varying pressures and/or temperatures. Several
hard sphere models have been proposed to express other
types of liquid metals and/or two element systems such as
the double hard sphere model (e.g., Refs. 21-24). Extension
of the hard sphere model analysis to the double-hard sphere
model should provide a plausible means to study the struc-
ture and density of other liquid metals and/or binary
compositions.

We note a possible uncertainty due to possible interac-
tion and overlapping of spheres for the determination of den-
sity of liquid metals by using the hard sphere model. For the
hard sphere system, the mean nearest-neighbor distance
between spheres becomes equal to the diameter of the hard
sphere when the packing fraction reaches random close
packing (0.64: e.g., Ref. 32),* and all hard spheres interact
with each other. On the other hand, if spheres are soft, the
mean nearest-neighbor distance can be shorter than the diam-
eter of hard spheres, and density may become larger than
that of the hard sphere with the same packing fraction. For
example, if all soft spheres are randomly overlapped, the
relationship among number density, packing fraction, and
hard sphere diameter for the overlapping sphere is expressed
by the following equation:

_ —6In(1 —1n)
a o3

PN . (®)
This equation implies that, if all spheres are soft and they
randomly overlap each other, the density of liquid may be
~25%-30% larger than that calculated based on the hard
sphere model. Since our obtained packing fraction of liquid
aluminum of 0.38-0.44 (Table 1) is markedly smaller than
the random close packing (0.64), we assume no overlapping
of hard spheres in liquid aluminum at the pressure and tem-
perature conditions of this study. On the other hand, if pres-
sure increases to higher pressures, spheres may start
overlapping, and the overlapping of spheres may influence
on determination of density by the hard sphere model.
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