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Measurement of the electrical resistivity of hot aluminum passing from the liquid
to gaseous state at supercritical pressure
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Thin aluminum foil strips tamped by polished glass plates were rapidly heated by means of a pulse current.
The experimental technique has ensured a sufficiently homogeneous heating of the foil samples during con-
tinuous expansion from the liquid to gaseous state at a pressure of 7-60 kbar. Results on the electrical
resistivity of aluminum were obtained in a density range extending from about the normal solid density down
to a density 30 times less and in a temperature range from 6000 to 50 000 K. A dielectriclike dependence of the
resistivity on temperature along isochore was observed at a density, which is 4 times less than the normal solid
density. A maximum in the temperature dependence of the resistivity was detected along an isochore corre-
sponding to a density that is 5.4 times less than the normal solid density. Present results confirm recent
theoretical predictions based on finite-temperature density-functional theory about the behavior of the electrical
resistivity of aluminum in the liquid and gaseous state.
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[. INTRODUCTION to measure the electrical conductivity of dense plasmas. To
0perform the measurements at sufficiently high densities dif-

Much work has been done in the last decade in the expl ferent confinement media were usdbbad-glas$, silica

ration of thermodynamic and fransport properties of liquid lasst* and watet®). In those experiments the electrical con-
metals, the density of which has been significantly lowere

. ; . : . uctivity was determined assuming the temperature, pres-
(say, with respect to the triple point densitfrhese StUd'?S. sure, and other quantities are distributed uniformly over the

" L o 'Blasma. Shadow images of the plasma column formed by an
of the metal-nonmetal transition occurring in such systeMs gypi0ding wire demonstrated in some experiments its axial

and the dense metallic plasmas characterized by strong intefymmetry and uniformity along the length. However, efforts
particle interaction(strongly coupled plasma8™® There is o control the radial distributions of the quantities were un-
also a practical interest in studying such states of mattesyccessful. In all experiments mentioned above at the initial
caused by some pulse-powered applications, in which a mestage of the heating process the dynamic pressure generated
tallic sample is rapidly heated so that due to inertia its denwas not sufficiently high to prevent the liquid-vapor phase
sity remains relatively high despite a considerable rise irtransition. Volume vaporizatiotboiling) at the heating rates
temperature. Phenomena such as electron band crossingsilized in those measurements leads to nonuniform tempera-
electron shell ionization, and phase transitions all may occuture and pressure distributions in the expanding column due
in the hot dense matter generated under these condttions. to a large difference between the sound speeds and resistiv-
A theoretical description of expanded metals and denséies of a liquid and that of the two-phase liquid-gas
metallic plasmas presents a complicated problem that is stithixture® Therefore the question about the uncertainty of the
not well understood. Recently several theoretical papers havaeasurements®1415remains unanswered.
been published, in which the electrical conductivity and ther- In present work we use the experimental techniéte
modynamic functions of aluminum were calculated in widethat ensures a highly homogeneous heating of metallic
domains of temperature and density including condensed arghmples during continuous changing from a condensed into a
gaseous states as well? To validate the calculations the gaseous state. Thin metallic foils tamped by relatively thick
corresponding experimental studies are highly desired. silica glass or sapphire plates are heated by an intense current
The available experimental data on expanded metals afeulse so that the dynamic pressure generated is sufficiently
restricted to relatively low temperatures and pressures. In thiigh to prevent the liquid-vapor phase transition. As a result,
case of aluminunT <4000 K, andP<3 kbar!® which cor-  uniform, sufficiently long-lived (=100 n3 single-phase
respond to a narrow density range of 2.7-1.8 g¥.c@nly  states are produced, which are amenable to comprehensive
some alkali metals and mercury have sufficiently low criticaldiagnostics and simulation. Earligrwe reported the results
points to be studied by means of a steady-state technique of experiments utilizing this technique to measure the elec-
the so-called metal-nonmetal transition region, i.e., during drical conductivity of mercury in the metal-nonmetal transi-
continuous expansion from the liquid to gaseous state withtion region. Comparison of the data obtained in those experi-
out crossing the liquid-vapor equilibrium line. To study met- ments with steady-state measuremenmias shown a fairly
als with higher critical point¢for example, aluminumndy-  good agreement, justifying that the developed dynamic tech-
namic methods should be utiliz&d. nique is capable of performing sufficiently accurate measure-
The most extensive data at the higher temperatures andents.
pressures were obtained in the experiments on exploding In this paper the dependence of the aluminum resistivity
wires#1415and foils1%11 The main goal of those studies was on the temperature and density is reported in a density range
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result, the positions of the plates with the foil strip pressed
between were fixed precisely. An optical microscope exami-
nation was used to check the quality of the assembly.

Geometrical dimensions of the experimental assembly
were chosen such that a one-dimensional expansion of the
sample is realized, i.e., the sample material moves along the
X axis mainly(see Fig. 1; we introduced a Cartesian coor-
dinate system, th& axis of which is directed perpendicular
to the foil strip surface and the axis along the heating
current. The reason for the one-dimensional expansion is the
following. For a foil strip whose dimensions satisfy the in-
equalities| >h>d (as was the case for all our experimegnts
the acoustic time corresponding to the sample thickdéss
(cq is the sound speed of the sample matgrial much
smaller than those corresponding to the sample width and
length. In this case the pressure gradient in the bulk of the

FIG. 1. Photograph of an aluminum foil stri) confined by  sample is directed along theaxis and therefore the sample
two polished silica glass platég). The sample end&) were bent  material moves in this direction. At the same time one should
and pressed to the electrodes delivering the current pulse. The gg@ep in mind that the boundary conditions at the foil strip
(4) between the glass plates was filled with epoxy. The foil St”pedges differ only slightly from those at the front surface far
shown has a thickness ofi@n, a width of 3 mm, and a length of fqm the edgegthere are no gaps between the sample and
about 10 mm. the glass plates therefore the displacement of the sample

material along the axis at the sample edges is of the same

extending from about the normal solid density down to aorder of the magnitude as that at the sample front surface far
density 20 to 30 times less and in a temperature range froftom the edges in th& direction. It should be noted that in
about 6000 up to 50 000 K. We compare the data obtainedrder to produce the one-dimensiondD) expansion the
with the published experimental reséit§14%and discuss pressure wave formed in the glass plates should be rather
the cause of the discrepancies observed. Comparison @&t. In our experiments it is ensured by an appropriate tem-
present results with those of the calculatibd?has shown  poral dependence of the Joule heating power, which causes
good agreement, but only with the results of the moleculaglass acceleration during a sufficiently short time with re-
dynamics simulations based on finite-temperature densityspect to the acoustic tim/c, (c, is the longitudinal speed
functional theory*? of sound in glass

This paper is organized as follows. In Sec. Il we present The pulse heating of the foil samples was accomplished
in detail the experimental technique utilized. This techniqueby discharging a 72F capacitor bank at a charging voltage
does not allow us to measure directly all the quantitiespf 5 to 24 kV. Schematics of the electrical circuit producing
which are necessary to determine the electrical resistivity anthe current pulse, the aluminum foil confined by two glass
to characterize completely thermodynamic state of theplates, and the diagnostics used are depicted in Fig. 2.
sample. Some quantities are calculated using a magnetohy- Diagnostics in these experiments were the following. The
drodynamic(MHD) code and an equation of state model of voltage across the foil strip was measured by means of a
aluminum. In Sec. Il the equation of state models used areesistive divider, and the current through it by a Rogowski
described. The procedure of the MHD calculations is precoil. All electrical waveforms were recorded with a four-
sented in Sec. IV. The main results on the electrical resistivehannel, 1-GHz sample rate digital oscilloscope, Tektronix
ity of aluminum are given in Sec. V. Comparison of presentTDS 754C. The resistance of the sampl@nd the specific
data with the literature data is discussed in Sec. VI. Concludoule heat dissipated indfas functions of time were deter-

sions are presented in Sec. VII. mined from the measured quantities by
R=UgI, (1)
Il. EXPERIMENTAL SETUP AND DESCRIPTION
OF THE APPROACH t
. . . . . = | IUgdt'/M, 2
The experiments were carried out with aluminum foil a fo R @

strips, with a thicknesgd) of 9 to 16.5um, a width(h) of 1.5 _ o o

to 3 mm, and a lengthl) of about 10 mm. A foil sample was whereUy is the resistive voltage contributioh,is the elec-
placed between two polishgdf mirror quality) sapphire or trical current,M is the sample mass, _artds the time. The
silica glass plates having a thickness of 3 to 5 mm, a width o¥ltageUg was calculated by subtracting from the measured
10 mm, and a length of about 10 msee Fig. 1 The voltageU an inductive voltage contribution

experimental assembly was made in such a way th_at there Ug=U - Ldl/dt, 3)

were no gaps between the sample and the plates. High qual-

ity tamping is ensured by epoxy glue, completely filling the wherelL g is the sample inductance. To get the sample induc-
space between the aluminum foil and the glass plates. As @mnce we measured the current and voltage waveforms for a
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FIG. 4. Temporal dependencies of the current through the foil
FIG. 2. Schematics of the electrical circuit producing the heat-sample(1), the resistive voltag€?2), and the specific Joule heat
ing current pulse, the foil sample confined by two glass plegiele  released(3). The foil strip sample had a thickness of 1, a
view), and the diagnostics used in these experiments. The currentidth of 3 mm, and a length of 10 mifpulse 3.
pulse was produced by discharging the capacitor bank in the circuit

containing the foil sample, a ballast resistor18() and a shunt enthalpies is due to the skin effect and a low signal to noise

][eSiE.tOL(l'sﬂé' A 't\!d:lYAthlaser Fr’]l.“se ?ftg ns duragog }N".’}S i‘?e? ratio in the current and voltage signals at the early beginning
or high-speed oplical photograpning ot the expanded 1ol strip 0q¢ 1 q heating process in our measurements. Figure 3 dem-
control the sample symmetry during the measurements.

onstrates that our measurements are rather accurate and the
esistive voltage contributiolgr was determined correctly.

shorted circuit, where a copper wire of 1. mm in diameter an he dynamic pressures generated in our experiments at a

1 cm long was used in place of the sample.

. . ) T namic code describing the foil expansion. This point will be
sectional area of the foil strip anldis its length on the discussed in detail in Secs. Il and IV.

specific Joule heat released with the literature data. For a The electrical conductivity was determined according to
homogeneously heated sample, the resistance so normaliz&% formula

is equal to the ratio of the resistivity * (o is the conduc-
tivity) to the relative volumé&//V,, whereV, is the specific
volume of the sample material at normal conditions. In Fig. 3 _ | ()

the dependencies of the normalized resistance versus specific 77 StR’
enthalpy measured in our experiments are compared with the

data obtained by Gathef.It can be easily seen that the \yhereg(t) is the current cross-sectional area of the sample,
specific Joule heaj practically coincides with the enthalpy i.e., the product of the sample widthand thicknessi(t).

in the enthalpy range, for which the data of Ref. 13 WETerhe thickness as a function of time was calculated using 1D

MHD code assuming the sample length and width are con-
between our results and those presented in Ref. 13 for allant 9 P 9

isobaric heating aP=3 kbar. The discrepancy seen at small Temporal dependencies of the current through the foil

strip, the voltage drop across its lendthe resistive pajt
and the Joule heat released in it measured in a typical experi-
ment are shown in Fig. 4. As one can see, the heating power
(the slope of the Joule heat dependgndeanges consider-
ably for about 100-200 ns and then remains nearly constant.
Such temporal dependence is very important for realizing
homogeneous heating of a sample, whose thickness increases
significantly. The voltage curve shows a maximum, which
manifests a transition of aluminum from a metallic to a di-
electric statdplasma; as the current variations at later times
. . . (t>600 n3 become relatively small the resistance temporal
0 5 Speciﬂcenlgalpy(leg) 15 20 dependence is similar to that of the resistive voltage. Hence,
the resistance increases up to the Joule heat values of about
FIG. 3. Normalized resistance vs specific enthalpy: our datt0 kJ/g that exceeds three times the cohesion energy of alu-
(lines), experiments on isobaric heating Bt=3 kbar (Ref. 13 ~ Minum[12.1 kJ/g(Ref. 19] and then at higher Joule heat
(open triangles Pressures for our experiments are indicated for arvalues (q>40 kJ/g it monotonically decreases like a
enthalpy of 10 kJ/g. plasma does with a rise in temperature.
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whereD is the glass plate thickness. The time during which
the measurements are carried out is smaller than the time
2D/c,, for which the compression wave formed in a glass
plate reaches its free surface and then a rarefaction wave
arrives at the sample. This time is aboupg for the silica
glass plates and 0.8s for sapphire plategboth having a
thickness of 5 mm Consequently, during this time the pres-
sure in the sample remains high and the temperature and
density profiles in the sample are not disturbed by the wave
reflected from the free surface. It is easy to see that geometri-
cal dimensions of the experimental assembly are such that
the pressure wave propagating in thalirection also does
not disturb the sample for the measurement time.

To ensure homogeneous heating the sample thickness was
polished silica glass plate§front view) before the current is chosen to be smaller than _the skin depth. Itis easy to see also
switched on(a) and after a tenfold expansion in thedirection (b); that the temperature gradient due to the thermal conduction

electrical current flows in the direction. The Joule heat released in IS formed in a very thin layer of the glass plate close to the
the sample at the instant of time corresponding to photogtaph Sample surface. Indeed, the thickness of the layer is of the
reaches a value of 39 kJ/g. The initial width of the foil strip was 2.00rder of Vx,t,,, wherey, is the thermal diffusivity of glass
mm and the thickness of 16&m. The arrows show the sample andtg, is a typical time of the measurements. For a titge
edge(1) and the failure wave front propagating in silica gl42s ~1 us and fory,~0.01 cnt/s, this estimate gives a value
of the order of lum, which is much smaller than the thick-

To prove that the sample symmetry during the measureb€ss of an expanded samyteat is, within 200-30Qum).
ments is kept and the bulk of the sample material moved herefore the energy losses and the wall ablation effect can
along thex axis, high-speed optical photographing of the foil P& negl_ec_ted. Estimates showlthat the energy losses due to
samples during the pulse heating process has been pdhe radiation should be 'taken into accountTa1>f50 000 K
formed. A Nd: YAG (YAG denotes yttrium aluminum gar- When the sample density decreases 30-50 times. Another
neb laser operated at the second harmdnis 532 nm) with ~ factor that can violate the pressure uniformity in the sample
a pulse duration of 9 ns was used for the frame shadowgrd$ the ponderomotive forcéthe pinch effedt In our experi-
phy. A laser beam propagating in thedirection formed a mMents this pressure contribution was usually pf the ordgr of
shadow image of the sample at the input of a CCD camerQ-1 kbar, which is a smal! value compareq with the typical
(see Fig. 2 Before reaching the CCD camera objective, thePressure level generated in present experiments.
light was transmitted through a narrow-band interference fil-
ter ((_:entral wavelength of 532 nm, with a full Wid_th at half II. THERMODYNAMIC EUNCTIONS OF ALUMINUM
maximum of 1.nn)|. The fr:_ime images of the foil sample AND THE CONFINING MEDIA
before the heating current is switched @) and after a ten-
fold expansion along the axis (b) as it was predicted by 1D As described in the preceding section we measure directly
MHD calculations are shown in Fig. 5. It can be clearly seeronly two quantities: the resistance of the foil and the Joule
that the sample edges after the tenfold expansion are stifieat released in it. The sample thickness and thermodynamic
sufficiently straight. The displacement of the sample materiatjuantities(density, pressure, and temperajuveere calcu-
along they axis estimated from these images is within 100-lated using an equation of state model and the 1D MHD code
200 um, which is comparable to that in thedirection(the  utilized earlieft®-18 Since the relevance of the 1D approach
initial thickness of the foil was 16.pm). The nontransparent in the simulations is controlled by high-speed photography,
regions adjacent to the sample edges are due to the failutbe quality of present data on the electrical resistivity de-
wave generated in silica glass, which was observed by Kanglends mainly on the quality of the equation of SteE©9
et al?® The white spots on the sample area seen in photomodel used. In this work we utilized tlESAMEEOS model
graph(b) are due to the light scattered from the optical in-[table no. 372QRef. 21)] and the wide range semiempirical
terfaces of the experimental assembly. EOS model described in Refs. 16 and 22. BesamEtables

In conclusion, in this section we present some estimatewere used in many works devoted to the measurements
supporting the assumption of homogeneity of the foilof the electrical conductivity of dense aluminum
samples during the measurements. The electric current pulggasmag;1%1415and this was the main reason to use the
produced by the discharge circuit was chosen in such a watables in this work.
that the characteristic timg, for which the heating power The analytical multiphase equation of state model of Ref.
increasegsay, twofold is considerably larger than the acous- 22 was carefully analyzed in Ref. 16 for the region of the
tic time d/c; (this time increases from about 1 ns when theliquid-to-vapor phase transitiofup to the critical pointin
sample is in the solid state to about 100 ns in a plasma)statghe case of tungsten. Thermodynamic functions of the EOS
As a result, the pressure profildistribution as a function of model in the condensed state were taken in the form pro-
position along thex axis) remains uniform. On the other posed by Youngd? lonization effects were described in the
hand, the acoustic timB/c;, is much larger than the timtg, average atom approximatidf.lt should be noted that the

FIG. 5. Photograph of an Al foil strip confined between two
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FIG. 6. Dependence of the relative volume of liquid aluminum  FIG. 7. Pressure as a function of temperature at constant density
vs enthalpy for an isobd®=3 kbar calculated using the EOS model (v/v,=27) calculated by means of the wide range EOS m¢Ref.
from Ref. 22(solid line), sesametable 3720Ref. 21) (dashed ling 22 (solid line), SEsAME table 3720(Ref. 21 (dashed ling calcu-
measured in Ref. 1@pen squargsand measured in Ref. 250lid  |ation results of Ref. 11open squarésand calculated by theasp
circles. code (Ref. 26 (solid squares The points corresponding teasP
results were taken from Fig. 5 of Ref. 11.

average atom approximation cannot reproduce accurately thq our experiments, which ensure sufficiently homogeneous

ionization states in the metal-nonmetal transition region an(ﬁeating All experiments were done for the parameters of

ic.he c?hrr?sponhmgg (ljmcertglntlels (I:atr'] . rfetnr;narkablel. \{[\r/? E%hoice. In the case of homogeneous heating the calculations
eve that our hydrodynamic caiculations ol the sample thick-,¢ sample thickneg$o obtain the conductivity according

gram during a sufficiently short period of time.

In Fig. 6 the dependencies of the relative volume versu
specific enthalpy calculated by means of the two EO
modelg!??are compared with the experimental d&td>As
one can see, theesaME model shows a large discrepancy in
the relative volume of liquid aluminum compared to the
measured data. The moéfehas turned to be more accurate
in describing the liquid aluminum thermodynamics. Com-

parison of both EOS models in the gaseous state region Witﬁf time (see Ref. 17 for detajlsThus, there is no need for a

some other models found in the literattfr&"28is presented o . :
in Fig. 7. It should be noted that in the gaseous state regioﬁommctlvIty model in these calculations. The system of

there are no reliable experimental data. As it follows fromequatlons in this case takes the form

lar, these calculations can be done for prescribed temporal
ependencies of the Joule heating power and the electrical
current through the sampl&vhich can be taken in this case
from the corresponding experiménin doing so one should
solve instead of the complete system of the MHD equations
only the hydrodynamic part of the equatiof@xpressing the
laws of conservation of mass, linear momentum, and en-
rgy), the right-hand parts of which are some given functions

Fig. 7 both EOS models used in this work give very similar ap . d(pu) _ 6)
results in this region. gt ax

For the hydrodynamic calculations of the sample thick-
ness we need also an EOS model for the surrounding me- apu) 9 4.
dium confining the sample, i.e., for silica glass and sapphire. T 5((911 +P)=- ?l(t) X, (7)
The following semiempirical EOS model describing uniaxial
adiabatic flow generated in the medium was utilized: 5 2

i( s+&>+i{ u<w+u—>]: da®) (8)
p:§|:<£>n_l:|, (5) ot P 2 X p 2 p dt ’
N1\ po2

wherep, u, P, ande are density, velocity, pressure, and spe-
where the coefficier and the exponemt are assumed to be cific internal energy, respectivelw is the specific enthalpy,

constant. These constants are related by an equation with the
longitudinal sound speech and the density,, of the mate-
rial at standard conditions. The coefficierisand n were
found by fitting of the literature data on the mechanical prop-

TABLE |. Parameters of the EO&) used in the hydrodynamic
calculations.

erties of the materia?é2°and are listed in Table I. Po2 B
(g/cn?) (GPa n
IV. MHD CALCULATIONS OF THE SAMPLE THICKNESS -
Silica glass 2.2 50 0.6
Numerical simulation in the framework of the complete gapphire 3.08 499 28

1D MHD model’*8was performed to choose the parameters
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50

and the effect of inertia when the heating power changes
rapidly. To relate the path for pulse 5 to the temporal depen-
dencies shown in Fig. 4 the time marks in the 250 ns interval
are indicated.

A series of experiments was carried out in this study to be
certain that the sample is heated homogeneously. In particu-
lar, experiments with different sample widths and thickness
and different confining medidsilica glass and sapphire
were carried out. None of these parameters appeared to have
a remarkable influence on the electrical conductivity results.
Many of our experiments were repeated least two times
. —_— — to get the information about the uncertainty of the measured
0 10 20 30 40 quantities. It was determined that the current and voltage are
measured with an uncertainty less than 5%. The resistance as
FIG. 8. Evolution of the thermodynamic state of aluminum foil @ function of the Joule heat released for different pulses with

strips confined in glas¢pulses 14 and 18and sapphire plates all parameters kept constant shows a scatter of less than

(pulses 5, 8, and)9during the pulse Joule heating calculated by 10%. .
means of the 1D hydrodynamic code using the EOS model of Ref. TO demonstrate that the complete procedure of determina-

22. Thermodynamic paths of the two fixed particles of the sampldion of the resistivity is self-consistefhen some quantities
(in the sense of the continuous media mecharfioseach experi- are measured and other are calculatedveral experiments
ment are presented: a particle situated close to the specimen surfagere performed, in which a thermodynamic staay, in the
(dashed lingand a particle near the symmetry plaselid line); for (P,T) plang is achieved by substantially different paths. The
pulses 9, 14, and 18 both lines nearly coincide. The melting linegray circles in Fig. 8 mark two such states. Experiment 9 was
(m), and the boiling curve with a critical poit€P) are also shown.  carried out using relatively thin sapphire platés5 mm so
The open triangles indicate the time marks in OQu&5intervals.  that the rarefaction wave reflected from the free surface
Gray circles mark two states reached by different paths. reaches the sample in a shorter time in comparison to experi-
ments 5 and 14. The heating current pulse was taken in this
which is related to the internal energy W= +P/p, andcis  case so that the sample thickness is still rather small so the
the speed of light in vacuum. All the variables are functionshomogeneous state of the sample is not disturbed essentially
of the positionx and the timet (see Fig. 1 The electrical by the rarefaction wave. As a result it was found that the
current densityj is expressed through the total curréfi) by  values of the resistivity determined for these two states in
different experiments are within the experimental uncertainty

I(t) of 10-20 %. This can be clearly seen in Fig. 9.

ji= hd®) 9

40-

P(kbar)

Si th ffect f heat ducti . it d heat V. ELECTRICAL RESISTIVITY OF ALUMINUM
Ince the erlects or neat conduction, viscosity, an eal IN LIQUID AND GASEOUS STATES

transport by radiation are insignificant, the corresponding
terms do not enter the equations of moti@Gh(8). The results obtained on the resistivity of hot aluminum in
The equations of motion for the confining medium havethe metal-nonmetal transition region for 13 pulses are pre-
the same forn{6)—(8), but in this case the right-hand parts sented in Fig. 9. The dashed lines represent the dependencies
are equal to zero, i.e., it is assumed that the medium is af the resistivity versus temperature for 8 experiments. The
good insulator. The interface between the sample and theorresponding lines for the remaining 5 experiments were
glass is treated like a contact surface. It should be noted thalropped to avoid image oversaturation because those experi-
in the case of an inhomogeneous heating such an approaefients repeat some of the experiments presented in Fig. 9.
can no longer be applied and a conductivity model is needed’he dynamic pressure generated in all 13 experiments was
The paths in théP,T) plane of several heating processesremarkably higher than the critical pressure. Both the tem-
realized in our experiments with aluminum foil strips tampedperature and the sample thickness were calculated in this
by glass and sapphire plates are presented in Fig. 8. Thmase using the EOS model from Ref. 22. As one can see, the
paths were calculated using the above-mentioned approaclmnes representing experiments 9 and 5 intersect at a tempera-
i.e., for the prescribed temporal dependencies of the Joulire of about 23 500 K, which agrees well with the calcula-
heating power and the current. Each of the experimenttions of the temperature at the point where the corresponding
shown in this figure is illustrated by two trajectories repre-thermodynamic paths interse(gee Fig. 8 The dependen-
senting two thin layers in the sample: a surface lageshed cies of the resistivity on temperature for experiments 14 and
line) and a layer near the symmetry plafselid line). These 9 also have an intersection point but it is located at a sub-
two layers correspond to two cells from the 50-100 cells instantially higher resistivity valuéf about 34u() m, and the
the sample region of the spatial mesh used in these simulédemperature at that point is about 30 00§ ¥hich is out of
tions. As follows from Fig. 8, variations of the temperaturethe scope of Fig. 9. The gray circles show the resistivity
and pressure across the sample did not exceed 5%. Sughlues corresponding to four fixed relative volum¥&sV,
nonuniformities are developed mainly due to the pinch effecE1.93, 2.7, 4.0, and 5.4; the data along isochores represent
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FIG. 9. Resistivity of aluminum vs temperature in the metal- FIG. 10. Resistivity of dense aluminum plasma vs temperature
nonmetal transition region. The dashed lines represent our exper@t constant densitiV/V,=9). The gray circles represent our data,
ments. The gray circles correspond to present data at the isochor8i¥ thick solid line is a parabolic fit of our data points, measure-
V/IVy=1.93, 2.7, 4, and 5.4. The solid lines are fits of our data atments by Renaudiet al. (Ref. 10 (open triangles measurements
these isochores. The other designations are measurements by Ga-Krish and KunzeRef. 14 (open squargscalculation results of
ers(Ref. 13 (open trianglek calculations by SilvestrelRef. 9 at ~ Ref. 10(solid star$, calculations by Kuhlbrodt and Redmigkef. 7)
V/V,y=1.93(open circlep calculations by Desjarlaist al. (Ref. 12~ (solid squares calculations by Desjarlaist al. (Ref. 12 (solid
at V/V,=2.7 and 5.4(solid triangle$, calculations by Kuhlbrodt triangles.
and Redmer(Ref. 7 at V/Vy=5.4 (solid squares the measure-
ments by Mostovych and ChdRef. 4) (open stars For purpose of
clarity the data points of Refs. 4, 7, and 12 are connected by dottetiveen present results and the measurement results presented
lines. in Refs. 10 and 15. However, for both these isochores our

data are in good agreement with those of Ref. 14. Compari-
all 13 experiments to show scattering of our data. Solid linegon of our data with the calculated dependence presented in
are fits of these data sets. The points along isochd/&  Ref. 12 shows good agreement in the ca8&/,=9. For
=1.93 and 2.7 were fitted by straight lines, and the points a{//\/,=27 our measurements give resistivity values that are
VIVp=4.0 and 5.4 were fitted by parabolas. Left points forremarkably higher than those predicted in all theoretical
VIVp=4.0 and 5.4 were not included in the data sets for thgyorks?10-12 |t js obvious that our results demonstrate the
fitting. These points show a new tendency in the resistivityhest agreement with the finite-temperature density-functional
behavior at the lower temperaturé6<12 000 K). The fit-  ¢alculations resultg1?
ting curves clearly demonstrate a change in the temperature
dependence of the resistivity in the metal-nonmetal transition
region. The measurement results by Gathease also pre- Ly T T - T
sented in this figuréopen trianglel As it can be seen in Fig.
9, the results from Ref. 13 are very close to present data at
T=<4000 K. Our measurements at the low temperatures
agree well also with the calculations fulfilled by Silvestielli
for liquid aluminum at the relative volume of 1.93.

It is obvious that the resistivity values along the isochore
VIV,=2.7 are in excellent agreement with the calculation
results from Ref. 12, which demonstrate practically a con-
stant resistivity value over the whole temperature range in-
vestigated in this work. Fov/V,=5.4 reasonable agreement
also takes place with the results obtained in Ref. 7. Never- 10 : . T :
theless, in contrast to the theoretical predictions our results g B = = B W
demonstrate a maximum in the temperature dependence of Temperature (10°K)
the resistivity along this |sochore.' At ,th's |soch0§&m_d even FIG. 11. Resistivity of dense aluminum plasma vs temperature
atV/V,=4.0) the temperature derivative of the resistiviit 4 constant densitgv/V,=27). The gray circles represent our data
T>12000 K becomes negative, manifesting a transition ofanq the thick solid line is a parabolic fit of our data poitsror
aluminum in a dielectric state. bars are shown for present experimgntseasurements by DeSilva

The dependencies of the resistivity on temperature foand KatsourogRef. 15 (starg, measurements by Krisch and Kunze
relative volumesV/V,=9 and 27 are presented in Figs. 10 (Ref. 14 (open squar@s measurement results by Renaudinal.
and 11. Published experimental restifs-'41%along with  (Ref. 10 (open triangle calculation results of Ref. 1@hin solid
the theoretical predictiod®12are also shown for compari- line), calculations by Desjarlaist al. (Ref. 12 (solid triangles,
son. A considerable discrepancy MfV,=9 takes place be- calculations by Kuhlbrodt and Redm@Ref. 7) (solid squares

Resistivity (uQ-m)
8
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VI. DISCUSSION scope of Figs. 9 and 10. For instance, the resistivity values

The present results show a remarkable discrepancy Witgom Ref. 15 forV/V,=5.4 are two times larger than present
respect to the measurement results obtained in Ref. 1 ata. Our §|mulat|ons show tha_t this discrepancy is caused
Those measurements were performed with aluminum foildh@inly by inhomogeneous heating of the plasma generated
confined in a high-pressure vessel to provide an isochorill! €XPeriments by DeSilva and KatsourSsThe maximum

heating. The foils were heated by a current pulse of rathelphomogenelty is developed when the plasma column diam-

. ) : eter is 2—4 times larger than the initial wire diameter. At
lOV\.’ density(during 300 to 700*5)'. qu to a relatively large larger diameters the temperature and density profiles become
ratio of the vessel volume to the initial volume of the sample

L fairly uniform due to some feat in the h i
(9 and 27 the plasma was generated by vaporization of theflc;wyg:nlerated Il#] those expeﬁrig#tass. In the hydrodynamic

foil at a pressure that is e;sentially lower than the cri_tica}I Now we pass to comparison of our data with theoretical
pressure. As a result, an inhomogeneous two-phase liquigsredictions. Molecular dynamics simulations based on the
vapor mixture filled the vessel at a Vaporlzatlon Stage of thqinite_temperature density-functiona] approach were per-
heating process. The authtt$' assume that at later times formed by Silvestrell?. The simulations were done to inves-
the plasma becomes homogeneous. It can be clearly seentigate the temperature and density dependencies of the elec-
Fig. 2 from Ref. 10 where the current and voltage traces argrical conductivity of liquid aluminum, whose density is 30—
shown that the resistance of the sample monotonically in50 % lower than the normal solid density and the
creases during the experiment. The autHinave found that temperature is within the range of 3500 to 9000 K. At these
due to substantial energy losgeghich take more than 50% temperatures and densities the reflectivity measurements of
of the total Joule heat imparted into the jothe internal Ref. 4 indicated a sharp decrease in the conductivity. The
energy actually decreases despite the continuing heating. Agmulation resultsdid not support the conclusions drawn in

a result, a plasmalike dependence of the resistivity of thdRef. 4 about the onset of a metal-insulator transition in this
sample was detecte@ fall in the resistance with tempera- density range. As it can be seen in Fig. 9, our results reason-
ture), but only in a narrow temperature range from 14 500 toably agree with those presented in Ref. 9. The maximal rela-
16 000 K(see Fig. 1D Since the energy losses were provedtive volume at which the calculations were doneMVsV,

to be so important, the sample mass could change remark-1.93. At this volume the resistivity was calculated for two
ably due to the wall ablation effect. Therefore the cause ofemperature values only: 5000 and 8000 K. It is interesting to
the discrepancy seen in Figs. 10 and 11 between our result®te that even the slope in the dependence of the resistivity
and those reported in Ref. 10 can be explained by the walbn temperature seen in our data is practically the same as
ablation effect and the uncertainty in the internal energy calpredicted by Silvestrelf. The data inferred from the reflec-
culation for a system that starts its evolution from an inho-tivity measurements are also shown in Fig. 9 MV,

mogeneous state. =1.93. It is likely that the results of Ref. 4 suffer from a
The measurement results presented by Krisch andonsiderable error in the density evaluation.
Kunze for three relative volumeés.4, 9, and 2Yare rather An approach very similar to that of Ref. 9 was used by

consistent with our datéwithin an experimental uncertainty Desjarlaiset al,'2 where the calculations were done in a
of 20-25 % given in Ref. 14 To get the data points for the wide density range from near solid to one-hundredth solid
resistivity at the three isochores shown in Figs. 9-11 lineadensity and in a temperature range from 2000 to 30 000 K.
interpolations between the nearest-neighbor points presenté®r the molecular dynamics runs, the ions and their respec-
in Ref. 14 were used. For the relative volumes of 5.4 and 3ive core wave functions were modeled using the Vanderbilt
the difference between our data and those of Ref. 14 is redltrasoft pseudopotentials. The calculations were done for
markably larger(especially atT<20 000 K) than that for two isochores in the condensed state regwfv,=1.35 and
V/V,=27. In Ref. 14 aluminum wires were placed in thick 2.7) and for three isotherm@0 000, 20 000, and 30 000)K
glass capillaries, one end of which was open. The plasman the gaseous state region. Our measurement results demon-
column diameter was measured by photographing the dianstrate a reasonable agreement with those of the calcul&tions
eter of the plasma jet emanating from the open end of théor V/V,=2.7. It should be noted that the last point on the
capillary. The experimental uncertainty of such measureleft in Fig. 9 from Ref. 12 forV/V,=2.7 corresponds to a
ments was not determined in Ref. 14, but we assume that thermodynamic state of expanded aluminum located deeply
can be considerable. Due to the uncertainty in the plasminside the two-phase regiofT=2000 K). The estimates of
density determination the discrepancy between our resultthe critical temperature of aluminum give the values ranging
and those of the work by Krisch and Kut2és maximal in ~ from 6000 to 8000 K23
the density range where the dependence of the resistivity on To investigate the resistivity behavior at lower pressures
density is strong. At the relative volum& V,=27 where this  (to reach the lowest temperature point of Ref. 12 ¥/,
dependence becomes weaker the data obtained in Ref. ¥2.7) several experiments were done with wires and foils
agree reasonably with present results. submersed in water. In this case the dynamic pressure was in
The data presented in Ref. 15 were obtained using théhe range of 2—4 kbar. The resistivity values obtained in
exploding wire technique with water as a confining medium.these experiments turned out to be remarkably higher than
Those data agree with our results well only f6fVy=27  those obtained in our experiments with glass and sapphire
when T=20 000 K. At smaller volumes and temperaturesplates. For instance, fov/V,=2.7 instead of the resistivity
there is an essential difference. The data points from thatalue of 3u{) m we obtained a value of about&) m. 1D
work for the relative volumes of 5.4 and 9 are out of theMHD simulations performed for these experimental condi-
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tions have shown that such a resistivity increase can be rather T 5
accurately described by the volume vaporizatitoiling) gdn”i =0.63. (11
model® which neglects by the vaporization kinetics effects
(effects of overheating The boiling kinetics effects were This relation expresses a condition that the hard sphere pack-
proved to be in the case of tungsten not significant up to théng fraction in the liquid state is equal to 0.63 as in the case
heating times of the order of 1 A%It was assumed in the of dense random packing. Based on such estimates of the
hydrodynamic simulations that the substance in the twomean free path one can conclude that at the larger expan-
phase region is a fine dispersed mixture, which can be treatesions, i.e., atv/Vy>2.3 the abrupt resistivity increase ob-
as an effective medium. As result of the simulations it wasserved in our experiments is due to a decrease in the valence
concluded that in our experiments the one-phase states clostectron number density rather than in the mean free path
to the left point of Ref. 12 foW/V,=2.7 cannot be achieved. (because it has reached its minimal valdg~d;). There-
Probably it will be possible to reach the superheated statefore the point of localization also represents the limit of char-
(without onset of boilingy when aluminum samples of very acterizing the aluminum as a free-electron metal, which has
high purity are used. been pointed out by Silvestrefli.

Our data show a nonmonotonic behavior of the resistivity Another estimate supporting this conclusion can be done
versus temperature fov/Vy=5.4 (and even forV/Vy=4).  using the Clausius-Mossotti relationship:
Desjarlaiset al!? discuss a gap in the electronic density of

states, which begins to form near the Fermi leveNVaY, 1 +8—77ani
=5.4. This is the possible reason for the change in the slope _ 3 (12)
of the resistivity on temperature dependence for this iso- e T
chore. The calculation resulfsin the gaseous state region 1—?01&

(VIVy=9) also show a rather consistent behavior of the re-
sistivity compared to that seen in our data. Nevertheless owheree is the dielectric constant and is the atomic polar-
results demonstrate two new features in the resistivity behavzability. The metal-nonmetal transition in a compressed alu-
ior: the clearly expressed negative slope in the resistivity onminum vapor occurs when the dielectric constant diverges.
temperature dependence ¥V,=4.0, and the maximum The corresponding value of the relative volume calculated is
along the isochor&//Vy=5.4. 3.3. We used for the atomic polarizability of aluminum atom
A very difficult question is how to estimate the accuracya valuea=56.28&3 from Ref. 19(ay is the Bohr radius At
of present data because not all quantities were measured atits relative volume the transition from a dielectric to a me-
we utilize the EOS model, whose accuracy is unknown ovetallic state occurs in an aluminum vapor when it is pressur-
the whole temperature and density range investigated. WiZed at a sufficiently low temperature. This value agrees well
have compared the resistivity values obtained using the twwith the present experimental result, which demonstrates a
EOS model$122As a result it was found that in the gaseous dielectriclike behavior in the temperature dependence of the
state region(V/V,>6) the difference between these resistiv- resistivity at the relative volume value of 4 and a metalliclike
ities is less than 20%. Taking into account this value as afehavior atv/Vy=2.7.
uncertainty and the experimental uncertainties in the current,
voltage, and the sample dimensions measurements the error
bars shown in Fig. 11 were obtained. We have found that a sharp increase in the temperature
Before finishing the discussion we present some estimategependence of the resistivity of expanded liquid aluminum
showing that the features discovered in this study can beakes place at a density of about 1.3 g?divi/V,~2) when
interpreted based on the metal-nonmetal transition concepfhe pressure is in a range of 7—20 kbar. When the pressure
First, it is interesting to note that at a relative voluM&/,  approaches a value of about 20 kbar the sharp resistivity
=2.3 the mean free path, of the valence electron&on-  increase disappears and the temperature dependence of the
ducting electronsbecomes equal to the interionic separationresistivity is like that in the solid state region. Along the
d;. Therefore at the larger expansiaivg Vo> 2.3) the loffe-  jsochoreV/V,=2.7 the resistivity is practically constant over
Regel condition, that is\¢=d;, is violated. To calculate the the whole temperature range investigated in present study
mean free path we used the experimental values of the cone000-20 000 K A dielectriclike dependence of the resistiv-

VII. CONCLUSIONS

ductivity assuming the following formula is valid: ity on temperature is observed at a density that is 4 times less
than the normal solid density. At a temperature of about
_Ne€A 12 000 K for an isochor®/V,=5.4 a maximum in the tem-
mug perature dependence of the resistivity was detected.

It is interesting to note that practically all measurements
where n, is the valence electron number densigyjs the  (except of that of Ref. 10give very close conductivity val-
electron chargem is the electron mass, ang is the Fermi  ues forV/V,=27. At this density a typical discrepancy be-
velocity. The electron number density is related to the ionicween the measurement results and theoretical predictions is
number densityn; by n,=zn, where z is the number of 50-100 %.

the conducting electrons per idm was taken to be)3 The The present results are in essential agreement with those
interion spacingl; was calculated according to the relation- of the molecular dynamics simulations based on finite-
ship temperature density-functional theSr}?
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