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Abstract A new experimental technique, the flyer-impact
method, is proposed in this article to investigate the viscos-
ity coefficient of shocked metals. In this technique, a shock
wave with a sinusoidal perturbation on the front is induced
by the sinusoidal profile of the impact surface of the sam-
ple by use of a two-stage light-gas gun, and the oscillatory
damping process of the perturbation amplitude is monitored
by electric pins. The damping processes of aluminum at 78
and 101 GPa and iron at 159 and 103 GPa are obtained by this
technique, which supplement the existing data by measuring
the viscosity coefficient via a dynamic high-pressure method.
Applying the formula of Miller and Ahrens to fit the experi-
mental data, the shear viscosity coefficients of aluminum at
78 and 101 GPaare 1350 4 500 and 1200 =4 500 Pa s, respec-
tively, and those of iron at 159 and 103 GPa are 1150 + 1000
and 4800 £ 1000 Pa s, respectively. The values measured by
the flyer-impact method, approximately 10° Pas, are consis-
tent with those measured by Sakharov’s method, while still
greatly differing from those measured by static high-pressure
methods. In dynamic high-pressure experiments, the shear
viscosity is related to dislocation motion in the solid mater-
ial, while that in static high-pressure experiments is related to
the diffusion motion of atoms or molecules in liquids. There-
fore, there are different physical meanings of shear viscosity
in dynamic and static high-pressure experiments, and there
is no comparability among these results.
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1 Introduction

Under the conditions of high temperature and high pres-
sure, condensed matter is regarded as a fluid and its dynamic
processes are depicted by hydrodynamic models [1]. It is
necessary to know the constitutive equations and the cer-
tain kinetic transport properties of matter, such as diffusivity,
viscosity, thermal conductivity, conductivity, etc. In these
transport properties, viscosity represents the relation between
viscous stress and the strain rate in the fluid, which contains
the bulk viscosity and shear viscosity. In fact, viscosity is one
of the essential physical parameters which is related to the
interaction among particles at short range, even to the struc-
tural phase transition [1]. Therefore, research on viscosity
has become one of the key aspects in physical mechanics
and the condensed matter physics field.

One of the applications of viscosity lies in the research
of geodynamics. It is well known that the depth of the outer
core of the earth that is composed mainly of iron ranges from
2900 to 5100 km, corresponding to pressure varying over the
range 136-329 GPa and temperatures exceeding 4000 K [1].
The geomagnetism that is generated by the flow of liquid
iron in the outer core protects the earth from the impact of
charged particles from outer space, and it also provides the
basis of geomagnetic navigation. Furthermore, it gives rise to
the interaction between the earth’s core and mantle, together
with convection in the mantle, by which heat generated by the
cooling in the inner core arrives at the boundary of the earth’s
core and mantle [2]. Therefore, research into the transport
properties, especially viscosity, of materials in the outer core
on the condition of high temperature and high pressure is
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an important issue in understanding the dynamic evolution
processes of the earth.

In addition, the shear viscosity coefficients of materials in
the outer core are the basic parameters to simulate the mag-
netic generator of the outer core [3,4], and research on the
absorbency of the materials in the outer core to seismic waves
is related to the knowledge of their bulk viscosity. Besides,
the viscosity coefficients of silicates in the mantle are the
fundamental parameters for research in volcanic activity and
mantle evolution [5-7].

At present, the experimental techniques for measuring
shear viscosity coefficients of condensed matter are mainly
divided into two approaches: the static high-pressure exper-
imental technique and the dynamic pressure experimental
technique. In static high-pressure experiments, the accuracy
of directly measured velocities of a sphere (typically made
of platinum, tungsten or iridium) falling through molten iron
or its compounds has been considerably improved upon by
applying the shadow technique of displacement recording
[8—15]. This became possible through the use of hard X-
rays for observing the specimen. Figure 1 shows the typical
experimental method to measure a specimen’s shear viscos-
ity coefficient in static high-pressure experiments, and the
changing trend of shear viscosity coefficients of iron (Fe)
with varying pressures is shown in Fig. 2.

The main method to measure shear viscosity coeffi-
cients of matter at high pressure and high temperature by
dynamic high-pressure experiment is to investigate the damp-
ing process of the amplitude of a shock front with small
perturbations. The explosion experimental technique and
data processing method to measure the shear viscosity coef-
ficient of shocked matter were first proposed by Sakharov
and Zaidel [16,17] and the schematic representation of this
experimental technique is shown in Fig. 3. Figure 4 illustrates
the optical record for this technique, where Sy, S», S3, ... are
the position records of streak camera records, and g, t1, t2
are the corresponding moments when the shock wave arrives.
It is seen that there are changes not only in the amplitudes of
perturbation, but also in the phase of the perturbation after
the shock wave has propagated different distances through
the sample.

Fig. 1 Diagrammatic sketch of typical static high-pressure experiment
method to measure a specimen’s shear viscosity coefficient
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Fig. 2 The shear viscosity coefficients of iron measured in static high-
pressure experiments. Filled circle measured by Terasak at al. [11].
Filled square measured by Rutter et al. [10]

The experimental curves for aluminum with 31 GPa shock
loading with different wavelengths of perturbation measured
by the Sakharov Explosion Method were given by Mineev
in 1997 [18], as shown in Fig. 5. The wavelength of the
sample for data 1 is 20 mm and that of data 2 is 10 mm, and
the ratio of initial amplitude and wavelength (agp/A) is 0.139.
Table 1 lists the shear viscosity coefficients of aluminum (Al)
and lead (Pb) for various initial densities and various shock
pressures measured by Mineev et al. [18].

The order of magnitude of shear viscosity coefficients
measured by the Sakharov Explosion Method is ~103 Pas
[16,18-24] and that measured by static high-pressure exper-
iments is ~1073-10~2 Pas [8-15]. The great difference
between them has perplexed scientists until now: is the sig-
nificant difference a result of the diversity of the material
measured in dynamic and static experiments or the uncer-
tainty in the measured values of the viscosity coefficients?
Although there are certain differences existing in the objects
that are induced by different experimental techniques for
static and dynamic methods and the samples are under con-
ditions of different temperatures and pressures in static and
dynamic experiments, it is an uncommon phenomenon in the
field of high-pressure research, such as measuring the phase
transition zone of iron [25-32], that the discrepancy of shear
viscosity coefficients measured by static and dynamic meth-
ods is several orders of magnitude.

Numerous measurements of shear viscosity coefficients
have been performed by static methods, and there is great
coincidence in the results obtained. So there is high cred-
ibility for the data measured by static experiments, and it
is also supported by molecular dynamic simulations [33—
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Fig. 3 Diagrammatic sketch of Sakharov Explosion Method. An
explosive assembly (a) generates a shock that first enters a sinusoidally
grooved sample disc (b). The sinusoidal grooves generate perturbations
in the shock front that then propagate into the sample wedge (c). The
profile of the shock front is detected as a function of time by the light

Fig. 4 The optical record of high-speed photography in Sakharov’s
experiment

37]. Meanwhile, the dynamic method to investigate the shear
viscosity coefficient of condensed matter is predominately
carried out by Mineev et al., by adopting the Sakharov Explo-
sion Method. Therefore, the results measured by Mineev et
al. are widely questioned.

Through A4

emitted upon shocking a thin gap filled with a noble gas such as argon
[flash gap, (d)] by the arrival of the shock at the free surface of the
wedge. The emitted light is shuttered by the shock-induced opacity of
a plastic sheet (e), and a mask (f)
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Fig. 5 The damping process of perturbation amplitude of aluminum
at 31 GPa measured by Mineev et al. [18]

There are several shortcomings present in the Sakharov
Explosion Method. Firstly, the typical initial amplitude in
Mineev’s experiments that have been published [18] seems

Table 1 The shear viscosity

coefficients of Al and Pb Material M Pressure (GPa) Density (g/cm?) Temperature (K) Sh§ar visc;)sity coef-
measured by Mineev et al. [18] ficient (10° Pas)
Al 1 31 3.41 630 2405
1 68 3.85 1600 10+4
1 105 4.23 3500 742
1 202 4.96 10,100 <2
1.23 27.5 2.6 1700 1+0.5
1.43 24.5 2.06 2600 <0.2
4 12 0.59 4600 <0.2
Pb 1 35 15.5 1400 37+1.4
1 41 15.7 1700 15+2
1 124 18.8 7000 <30
1 250 23.5 20,000 <13
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comparatively large. As a result, distortion in the waveform
of the shock front when propagating forward in the sample
would be generated, and as a result, the shape of the shock
front would no longer be sinusoidal. The appearance of wave-
form distortion brings about errors in determining the initial
moment of perturbation, and the amplitude and propagation
distance of the shock front are also difficult to determine.
Secondly, there are many uncontrollable factors in explo-
sion experiments, such as a stable, plane shock wave, which
is very difficult to generate in the sample (b) (see Fig. 3).
Certain uncontrollable factors such as spallation may occur
when the shock wave emerges from the grooved sample (b).
The data processing method proposed by Zaidel [17] does
not take into account the influence of the initial conditions
in the actual experiments on the damping processes of the
shock front. Finally, the complication of sample preparation
and sample assembly would introduce errors which greatly
interfere with the results.

Thus, a controllable and reliable experimental technique
that can introduce a relatively stable initial field with small
perturbation is necessary to improve the accuracy of mea-
suring the shear viscosity coefficient by investigating the
damping of the amplitude of a shock front with small per-
turbations. At the same time, a theoretical model that takes
the initial conditions into account is required. In this article,
the Flyer-Impact Technique is developed to measure shear
viscosity coefficients of shocked metals in order to further
analyze the significant discrepancy of shear viscosity coeffi-
cients measured by static and dynamic experiments.

2 Flyer-impact experiment

This article proposes a new technique to generate a perturbed
shock wave by a flyer impacting the sample and explores the
corresponding electric pin technique to measure the damp-
ing process of the amplitude of the sinusoidal shock front.
This technique is called the Flyer-Impact Technique, which is
shown in Fig. 6, and is used specifically in a two-stage light-
gas gun. The perturbation of the shock front is introduced
by use of a wedge-shaped sample with sinusoidal grooves
on its impact surface. Subsequently, two shock waves with
sinusoidal fronts are formed, one forward into the sample and
the other back into the flyer. The size of the sample is also
indicated in Fig. 6. The wavelength of the sample is 6 mm
and the depth of the groove is 0.6 mm. Thus, the relative
amplitude of this experiment (ag/A = 0.05, where a is the
initial amplitude and A is the wavelength) is far smaller than
that of Mineev’s [18], such that it can effectively avoid the
generation of distortion in the waveform.

The inner diameter of the flyer in our experiment is 24 mm,
which restricts the size of the sample that can be used: the
lateral release wave would affect the measurement results if
it reaches the wedged surface of the sample in advance of the
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Fig. 6 Schematic diagram of the flyer-impact method, including the
size of sample and the introduction of perturbation on the shock front
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Fig. 7 Calculation diagram of influence range of lateral release wave
in our experiments

shock wave, and the angle of lateral release wave propagation
in our experiment is about 40°. In order to measure the total
duration of the damping process, the size of the sample given
in Fig. 6a has been optimized. The thickness of a sample that
would not be affected by the lateral release wave is 3.53—
9.19 mm (a calculation diagram is shown in Fig. 7), and
the following experiments have proven that the amplitude
damping and the entire reverse-phase oscillation process can
be observed in this design.

In this experiment, the shock wave is generated and propa-
gates forward in the sample when the flyer impacts the crests
of the grooves on the sample surface, and when the flyer
impacts the troughs of the grooves on the sample, the shock
front that was generated in the crests has propagated ahead of
the troughs of the grooves because the velocity of the shock
wave is faster than that of the flyer, so a shock wave with a
sinusoidal front is produced in the sample. The initial time,
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Fig. 8 Schematic diagram of electric pin technique

which is necessary to determine the damping behavior of per-
turbations in our experiments, is the moment that the flyer
justarrives at the troughs of the grooves on the impacted sam-
ple surface, that is, the instant that the air gap is completely
closed (shown in Fig. 6b). The corresponding perturbation
amplitude, called the initial amplitude (ag), is defined as the
half of the difference between the propagated distance of the
shock front in the sample at the position of the crest of the
grooves, while the gap is closed, and the depth of the grooves,
ie.,ap = (D — W) - h/2W, in which & is the depth of the
grooves, W and D are the velocity of the flyer and shock
wave, respectively.

The arrival times of the shock front at the different posi-
tions on the back surface of the wedge-shaped sample are
detected by several tens of electric pins without an insulation
layer on their heads (shown in Fig. 8). Five groups of electric
pins are, respectively, positioned at the location where three
crests and two troughs of the shock front will arrive, in order
to monitor the geometrical shape of the shock front after it
passes through a known distance. To ensure all the pin heads
are at a common plane, they are first precisely positioned in a
Plexiglas mold, then the part of the pins extending out of the
planar surface of the mold is cut, and then the surface of the
mold is ground until all pin heads appear on the plane, and
finally the planar surface is optically polished to a better flat-
ness. The polished plane of the Plexiglas mold is pushed onto
the back wedged surface of the metal sample, where a metal
foil of 10 pm thickness is sandwiched as a spacer between
them at their edge area to protect the pins from electrical dis-

charge. When the shock wave arrives at a pinned point in the
sample, the surface layer will be accelerated to a velocity of
nearly twice the particle velocity behind the shock front. It
will freely fly through the spacer and then impact on the heads
of the pins. Once the metal surface touches the pin, the dis-
charge to the ground will occur without time delay, because
there is no insulation layer on the head of the pins. A group of
electrical resistances connected in series is paralleled with the
50 2 input impedance of the oscilloscope. When the shock
front comes to the rear surface of the wedged sample, the
pins at the minimal thickness (i.e., the bottom one in Fig. 8)
are first shortened to the grounded metal sample, and the
voltage on the oscilloscopes will suddenly drop down to a
lower value. Once the shock front in turn arrives at the posi-
tion of the next nearest pin, the resistance between the two
touched pins will be switched off, and the input voltage to
the oscilloscope will abruptly jump down to another lower
value. In this way, the instances when a shock wave arrives
at the subsequent pins in a common group can be recorded
by a single channel of the oscilloscope. In our experiments,
five channels are used to record all arrival times at 50 pinned
positions in five groups, which are, respectively, arranged in
five lines along the crests and troughs of the grooves.

Aluminum (Al) and iron (Fe) are the materials of the
samples, and the corresponding experimental parameters
are listed in Table 2 for our four experiments. The Hugo-
niot parameters of flyers and samples are listed in Table 3,
and the shocked pressures calculated are listed in Table 4.
Figure 9 shows typical signals recorded by Tektronix
TDS684C oscilloscopes, in which the arrival times are easily
read out.

In our experiments, errors in machining of samples,
assembly errors in the target, and errors in circuitry and test-
ing system would affect the experimental results. The electric
pins are fixed in the Plexiglas mold, and the error of measur-
ing the amplitude of the perturbation because of the error in
the position of an electric pin (0.1 mm) is controlled to within
10 ns. A metal foil of 10 wm thickness is sandwiched as a
spacer between the sample and the Plexiglas mold at their
edge area. The error of the gap between the sample and the
Plexiglas mold is within 2 jum, so the error of measuring the
amplitude of the perturbation induced by this error is con-
trolled to within 0.5 ns. The error of the depth of the sample’s
groove (precision of 0.03 mm) would induce deviations in
measuring the amplitude of perturbation and calculating the
propagation distance of the shock wave. It can be calculated

Table 2 The experimental

parameters No. of experiment exp061212 exp061229 exp071217 exp071226
Flyer material Copper (Cu) Copper (Cu) Copper (Cu) Iron (Fe)
Flyer velocity 4.47 km/s 5.34 km/s 4.91 km/s 3.79 km/s
Sample material Aluminum (Al) Aluminum (Al) Iron (Fe) Iron (Fe)
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Table 3 The Hugoniot parameters and initial density of flyers and sam-
ples

Material po (g/em?) Co (km/s) A
Aluminum (Al) 2.718 5.392 1.34
Copper (Cu) 8.93 4.2 1.41
Iron (Fe) 7.85 3.935 1.578
Table 4 The shocked pressure of the current experiments
No. of exp061212  exp061229 exp071217 exp071226
experiment
Shocked 78 101 159 103
pressure
(GPa)

@

Voltage (V)
s

=2

timeins)

Fig. 9 A typical signal for time of arrival measurement

that the errors are 1-1.5 ns and 3 %, respectively. At the same
time, the error induced by the response of the circuitry and
oscilloscope is about 0.5 ns. Therefore, in our experiments,
the error of measuring the time difference that the crests and
the troughs of the shock wave arrive at the back surface of
the wedge-shaped sample is less than 14.5-15.5 ns, and the
error in propagation distance of the shock wave is controlled
to within 9 %. This error is acceptable for an experimental
measurement of the shear viscosity coefficient of shocked
metal.

3 Analysis of experimental results

The typical signals in our experiments are shown in Fig. 9.
The shape of the perturbed shock front and its development
with propagation distance are approximately mapped out by
simply connecting the points of the same thickness with sinu-
soidal trend curves, as shown in Fig. 10 for the shot with
aluminum at 78 GPa. Although the exact shape of the shock
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Fig. 11 The oscillatory damping curves of perturbed shock wave in
aluminum

front could not be plotted using only the five data points
of arrival time, the behavior of damping and oscillation of
the perturbation amplitude can be determined because the
most important points of maximum and minimum on the
sinusoidal shock front can be identified. It can be seen from
Fig. 10 that the entire oscillation period of the perturbation on
the sinusoidal shock front, which is significant to investigate
the viscosity coefficient of metal by dynamic methods, can be
observed. The damping curves (perturbation amplitude rel-
ative to its initial value versus propagated distance relative
to the wavelength of sinusoidal perturbation) of aluminum at
78 and 101 GPa and iron at 159 and 103 GPa are determined
by flyer-impact experiments, shown in Figs. 11 and 12.
Equations (86) and (96) from Miller and Ahrens [1], which
are too long to write out, are applied to investigate the corre-
sponding shear viscosity coefficients in our experiments. To
solve the analytical solution for the case of a non-ideal initial
field, two parameters (« and §) are adopted to describe it,

Y~ B2l 0
2ko&o [1+ B (0 — D]
o (1—38)
S=—— 7 )

C2(1 + 8) koo
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Fig. 12 The oscillatory damping curves of perturbed shock wave in
iron

S0 vy, vy and P in the initial field can be described as,

(c —DdA+9)

Uy = WkovEOSE_“kox cos (koy) €)
vy = —kov (0 — 1) Ege ™% sin (k) ©)
2 —1
p— Mkwgose‘“kﬂx cos (koy) , 5
o(l1-9)

where vy is the shock velocity; U, is the particle velocity; ¢ is
the bulk sound velocity; 0 = vo/v; B = v/c; § = I,
where s is the Hugoniot parameter in uy = Co + sup; € =
#; ko = 27” where A is the wavelength of sinusoidal
perturbation; &p is the initial perturbation amplitude.

In Miller and Ahrens’ formula, o and S represent the
lateral perturbation gradient and the longitudinal perturba-
tion gradient of the initial conditions, respectively, which
are defined in the Sakharov Explosion Experiment as (1) and
(2). The initial field of the Flyer-Impact Experiment is differ-
ent than that of the Sakharov Explosion Experiment, whose
pressure distribution is more uniform, so «’ and S’ in the
Flyer-Impact Experiment should be discussed further.

In the Flyer-Impact Experiment, two shock waves are gen-
erated propagating inside the sample and the flyer with the
shock velocity of vg and v, respectively, when the flyer
impacts the crests of the grooves on the sample. When the
flyer touches the troughs of the sample’s grooves, which is the
initial moment of perturbation, the time elapsed from when
the flyer contacts the crests to when it contacts the troughs is:

fto=h/W, 6)
where £ is the depth of the grooves and W is the speed of
the flyer. At this moment, the propagation distances of two

shock waves in the sample and the flyer are voty and v(’)to. So
the lateral perturbation distance in the initial field is:

Lo = votp + v(/)l‘() = (v() + v(/)) h/W. @)

Table 5 The parameters of aluminum as applied in Miller and Ahrens’
formula

Parameters 78 GPa (exp061212) 101 GPa (exp061229)
Vg 9.441 km/s 10.226 km/s
v 6.412 km/s 6.608 km/s
c 9.042 km/s 9.606 km/s
o 1.472 1.548

B 0.709 0.688

) 0.402 0.360

e 0.989 1.113

I 0.995 1.055

ko 10.472 cm™! 10.472 cm™!
ko&o 0.35109 0.25957

o 0.4551 0.5047

Table 6 The parameters of iron as applied in Miller and Ahrens’ for-
mula

Parameters 159 GPa (exp071217) 103 GPa (exp071226)
vo 7.955 km/s 6.925 km/s
v 5.407 km/s 5.030 km/s
c 8.000 km/s 7.084 km/s
o 1.471 1.377

B 0.676 0.710

8 0.329 0.397

& 1.188 0.984

n 1.090 0.992

ko 10.472 cm™! 10.472 cm™!
ko&o 0.1951 0.2599

o 0.5046 0.4355

According to Miller and Ahrens’ hypothesis, Lo equals
1/koa':

= (vo + vp) b/ W

koo
o)

o= ®)
(vo + vj) koh

At present, the parameters that can be determined in Miller
and Ahrens’ formula are listed in Tables 5 and 6. And the
unknown parameters are: the longitudinal perturbation gra-
dient of initial perturbation S’, the bulk viscosity coefficient
« and the shear viscosity coefficient 5. The fitting curve of
Miller and Ahrens’ formula would be affected by these para-
meters, so it is necessary to define the influencing weight of
these parameters and determine their values.

Figure 13 shows the fitting curves of Miller and Ahrens’
formula on the non-ideal initial condition of aluminum at
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0.8 — =500P::: rl=1500; :S viscosity coefficients take on different values for aluminum at 78 GPa
0.6 — [ SIB00RR:5 R0k 5 Shear viscosity coefficients (Pa s) X y
P
% o4l 500 0.9608 —0.2969
§ 1000 0.9608 —0.2175
g St 1500 0.9608 —0.1367
= 0 = 2000 0.9608 —0.0582
0.2
1
0.4 . . . . # exp. data
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Fig. 13 The influence of shear viscosity coefficient and bulk viscosity £ -
coefficient to fitting curves of Al at 78 GPa g‘ . .
g 0.2 2000Pa-s
% * 1500Pa- s
— L (=41 0 .
—5=5/8
— 5=5/5 i " —— 1000Pa-s
/_ T~ 500Pa-s
—5=5/3 0.4 . X
0 0.2 0.4 0.6 0.8 1 1.2 1.4

Relative amplitude

ntersect point

0 0.2 0.4 0.6 0.8 1 1.2 1.4
Relative distance

Fig. 14 The fitting curves under S’ take different values

78 GPa, assuming S’ = S/8, including one fitting curve with
k = 500 Pas and n = 500 Pa s and another fitting curve with
k = 1500 Pas and n = 500 Pas and the other fitting curve
with k = 500 Pas and n = 1500 Pas. It is apparent that
the fitting curve is greatly influenced by the shear viscosity
coefficient n, while it is hardly affected by the bulk viscosity
coefficient k. Therefore, the fitting curve is mainly influenced
by the shear viscosity coefficient but not the bulk viscosity
coefficient, and the value that can be obtained by fitting the
experimental data by use of Miller and Ahrens’ formula is
the shear viscosity coefficient under the condition that the
longitudinal perturbation gradient S’ is defined.

Figure 14 shows the fitting curves with different values of
S’ of aluminum at 78 GPa by Miller and Ahrens’ formula.
It is seen that the fitting curve is also greatly affected by S’
the attenuation speed of the perturbation amplitude is faster
while the value of |S/ | (8’ is negative) is greater. However,
the different fitting curves with various S’ would intersect at
a certain point, which is called the “intersect point” in this
article. As shown in Fig. 13 (n = 1500 Pas), the four fitting
curves intersect at the point of x = 0.9608, y = —0.1367,
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Fig. 15 The comparison of intersection points with experimental data
of Flyer-Impact Experiment with aluminum at 78 GPa

and the “intersect point” does still exist while the shear vis-
cosity coefficient n varies.

Table 7 lists the coordinates of intersect points while the
shear viscosity coefficients take on different values for fitting
the results for aluminum at 78 GPa by Miller and Ahrens’
formula. It is seen from Table 7 that the x coordinate of
the intersect point remains constant while the y coordinate
varies when the shear viscosity coefficients take different
values. Taking the intersect points of the fitting curves of
aluminum at 78 GPa as the comparison with the data from
the Flyer-Impact Experiment, as shown in Fig. 15, the trend
line of experimental data passes through the middle between
the intersect points corresponding to shear viscosity coef-
ficients of 1000 and 1500 Pas. Under this condition, the
intersect point of the fitting curve passes through the trend
line of experimental data when the shear viscosity coeffi-
cient is 1350 Pas. Thus, it can be concluded that the shear
viscosity coefficient of aluminum at 78 GPa as determined
by the Flyer-Impact Experiment is 1350 Pas, and the longi-
tudinal perturbation gradient S’ can be derived while 7 has
been defined.

Figure 16 shows the fitting curves of the oscillating shock
front of aluminum at 78 GPa by Miller and Ahrens’ for-
mula, where for §” = —0.1162 the best fitting is obtained.
The shear viscosity coefficient of aluminum at 78 GPa is
1350 Pass, and the error induced from the experimental result
is 500 Pas. Similarly, the shear viscosity coefficient of alu-
minum at 101 GPa is 1350 Pas, and the error induced from
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Fig. 16 The fitting curves of aluminum at 78 GPa by use of Miller and
Ahrens’ formula
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Fig. 17 The fitting curves of aluminum at 101 GPa by use of Miller
and Ahrens’ formula
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Fig. 18 The fitting curves of iron at 159 GPa by use of Miller and
Ahrens’ formula

the experimental result is 500 Pa s (S = —0.1646), as shown
in Fig. 17. The shear viscosity coefficient of iron at 159 GPa
is 1150 Pas, and the error induced from the experimental
resultis 1000 Pas (S’ = —0.2379), as shown in Fig. 18. The
shear viscosity coefficient of iron at 103 GPais 4800 Pa s, and
the error induced from the experimental result is 1000 Pas
(8" = —0.3811), as shown in Fig. 19. In summary, the shear
viscosity coefficients from our experiments that are obtained

1
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Fig. 19 The fitting curves of iron at 103 GPa by use of Miller and
Ahrens’ formula

Table 8 The shear viscosity coefficients as measured in Flyer-Impact
Experiment

Material and shocked pressure n (Pas)

Al (78 GPa) 1350 + 500
Al (101 GPa) 1200 % 500
Fe (159 GPa) 1150 + 1000
Fe (103 GPa) 4800 £ 1000

by fitting with Miller and Ahrens’ non-ideal initial field for-
mula are listed in Table 8.

4 Discussion

Mineev et al. have measured the shear viscosity coeffi-
cients of many materials at shocked high pressure by the
Sakharov Explosion Method, such as Al, Pb, Fe, U, etc. [ 18-
24]. Figure 20 shows the comparison of the shear viscosity
coefficients of aluminum measured in our experiments with
those measured by Mineev [23], and the dotted line in the
figure is the curve of shear viscosity coefficient as a func-
tion of pressure as calculated by Ogorodnikov [38]. Both
Mineev and Ogorodnikov consider that the shear viscos-
ity coefficient of aluminum increases with the increase of
pressure; however, it decreases with the increase of pressure
as the pressure exceeds 65 GPa. There is a small differ-
ence between the shear viscosity coefficients measured by
the Flyer-Impact Experiment and the two values with lower
uncertainties (pressure 31 GPa and ~204 GPa) as mea-
sured by Mineev. Although the shear viscosity coefficients
measured in our experiment differ from the two values with
large uncertainties (at pressure ~65 GPa and ~103 GPa)
measured in Mineev’s experiment, the values of shear vis-
cosity coefficients measured in those two experiments are
still in the same order of magnitude (10° Pas). Thus, the
results measured by the Flyer-Impact Experiment and by the
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Fig. 21 Comparison of shear viscosity coefficients for iron with the
results of Mineev’s experiments

Sakharov Explosion Method approximately agree with each
other. The data obtained from our experiments are limited, so
itis difficult to determine the trend of shear viscosity varying
with the change of pressure.

There is not much difference in the shear viscosity coeffi-
cients of iron between those measured in our experiments and
in Mineev’s [24], which is represented in Fig. 21. Together
with the value at 31 GPa given by Mineev, the shear viscosity
coefficients of iron exhibit a character that first increases and
then decreases with the increase of pressure.

There is still considerable disagreement in measuring
shear viscosity coefficients of metal (especially iron) at high
pressure until now: the order of magnitude of it measured
by static high-pressure experiments and molecular dynamic
simulations is ~1073~102 Pas [8-15,33-37] while that
measured by the Sakharov Explosion Method is about
10% Pas [17-24], and the effective shear viscosity coeffi-
cient in the inner core of the earth measured by the Maxwell
model of rheology reaches up to 10'2-10'7 Pas [39]. This
article proposes a new experimental method to measure the
shear viscosity coefficient of metals for the purpose of prov-
ing the reality of this argument. The difference of several
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hundreds to several 1000 Pas of shear viscosity coefficients
measured between the Flyer-Impact Experiment and the
Sakharov Explosion Method seems rather small given the
current situation. Our experiments have at least proven the
credibility of the magnitude of shear viscosity coefficients
measured in Mineev’s experiments, and it is an indisputable
fact that there exists five to six orders of magnitude differ-
ence between static and dynamic high-pressure experiments
to measure the shear viscosity coefficient of metal at high
pressure.

In the research field of shock waves, the medium is always
regarded as fluid and then the influence of material strength
on shock phenomenon in shock processes is ignored [40].
However, in certain aspects, there are considerable effects
that material strength of the fluid medium can have upon
shock processes, which is greatly different from an ideal lig-
uid medium [21]. The measurement of viscosity coefficient
of shocked metal, which is the subject of this article, belongs
to this aspect.

There is an obvious feature in the shear viscosity coef-
ficients of metals measured by Mineev that the viscosity
coefficient decreases along with the increase of pressure
after the material melts partially. The shear viscosity coef-
ficient of aluminum measured by Mineev at 65 GPa is
about 10,000 Pas, and that at 202 GPa decreases to below
2000 Pas, and the shear viscosity coefficient of porous alu-
minum (the initial density relative to the normal density is
1.43) at 202 GPa even decreases to below 200 Pa s [22]. Thus,
the shear viscosity coefficients measured in dynamic high-
pressure experiments is lower, while the shock pressure and
temperature of the sample is higher (the material is closer to
the molten phase).

In the measurement of the shear viscosity coefficient of
metals at high pressure, the subject of research in static high-
pressure experiments and molecular dynamic simulations is
the liquid state, while that in dynamic high-pressure experi-
ments is a solid or a partially melting solid. In the research
of static high-pressure experiments and molecular dynamic
simulations, shear viscosity originates from diffusion of
atoms and molecules, and in this case, the velocity gradient
between layers in liquid is slowed down because of diffu-
sion of atoms and molecules among layers. In research into
dynamic high-pressure experiments, shear viscosity origi-
nates from dislocation motion: the atoms and molecules are
fixed in lattices and cannot diffuse, and the dislocation and
slippage is generated in shock processes, which slows down
the velocity gradient between layers.

In the research of dynamic high-pressure experiments,
shear viscosity originates from dislocation motion, and dis-
location motion would be affected by material strength. That
is to say that the shear viscosity coefficient measured in
dynamic high-pressure experiments contains the influence of
material strength, so the viscosity in dynamic experiments
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should be more properly called the “effective viscosity”,
which differs greatly from static high-pressure experiments
and molecular dynamic simulations because the material
studied is liquid without the influence of material strength.

Through the above analysis, the reason why the magnitude
of shear viscosity coefficients measured in dynamic high-
pressure experiments is 5—6 orders of magnitude greater than
that measured in static high-pressure experiments and molec-
ular dynamic simulations could be understood: the materials
researched have different physical states (solid and liquid),
so the mechanism that generates the observed viscosity is
inconsistent (dislocation vs. diffusion of molecules), and
when the physical state of the material examined in dynamic
high-pressure approaches the liquid state, the measured shear
viscosity coefficients are much lower than those in the solid
phase.

5 Conclusions

This article proposes the Flyer-Impact Experiment method
to measure the shear viscosity coefficients of aluminum and
iron under shock compression at pressures of megabar, and
the results obtained are summarized here:

1. The measurement of the shear viscosity coefficient of
metal at shocked high pressure is realized using two-
stage light-gas gun loading conditions. The initial flow
field obtained by the present Flyer-Impact Experiment is
different from that of Sakharov, and it provides a new
experimental method to investigate the viscosity of a
material by the use of shock wave techniques. The flow
field generated in this way is more uniform than that gen-
erated in Sakharov’s, and it approaches the condition of a
small perturbation. The Flyer-Impact Experiment is more
controllable and reliable than the Sakharov Explosion
Method.

2. A new electric pin technique is specifically designed to
measure the time-dependent distance between the peak
and trough points of the disturbed shock front, which
simplifies the testing technique of dynamic high-pressure
experiment under the precondition of ensuring high accu-
racy.

3. The oscillatory damping curves of a shock front in alu-
minum at 78 and 101 GPa and in iron at 159 and 103 GPa
were obtained, with the entire oscillation period being
observed by the Flyer-Impact Experiment method and
discrete electric pin technique. The damping and rever-
sal process of the sinusoidal shock front can be noticed
clearly in these oscillatory curves. These damping curves
with whole oscillation period are original experimental
data deriving from this research.

4. Miller and Ahrens’ formula for non-ideal initial con-
ditions is applied to fit the data of the Flyer-Impact
Experiment, and the shear viscosity coefficients of alu-
minum at 78 and 101 GPa are 1350 £ 500 Pas and
1200 £ 500 Pas, respectively, and the shear viscos-
ity coefficients of iron at 159 GPa and 103 GPa are
115041000 Pa s and 4800+ 1000 Pa s, respectively. Our
results show that the shear viscosity coefficients mea-
sured by Mineev are reliable, at least in terms of their
magnitude, and the significant discrepancy on shear vis-
cosity coefficients measured by dynamic high-pressure
experiments and static high-pressure experiments are
induced by the differences in the loading processes.
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