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The phase transition behaviors of the shocked water are investigated by employing an optical transmittance in-situ
detection system. Based on the light scattering theory and phase transformation kinetics, the phase transition mechanism
of the water under multiple shocks is discussed. The experimental data indicate that the evolution of the transmittance
of the shocked water can be broadly divided into three stages: relaxation stage, decline stage, and recovery stage. In the
early stage of the phase transition, the new phase particles began to form around the quartz/window interface. It should be
mentioned that the water/ice phase boundary seems to move toward the liquid region in one experiment of this work. Due
to the new phase core being much smaller than the wavelength of the incident light, the transmittance of the sample within
the relaxation stage remains steady. The decline stage can be divided into the rapid descent stage and the slow descent stage
in this work, which is considered as the different growth rates of the new phase particle under different shock loadings. The
recovery stage is attributed to the emergence of the new phase particles which are bigger than the critical value. However,
the influence of the size growth and the population growth of the new phase particles on the transmittance restrict each
other, which may be responsible for the phenomenon that the transmittance curve does not return to the initial level.

Keywords: phase transition, shocked water, multiple compresses, transmittance, scattering

PACS: 62.50.—p, 64.60.Bd, 42.25.Fx

1. Introduction

Water is one of the most abundant condensed matter in
the universe.!!! Under specific pressure and temperature con-
ditions, it can be transformed into more than a dozen different
phases. >3 The behavior of water under extreme pressure and
temperature has profound implications for the study of deto-
nation science,*! astrophysics,’! and earth science,[®! so the
research on the phase transition of water under extreme condi-
tion is always a research hotspot. -8

The light gas gun loading technology is one of the most
suitable methods to study the kinetic process of the phase

9-1I Considering the phase

transition on a nanosecond scale. !
transition kinetic mechanism, it can be divided into homoge-
neous and heterogeneous phase transition. The former pro-
ceeds uniformly in the whole process, while the phase inter-
face is not obvious. The latter includes the classical uniform
nucleation process and non-uniform nucleation process. The
non-uniform nucleation is generally accomplished by nucle-
ation and growth of new phases at the interface so that the re-
quired nucleation work is less than that needed by the uniform
nucleation. %!

Schardin studied the shock phase transition of water as
early as 1941.131 They found that when the bullet speed was

DOI: 10.1088/1674-1056/abd691

faster than 800 m/s, the water around the bullet began to appear
opaque. In 1957, Walsh and Rise employed a detonation load-
ing method and light reflection camera detecting technology to
investigate the liquid-solid phase transition of water,!'* but no
evidence of the phase transition was obtained. In 2006, Baster
et al. combined magnetic compression loading with VISAR
measurement technology to study the kinetic characteristics of
the crystalline transition of water.['> Though the phase tran-
sition phenomena were observed, the microstructure informa-
tion of the new phase still remains elusive. Dolan and Gupta
studied the phase transition of shocked water by light gas gun
and light transmission measurement technology.!'®! They ob-
tained direct information about the liquid—solid phase transi-
tion of water under high pressure for the first time. At the
same time, they also found that the phase transition of water is
influenced by the window material.!!”!

In experimental studies, the laser light penetrated through
the sample was denoted as sample light; the laser light detected
by the pyrometer directly was denoted as reference light. In
Dolan’s experiment,!'®! the reference light was measured in
advance. However, in the experiment, both of the instabil-
ity of the laser source and the intensity transmission attenua-

tion could interference the measurement results of the sample
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light. If the reference light had been measured before the ex-
periment, it could not eliminate the above influences, which
would make the experimental results inaccurate. The sample
light and the reference light determined by the light transmis-
sion in-situ detection technology used in this experiment were
measured simultaneously during the experiment. The two-
beam remained highly consistent in time, ensuring the com-
parability between the reference light and the sample light.['8]

In this work, based on the light gas gun loading technol-
ogy and the optical transmittance in-sifu detection system, the
dynamic mechanism of phase transition for shocked water is
studied. The experimental principle is introduced in Section 2.
In Section 3, based on the theory of light scattering and the
theory of phase transition dynamics, the mechanism of trans-
mittance change during the loading is analyzed. Summary and
prospect are discussed in Section 4.

2. Experimental methods

The isentropic compression technology can not only load
the sample to extremely high pressure on a nanosecond scale
but also effectively control the temperature rise,!'”) which is
believed to be a suitable research platform to understand the
dynamic process of the phase transition on a nanosecond time
scale.

The experimental schematic diagram is shown in Fig. 1.
Two electrical signals were generated by the collision between
the flyer and the base plate. One triggered the laser source
(650 £ 10 nm), the other was recorded by the oscilloscope as
the starting time of shock wave generation. The laser was di-
vided into two beams by a semipermeable mirror. The inci-
dent beam which entered into the sample initially was recorded
as Igample, then it was reflected by the highly polished reflec-
tive surface. The other beam denoted as Ieference Was directly
converted into an electrical signal by the pyrometer and then
recorded by an oscilloscope. The sample cell was full of
deionized water. To avoid bubbles, the water was gently in-
jected into the sample cell in the manner of bottom-in and top-

out.

flyer m————

D ——— baseplate
sample —|— 44 b ] >quartz windows

semipermeable
| mirror

laser

reference light I eference
lens

lens <>

Fig. 1. Diagrammatic illustration of setup for optical transmission mea-
surement.

Due to the low shock impedance of water, it is difficult
to obtain a relatively high pressure in the first shock. So the
multiple shock technique was employed in this work. That
quasi-isentropic loading method can compress the sample to
high pressure while reduce the rising of temperature. The peak
pressure of the sample is determined by the shock wave veloc-
ity, the material of the experimental target and the sample.[!"]

If part of the sample undergoes a phase transition, due to
the difference in refractive index between the new phase and
the parent phase, a scattering effect (illustrated in Fig. 2) will
emerge.[?") If the geometric path of the incident light in the
sample is dx, the intensity attenuation d/ can be deduced from

the following equation:
—dl =1y (h+ ) dx, (H

where £ is the absorption coefficient, & is the scattering coef-
ficient. The absorption of visible light by water occurs above
30 GPa,[?!! which is far from the value in this work, so A is

supposed to be 0 here. The change in transmittance is consid-

ered to be caused by the scattering of light.[?23]
—dI = lyadx, o)
I1=1 e %, 3)

This will cause a drop in the optical signal Igample detected in

the experiment. The expression of transmittance is

T= Isamp]e/lreference- @

It is believed that if the liquid water does not undergo
a liquid—solid phase transition, the transmittance will not

change.

Fig. 2. Light scattering model. Iy: incident light intensity, I: transmitted
light intensity, A: sample (water), B: new phase particle, C: scatter light.

3. Experimental results and analysis
3.1. Experimental phenomena

For the convenience of analysis, all of the original exper-
imental optical signals are normalized according to Eq. (4).

Figure 3 shows that from 74 to ta2, the sample is com-
pressed by the shock wave first time, the sample maintains

good transparency. Figure 4 shows the loading path over
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shocked water in Exp191113 and Exp190403. Then at the 74>
point, the sample is compressed the second time by the shock
wave. In the process of the subsequent shocks, the transmit-
tance begins to decrease after a delay until it reaches a min-
imum value. In this process, the intensity of the transmitted
light decreases drastically in the beginning and slowly then. It
can be seen from Fig. 3 that after the 755, the intensity of the
transmitted light is almost stable, but the transmittance does
not recover back to 1, this phenomenon indicates that there
exists a certain loss of light.
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Fig. 3. Time-transmittance curve of shocked water in Exp191113, with 75
being arriving time of shock wave at sample/front-window interface, a5,
a3, ta4 denoting the second, third, and fourth points of the shock arriving
time, respectively. zos representing minimal point of the transmittance, and
tae referring to the time when the unloading wave reaches the rear window.

As shown in Fig. 5, the time—transmittance curve of
Exp190403 signal presents the same decline and rebound trend
to those of Exp191113. What lead to the difference are the
start time and the span of the transmittance curve decreas-
ing: the decreasing of the transmittance of Exp190403 starts
in the first shock while that of Exp191113 starts in the second
shock; in the whole process, the transmittance decreasing in
Exp190403 takes less time than that in Exp191113, and the
degree of decrease is greater.

1.1 : r :
3 ]
1.0k3! -

r —— transmittance
0.9F —e— special time 7
0.8F

0.7k

Transmittance

0.6F

0.5

4 L
0 0 500

1 1
1000 1500

Time (ns)
Fig. 5. Time—transmittance curve of shocked water in Exp190403, where 5
is the arriving time of shock wave at the sample/front-window interface, g5,
B3, 1B4 are the second, third, and fourth points of the shock arriving time,

respectively, 75 is the time when transmittance touches the lowest point, fgg
is the time when unloading wave reached e rear window.

3.2. Analysis and discussion

800 . . . . . . In this subsection, based on the theory of light scatter-
--- Hugoniot33] B ing and dynamic phase transition mechanism, the microscopic
700 ——Expl9lll3 PR mechanism of optical transmittance decline in the process of
o —e— Exp190403 s e . .
X P the shock loading is discussed. In particular, the significant
% 600 inflection point of the transmittance curve is explored.
§ The basic experimental parameters are shown in Table 1.
9] . .
g 500 The thermodynamic state of the sample under multiple com-
g pressions is calculated according to the experimental initial
= 400
data in Table 1. The calculation results are shown in Table 2.
300 Table 1. Basic experimental parameters: vy ( shock wave velocity) and
do (thickness of the sample).
Pressure (GPa) Experiment Sample Vo (km/s) do (mm)
Fig. 4. The phase diagram of H,O, where dashed line indicates Hugoniot Expl91113 0707 1,499
curve, 38! thick solid line denotes equilibrium phase boundary of water, ! *P water : ’
triangles and solid dots respectively refer to the adiabatic loading path of the Exp190403 water 0.886 0.434
shocked water in Exp191113 and Exp190403 (this work).
Table 2. Thermodynamic state of water during the multiple compress loading, with P denoting pressure and 7' temperature.

Multiple shock Ist loading 2nd loading 3rd loading 4th loading
Experiment P (GPa) T (K) P (GPa) T (K) P (GPa) T (K) P (GPa) T (K)
Exp191113 1.9 382 3.6 405 44 411 4.6 412
Exp190403 2.5 409 4.8 434 5.7 439 59 439
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3.2.1. Relaxation stage

In Exp191113, the sample after the first shock (1.9 GPa,
382 K) is still in the liquid phase region, and no evidence of
phase transition of the shocked water is detected under this
condition. After the second compress, the sample (3.6 GPa,
405 K) enters into the ice VII phase region, which indicates

.24 However, the

that it can undergo a phase transition her
pressure at this time is lower than that in the condition of the
uniform phase transition reported by Dolan.!'”! Though still
in the liquid region (2.5 GPa, 409 K), the transmittance of the
water sample in Exp190403 does change after the first shock,
which seems that the water/ice phase boundary moves toward
the liquid region in this work. This phenomenon may be in-
duced by the quartz window. It is suggested that some of the
water molecules close to the quartz/water interface can form
an ice-like structure.!?>2 In the phase transformation, these
ice-like particles can act as the nucleation seeds to reduce the
potential barrier.!!7-?7281 As a result, for the shocked-water
that occurs in the liquid region near the phase boundary, it is
understandable to form new phase particles at the quartz/water
interface. By then, the phase transition occurs. The refractive
index of the newly generated phase is supposed to be differ-
ent from that of the liquid water without phase transition. As
a result, when the light passes through the phase coexistence
region, the transmittance will be reduced by scattering.[2%->]

Figure 3 indicates that there is a relaxation time (about
180 ns) before the transmittance drops in Exp191113. Since
the size of the newborn phase core is much smaller than the
wavelength of the incident light, the sample light intensity
does not change in the relaxation time.

3.2.2. Decreasing stage

According to the phase transition thermodynamic theory,
the Gibbs free energy change in the system is expressed as!*!

AG = 16mv6 /3[AV (P—Ry) —AS(T —Tp)]>, (5

where Py and Ty are the pressure and temperature of the phase
transition point, AV is the volume change during the phase
transition, AS is the entropy increase of the system, and o is
the interface energy per unit area. The change of Gibbs free
energy determines the speed of the phase transition.

The size of the new phase particles continued to grow un-
der the external driving force in this stage. When it gradually
grows bigger, part of the incident light will be scattered and
the transmittance starts to decrease. It can be seen from Figs. 3
and 5 that both the transmittance decreasing processes in the
two experiments can be divided into the rapid descent process
and the slow descent process. In the rapid descent process,
the compression pressure and temperature increase dramati-
cally. At this time, the particle size of the new phase increases

rapidly. In the subsequent compression process, the temper-
ature and pressure gradually converge. At this time, the new
phase particle’s size is believed to increase more slowly, which
leads the scattering light to grow sluggishly.

From the comparison of the two experimental signals, it
can be seen that the transmittance reduction of Exp190403
took less time and makes a further drop. The reason for this
is that the loading pressure and temperature in Exp190403 are
higher than those in Exp191113.

3.2.3. Recovery stage

When the transmittance falls to the lowest point, which
means that most of the new phase particles reach the
critical size that approximately equals the incident light
wavelength.3!l When the size of the scattering source grows
greater than the critical size, the scattering effect begins to
weaken. At this time, the transmittance is characterized by
a certain rebounding. 3331 However, the recovery is not obvi-
ous. On the one hand, under the driving force, the new phase
particles cannot stop being generated, thus more and more par-
ticles are scattered; on the other hand, when the particle larger
than the critical size, the scattering effect of the original par-
ticles begins to weaken. The two factors may weaken mutual
influence so that the recovery does not look obvious in this
stage. The phenomenon that the intensity of the transmitted
light does not return to the intensity of the original incident
light at the later stage of the phase transition, indicates that
the water sample does not completely transform into the solid
phase. Like what is indicated in Ref. [34], the state finally ob-
served in this work is also a two-phase mixed state, i.e., mix-
ture of the liquid phase and the new phase, each accounting
for a certain volume fraction.

3.3. Summary of experimental phenomena

According to Lambert—Beer law, ! transmitted light and
incident light can be expressed as

[=Ipe ™, ©6)
2ax = —InT, 7

where « is the extinction coefficient, x is the time-dependent
thickness of the sample, [ is the transmitted light intensity, Iy
is the incident light intensity, and the factor 2 is because of the
round trip behavior in the sample of the incident light.

The extinction coefficient is gradually increasing with the
enhancement of the scattered effect. So it is influenced by
the degree which the phase transition reaches to. As shown
in Figs. 6 and 7, the extinction coefficient of the water sam-
ple gradually increases to a maximum value, corresponding to
the lowest point of transmittance. After reaching a maximum
value, the extinction coefficient has a downward trend again.
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Fig. 6. Extinction coefficient and transmittance versus time in Exp191113.
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Fig. 7. The extinction coefficient and the transmittance versus time in
Exp190403.

The transient nucleation rate of the sample under loading
conditions satisfies the following relationship: (3]

AG*
) ) (®)

where Jj is the steady-state nucleation rate, AG* is the Gibbs
free energy change when the critical nucleus is formed, and K
is the Boltzmann constant. As the pressure increases, AG™ de-
creases and the transient nucleation rate increases. Although
the incident light scattering is quite complex, the total amount
of scattered light is proportional to the total number of scatter-

371 That is, the more the formed new phase particles,

ing units.
the stronger the cumulative scattering is and the more remark-
able the transmittance drop.

Hence, the reason for the difference between final extinc-
tion degrees in Figs. 6 and 7 is that the sample of Exp190403
is shocked to a higher pressure which can form more scatter-
ing units. Thus the phase transition degree of Exp190403 is

greater due to the higher pressure.

4. Conclusions

Based on the theory of light scattering and the phase tran-
sition kinetics, the phase transition behaviors of shocked water

are analyzed. The reason for the decrease of light transmit-
tance of water sample during dynamic loading is investigated.
The evolution of the transmittance of the shocked water can be
generally divided into three stages: relaxation stage, decline
stage, and recovery stage.

During the relaxation stage, the quartz window induces a
new phase to be generated. At this time, since the new phase
core is small, the scattering effect of light is not obvious, and
the change in transmittance is not so large. Under the induc-
tion of the quartz window, the phase transition of shocked wa-
ter can occur in the liquid phase region near the melting line
of the equilibrium phase diagram.

During the decreasing stage, the particles of the new
phase gradually grow up. In the early phase transition, the
scattering effect increases rapidly with the particles size grow-
ing. When the transmittance is the lowest, the sizes of new
phase particles approximately equal the wavelength of the in-
cident light.

During the recovery stage of the transmittance, when the
sizes of the new phase particles exceed the critical value, the
scattering effect will be weakened, which can lead the trans-
mittance to recover. At the end of the experiment, the trans-
mittance of the shocked sample does not return to 1, which
indicates that the system may be still in a liquid and solid co-
existence state.
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