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Phase transition and strength properties of eutectic lead-bismuth alloy in
the temperature range of 20—110°C under shock loading
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The phase transition parameters of the samples of the eutectic alloy Bi — 56.5mass%, Pb — 43.5 mass%
0.2—8 mm thick were measured at initial temperatures of 20, 60, 96 and 111°C and a maximum shock compression
stress of ~ 4GPa. In experiments, the structure of compression and rarefaction waves was recorded using the
VISAR laser Doppler velocimeter. A decrease in the phase transition stress was revealed as the compression
wave propagated through the sample, the initial and maximum transition rates were estimated and the times of the
corresponding transformations were determined. The measurements of the values of the Hugoniot elastic limit and
the spall strength at stresses above the phase transition stress were carried out.
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Introduction

Melts of lead with bismuth, mainly — eutectic alloy
Bi — 56.5%, Pb — 43.5%, are used as coolants in
special-purpose reactors and are considered as promising
coolants for pulsed thermonuclear reactors. Studies of the
thermophysical properties of liquid metal coolants began in
the 1950s [1] and continue up to the present time [2-5].
The main component of the eutectic alloy is bismuth, which
undergoes a phase transition from the Bi-I phase to the Bi-II
phase at a pressure of 2.5—2.8 GPa [6-10] under the impact
compression, in static loading conditions 2.55 GPa [11]. No
phase transitions have been recorded in lead at pressures
close to the pressure of the Bi-I-Bi-II phase transition in
bismuth.

The range of maximum stresses of shock compression of
samples was expanded to 4 GPa in this study In continuation
of Ref. [12] to register the phase transformation in bismuth,
which is part of the eutectic alloy. The objectives of this
study are to evaluate the dependence of the kinetics of phase
transformation on the initial temperature and to study the
impact of phase transformation on the strength properties
of a eutectic alloy in the temperature range up to melting
point.

1. Material and test setup

The  initial blanks of the eutectic alloy
Bi(56.3%)—Pb(43.7%) were produced in a vacuum
furnace in the form of cylinders with a diameter of 50 mm
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and a length of 150 mm in ,,Tinkom*“ LLC, Kaluga, Russia.
Plane-parallel samples with a thickness of 0.25—8mm
were cut from one blank by the electroerosion method
followed by surface treatment (grinding and polishing). The
density value pp measured by hydrostatic weighing was
10.660 g/cm>. The density at elevated temperature was esti-
mated from the ratio pg = 10.52177 + 0.00046026T g/cm3
(273.17°C < T < 397.8°C) [13]. The melting point T, of
the studied alloy is 124.8°C. The value of the longitudinal
velocity of sound c; was measured in Ref [12] and
amounted to 2200 4+ 10 m/s. The value of the longitudinal
velocity of sound is ¢, =2100m/s at a temperature of
102°C according to Ref. [14]. Calculations of ¢ at the
temperatures of the experiments were performed by linear
interpolation, since no features depending on the density
and temperature [13] were found. The value of the
volumetric speed of sound according to the data of Ref. [14]
is Cp = 1900 m/s and varies insignificantly in the studied
temperature range.

The shock wave loading of the studied samples was car-
ried out by 0.2—5.5mm thick copper impactor accelerated
to a velocity of 330 £+ 10 m/s using a S0 mm gas gun. The
velocity and skew of the impactors were monitored only
in experiments at room temperature using electrocontact
sensors. The maximum skew of the impactor at the moment
of impact did not exceed 0.5mrad. The gun barrel and
the space around the sample were vacuumed before the
experiment. The samples were heated before impact loading
by resistive heaters located at a distance of 2—2.5mm
from the sample surface. The design of the heater, made
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of fechral wire, ceramic straws and high-temperature glue
based on aluminum oxide, made it possible to evenly heat
the sample to the required temperature. The temperature
was controlled by two chromel—alumel thermocouples.
The difference between the thermocouple readings did not
exceed 1-2°. The controlled heating rate of the sample was
~ 0.05—0.1°s. The heating rate slowed down to ~ 0.02° s
as the test temperature approached. The velocity profile of
the free surface of the sample u;s(t) was recorded in each
experiment using VISAR [15] laser Doppler interferometric
velocimeter with high spatial and temporal resolution. The
interferometer constant was 168 m/s.

2. Results of measurements of velocity
profiles of free surface

The measurement results in the form of velocity profiles
of the free surface of samples of the eutectic BiPb alloy
with a thickness of 0.2—8mm at room temperature are
shown in Fig. 1,a. The loading was carried out by a
copper impactor at a velocity of 330m/s. The output of
an elastic wave propagating with the longitudinal speed of
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Figure 1. Free surface velocity profiles of samples of Bi—Pb alloy.
The thickness of the impactor and the thickness of the sample are
indicated for profiles. a — samples with thickness 0.2—8 mm
at 20°C, b — samples with thickness 0.2—4 mm at 96°C.
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Figure 2. Free surface velocity profiles of Bi—Pb samples

with a thickness of 2mm at initial temperatures 20—111°C. The
temperature, thickness of the impactor, and thickness of the sample
are indicated for the profiles.

sound ¢; and amplitude upg. is recorded on the profiles
Uss(t). A propagation of a plastic wave with an amplitude
of U corresponding to the phase transformation in bismuth
is recorded on the free surface after the elastic wave as
well as the propagation of the second plastic wave with
an amplitude of Umax. After reaching the maximum values
of the velocity of the free surface, a decrease of velocity
is recorded, associated with the surfacing of a part of the
rarefaction wave. The amplitude of the rarefaction wave
Ausg determines the spall strength of the studied material. A
significant increase of the amplitude of the elastic precursor
uneL is recorded on presented profiles Uss(t) with a decrease
of sample thickness, which indicates the attenuation of the
elastic precursor with the distance traveled and a slight
attenuation of the first plastic wave having an amplitude U.
In addition, an increase of the amplitude of the deflection
pulse Auis is observed with a decrease of the sample
thickness.

Fig. 1,b shows the velocity profiles of the free surface
of the eutectic bismuth —lead alloy in the thickness range
of 0.2—4mm under the same loading conditions as the
results shown in Fig. 1,a, but at the initial temperature
of the samples of 96°C. The experiments performed at a
temperature of 96°C demonstrated the same trends of the
amplitudes of the elastic precursor, the attenuation wave,
and the first plastic wave with the increase of the sample
thickness as at room temperature.

Fig. 2 shows the profiles uts(t) of samples of the
Bi—Pb eutectic alloy with a thickness of 2 mm in the initial
temperature range of 20—111°C. The effect of temperature
on the amplitude of the elastic precursor uyg. and the
amplitude of the spallation pulse Auss is insignificant, in
contrast to its effect on the amplitude of the first plastic wave
Uy, limited by the beginning of the phase transformation. In
addition, these experiments show a strong dependence of
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the velocity of the first and second plastic waves on the
initial temperature.

3. Elastic-plastic and strength properties

The measurement of the amplitude of the elastic com-
pression wave on the profile Uts(t) allows calculating the
stress at the front of the elastic precursor or the Hugoniot
elastic limit of the material oyg using the ratio

OHEL = PoCIUHEL/2, (1)

the Hugoniot elastic limit oyg is related to the dynamic
yield strength o under one-dimensional deformation by the
ratio

o1 = 3/20neL(1 — ci/c}). (2)

As seen in Fig. 1 and 2, an incident rarefaction wave
propagates to the free surface of the sample after the shock
wave, accompanied by a decrease of velocity recorded on
the profile ufs(t). The interaction of rarefaction waves
incident and reflected from the free surface leads to the
generation of tensile stresses inside the sample. When
the strength of the sample is exceeded, a spall crack
forms, which is recorded on the velocity profile as the first
minimum. The spall pulse recorded on the profile uss(t)
is the result of stress relaxation to zero at the moment of
spallation, followed by propagation of compression waves in
both directions.

In a linear approximation, the spall strength is calculated
as

where § is the correction for velocity profile distortion due
to differences in the velocity of the spall pulse front and the
velocity of the plastic part of the incident rarefaction wave
in front of it [16,17]. The measurement of the rate of decay
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Figure 3. Dependences of the Hugoniot elastic limit oneL

on thickness h of sample of the eutectic alloy Bi—Pb at 20
and 96°C. Empty shape — at Omax > 0w, solid shape —
at omax < o [12].
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Figure 4. The dependence of the spall strength osp on the

strain rate in the rarefaction wave of alloy samples Bi—Pb
at 20 and 96°C. Empty shape — at omax > 6, solid shape —
at omax < on [12].

in the rarefaction wave Uts; (Fig. 1, a) allows calculating the
strain rate of the material before spallation using the ratio

V Vo = —Uss /2Cp. (4)

The value V/V, is actually the expansion rate of matter
in the rarefaction wave.

Results of calculation of oL using the ratio (1) at initial
temperatures of 20 and 96°C are summarized in Fig. 3.
A strong dependence of the Hugoniot elastic limit on
the distance traveled by the shock wave is recorded in
both cases. The values of the Hugoniot elastic limit in
experiments at the initial temperature of the samples 96°C
are 20% lower than at room temperature in the measured
range of sample thicknesses. Since the value of ongL does
not depend on the maximum compression stress, the data
of study in Ref. [12] obtained at a maximum compression
stress of 1.7 GPa, which is lower than the pressure of phase
transformation, are added to Fig. 3. The dependences of
oneL on hat 20 and 96°C shown in Fig. 3 are approximated
by a power function

oneL = S(h/ho) ¢, (5)

where hy = 1 mm, S is the coefficient with the value oygL
for hp = 1mm, « is the exponent of power dependence.
An increase of temperature to 96°C led to a decrease of
the coefficient S to 200 MPa, while at room temperature
S =243 MPa. The power exponent « is the same for both
20°C and 96°C, and is equal to 0.41.

The values of spallation strength calculated using the
ratio (3) and the values of strain rate in the rarefac-
tion wave calculated using the ratio (4) for the eutectic
alloy bismuth—lead at 20 and 96°C are presented as
dependencies in Fig. 4. The data from Ref [12] for a
Bi—Pb eutectic alloy at maximum compression stresses



108

A.S. Savinykh, G.V. Garkushin, S.V. Razorenov

(~ 1.7 GPa) not exceeding the phase transformation stresses
are added to the figure. There was no significant difference
in the values of spall strength at room temperature like
in the case of Omax > oy and Opax < 0y . The drop of
spall strength was ~ 20% with an increase of the initial
temperature of the samples 96°C at stresses Omax < Or-
Preheating of the sample to 96°C at oy > ot resulted
in a drop of spall strength by ~ 1.5 times compared
to room temperature. Dependences osp in the range of
deformation rates 5-10°—2-10%s~! 1 presented in Fig. 4
are approximated by a power dependence in the form

osp = A<V/V0>ﬁ, ()

£

where & = 10°s~1, A is the coefficient with the value osp
for &y = 10°s~!, B is the exponent of power dependence.
The coefficient A= 377MPa at room temperature and
Omax > Or , Which is significantly higher than at 96°C,
A=243MPa. B =0.233 at initial temperature 20°C,
its value decreases to 0.150 at 96°C. The coefficient
practically does not depend on temperature at Gmax < Otr
and is 0.27 according to Ref. [12].

The values of the Hugoniot elastic limit ong., yield
strength o7 and spall strength osp of 2mm thick samples
calculated using the ratios (1—3) at initial temperatures
20—111°C are summarized in Fig. 5. The experimental
data shown in the figure are divided into two groups. One
group are data when the component of the Bi-I alloy did
not undergo transformation [12], the second group was
obtained in this study at stresses omax < 0tr and the other
part of data were obtained in this work at oy,.x > 0. The
figure shows that the maximum compression stress does not
affect the values of owgL and o7 in the temperature range
of 20—111°C, since the elastoplastic transition occurs at
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Figure 5. Dependences of the Hugoniot elastic limit oneL, yield
strength oy , and spall strength osp of Bi—Pb alloy samples with
a thickness of 2mm on the initial temperature of the samples.
Empty shape — at omax > otr, solid shape — at omax < owr [12],
Tm — melting point of the eutectic alloy. The values of the melt
spall strength Bi—Pb at 150°C are taken from Ref. [14].

stresses lower than the phase transformation. A slight de-
crease of the above-mentioned characteristics of the material
is recorded in case of an increase of temperature from room
temperature to temperatures close to the melting point. The
results of measurements of spall strength demonstrate the
following. The spall strength values are higher at om.x < oir
than at oy, > oy over the entire temperature range. The
decrease of spall strength is insignificant in the range of
maximum stresses Omax < Oy as the sample temperature
approaches the melting temperature of the alloy. An almost
twofold decrease of strength is recorded in experiments at
Omax > Ot at temperatures near the melting point. This can
be explained both by a change of the microstructure of the
material after the phase transformation, and by additional
heating of the material resulting from a more than twofold
increase of the maximum compression stress.

4. Parameters and kinetics of phase
transformation

The velocity profiles of the free surface of the eutectic
alloy Bi—Pb, shown in Fig. 1,a, exhibit the splitting of
a plastic wave associated with a phase transformation in
bismuth. The stress at which the phase transformation
occurs can be calculated by determining the amplitude of
the first plastic wave Uy using the ratio [18]:

Otr = OHEL + PoUst (Ur — UHEL)/2, (7)

where Us; is the velocity of the first plastic wave. The
following ratio was used to calculate the wave velocity
USI [19]

Usi = ci(hs/ci — At/2)/(hs/ci + At/2), (8)

where At is the time difference between the propagation of
the of the middle part of first plastic part of the compression
wave and the elastic part of the compression wave to the
free surface (Fig. 1,b), hs is the sample thickness. The
ratio (8) takes into account the interactions between incident
and reflected waves near the free surface of the sample.

We use the ratio from Ref. [20] as a basis for calculating
the wave velocity Us:

Uss = Usi(hs/Us) — Ats/2)/(hs/Us; + Ats/2),  (9)

where Ats is the time difference between the propagation
to the free surface of the middle part of the second and
first plastic compression waves (Fig. 1,5). The maximum
compression stress exceeding the phase transformation
stress was calculated using the ratio

Omax = Otr + ptrUSZ(umax - utl')/za (10)

where pi = poUsy/(Us: — (Umax — Urr)/2) is the density
after the phase transformation.

Results of calculation using the ratio (7) the stresses
of the phase transformation recorded on the free surface

Technical Physics, 2025, Vol. 70, No. 1
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Figure 6. Dependence of the phase transformation stress on the
initial temperature of samples of the eutectic alloy Bi—Pb with a
thickness of 2mm, T — melting point of the eutectic alloy. The
bismuth phase diagram is taken from Ref. [9].

velocity profiles shown in Fig. 2 in the studied alloy are
shown in Fig. 6. The phase diagram of bismuth has
also been added to Fig. 6 [9]. 43.7% lead content in
the studied alloy lowers the temperature and pressure of
the Bi-I to Bi-II phase transition. The parameters of the
phase transformation of the alloy are determined by the
phase transformation in bismuth since there are no phase
transitions in lead in this pressure and temperature range,
according to literature sources. Fig. 6 shows that the phase
transformation in the eutectic alloy occurs at lower stresses
than the phase transformation of Bi-I to Bi-II in bismuth in
the studied temperature range.

Fig. 7 shows the velocities of the first and second
plastic waves of 2mm thick samples of the eutectic bis-
muth alloy—lead calculated from the profiles ufs(t) shown
in Fig. 2, depending on the initial temperature of the sample.
The linear decrease of the speed of the first plastic wave as
it approaches the melting temperature of the alloy is similar
to the decrease of the longitudinal velocity of sound with the
increase of the temperature [14] and is estimated at ~ 5%.
The velocity of the second plastic wave increases non-
linearly by ~ 15—20% at the same time as it approaches
the melting point. The almost linear decrease of the velocity
of the first plastic wave and the nonlinear increase of the
velocity of the second plastic wave with the increase of the
temperature will continue until the melting point, when the
two-wave configuration of the plastic wave disappears.

Fig. 8 shows the dependences of the phase transition
stresses of the Bi—Pb alloy on the sample thickness at
initial temperatures of 20 and 96°C obtained as a result of
processing of profiles Ut (t) shown in Fig. 1. A comparison
of the obtained dependences showed that the attenuation
of the first plastic wave, determined by the relaxation
of stresses behind its front due to phase transformation,
weakly depends on the increase in thickness and practically
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does not depend on the initial temperature of the sample.
Thus, the attenuation rate is estimated at 0.0098 GPa/mm at
room temperature, it equals to 0.0076 GPa/mm at the initial
temperature of 96°.

The obtained data on the attenuation of the first plastic
wave at 20 and 96°C with the increase of sample thickness
can be used to obtain a quantitative estimate of the initial
transformation rate, as was done, for example, in the study
with graphite [21] and armco-iron [18]. The initial rate
of transformation (da/dt), according to Ref [21] can be
estimated from the measured rate of attenuation of the first
wave doy, /dh (Fig. 8) as

(8_a> _ 2day /dh
o/, (Vo =Vi)piUs’

where V| and V, are the specific volumes of the ini-
tial and transformed matter, h is the Lagrangian coor-

(11)
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Figure 7. Dependences of the velocity of the first and second
plastic waves of samples of eutectic alloy Bi—Pb with a thickness
of 2mm on initial temperature. The dependencies ¢ and c, on Ty
are taken from Ref. [14].
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verted substances are defined as V; = (Ug; — Uiy /2)/00Ust,
V, = (US2 - (umax - utr)/z)/USZ

We will estimate the maximum transformation rate, as
was done in Ref [21], by measuring acceleration in the
second plastic wave on profiles Uss(t). The maximum com-
pression rate is defined as VO_IdV/dt = —(dup/dt)/2Us,
for the obtained free surface velocity profiles (Fig. 2),
where —(dup/dt) = Uss is the maximum acceleration in
the second plastic wave. Since compressibility in this
region is determined mainly by the difference AVs in the
specific volumes of the phases of the initial and converted
substances, the maximum transformation rates can be
estimated as follows [21]:

& =V/AV;, (12)

where AV =V, — V.

The respective transformation time [18] can be estimated
using an estimate of the initial transformation rate (11) and
the maximum transformation rate (12):

ty = 1/c. (13)

The initial rate of transformation and the maximum rate
of transformation in the eutectic alloy Bi—Pb as a function
of temperature, estimated using the ratios (11) and (12),
is shown in Fig 9. The following figure shows that the
maximum rate of transformation exceeds the initial rate of
transformation by an order of magnitude. A slight decrease
of the initial rate of transformation is recorded as the
temperature increases, while the maximum transformation
rate significantly increases. The maximum transformation
rate is three times higher at 111°C compared to room
temperature. The same trend is observed with the estimated
transformation time obtained using the ratio (13) and shown
in Fig. 10. The transformation time slightly increases at the
initial transformation rate as the temperature increases. At
the same time, a significant reduction of the transformation
time at the maximum transformation rate is observed
with the increase of the temperature. The difference
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Figure 9. Initial @in and maximum @max transformation rates

in eutectic alloy Bi—Pb depending on temperature.

12 . . . . . 200
or ©° 1180
I o
v 81
Jog| 1160 =
g 6 1,,(max) A =
< © 8 1140%
<4 A o =
2 B Alf}"(ln) n 120
O I " 1 " 1 1

—l —t— 100
0 20 40 60 80 100 120
Ty, °C
Figure 10. The time of phase transformation at the initial

ty (in) and maximum ty; (max) transformation rates in eutectic alloy
Bi—Pb as a function of temperature.

between the transformation time at the maximum and initial
transformation rates is more than an order of magnitude.

Conclusion

Experiments with shock wave loading of samples of eu-
tectic alloy Pb—Bi (43.7/56.3) with a thickness of 0.2—8 mm
at temperatures of 20, 60, 96 and 111°C and maximum
compression stress of ~ 4GPa. Were carried out the ob-
tained velocity profiles of the free surface show the splitting
of the plastic wave into two, associated with the phase
transformation of Bi-I into Bi-II. The compression stress of
the phase transformation at 20°C was 2.4 GPa with a further
decrease to 1.78 GPa at 111°C. It is shown that the velocity
of the second plastic wave increases with an increase of
the initial temperature of the sample, while the velocity
of the first plastic wave decreases. The attenuation of
the phase transformation stress with thickness increase was
revealed, the attenuation rate was 0.0098 GPa/mm at 20°C,
the attenuation rate was 0.0076 GPa/mm at 96°C. The initial
and maximum transformation rates of the studied eutectic
alloy were estimated and the corresponding transformation
times were estimated. A threefold increase of the rate of
maximum transformation and a slight decrease of the initial
rate of transformation were recorded in the temperature
range of 20—111°C. At the same time, the transformation
time at the maximum transformation rate decreases from 9
to 3ns at temperatures of 20—111°C. The transformation
time at the initial transformation rate increases from 120 ns
at 20°C to 150ns at 96°C. The phase transformation in
bismuth significantly affected the strength properties of the
studied alloy. The spall strength decreases almost threefold
with temperature increase to 111°C at oy.x > o, While
it decreases by ~ 30% at omax < 0. A fourfold increase
of spall strength is recorded in the studied range of strain
rates both at oya.x > oy and at oy < 0yr. An increase of
temperature to 96°C led to a drop of spall strength by ~ 1.5
times compared to room temperature. The Hugoniot elastic

Technical Physics, 2025, Vol. 70, No. 1
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limit and yield strength at stresses both below and above the
phase transformation are weakly sensitive to temperature
increases.
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