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The effect of temperature on the Hugoniot elastic limit and the spall
strength of a lead-bismuth alloy at the pressure of shock compression

up to 2.4GPa
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Measurements of the Hugoniot elastic limit and the spall strength of the eutectic alloy Bi — 56.5 mass%, Pb —
43.5 mass% were carried out at sample temperatures in the range of 20—109°C based on registration and analysis
of the evolution of shock compression pulses of various amplitudes. It is shown that an increase in the temperature
of the samples leads to a decrease in the Hugoniot elastic limit by 25%, and the spall strength of the alloy under
study — by 30%, regardless of the strain rate. An increase in the strain rate by two orders of magnitude leads to
an increase in the spall strength by about three times. Approximation power-law dependences of the decay of the
elastic precursor on the thickness of the samples and the spall strength on the strain rate before fracture at normal

and elevated temperatures are constructed.
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Introduction

Lead melts with bismuth, mainly eutectic alloy Bi —
56.5 mass%, Pb — 43.5mass%, are used as coolants in
special-purpose reactors [1,2]. Studies of the thermophysical
properties of liquid metal coolants began in the 1950s [3]
and continue up to the present time [4-7]. Besides,
heavy metals are used as targets in high-power pulsed
neutron sources based on the spallation reaction (SNS —
Spallation Neutron Source) [8]. The pulsed energy release
is accompanied by the excitation of compression waves and
cavitation phenomena in such melts, what makes it relevant
to determine the strength properties of these materials
both in the solid and liquid states under pulsed shocks
of submicrosecond duration. Experimental studies of the
properties of materials under shock loads of microsecond
duration are in most cases based on measurements and
analysis of the evolution of elastoplastic shock compression
waves at various temperatures [9-11]. In elastoplastic
material an elastic precursor is released in compression
wave is distinguished, its amplitude is proportional to the
value of the yield strength, and the rate of its decay is pro-
portional to the initial rate of plastic strain. Measurements
of the compression rate in the plastic shock wave provide
information on the rate dependence of the flow stress at
subsequent stages of the process.

The tensile strength of solids and liquids at microsecond
and submicrosecond times of loading is determined by

353

analysis of spall phenomena occurring when a compression
pulse is reflected from the free or contact surface of the
sample. In this case, the value of fracture stresses during
spalling is in most cases determined from the analysis
of the measured profile of the free surface velocity as a
function of time by the method of characteristics [12,13].
Measurements of the fracture stresses (spall strength) under
these conditions at different durations of the pulsed load
and different temperatures provide the information on the
kinetics of fracture. The obtained experimental data on
spall fracture are the basis for making models of material
fracture under the action of mechanical stresses in the
submicrosecond range of fracture loads. This, in turn,
requires reliable experimental results and understanding of
the processes of strain and fracture of materials under
extreme conditions.

The aims of this paper are to measure the spall strength
and Hugoniot elastic limit of the eutectic alloy Bi —
56.5mass%, Pb — 43.5mass% at sample temperatures
in the range of 20—109°C, maximum shock compression
amplitude up to 2.4 GPa and strain rates before fracture
in the range 10*—10%s~! by registering and analysis of
complete wave profiles, and on the basis of the data obtained
plotting of rate and temperature dependences of this alloy
resistance to high-rate strain and fracture in the studied
range of strain rates at room and elevated temperatures of
the samples.
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Table 1. Chemical composition of eutectic alloy Bi—Pb

Chemical composition, %

Sn Pb Sb Cu Bi Fe Zn

001 | 437 | 0046 | 0004 | Res. | 0.001 | 0.001

1. Material under study. Setting up of
shock wave experiments

The initial workpieces of the eutectic alloy, consisting of
bismuth (56.3 mass%) and lead (43.7 mass%), were made
in a vacuum furnace under order (,,Tinkom“ LLC) in the
form of bars with a diameter of 50 mm and length 150 mm.
The chemical composition of the alloy under study is given
in the Table 1. The delivered material is homogeneous,
does not contain visible discontinuities and large inclusions.
The measured value of the longitudinal speed of sound c;
was 2200 & 10m/s. The density of the alloy at 20°C is
10.660 g/cm?. Melting temperature — 124°C.

Plane-parallel samples for shock-wave experiments with
thickness from 0.2 to 8 mm were cut by the electroerosion
method, followed by manual machining (grinding and
polishing) of the surface to the reflectivity required for
recording the sample velocity with a laser interferometer.
Finishing of the sample surface was carried out by manual
grinding on abrasive paper with different grain sizes with
the addition of a water-alcohol solution.

Compression shock waves of various amplitudes were
generated in the samples under study under loading with
aluminum impactors with thickness of 0.1 to 4mm at
a velocity of 1124+ 10 to 320 & 10m/s. The impactors
were accelerated using a gas gun with a caliber of 50
mm. To eliminate the impactor deflection during its
acceleration in the gun barrel, the latter was mounted on
a polymethyl methacrylate substrate Smm thick, which
was glued to the end of a hollow projectile 50mm in
diameter and 100 mm long made of D16 duralumin. The
impactors velocity was recorded by electrocontact sensors
only in experiments at room temperature. The gun
barrel and the space around the sample were evacuated
before the experiment. The samples were heated before
shock compression by resistive heaters made of fechral
wire located at a distance of 2—2.5mm from the sample
surface. The sample heating rate was ~ 0.05—0.1°C/s.
The temperature was controlled by two chromel—alumel
thermocouples. The difference between the thermocouple
readings did not exceed 1-2°C. In each experiment the
velocity profile of the free surface of the sample uts(t) was
continuously recorded during its loading using a VISAR
laser Doppler interferometric velocimeter with high spatial
and temporal resolution [14].

2. Measurement results of velocity
profiles of free surface

Fig. 1 shows the velocity profiles of the free surface of
samples of the studied Bi—Pb alloy 2mm thick at room
and elevated to 96°C initial temperatures. The velocity of
aluminum impactor varied from 112 to 320m/s at room
temperature and from 112 to 211 m/s at initial temperature
of 96°C. The maximum compression stresses implemented
in experiments at room temperature were 0.8—2.4 GPa, at
96°C — 0.6—1.7 GPa.

The initial compression pulse at the moment of shock
had a shape close to rectangular and an amplitude corre-
sponding to the collision velocity of a pair of materials,
sample—impactor. As the shock wave passes through
the sample, it evolves — shape changes in accordance
with the properties of the sample material. In this case
(Fig. 1), on the velocity profile of the free surface the
output of an elastic compression wave with amplitude ung|
propagating at a velocity equal to the longitudinal speed
of sound c; is recorded. After the elastic compression
wave a plastic wave exits onto the free surface. In the
studied range of shock compression pressures the plastic
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Figure 1. Velocity profiles of the free surface of alloy samples
2mm thick at initial temperatures of 20 (a) and 96°C (b) and
various shock velocities. The velocity of the impactor and the ratio
of the thicknesses of the impactor and sample are given.
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Figure 2. Velocity profiles of free surface of Bi—Pb eutectic
alloy samples. @ — loading of samples 0.2—8 mm thick with an
aluminum impactor at speed of 211 m/s at 20°C; b — loading of
samples 0.2—4 mm thick with aluminum impactor at velocity of
211 m/s at 96°C. The thicknesses of the impactor and sample are
indicated for the profiles.

wave has a noticeable rise time, which depends both on
the shock compression pressure and on the temperature
of the samples. With increase in pressure both at room
temperature and at 96°C the time of velocity rise of the free
surface in the plastic wave decreases significantly, besides,
with increase in pressure the time between the exit of elastic
and plastic waves also decreases. At initial temperature
of 96°C the time between the exit of elastic and plastic
waves is noticeably shorter than at room temperature. A
smooth velocity increasing of the free surface between the
elastic and plastic waves indicates the strain hardening of
the material [11]. After the maximum surface velocity is
reached, the exit of part of the rarefaction wave is recorded,
which precedes the spall fracture with the amplitude Augs,
and also a weak compression pulse formed during the spall
is recorded. For the eutectic alloy studied in this paper, its
velocity profiles almost always show its rapid decay, and
subsequent oscillations of the surface velocity associated
with its reverberation in the spall plate are not recorded.
No influence of the maximum compression stress on the

3*  Technical Physics, 2023, Vol. 68, No. 3

T T T T
150 109°C, 0.9472.08 n
s[5
SIS
g:; 5 150 T T T T
g 100 |- gll[e g/ 7
EYN ()
o & 100 | \@ S @) T
& g TS
S
50 F N 501 17
S
0 1 1 1
0 40 80 120
0 " 1 " 1 1 " 1 "
0 100 200 300 400 500
t, ns

Figure 3. Velocity profiles of free surface of Bi—Pb eutectic
alloy specimens 2 mm thick at initial temperatures of 20—109°C.
Loading with aluminum striker at speed of 211 m/s. The profiles
show temperature, striker and sample thicknesses.

amplitude of the elastic precursor uyg, and the velocity drop
Auss in the rarefaction wave at both room temperature and
96°C was found.

Fig. 2 shows the velocity profiles of the free surface
of samples 0.2—8mm thick at room temperature and
0.2—4mm thick at 96°C, obtained in experiments with
aluminum impactor accelerated to velocity of 211 £ 10 m/s.
The measurement results shown in Fig. 2, a demonstrate the
decay of the elastic wave amplitude unyg_ as it propagates
in the sample, caused by the development of plastic strain
and stress relaxation immediately behind its front. On the
velocity profiles of the free surface of samples of different
thicknesses the increase in the amplitude of the velocity
drop Auss in the rarefaction wave with sample thickness
decreasing is observed. Increasing the initial temperature of
the samples to 96°C (Fig. 2, b) retained the same trends in
the amplitude change of the elastic precursor uyg. and the
velocity drop amplitude Auss with sample thickness change.

Fig. 3 shows the velocity profiles of the free surface of
bismuth—lead eutectic alloy 2mm thick at initial sample
temperature of 20—109°C. The samples were loaded with
aluminum impactor at velocity of 211 +10m/s. The
samples temperature increasing from 20 to 109°C led to
a slight decrease in the amplitude of the elastic wave Uyg|.
The velocity rise time in the elastic wave increased from
4ns at 20°C to 10ns at the initial temperature of 109°C.
With temperature rise, the decrease in the rise time of
plastic wave is recorded, which indicates decrease in the
toughness of the material under study. The difference
in time between the exit of elastic and plastic waves is
much smaller in the experiment with sample temperature
of 60°C compared to room temperature. With a further
temperature increasing the time difference decreases. The
larger time difference between the exit of elastic and plastic
waves in the experiment at 109°C in comparison with the
experiment at 96°C is due to the greater thickness of the test
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sample heated to 109°C. The velocity drop amplitude in the
rarefaction wave before the spall Auss has the largest value
at room temperature and decreases with further increase in
temperature.

3. Elastoplastic and strength properties
of bismuth-lead alloy

The analysis of complete wave profiles makes it possible
to obtain not only qualitative information about the nature
of the response of the material under study to the action
of dynamic loads of submicrosecond duration, but also
to calculate its strength characteristics for these loading
conditions — Hugoniot elastic limit and yield strength,
critical tensile stresses during spalling, evolution kinetics of
compression pulse, etc. The stress corresponding to the
Hugoniot elastic limit of the material oyg. is calculated
from the amplitude of the elastic compression wave UngL
measured from the velocity profile of free surface Uss as

OHEL = PoCIUHEL/2,

where ¢; — longitudinal velocity of sound, py — initial
density. The values of the dynamic yield strength o1 under
conditions of one-dimensional strain are calculated from the
relation

oT = 3/20'|-|E|_(1 — C%C?),

where €, — volume velocity of sound.

The measured density of the bismuth—lead eutectic
alloy at room temperature was 10.660g/cm®. In the
paper [15] the density of the bismuth—lead eutectic alloy
from 273.17K to the melting point is described by the
formula

po = 10.52177 + 0.00046026T (273.17 < T).

The density dependence is shown in Fig. 4. The longi-
tudinal velocity of sound ¢; measured for the alloy under
study at room temperature on samples 8 mm thick was
2200 +£10m/s. In the paper [16] the change in the
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Figure 4. Density [15]and longitudinal velocity of sound [14] of
bismuth—lead eutectic alloy vs. initial temperature. Tm — alloy
melting point.

longitudinal velocity of sound up to temperature of 102°C
was estimated, the results of this estimate are shown in
Fig. 4. According to the same paper data, the bulk speed of
sound Cp of the bismuth—lead eutectic alloy was assumed
to be 1900m/s in the temperature range under study.
The longitudinal velocity of sound at initial temperature of
109°C was calculated extrapolating the dependence shown
in Fig. 4.

After the shock wave, the rarefaction wave exits onto
the surface of the sample, reducing the velocity of the free
surface (Fig. 1). The first velocity minimum coincides in
time with the formation of spall crack inside the sample,
when tensile stresses exceeding the strength of the sample
are generated by the interaction of the incident and reflected
from the free surface rarefaction waves. At the moment
of spall the tensile stresses relax from value equal to the
critical tensile stresses (spall strength of the material) to
zero, as a result a weak compression wave — a spall pulse
is formed. The magnitude of the surface velocity drop Augs
(Fig. 1) from its maximum to the first minimum before the
spall pulse front is proportional to the spall strength of the
material 0sp. In the acoustic approximation, the value of the
spall strength o5p of the material is defined as

Osp = 1/2p0Cu(Auts + 6),

where § — correction for the distortion of the velocity
profile due to the difference in the velocity of the elastic
front of the spall pulse equal to c|, and the velocity of the
plastic part of the incident rarefaction wave in front of it
moving with bulk speed of sound ¢y, [12,17].

The strain rate of the material before spall is actually the
rate of expansion of the material in the rarefaction wave and
is equal to

X _ Utsr

Vo 2Cp ’
where Vy — specific volume at zero pressure, V — volume
change rate, Ussy — rate of free surface velocity drop in

rarefaction wave before spalling, determined from the wave
profile.

Fig. 5 shows the Hugoniot elastic limit versus thickness
of the sample at room and elevated to 96°C initial temper-
atures. The dependences shown in the Figure are obtained
from experiments when samples of different thicknesses are
loaded with aluminum impactor at velocity of 211 & 10 m/s,
which corresponds to the maximum shock compression
stress ~ 1.7GPa. Both at sample room temperature and
at elevated temperature up to 96°C, a strong decay of the
elastic wave with the distance traveled is recorded. The
values of oygL obtained in experiments at room temperature
are slightly higher than at initial temperature of 96°C over
the entire measured range of sample thicknesses. It also
contains data for lead grades C1 and C2, which differ from
each other in the presence of impurities [18]. The measured
values of ong| for purer lead C1 are higher than for lead C2
in the studied range of sample thicknesses. The measured
values of the Hugoniot elastic limit of the studied alloy are

Technical Physics, 2023, Vol. 68, No. 3
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Figure 5. Hugoniot elastic limit vs. thickness of bismuth—lead
eutectic alloy sample at room and elevated temperatures up to
96°C. Triangles — lead C1 at 20°C, dark diamonds — lead C2 at
20°C, red diamonds — lead C2 at 285°C [18].
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Figure 6. Hugoniot elastic limit vs. maximum compression stress
for samples 1, 2 and 4 mm thick at room temperature and 2 mm
thick at 96°C of bismuth—lead eutectic alloy.

by 2 times higher than for lead C2. Heating of lead C2 to
temperatures close to its melting point results in increase in
the Hugoniot elastic limit by 4 times due to the so-called
athermal hardening [10], while heating of the eutectic alloy,
on the contrary, slightly reduces it value.

The shown in Fig. 5 the calculated values of the Hugoniot
elastic limit for the bismuth—lead eutectic alloy versus
sample thickness at normal and elevated temperatures are
approximated by an exponential function

oxeL = S(h/hg) ™

where h — initial sample thickness at the test temperature,
hy = 1mm, S — coefficient that takes the value ong_ at
hy = Imm on the obtained dependence, @ — exponent
of exponential function. The use of such approximating
function to describe the dependences showed that the
coefficient S takes the value 237 and 212MPa for the

Technical Physics, 2023, Vol. 68, No. 3

dependences of oygL on the thickness of the samples for
Bi—Pb eutectic alloy at room temperature and temperature
increased to 96°C, respectively. The exponent @ = 0.38 —
is the same both at room temperature and at 96°C.
According to [18], the exponent a for lead Cl at room
temperature and C2 at room and elevated temperatures is
also the same and equals to 0.55.

Fig. 6 summarizes the data obtained for the Hugoniot
elastic limit of samples of the studied alloy 1, 2 and 4 mm
thick at room temperature and 2mm thick at temperature
of 96°C depending on the maximum compression stress.
The elastic wave decay is observed over the entire range
of realized maximum compression stresses (0.7—2.4 GPa)
at room temperature. A noticeable scatter of experimental
data is recorded for each thickness of the studied samples,
which does not allow one to unambiguously interpret the
influence of the maximum compression stress on the value
of the Hugoniot elastic limit.

The results of measuring the Hugoniot elastic limit, yield
strength and spall strength of samples 2mm thick of the
bismuth—lead eutectic alloy in the initial temperature range
from 20 to 109°C at maximum compression stress of
1.7GPa are shown in Fig. 7. A smooth decrease in the
Hugoniot elastic limit and yield strength with increase in
temperature from 20 to 109°C is ~ 25%. The drop in spall
strength with temperature increasing to value close to the
melting point does not exceed 30%. Fig. 7 also shows the
data on the spall strength of this alloy in the liquid state
at temperature of 150°C obtained in [16]. As can be seen
from the Figure, the spall strength of the alloy in the liquid
state is approximately by an order of magnitude lower than
in the solid state at 20°C.

Spall strength of bismuth—lead eutectic alloy vs. strain
rate at room and elevated temperatures up to 96°C are
shown in Fig. 8. Increase in the initial temperature of
the samples to 96°C, regardless of the maximum shock
compression pressure, leads to decrease in the spall strength
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Figure 7. Hugoniot elastic limit, yield strength and spall strength
of specimens of bismuth—lead eutectic alloy 2 mm thick vs. initial
temperature. Ty — alloy melting point. The spall strength values
at 150°C are taken from [16].
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Figure 8. Spall strength vs. strain rate of samples of

bismuth—lead eutectic alloy2 mm thick at room and elevated tem-
peratures up to 96°C. Triangles — lead C1 at 20°C, diamonds —
lead C2 at 20°C, squares — lead C2 at 285°C. Data for lead are
taken from [18].

in the studied range of strain rates by about 20%. The values
of spall strength of lead C1 and C2 [18] are by two times
higher than the spall strength of the studied Bi—Pb alloy,
and with lead temperature increasing its spall strength also
decreases.

The dependences of the spall strength on the strain rate in
the rarefaction wave presented in Fig. 8 can be approximated
by exponential function in the form

where €9 = 10°s~!, Ais the coefficient that takes the value
osp for gg = 10°s 1, B — exponent of exponential function.
At room temperature the coefficient A takes the value
351 MPa, which is higher than at 96°C (A =290 MPa).
At room temperature the exponent is S = 0.277; as the
temperature rises to 96°C, its value slightly decreases to
B =0.263. In the paper [18] the exponent 8 for lead C1
and C2 at room temperature is equal to 0.225, which is
somewhat lower than for bismuth—lead eutectic alloy.

Conclusion

Experiments were performed on measuring the evolution
(shaping) of wave profiles of samples of eutectic low-
temperature alloy Pb—Bi (43.7/56.3) 0.2—8 mm thick at
temperatures of 20, 60, 96 and 109°C in the pressure range
of shock compression 0.8—2.4 GPa, its Hugoniot elastic
limit and spall strength under these conditions are measured
for the first time, and the following is shown. A smooth
decrease in the Hugoniot elastic limit and yield strength by
~ 25% 1is observed with increase in samples temperature
from 20 to 109°C. With increase in the strain rate by two
orders of magnitude (from ~ 10* to 10°s~!), the spall

strength of the alloy increases by approximately three times.
Increasing of the sample temperature to temperature close
to the melting point results in decrease in the spall strength
of the alloy by about 30%. On the basis of the obtained data,
approximate exponential dependences of the decay of the
elastic precursor as it propagates in the sample and the spall
strength increases with increase in the strain rate before
fracture at normal and elevated temperatures are plotted.
The obtained results can be included in the database on
the properties of reactor materials and used for predictive
numerical simulation of the behavior of the studied eutectic
alloy in the temperature range up to melting point under
pulsed impacts.
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