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Asymmetric plate impact experiments are conducted on LY12 aluminium alloy in a pressure range of 85–131 GPa.

The longitudinal sound speeds are obtained from the time-resolved particle speed profiles of the specimen measured with

Velocity Interferometer System for Any Reflector (VISAR) technique, and they are shown to be good agreement with our

previously reported data of this alloy in a pressure range of 20–70 GPa, and also with those of 2024 aluminium reported

by McQueen. Using all of the longitudinal speeds and the corresponding bulk speeds calculated from the Gruneisen

equation of state (EOS), shear moduli of LY12 aluminium alloy are obtained. A comparison of the shear moduli in the

solid phase region with those estimated from the Steinberg model demonstrate that the latter are systematically lower

than the measurements. By re-analysing the pressure effect on the shear modulus, a modified equation is proposed,

in which the pressure term of P/η1/3 in the Steinberg model is replaced by a linear term. Good agreement between

experiments and the modified equation is obtained, which implies that the shear modulus of LY12 aluminium varies

linearly both with pressure and with temperature throughout the whole solid phase region. On the other hand, shear

modulus of aluminium in a solid-liquid mixed phrase region decreases gradually and smoothly, a feature that is very

different from the drastic dropping at the melting point under static conditions.
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1. Introduction

Shear modulus is an important material param-

eter needed to implement the constitutive laws.[1,2]

A good understanding of shear modulus over a wide

range of pressure and temperature is therefore essen-

tial to shock dynamic simulations of materials sub-

jected to strong shock loadings.

For an isotropic material, shear modulus G is gen-

erally determined from the sound speed measurements

by the well-known relationship

G = ρc2
t =

3

4
ρ

(

c2
l − c2

b

)

, (1)

where ρ is the instant density, ct, cl and cb are the

shear, the longitudinal and the bulk sound speed, re-

spectively. Therefore measurements of sound speeds

in solids at different pressures and temperatures will

yield the full information about the variations of shear

modulus.

While ultrasonic method is commonly used to de-

termine the longitudinal and the shear speeds, this

approach is usually limited to a static condition and

a relatively low pressure regime.[3,4] Sound speeds

of materials in high-pressure and high-temperature

states are commonly measured in shock experiments

by measuring the speeds of catch-up rarefaction wave

behind the shock front. For solids, the propagation

of the wave front of this rarefaction wave is assumed

to travel at a longitudinal sound speed. Various

approaches, including optical analyser method,[5,6]

manganin gauge method,[7,8] velocity interferome-

ter system for any reflector (VISAR) technique[9]

and Doppler Laser Interferometry (DLI) technique,[10]

have been applied to measuring the sound speeds in

shock-compressed materials during the last 20 years.

Of these techniques, VISAR has recently been used

most frequently because this non-contact probing

technique provides us a direct measurement of the
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mass movement speed history over a wide pressure

range and it is also very convenient to deduce the

sound speed from the sample–window interface par-

ticle speed history.[11−15]

LY12 aluminium alloy (similar to 2024 aluminium

of USA designation) is a standard material used for

equation of state (EOS) measurements in shock wave

experiments. A better knowledge about its sound

speed and shear modulus over a wide shock pressure

range is of considerable significance. We[16] have re-

ported the longitudinal and the bulk sound speeds of

this alloy over a pressure range of 20–70GPa result-

ing from symmetric impact experiments with VISAR

technique. While these data exhibit a satisfactory ac-

curacy, they are limited to a relatively low pressure

regime because of the low impedance of LY12 alu-

minium alloy.

In the present work, asymmetric plate impact ex-

periments on LY12 aluminium are carried out over

a pressure range from 85 to131GPa. Time-resolved

particle speed profiles obtained from VISAR measure-

ments are used to determine the longitudinal sound

speed of shocked LY12 aluminium samples. The shear

moduli of LY12 aluminium in a pressure range of 20–

131GPa are determined using the sound speed data of

the present work and our previous data in Ref.[16]. A

comparison of the experimental results, including the

data of 2024 aluminium from McQueen et al,[17] with

those calculated from the widely used shear modulus

model developed by Steinberg et al
[1] is also made.

2. Experimental technique

The commercial LY12 aluminium materials used

in the present investigation is of the same batch as

those used in our previous experiments.[16] The chem-

ical compositions in weight percentages are as follows:

Al: 95.15–96.95, Cu: 3.8–4.9, Mg: 1.2–1.8, Mn: 0.3–

0.9, Ti: ≤ 0.5, Zn: ≤ 0.3, Fe: ≤ 0.5, Si: ≤ 0.5, Ni:

≤ 0.5. The Hugoniot parameters of this alloy have

been carefully measured and are the same as those of

2024 aluminium given by Marsh.[18]

Plate impact experiments were conducted by us-

ing the two-stage light-gas gun at Laboratory for

Shock Wave and Detonation Physics Research. A

magnetic-particle-velocimeter was used to measure

the projectile velocity with an uncertainty better than

0.2%. The basic experimental configuration is shown

in Fig.1(a). High impedance 304 steel or tantalum

plates were chosen as the flyer to impact the LY12 alu-

minium sample, which has a transparent single crystal

lithium fluoride (LiF) window to maintain the sample

under high pressure compression. Dimensions of the

flyers, samples and windows were designed to assure

that the uniaxial strain condition could be maintained

during the whole unloading process in sample. The

particle speed profiles at the sample–window interface

were measured by using VISAR technique.[9] To yield

unambiguous particle speed histories from the VISAR

records, three different fringe constants were used in

each experiment in this study.

Fig.1. (a) Schematic of experimental setup for asymmetric plate impact and (b) time–distance diagram (in Lagrangian

coordinates) of wave propagations after impact. (solid lines: shock waves; dashed lines: rarefaction waves).
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Upon impact of the flyer on the LY12 Al sam-

ple at time t0, a shock wave will propagate forward

into the sample and another backward in the flyer

plate. As seen in Fig.1(b), when the forward shock

wave reaches the sample–window interface at time t1,

the interface particle speed history will jump up and

a weak release wave will be reflected from the inter-

face simultaneously because of the slight difference in

impedance between the LY12 aluminium and the LiF

window. This back-going weak rarefaction wave will

be reflected again at the interface between the flyer

plate and the sample and returns back to the sample–

window interface at time t2, a slight drop in the par-

ticle speed plateau will appear as the release wave

reaches the interface. The longitudinal sound speed

cl of LY12 aluminium sample can then be obtained

from the reverberation time interval between t2 and

t1 in the particle speed history[12]

cl =
ρ0

ρ

(

2HS

t2 − t1

)

, (2)

where ρ0 is the initial density, ρ is the shock-

compressed density, Hs is the initial thickness of the

LY12 aluminium sample.

The backward shock wave in the flyer plate will

be reflected as a rarefaction catch-up from the flyer–

sabot interface. The catch-up rarefaction fan entering

into the sample will interact with the sample–window

interface at time t3. The thicknesses of the flyer plate

and the sample were so chosen that the catch-up rar-

efaction wave would arrive at the sample–window in-

terface behind the arrival of the weak release produced

by the forward-going shock waves, that is t3 > t2.

3. Results and discussion

Four asymmetric plate impact experiments were

performed. The peak pressures in LY12 aluminium

sample ranged from 85 to 131GPa. A summary of the

experimental conditions is presented in Table 1. Typ-

ical VISAR particle speed history is shown in Fig.2.

As expected, the characteristic times t1 and t2 cor-

responding to those in Fig.1(b) are distinct and can

easily be determined from the figure.

Table 1. Summary of asymmetric plate impact experiments.

Expt. No. impact speed /(km/s) flyer material (flyer/sample/window) thicknesses /(mm) peak pressure/(GPa)

1 5.15 Ta 2.032/1.120/11.0 110.0

2 5.81 Ta 1.968/1.151/11.0 131.0

3 4.76 HR2 3.007/1.580/11.0 84.6

4 5.58 HR2 3.008/1.587/11.0 106.0

Fig.2. Typical interface particle speed history deduced

from VISAR records (Expt. No.3). The times t1 and t2
correspond to the conditions labelled in Fig.1(b).

With the times t1 and t2 determined from Fig.2,

the longitudinal sound speed cl in LY12 aluminium

was estimated from Eq.(2) with an uncertainty of

∼2%. The slight changes in shock pressure of the

sample (about 2.3% at 131GPa) caused by the re-

verberations of the rarefactions will in principle cause

this sound speed to differ from the sound speed in

the initial Hugoniot state. Considering the very small

variations in pressure and density and an intrinsic un-

certainty in experiment, however, this change can ac-

tually be neglected. The calculated longitudinal sound

speeds as a function of shock pressure are shown in

Fig.3. It can be seen that the longitudinal speed in-

creases from 11.06km/s at 84.6GPa to 11.67 km/s at

110GPa, then decreases to 11.34 km/s at 131GPa.

For aluminium, the shock-induced melting begins at

125GPa and ends at about 150GPa.[17] The obvious

decrease in sound speed implies that LY12 aluminium

lies in a solid–liquid mixed phase regime at the highest

pressure of 131GPa.

Also shown in Fig.3 are the sound speed data

given by Yu et al
[16] for this material in a pressure

range of 20–70GPa, which were measured by VISAR
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technique under symmetric impact conditions, and the

data of McQueen et al
[18] for 2024 aluminium in a

pressure range of 55–145GPa, which were measured

by optical analyser technique. It can be seen that

all of these data are shown to be consistent with each

other. The longitudinal sound speeds along the Hugo-

niot in a solid phase region of both LY12 Al and 2024

Al can be described with extraordinary satisfaction

by[19]

cl = 6.36 + 0.363P 2/3
− 0.026P, (3)

where cl is in km/s and Hugoniot pressure P is in GPa.

On the other hand, the longitudinal sound speed cl in

a solid–liquid mixed phase region (125–155GPa) de-

creases gradually as the shock pressure increases.

The bulk sound speed cb at the Hugoniot pressure

P can be theoretically predicted via the Gruneisen

EOS[20]

cb =

{

dP

dρ

[

1 −

(

1

ρ0
−

1

ρ

)

ργ

2

]

+
P

2

(

γ

ρ

)}1/2

, (4)

where dP/dρ is the local Hugoniot slope and γ is

Gruneisen parameter. Product of ργ is assumed to be

constant for aluminium, which holds up to 400GPa

according to Nellies et al.[21] Our early results have

shown that the bulk sound speed determined from

the VISAR experiments is very consistent with those

calculated from Gruneisen EOS by assuming ργ =

const.[16] We therefore calculate the bulk sound speed

for the asymmetric impact experiments in the same

way. The calculated bulk sound speeds are listed in

Table 2.

Fig.3. Longitudinal sound speeds as a function of shock

pressure.

Table 2. Summary of experimental results and theoretical predictions.

P/GPa
Exp. Steinberg model Eq.(7)

cl/(km/s) cb /(km/s)c G/GPad ηe G/GPaf G/GPa

20.3 8.48 a 6.80 63.8 1.19 58.8 60.8

32.1 9.24a 7.35 83.2 1.26 73.8 78.2

54.7 10.19a 8.14 108.8 1.38 97.4 107.6

70.6 10.73a 8.60 125.2 1.45 110.6 125.7

84.6 11.06b 8.95 133.6 1.50 120.2 139.7

106.0 11.59b 9.43 149.7 1.58 132.2 159.2

110.0 11.67b 9.52 151.6 1.59 134.1 162.6

131.0 11.34b 9.94 103.0 1.65 – –

aRef.[16].
bpresent work.
ccalculated from Eq.(4) on the assumption that ρ0γ0 = ργ. ρ0 = 2.785 g/cm3 and γ0 = 2.0.
dcalculated from Eq.(1).
ecalculated from Eq.(6) by using the relationship D = 5.37+1.29u.
fcalculated from Eq.(5).

Using the longitudinal sound speed data deter-

mined experimentally and the bulk sound speed from

Gruneisen EOS, the shear moduli of LY12 aluminium

are calculated from Eq.(2), and they are summarized

in Table 2. The variation of shear modulus with shock

pressure is plotted in Fig.4. Also shown are the shear

modulus data of 2024 aluminium obtained from the

longitudinal sound speed data of McQueen et al
[17]

and the bulk sound speed from the Gruneisen EOS. It

can be seen that the uniformity of the data between

LY12 aluminium and 2024 aluminium is quite good.

Figure 4 also demonstrates that while the shear mod-

ulus increases continuously with shock pressure until

shock-induced melting occurs, it does not vanish im-

mediately before complete melting happens. Instead,

the gradual decrease of the shear modulus in a solid–



268 Yu Yu-Ying et al Vol. 17

liquid mixed phase region under dynamic loading is

totally different from the drastic dropping at the melt-

ing point under static conditions.

Fig.4. The variation of shear modulus with shock pressure,

where a comparison between the Steinberg shear modulus

model (Eq.(5)) and the modified model (Eq.(7)) is also in-

dicated.

Various analytical models have been developed to

describe shear modulus variations with pressure and

temperature.[1,3,22−24] Of these models, the Steinberg

shear modulus model is most often used in shock dy-

namics calculation. In his model, the shear modulus

G is expressed as a function of pressure P and tem-

perature T :

G(P, T ) = G0

[

1 +
G′

P

G0

P

η1/3
+

G′
T

G0
(T − T0)

]

, (5)

where η is the compression defined as the initial spe-

cial volume V0 divided by the special volume V un-

der shock pressure P , G0 is the shear modulus in

a reference state (T0 = 300K, P = 0, ε = 0),

G′
P and G′

T are derivatives of shear modulus with

respect to pressure P and temperature T , respec-

tively. For aluminium, Steinberg et al
[1] gave these

parameters as: G0 = 27.6GPa, G′
P /G0 = 65TPa−1,

G′
T /G0 = −0.62kK−1

"

Using the above parameters and the temperatures

given by McQueen et al,[25] the pressure and the tem-

perature dependences of the shear modulus for LY12

aluminium are calculated according to Eq.(5) up to

125GPa.The results are also listed in Table 2 and plot-

ted as a dashed curve against the shock pressure in

Fig.4. A comparison of these data with the exper-

imental data clearly shows that the Steinberg shear

modulus model systematically underestimates the ex-

perimental results in a pressure range from about 20 to

125GPa. The deviation of experimental results from

the values given by the model becomes larger as shock

pressure increases.

In the Steinberg shear modulus model,[1] the term

P/η1/3 is introduced to describe the pressure effect on

shear modulus since, according to the Thomas–Fermi

theory, G ∼ η4/3 and P ∼ η5/3 as η → ∞. How-

ever, under shock loading conditions the compression

η will not increase without limit even though the pres-

sure goes infinitely. According to the Hugoniot rela-

tion derived from mass conservation, the compression

η is related to particle speed u and shock speed D

through[26]

η =
V0

V
=

D

D − u
=

1

1 − u/D
. (6)

In the high-pressure limit, experimental results sum-

marized by Trunin[27] show that the slope of Hugo-

niot, s = dD/du, falls between 1.2 and 1.3 for most

metals. This will yield a limit for shock compression

η = 4.3–6.0. A compression of 3.9±1.2 for aluminium

at 3.2 ± 0.5TPa has also been reported in Ref.[27].

In fact, for shock compressions in a solid phase re-

gion, the pressure, and hence the compressibility, is

still quite low and far from its limit condition. The

values of compression η of LY12 aluminium estimated

from Eq.(6) with the Hugoniot slope s = 1.29[18] are

listed in Table 2. It can be seen from this table that

the compression η falls between 1.19 and 1.64 over a

shock pressure range of 20–131GPa. A compression

of 1.703 for 6061-T6 aluminium at 161GPa (in a liquid

phase) has also been reported by Furnish et al.[28]

According to the above analyses, it is unreason-

able to use Pη1/3 to describe the pressure effect on

shear modulus G under shock loadings, since the value

of compression η in a solid phase region is very lim-

ited and low. On the other hand, experiments show

that shear modulus G varies linearly with pressure P

in relatively low-pressure regions. We, therefore, pro-

pose to use a linear pressure term to describe the pres-

sure dependence of shear modulus along the Hugoniot

throughout the whole solid phase region. By replacing

the non-linear pressure term of Pη1/3 in the Steinberg

model, the modified equation is linear both in pressure

and in temperature:

G = G0

[

1 +

(

G′
P

G0

)

P +

(

G′
T

G0

)

(T − 300)

]

. (7)

Using the same parameters as those in Eq.(5) given

by Steinberg et al,[1] the resulting equation is plotted

in Fig.4 (solid curve). As illustrated in the figure, the
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new shear modulus equation shows that it is consis-

tent with the experimental data, implying that the

shear modulus of the aluminium alloy varies linearly

with pressure and temperature throughout the whole

solid phase region.

4. Conclusions

Asymmetric plate impact experiments on LY12

aluminium by employing high-impedance flyer are

conducted in a pressure range from 85 to 131GPa.

The sound speeds of LY12 aluminium are obtained

from the time-resolved particle speed profiles deduced

from the VISAR records, and they are shown to be in

good agreement with our previous data and also with

the results of 2024 aluminium reported by McQueen

et al. The decrease of sound speed at 131GPa is an

indication that LY12 aluminium lies in a solid–liquid

mixed phase region at this pressure.

By using the measured longitudinal sound speed

data and the calculated bulk sound speed from

Gruneisen EOS, the shear moduli of LY12 aluminium

are determined in a pressure range from 20 to 131GPa

and show good coincidence with those of 2024 alu-

minium. The shear modulus of aluminium increases

with shock pressure until shock-melting happens at

125GPa, and then decreases from 125GPa onward.

However, the gradually decrease of the shear modulus

in a solid–liquid mixed phase region is very different

from the drastic drop at the melting point under static

conditions.

A comparison of the experimental results of shear

modulus, including the data of 2024 aluminium, with

the calculations based on the widely used shear mod-

ulus equation developed by Steinberg et al indicates

that the estimations from the Steinberg shear mod-

ulus model are systematically lower than the experi-

mental data from relatively low pressure of 20GPa to

shock pressure of 125GPa. We attribute this devia-

tion to the inadequate term of P/η1/3 in the Steinberg

model. Using a linear pressure term to replace the

term of P/η1/3, we propose a modified shear modulus

equation which has shown good consistence with the

experimental data, implying that the shear modulus

of LY12 aluminium varies linearly with pressure and

temperature throughout the whole solid phase region.
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