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ABSTRACT  

Shock-tests of 1565 aluminum alloy under uniaxial strain conditions show that within local regions of 

target of 100–200 µm a significant increase in mass velocity occurs. Microstructural investigations of 

specimens revealed a presence of traces of local deformation in the form of narrow shear bands directed 

perpendicular to the free surface of the target. Simultaneously an ejection of particles from the back side 

of the target occurs. The discovered phenomenon correlates with the stochastic character of mesostructure 

behavior at the mesoscopic scale level. Theoretically, the stochasticity of shock-wave propagation in shock 

deformed solids is taken into account by using the mesoparticle velocity distribution function which is 

incorporated into the Klein-Gordon equation. The solution to this equation shows that shock-wave 

amplitude is determined by the relationship between viscosity and velocity variation of mesostructure. 
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Introduction 

The high-velocity ejection of particles during the shock-wave loading attracts an attention 

of specialists in dynamic deformation and fracture. This process is speculated to be related 

to the action of high-velocity jets on initiating the Meshkov-Riсhtmaier instability in  

the explosive nuclear problem [1]. To date different mechanisms of shock-induced ejection 

are considered in physics and mechanics of shock-wave processes. Specifically, in [2,3],  

the numerical methods for the calculation of ejection are developed. They have observed 

the ejection of copper elements from grain boundaries at the free surface. Such ejection is 

also reported in [4]. Macroscopic models of high-velocity ejection suppose that the 

dimensions of ejected particles are determined by the shock-wave front configuration [5]. 

It should be noted that the known macroscopic models of ejection do not account for the 

stochastic character of the motion of the elementary carriers of deformation [6,7]. By the 

way, it has been shown that velocity distribution, i.e., stochasticity, presents else at the 

dislocation scale level [8,9]. The dislocation velocity dispersion, D2, was found to be 

inversely proportional to dislocation viscous drag, B, of the medium: 
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𝐷2 =
1

(2𝜋)3
𝑏4

𝐵2
𝜇𝜌,                                                                                                                       (1) 

where b is the Burgers-vector, µ is the shear modulus, ρ is the material density. 

In the present paper, an investigation of the influence of stochasticity of dynamic 

straining on the high-velocity ejection of particles under shock loading is carried out at 

the mesoscopic scale level. This investigation includes the following stages. 

1. Experimental investigation of shock-wave processes in heterogeneous media at two 

scale levels - mesoscopic and macroscopic levels. 

2. Formation of mesostructure and nucleation of stochasticity of dynamic straining under 

shock loading. 

3. Modeling the shock-wave propagation in a heterogeneous medium with accounting for 

the stochasticity. 

4. Microstructural investigation of post-shocked specimens. 

 

Shock tests  

Within the frame of the first direction, a series of shock tests of 1565 aluminum alloy 

targets has been carried out. Response of material on shock loading was registered with 

the developed  interferometric technique (for further - interferometer IPME RAN) which 

allows to register the stochastic characteristics of shock-wave process on two scale levels 

- variation of mass velocity (square root of the particle velocity dispersion) at the 

mesoscale-1 (5–10 µm) and loss of  the shock-wave amplitude, 𝛥𝑈, (velocity defect) at 

the macroscopic scale level  as a difference between impact velocity under symmetrical 

collision and free surface velocity of target [10]. Owing to fine focusing of interferometer 

beam the wave profile corresponds to the dynamic behavior of a single structural element 

of meso-2 scale (50–100 µm). The velocity distribution of meso-1 particles within the 

limits of the single meso-2 particle is characterized by the velocity variation Dms1. 

Difference between impact velocity and maximum mass velocity at the shock pulse 

plateau determines a loss of shock wave amplitude 𝛥𝑈 = 𝑈𝑖𝑚𝑝 −𝑈𝑓𝑠 𝑚𝑎𝑥 , which is the so-

called velocity defect. In Fig. 1, the time dependencies of the free surface velocity, Ufs, 

and velocity variation, Dms1, are presented. 
 

 
 

Fig. 1. The time profiles of the free surface velocity, Ufs, and velocity variation, D, in aluminum alloy target 

loaded at the impact velocity of 428 m/s  
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In Fig. 2, on the basis of a series of analogous dependencies registered for the shock 

lading with different impact velocities, the dependencies for velocity variation Dms-1 and 

the velocity defect 𝛥𝑈 as a function of impact velocity are presented. It may be concluded:  

1. Velocity variation at the mesoscale-1 is increased from zero value at the impact velocity 

of 242 m/s up to Dms-1 = 52.2 m/s at the impact velocity of 450 m/s. Velocity variation is 

constant within the impact velocity range of 450–523 m/s. At the impact velocity of 

523 m/s velocity variation begins to decrease up to zero at the impact velocity of 625.5 m/s.  

2. Velocity defect changes weakly within the impact velocity range of 242–523 m/s. 

However, beginning from the velocity of 523 m/s it begins to decrease. At the impact 

velocity of 625.5 m/s it falls up to - 14.4 m/s.  
 

 
 

Fig. 2. Dependencies of velocity variation, Dms-1 (1) and velocity defect, 𝛥𝑈 (2) on the impact velocity 

 

Analysis of the dependencies testifies to the presence of correlation in their of 

behavior. Within impact velocity range of 523–625.5 m/s when the velocity variation 

mesoscale-1 decrease, the velocity defect decreases as well. The zero value of the 

velocity variation means that elementary carriers of deformation begin to move at the 

same velocities. At the same time, the fact that the velocity defect becomes negative, 

means that instead of decreasing, the free surface velocity increases. Such a kind of 

behavior of the velocity defect is found for the first time. 

 

Formation of mesoparticle and stochasticity under shock loading 

The most important specifics of dynamic deformation of solids are the time correlations 

among elementary carriers of deformation [11–14]. The collective processes lead to the 

formation of structural elements the space scale of which is much more than the 

dislocation scale. In this situation, for the adequate description of deformation processes, 

the so-called mesoscopic scale level of deformation has been introduced [15–20].  

In accordance with [20], the basic distinctive feature of mesoscale is that under the action 

of stress fields the  rebuilding of initially an uniform quasi-neutral distribution of 

dislocations into non-uniform distribution is initiated - most of the dislocations  are 
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separated in sign and accumulated in narrow layers, i.e., heterogenisation of dislocation 

ensemble occurs.   

The above mechanism of mesostructure formation is proper to quasistatic strain 

rates. The mesostructure formation in an ensemble of moving dislocations flows on  

a different manner. For understanding and describing the mechanisms of formation of 

dynamic mesostructure, two important factors must be taken into account: (a) interaction 

of dislocations with the medium where they move, (b) interaction of dislocations with 

each other. In Fig. 3, a series of dependencies for the relative density of single-sign 

dislocations in A-95 aluminum is presented for dislocation drag viscosity of B = 10-3 ps.  

 

 
 

Fig. 3. Space profiles of relative density of dislocations for В = 10–5 ps for different time moments:  

1 — 45 ns, 2 — 60 ns, 3 — 90 ns, 4 — 120 ns,   5 — 150 ns 

 

The time moment t = 45 ns corresponds to the beginning of mesostructure 

formation when the grouping of single-sign dislocation is else not developed so the 

dislocation structure remains chaotic. To the moment of t = 60 ns the relative density of 

single-sign dislocations reaches a maximum value of 
𝜌

𝜌0
= 1.4. After that the 

mesostructure is gradually blurred, so that at the moment of t = 150 ns the dislocations 

are again uniformly distributed. Formation of dynamic mesostructure occurs for  

40–60 ns. For that time, the single-sign dislocations are localized within space region of 

500 nm after which a uniform chaotization of the dislocation ensemble occurs.  

The short-time grouping of dislocations and following transition back into chaotic 

distribution can present the pulsations of mass velocity which results in the generation 

of stochasticity of dynamic deformation. In physical kinetics the quantitative 

characteristic of the chaotic mass pulsations is known to be the velocity distribution 

function. In other words, the shock-induced stochasticity of dynamic deformation is 

generated at the stage of mesostructure formation. 

 

Incorporation of stochasticity into shock-wave propagation 

The mathematical approach developed for uniformly distributed dislocations is thought 

to be applicable to the meso-structure with the distinction that the Burgers-vector for 

each mesoparticle herein equals to sum of all the Burgers-vectors of dislocations 

constituting the mesoparticle [21]. The additional step in modeling the shock-wave 

2 

3 
4 
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propagation in solids is incorporating the concept of physical kinetics for mesostructure. 

The physical kinetics of mesostructure deals with the mesoparticles velocity distribution 

function. This allows the shock-wave propagation in solids to consider with the 

accounting for the stochasticity of dynamic deformation process.  The concept of physical 

kinetics for mesostructure has been introduced in [9]. In accordance with that concept, 

the mesostructure is the chaotically distributed single-sign dislocation groups. The 

mesosparticle velocity distribution function for this field is the second rank tensor the 

components of which 𝑓𝑖𝑘(𝑟, 𝑣, 𝑡) characterize the combination of mesoparticles of 

different the Burgers-vectors and of differently directed of dislocation groups. Taking into 

account the tensor feature of the mesoparticle velocity distribution function, the 

statistical moment of the order m in the velocity space is the second rank tensor (m+2): 

𝑀𝑚 = ∫ 𝑣⃗. . .
∞

−∞
𝑣⃗𝑓𝑖𝑘𝑑𝑣⃗,                                                                                                            (2) 

where 𝑣⃗. . . 𝑣⃗ is the tensor of rank 𝑚. The zero statistical moment of the mesoparticle 

velocity distribution function determines the mean density of single-sign dislocations, i.e. 

the mean density of mesoparticles: 

𝜌𝑖𝑘(𝑟, 𝑡) = ∫ 𝑓𝑖𝑘
∞

−∞
(𝑟, 𝑣⃗, 𝑡)𝑑𝑣⃗.                                                                                               (3) 

The first statistical moment determines the flow tensor of mesoparticles: 

𝑗𝑖𝑗(𝑟, 𝑡) = 𝑒𝑖𝑘𝑙 ∫ 𝑣𝑙𝑓𝑘𝑗
∞

−∞
(𝑟, 𝑣⃗, 𝑡)𝑑𝑣⃗,                                                                                     (4) 

where𝜌𝑖𝑘 is the ik component of the density tensor of mesoparticles, Jij is the components 

of the flow tensor for mesoparticles, r is a coordinate, 𝑣 is a mass velocity, m is the  mass 

of the mesoparticle, t is time. 

The statistical moments of the mesoparticle velocity distribution function coincide 

with the analogous characteristics for continuum dislocation theory. The distinctive 

specifics of the kinetic theory of mesostructure is a presence of the item responsible for 

the interaction of mesoparticles with the medium. This feature follows from the presence 

of additional items in the equation for mesoparticle motion. In this equation, besides the 

Peach-Koehler force F = σb the item 𝐵𝑢 is presented. This item characterizes the viscous 

drag of mesoparticles [22–25]: 

𝑚
𝜕𝑢

𝜕𝑡
= 𝜎𝑏 − 𝐵𝑢,                                                                                                               (5)     

where b is the Burgers-vector, B is a drag coefficient of mesostructure. In one-dimensional 

situation the kinetic equation looks as follows [9]:  
𝜕𝑓

𝜕𝑡
+ 𝑢

𝜕𝑓

𝜕𝑥
+ (

𝐹

𝑚
+

𝐵

𝑚
𝑢)

𝜕𝑓

𝜕𝑢
+

𝐵

𝑚
𝑓 = 𝐻𝑐𝑜𝑙 ,                                                                                    (6) 

where Hcol is the so-called collision item of the kinetic equation for mesostructure.  

As distinct from physical kinetics of gas and liquid, where the particles interact only with 

each other, the convective part of the kinetic equation for mesostructure, due to the 

dependence of the acceleration of mesoparticles on the velocity of mesoparticles, 

contains additional items: 
𝐵

𝑚
𝑢, 

𝐵

𝑚
𝑓.                                                                                                                                (7) 

In this section, the main task is the application of the physical kinetic approach to 

the determination of shock-wave amplitude in a heterogeneous medium with accounting 

for the stochastic features of the dynamic deformation process. In order to take into 

account for the stochastic features of mesostructure the continuum theory of moving 

dislocations adopted to the mesostructure of single-sign dislocations is used [26–28].  
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𝜌
𝜕𝑢

𝜕𝑡
=

𝜕𝜎

𝜕𝑥
,  

𝜕𝑢

𝜕𝑥
=

𝜕𝜀

𝜕𝑡
+ 𝐽, 𝜎 = (𝜆 + 2𝜇)𝜀,                                                                                                        (8) 

𝐽(𝑥, 𝑣) = 𝑏 ∫ 𝑣𝑓(𝑥, 𝑣)𝑑𝑣
∞

−∞
.  

Here 𝜎 is a normal stress, 𝜀 is a deformation, 𝑢 is the mean mesoparticle velocity, 𝐽(𝑥, 𝑣) 

is the mesoparticle flow tensor, f(x,v) is the mesoparticle velocity distribution function. In 

order to account for the stochasticity, the tensor flow 𝑓(𝑥, 𝑣) is expressed via 

mesoparticle velocity distribution function. Equations (8) can be presented in the form of 

two rank differential equations: 

𝜌
𝜕2𝑢

𝜕𝑡2
− (𝜆 + 2𝜇)

𝜕2𝑢

𝜕𝑥2
+ 𝜌

𝜕𝐽

𝜕𝑥
= 0.                                                                                               (9) 

The mesoparticle velocity distribution function in Eq. (9) can be presented in the 

form equilibrium and non-equilibrium parts: 

𝑓 = 𝑓0 + 𝑓1, 𝑓1 << 𝑓0.                                                                                                       (10) 

Equilibrium mesoparticle velocity distribution function looks as following [29]: 

𝑓0(𝑥, 𝑣) = (
𝐵

𝜋𝐹2𝑚
)

1

2
𝜌(𝑥) 𝑒𝑥𝑝 [−

𝐵

𝐹2𝑚
(𝑣 − 𝑢)2].                                                                      (11) 

In turn, the non-equilibrium part may be expressed via a relaxing form of the kinetic 

equation [30]: 
𝜕𝑓1

𝜕𝑡
+ 𝑢

𝜕𝑓1

𝜕𝑥
+ ⟨𝑢̇⟩

𝜕𝑓1

𝜕𝑢
= −

𝑓−𝑓0

𝜏
,                                                                                                 (12) 

where 𝜏 is the relaxation time for the mesoparticle velocity distribution function. Because 

of the small value of relaxation time, the  change of the mesoparticle velocity distribution 

function due to relaxation processes occurs much more quickly than due to convective 

mass transportation. Therefore, the first two items in Eq. (12) can be neglected. Then: 

𝑓1 = −
𝜎𝑏

𝑚𝜏

𝜕𝑓0

𝜕𝑢
,                                                                                                                         (13) 

and Eq. (9) takes the form: 
𝜕2𝑢

𝜕𝑥2
−

1

𝐶𝑙
2

𝜕2𝑢

𝜕𝑡2
+

𝜕𝑢

𝜕𝑥
{−

2𝐵

𝑚
𝜉𝜏√

𝜋

𝜉
∫ 𝑣(𝑣 − 𝑢) (

𝜎𝑏

𝐵
− 𝑢)) 𝑒𝑥𝑝 [−

𝐵

𝐹2𝑚
(𝑣 − 𝑢)2]

∞

−∞
} 𝑑𝑣 = 0,          (14) 

where  

𝜉 =
𝐵

𝐷𝑚
.                                                                                                                                     (15) 

The value 𝑣𝑝 =
𝜎𝑏

𝐵
 is the mean mesoparticle velocity. Exchanging 𝑢(𝑥, 𝑡) = 𝑔(𝑥, 𝑡)𝑒

𝐴𝑥

2  

yields:  

𝑢𝑡𝑡 = 𝑔𝑡𝑡𝑒
𝐴𝑥

2 , 𝑢𝑥 = 𝑔𝑥𝑒
𝐴𝑥

2 + 𝑔𝑒
𝐴𝑧

2 ⋅
𝐴

2
, 𝑢𝑥𝑥 = 𝑔𝑥𝑥𝑒

𝐴𝑥

2 + 𝐴𝑔𝑥𝑒
𝐴𝑥

2 + 𝑔𝑒
𝐴𝑥

2
𝐴2

4
,                           (16) 

where 

𝐴 =
8𝜌

√2
(1 −

𝜏𝐵

𝑚
).                                                                                                                  (17) 

In turn, substitution into Eq. (14) yields: 
1

𝐶0
2

𝜕2𝑢

𝜕𝑡2
−

𝜕2𝑢

𝜕𝑥2
+ 𝐴

𝜕𝑢

𝜕𝑥
= 0.                                                                                                      (18) 

This is the well-known Klein-Gordon equation. One should substitute the following 

boundary and initial conditions: 

{
𝑢(0, 𝑡) = 𝑢0(𝑡)
𝜕𝑢

𝜕𝑥
(𝐿, 𝑡) = 0

},                                                                                                                 (19) 
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{
𝑢(𝑥, 0) = 𝜂1(𝑥)

𝑢(𝑥, 0) = 𝜂2(𝑥)
} {
𝑢(0, 𝑡) = 𝑢0(𝑡)
𝜕𝑢

𝜕𝑥
(𝐿, 𝑡) = 0

},                                                                                    (20) 

𝑔(𝑥, 𝑡) = 𝐶0
2 𝜕2𝑔

𝜕𝑥2
− 𝐺2𝑔,                                                                                                           (21) 

where 

𝐺 =
𝑏(𝜆+2𝜇)

2√2
(1 −

𝜏𝐵

𝑚
) = 𝐴

(𝜆+2𝜇)

2𝜌
= 𝐶0

2 𝐴

2
,                                                                                  (22) 

The boundary conditions for Eq. (21) look as following: 

{
𝑢(0, 𝑡) = 𝑢0(𝑡)
𝜕𝑢

𝜕𝑥
(𝐿, 𝑡) = 0

},                                                                                                                (23) 

𝑔(𝑥, 0) = [𝑒𝑥𝑝( −
𝐴𝑥

2
)] 𝑓1(𝑥), 

𝜕𝑔

𝜕𝑡
(𝑥, 0) = [𝑒𝑥𝑝( −

𝐴𝑥

2
)] 𝑓2(𝑥).                                                        (24) 

Solution to Eqs. (18)–(24) is searched in the form: 

𝑔(𝑥, 𝑡) = 𝜔(𝑥, 𝑡) + 𝑣(𝑥, 𝑡), 𝑣(𝑥, 𝑡) = 𝑢0(𝑡).                                                                      (25) 

For variable 𝜔(𝑥, 𝑡) the non-uniform Klein-Gordon equation with zero initial 

conditions is obtained. Here: 

𝐹(𝑥, 𝑡) = −𝐺2𝑢0(𝑡) −
𝜕2𝑢0

𝜕𝑡2
,                                                                                                            (26) 

𝜔(0, 𝑡) = 0,
𝜕𝜔

𝜕𝑥
(𝐿, 𝑡) = 0,                                                                                                       (27) 

𝜔(𝑥, 0) = 𝑓1(𝑥) − 𝑢0(0), 𝜔𝑡(𝑥, 0) = 𝑓2(𝑥) − 𝑢0(0).                                                                (28) 

Solution to Eqs. (26)–(28) can be found in the form: 

𝜔(𝑥, 𝑡) = ∑ 𝑇𝑛(𝑡)𝑋𝑛
∞
𝑛=0 (𝑥),                                                                                                     (29) 

𝐹(𝑥, 𝑡) = ∑ 𝐹𝑛
∞
𝑛=0 (𝑡)𝑋𝑛(𝑥), 𝐹𝑛(𝑡) =

2

𝐿
∫ 𝐹𝑥, 𝑡)
𝐿

0
𝑋𝑛(𝑥)𝑑𝑥,                                                               (30) 

𝑋𝑛(𝑥) = 𝑠𝑖𝑛 (
𝜋(2𝑛+1)

2𝐿
𝑥) = 𝑠𝑖𝑛( 𝑘𝑛𝑥),                                                                                     (31) 

where 𝑋𝑛(𝑥) are the own functions of Sturm-Liuville task:  

𝑋 ′′ + 𝑘2𝑋 = 0, 𝑋(0) = 0, 𝑋 ′(𝐿) = 0,                                                                                 (32)  

and 𝜆𝑛 = 𝑘𝑛
2 = [

𝜋(2𝑛+1)

2𝐿
]
2

are own values. 

Substitution Eq. (30) into (26) yields: 

𝑇𝑛
″(𝑡) + 𝜔𝑛

2𝑇𝑛(𝑡) = 𝐹(𝑡),                                                                                                        (33) 

𝜔𝑛
2 = 𝐶0

2𝜆𝑛 + 𝐺2.                                                                                                                (34) 

The solution to Eq. (33) is: 

𝑇𝑛(𝑡) = 𝐴𝑛(𝑡) 𝑐𝑜𝑠(𝜔𝑛𝑡 + 𝐵 𝑠𝑖𝑛(𝜔𝑛𝑡) +
1

𝜔𝑛
∫ 𝐹𝑛(𝑠) 𝑠𝑖𝑛[𝜔𝑛(𝑡 − 𝑠)]
𝑡

0
𝑑𝑠,                             (35) 

𝐴𝑛 =
2

𝐿
∫ 𝜔(𝑥, 0)𝑋𝑛
𝐿

0
(𝑥)𝑑𝑥, 𝐵𝑛 =

2

𝜔𝑛𝐿
∫

𝜕𝜔

𝜕𝑡

𝐿

0
(𝑥, 0)𝑋(𝑥)𝑑𝑥.                                               (36) 

In case of loading with the rectangular pulse:  

𝑢0(𝑡) = 𝑢0[𝛩(𝑡) − 𝛩(𝑡 − 𝑡0)],                                                                                                 (37) 

where 
𝛩(𝑡) = 1, 𝑡 ≥ 0,  
𝛩(𝑡) = 0, 𝑡 < 0, 𝛩(𝑡) = 1, 𝑡 ≥ 0,                                                                                         (38) 

𝛩(𝑡) = 0, 𝑡 < 0. 

𝐹𝑛(𝑡) = −
4

𝜋(2𝑛+1)
[𝐺2𝑢0(𝑡) +

𝜕2𝑢0(𝑡)

𝜕𝑡2
].                                                                                    (39) 

When 𝑓1(𝑥) = 𝑓2(𝑥) ≡ 0, А𝑛 = В𝑛 = 0: 

𝑇𝑛(𝑡) =
1

𝜔𝑛
∫ 𝐹𝑛(𝑠) 𝑠𝑖𝑛[𝜔𝑛(𝑡 − 𝑠)] 𝑑𝑠 = −

4𝑢0

𝜋(2𝑛+1)𝜔𝑛

𝑡

0
𝛹.                                                         (40) 

𝛹 = ∫ 𝐺2[𝜃(𝑠) − 𝜃(𝑠 − 𝑡)] + [𝛿 ′(𝑠) − 𝛿 ′(𝑠 − 𝑡)]
𝑡

0
𝑠𝑖𝑛[𝜔𝑛(𝑡 − 𝑠)] 𝑑𝑠.                                 (41) 
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We use the relationship:   

∫𝑓(𝑥)𝛿𝑛(𝑥)𝑑𝑥 = (−1)𝑛 ∫ 𝑓(𝑛)(𝑥) 𝑑𝑥.         (42) 

Then, 

𝛹 =
𝐺2−𝜔𝑛

2

𝜔𝑛
[𝑐𝑜𝑠(𝜔𝑛(𝑡 − 𝑡0) − 𝑐𝑜𝑠(𝜔𝑛𝑡)] = 2

𝐺2−𝜔
𝑛
2

𝜔𝑛
𝑠𝑖𝑛

𝜔𝑛𝑡0

2
𝑠𝑖𝑛 [𝜔𝑛(𝑡 −

𝑡0

2
)].                 (43) 

As a result, one obtains:  

𝑇𝑛(𝑡) =
8𝑢0

𝜋(2𝑛+1)

𝜔𝑛
2−𝐺2

𝜔𝑛
2 𝑠𝑖𝑛

𝜔𝑛𝑡0

2
𝑠𝑖𝑛 [𝜔𝑛(𝑡 −

𝑡0

2
)].                                                                  (44) 

Then the amplitude of shock wave becomes: 

𝑢(𝑥, 𝑡) = 𝑒
𝐴𝑥

2 [𝑢0(𝑡)] + ∑
8𝑢0

𝜋(2𝑛+1)
∞
𝑛=0

𝜔𝑛
2−𝐺2

𝜔𝑛
2 𝑠𝑖𝑛(

𝜔𝑛𝑡0

2
) 𝑠𝑖𝑛 [𝜔𝑛(𝑡 −

𝑡0

2
)] 𝑠𝑖𝑛 [

𝜋(2𝑛+1)

2𝐿
𝑥].   (45) 

The specific feature of obtained solution is that  the bracket (1 −
𝜏𝐵

𝑚
) which switches 

the regime of shock-wave propagation is presented both in amplitude coefficients of 

Eq. (45) in the form of 𝑒𝑥𝑝(
𝐴𝑥

2
), and in the argument:  

𝐺 = 𝐶0
2(

𝐴𝑥

2
), 𝜔𝑛

2 = 𝐶0
2𝜆𝑛 + 𝐺2.                                                                                                 (46) 

Consider the meaning of bracket (1 −
𝜏𝐵

𝑚
). In accordance with Eq. (1), when the 

viscous decay B increases the velocity variation decreases. The sign of the bracket (1 −
𝜏𝐵

𝑚
) 

depends on the value of drag coefficient B. The negative sign of bracket leads to change 

the sign before first derivative in Eq. (10) which leads to non-equilibrium regime of shock-

wave propagation. Besides, in accordance with Eqs. (45) and (46), this simultaneously leads 

to narrowing of the shock-wave front. In other words, the bracket (1 −
𝜏𝐵

𝑚
) determines not 

only the value of the velocity defect 𝛥𝑈, but also regulates of its width - the greater 

amplitude of the velocity defect, the much narrow becomes the time profile.  

The question arises, what is the reason for velocity synchronization for the elementary 

carriers of deformation of mesoscale-1. The synchronization results from the oscillations 

of plastic wave straining at the shock wave [31–33]. In the case of 1565 aluminum alloy, 

the oscillations are seen under impact velocity of 625.5 and 636.5 m/s. The time period of 

1.7 ns corresponds to the space period of 𝐿 = 9.6·10-4 cm, i.e., meso scale-1 level. In Fig. 4, 

as example, the oscillations at the impact velocity of 636.5 m/s are presented. 
 

 
(a)                                                                      (b) 

 

Fig.4. Oscillation of plastic wave at the impact velocity of 636.5 m/s. Period of oscillation is 1.7 ns  
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In 1565 aluminum alloy under impact velocities of 625.5 and 636.5 m/s the 

elementary carriers of deformation of mesoscale-1 (1–10 µm) come into resonance with 

the shock-wave front which leads to synchronization of their velocities. The 

synchronization occurs within dimensions of the single element of mesoscale-2 so this is  

a local event. Thus, the initiation localized flow of medium occurs in the following scenario: 

(1) resonance interaction of shock-wave with the elementary carriers of deformation of 

mesoscale-1 and (2) synchronization of collective motion of mesoscale-1 particles. 
 

Microstructural investigations 

Microstructural investigations were carried out on 1565 aluminum alloy targets loaded 

at the impact velocity of 625.5 m/s. After shock loading, all the specimens were cut along 

one of planes parallel to direction of shock, poisoned in Nitric acid and were investigated 

in Axio-Observer -Z-1m microscope. The basic attention was directed to the region near 

the free surface of the target. The traces of localized deformation were found only in 

1565 aluminum alloy targets loaded at the impact velocity of 625.5 m/s. In Fig. 5,  

 

 
(a)                                                                 (b) 

 
(c)                                                    (d) 

 

Fig. 5. Localized traces in form of cracks caused by the ejection of particles  
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the valley of 200 µm in width is presented. The valley is oriented perpendicular to the 

free surface of the target. One can see also the traces of particle ejection the particles of 

5–7 µm in size (Fig. 5(c,d)). Often the ejection of particles occurs from the cracks. 
 

Conclusions 

The investigation of high-velocity ejection under shock loading of plane 1565 aluminum 

alloy targets includes the following stages: 

1. Shock tests under uniaxial strain conditions. The conditions for initiating the negative 

velocity defect were found when in local regions of mesoscopic scale (70–100 µm) the 

velocity of the free surface target is higher than the impact velocity. The negative velocity 

defect appears when the velocity variation of mesoscale-1 becomes equal to zero, i.e.,  

all the carriers of deformation of mesoscale-1 move with identical velocities. 

2. Procedure of formation of mesoparticle as a group of identical single-sign dislocations. 

In A95 aluminum the mesoparticle as a group of identical single-sign dislocations is found 

for 45 ns after what gradually changing for 50–700 ns. Herewith, the mesoparticle is 

considered to be a super-dislocation, the Burgers-vector of which equals sum of single-

sign dislocations. The procedure of formation of mesoparticles is thought to be a driving 

force for the stochasticity generation during the dynamic deformation process. 

3. Solution to the Klein-Gordon equation shows that the amplitude of shock wave and 

the duration of the shock front are determined by the relationship between the velocity 

variation and the viscous drag of mesoparticles. 

4. The microstructural investigations of post-shocked specimens reveals a presence of 

ejection from the back side of target and the traces of local deformation in the form of 

shear bands of 200 µm in diameter. 

5. The valuable result of the investigation is thought to be the theoretical and 

experimental determination of conditions at which instead of decay a local mass 

acceleration in discrete regions of deformed body occurs. 

6. This result causes the criteria for defending apparatus from cosmic debris to be 

reconsidered. 
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