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The grain size effect on the shaped charge jet (SCJ) stretching process was

analytically formulated and experimentally verified by penetration tests. The

present analytical model predicts an optimum grain size for the SCJ

performance, deduced from the concurrent effect of grain size on flow

stress, strain rate sensitivity, and surface roughness. Specifically, reducing the

grain size will improve the initial surface roughness and decrease the initial

perturbation amplitude, favoring the SCJ stretching. On the other hand, the

strain rate sensitivity and flow stress for copper increase with the decrease of

grain size, facilitating the perturbation growth and leading to a premature

breakup. Thus, the present analytical model predicts that the optimum grain

size of the SCJ is about 1–5 μm. The penetration test verified that the shaped

charge liner with an average grain size of about 3.6 ± 2.5 μm exhibited the

largest penetration depth. The consistent results from the analytical model and

the penetration experiments certify the feasibility of the present analytical

model on the SCJ performance.
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Introduction

A shaped charge liner (SCL) is one of the key parts of a shaped charge warhead. After

the explosive charge is detonated, the SCLmaterial lined on its hollow cavity is accelerated

under the high detonation pressure (200–300 kbar) of the explosive at a very high strain

rate (104~7 s−1) (Shekhar, 2012). As a consequence, the SCL material collapses, and the

shaped charge jet (SCJ) is squeezed out with a possible jet tip velocity of 9–12 km/s, while

the rearward tail, namely, a slug, can attain a velocity up to a maximum of 2 km/s (Bai

et al., 2012). The velocity gradient along the length of the SCJ leads to stretching and

ultimately fracture.

In conventional views, greater penetration depth (P) into target occurs generally with
increased jet density and increased jet length. Birkhoff et al. (1948) proposed an equation

P � L(ρj/ρt)2 to describe the relation between penetration depth P and material

parameters of the jet and target, where L is the length of the jet and ρj and ρt are the
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densities of the SCJ and the target, respectively. In this simplified

empirical equation, the main factors influencing the penetration

depth of SCL are considered to be liner material density and

effective jet length without fragmentation. Therefore, in material

selection for SCL, all researchers focused on obtaining

continuous SCJ with a large length and high density

concurrently. Many materials with good ductility and high

density were selected to make SCL, such as Cu (Chou et al.,

1977; Fressengeas and Molinari, 1994), Ni (Held, 2001), Ta

(Held, 2001), W (Wei and Kecskes, 2008), and Mo (Cowan

and Bourne, 2001). Interestingly, the subsequent extensive

experimental investigations exhibited another empirical

relationship that the penetration depth increases significantly

with a decrease in the SCL grain size (Golaski and Duffy, 1987;

Petit et al., 2005; Petit et al., 2006), indicating the SCJ length

would improve when the grain size of SCL is reduced.

The SCJ stretching is an extremely complicated process,

which relates to material deformation at an extremely high

strain rate, high strain, and high temperature. Mott (1947)

proposed the first classical dynamic fragmentation model,

assuming the fragmentation as a process of random fractures,

and concluded that the resulting fragment sizes were controlled

by the momentum diffusion (Mott model) from each crack.

Based on the Mott model, the fragmentation process and its

fragmentation size distribution have been extensively

investigated and described based on the geometrical/

mathematical random statistical distribution functions, such as

logarithmico-normal (lognormal) distribution (Epstein, 1947),

Linenau distribution (Lienau, 1936), and Weibull distribution

(Brown and Wohletz, 1995). These statistical distribution

analyses described the experimental results very well.

However, none of them could illustrate the physical

mechanism of the fragmentation process since the framework

of the Mott model did not concern the mechanical properties of

materials, such as strain hardening, strain rate sensitivity,

fracture energy, and toughness.

To establish a basic physical model to evaluate the shaped

charge jet performance, Kipp and Grady (1985) considered the

dynamic fragmentation as a process of energy dissipation during

the cohesive fracture rather than an instantaneous event and

introduced the fracture energy and strain rate to modify the Mott

model. Chou and Carleone (1977) presented the perturbation

model to describe the evolution of the necking and fragmentation

processes of the SCJ stretching. Further work conducted by

Walsh (1984) predicted that a critical wavelength

corresponding to a maximum perturbation growth rate should

be responsible for the comparable fragment size observed in

experiments. The detailed work conducted by Fressengeas and

Molinari (Fressengeas and Molinari, 1985; Fressengeas and

Molinari, 1987; Fressengeas and Molinari, 1994) proved the

critical wavelength existed in a 1D visco-plastic bar and a 2D

visco-plastic sheet. Numerical simulations conducted by Shenoy

and Freund (1999) and Guduru and Freund (2002) found the

dynamic stretching process in strain rate-independent materials

can also be well explained by the identical model. Zhou et al.

(2006) investigated the strain rate-dependent dominant necking

pattern during dynamic expanding using a constitutive

relationship for thermo-visco-plastic material based on the

linear perturbation analysis. They found the number of ductile

fragments was much less than (about 1/3–1/4) the number of

necks, while the distance between the necking was approximately

equal to the critical wavelength. Interestingly, their numerical

solutions gave an identical conclusion that the fragment size was

still controlled by the unloading Mott wave propagation in the

ultimate fragmentation stage (Zhou et al., 2006). In comparison,

experimental research studies showed that the dynamic

stretching and perturbation were seriously affected by the

macroscopic machining accuracy and microstructure

homogeneity. Typically, the effect of microstructure

refinement on the perturbation and fragmentation of shaped

charge jet needs to be recognized as an important factor to

predict the performance of SCL (Petit et al., 2006). However, the

fundamental mechanism of interaction between microstructure

and SCL performance is still pending, and research on this topic

is almost blank. Furthermore, the development of fabrication of

ultra-fine grained (UFG) and nano-crystalline (NC) metals

makes it possible to extend the SCL grain size to the UFG

and NC range. Thus, another key task of this work is to

experimentally extend the grain size effect on SCJ stretching

as well as the subsequent shaped charge penetration performance

at such fine grain size.

In the present work, the grain size effect on the SCJ stretching

process is analytically formulated by citing the grain size effect on

material performance in solving the basic equations of motion

under boundary conditions of SCJ. The influence of grain size is

introduced by establishing its effect on flow stress, strain rate

sensitivity, and surface roughness of the SCJ described as the

inertia terms and the surface perturbation amplitude. To validate

the analytical model developed in the present work and to

experimentally extend the grain size effect of SCJ performance

to UFG, a penetration test was conducted using SCLs made of

pure Cu with different grain sizes, ranging from UFG to tens of

micrometers.

Theoretical model

Figure 1 gives a configuration showing the dynamic

stretching process of an SCJ with an axial velocity gradient.

For the ideal state, the SCJ was expected to stretch uniformly and

infinitely without necking or fragmentation, as shown by the

green dashed lines in Figure 1. However, the experimental

observations in flash X-ray pictures (Held, 2003)

demonstrated the truth that the SCJ would fragment into

pieces, the length of which was measured to be approximately

the same. This conclusion was consistent with other reports in
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literature studies (Chou et al., 1977; Fressengeas and Molinari,

1994). These results indicated that the SCJ stretching process

might be under the control of a periodic perturbation, the

wavelength of which is correlated with the fragment size,

shown as black solid lines in Figure 1.

The stretching of an SCJ can be approximated as a slender bar

(of initial length, L0) under inertial stress induced by an axial

velocity difference (v0). Also, certain simplifications and

assumptions are made as follows:

1) The stretching of SCJ occurs at tens to hundreds of micro-

seconds, and the velocity degrading or motion energy

consumption is ignored, that is, the axial velocity difference

between the jet tip and slug is regarded as a constant of v0.

2) The SCJ length is far longer than the jet radius, and thus the

stretching of SCJ could be simplified as a uniaxial elongation

process under uniform axial inertial stress, ignoring the stress

distributions along the radius and tangential direction.

3) Similar to assumption 2, only the velocity variation along the

axial direction is considered, which is believed to be initially

gradient and the velocity gradient is uniform throughout the

bar. Then, the initial strain rate of SCJ stretching can be

estimated as _ε0 � v0/L0.

4) The SCJ is incompressible; its density ρj is constant, following

the law of conservation of mass as well as momentum.

Based on the abovementioned simplifications and

assumptions, the SCJ stretching process can be considered as

a set of equations on the dynamics of plastically stretching

slender bars. For Lagrange coordinate, the axial location of

cross section x (0≤ x≤L), axial velocity v, flow stress σ, strain

ε, cross-section radius R, and cross-section area A are all

functions of time t.

Governing equations

Based on the abovementioned simplification and assumptions,

an ideal physical model is first simplified as a stretching bar with a

uniform velocity gradient and uniform diameter. In this physical

model, the velocity of the jet tip relative to its rear end, set at the tip

location or jet length L, is v0. At each axial location x along the SCJ,

the axial velocity is v(x, t) � v0
L x, and the strain rate of SCJ

stretching is _ε(x, t) � zv(x,t)
zx � v0

L , where the SCJ length L is a

linear function of time as L � L0 + v0t. Then, the definition of

true strain ε and strain rate _ε can be expressed as follows:

ε � ln( L

L0
) � ln(A0

A
)

_ε � v0
L
� v0
L0 + v0t

. (1)

Considering the stretching process of the SCJ in motion, the

law of conservation of mass leads to the relationship between the

Lagrange coordinate (x) and the Euler coordinate system (a).

a � 1
ρj0A0

∫x(a,t)
x(0,t)

ρjAdx. (2)

FIGURE 1
Configuration of the stretching and necking processes for a shaped charge jet with a velocity gradient in the Lagrange (x) and Euler (a)
coordinate system: (A) initial stat (t � 0) and (B) after stretching (t>0). The green dashed lines indicate uniform elongation of ideal unperturbed SCJ,
and the black solid lines indicate cosinusoidally perturbed SCJ.
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According to the incompressibility condition of assumption

4, ρj0 � ρj makes Eq. 2 to

A0(da) � A(dx). (3)

Furthermore, the momentum balance in the axial direction is

described as follows:

ρjA0xtt � (σA)a. (4)

In Eq. 4, the σ represents the simultaneous local flow stress,

and the subscript t denotes the time derivative. The constitutive

equation for SCJ in analytical modeling was selected under the

consideration of the effects of strain, strain rate, and temperature

on mechanical behaviors, and investigation of the flow stress

extracted from stress–strain curves in literature studies (Suo

et al., 2013; Jiang et al., 2018). The experiment work

conducted by Suo et al. (2013) showed very little dependence

of flow stress on plastic strain at high strain rate (>5×103 s−1) or
high temperature (>293 K) for both coarse-grained (50 μm) and

ultra-fine-grained (300 nm) pure copper. Therefore, strain

hardening is believed to be compensated for by temperature

softening during dynamic stretching, especially at elevated

temperatures, and is ignored in the present analytical model.

Thus, the flow stress σ during the SCJ stretching is assumed

constant and approximately equal to the yield stress (σs), σ ≈ σs,

which could be estimated by extrapolating the yield stress

function to the present high strain rate ( _ε~ 104~5s−1), using
the power law visco-plastic constitutive relationship which is

still applicable in the present situation.

σs � σs0⎛⎝ _ε

_ε0
⎞⎠ m, (5)

where σs0 is the flow stress measured at a relative strain rate of _ε0
and m is the strain rate sensitivity.

By substituting Eq. 5 in Eq. 4 and retaining only the first

order components, a fundamental equation for the one-

dimensional dynamic stretching of the SCJ can be obtained as

follows:

ρj0A0xtt � σs0⎛⎝ _ε

_ε0
⎞⎠ m(m + 1)Aa. (6)

The combination of Eqs. 2–6 with the initial and boundary

conditions for an SCJ under uniform stretching deformation and

constant axial velocity gradient.

v(x, t � 0) � _εx, v(x � 0, t) � 0, v(L, t) � v0 . (7)
These constitute the governing equations for an unperturbed SCJ

stretching process.

From Eq. 6, we can infer that

1) The axial velocity gradient should be high enough to introduce

high acceleration (xtt), so that the inertia-induced internal

stress will reach the yield stress (σs) and promote the SCJ

stretching.

2) The converse side also applies that the material with high flow

stress and high strain rate sensitivity requires a high critical

axial velocity gradient to realize the shaped charge stretching;

otherwise, the SCJ could be considered stable within the

elastic deformation regime.

Surface perturbation and breakup
criterion of jet

There exist ideal homogenous solutions for Eqs. 2–7,

corresponding to the SCJ, which could be infinite uniformly

stretched if all assumptions could be fulfilled. Unfortunately, the

SCJ stretching process was not always uniform. Instead, the X-ray

diffraction observations illustrated that the SCJ stretched,

necked, and fragmented into pieces as solid-state metals

(Chou et al., 1977; Fressengeas and Molinari, 1994).

Furthermore, these fragmented particles are frequently of

approximately the same length or their size distribution

follows a random distribution function, suggesting the

existence of a periodic surface perturbation (Grady, 1982;

Curtis, 1987; Zhou et al., 2006). These periodic surface

perturbations can be represented as a sum of harmonically

related sinusoids and cosinusoids according to the Fourier

transformation (Carslaw, 1921). The simultaneous radius of

the SCJ could be written as follows:

R(a) � R

2
⎛⎝1 +∑∞

n�1
[fn · cos(2πa

λn
)] + ∑∞

m�1
[fm · sin(2πa

λm
)]⎞⎠.

(8)
In the formula of the Fourier series, the Fourier coefficients

fn and fm represent the amplitude of each harmonically related

sinusoid/cosinusoid functions (with varying wavelengths of λn
and λm, respectively) present in the Fourier series of a periodic

function. Similarly, the Fourier transform represents the

amplitude and phase of each sinusoid/cosinusoid function. An

attempt to investigate the growth of a cosine perturbation of the

surface of the SCJ is now made by seeking a solution for an

arbitrarily perturbation as a function of cosine. The function of

the initial local cross area of the SCJ could be approximately

written as Eq. 8 if the high-order component was ignored as the

initial surface perturbation and its amplitude f0 ≪ 1.

A(a, t � 0) � A0(1 + f0 · cos 2πa
λ0

), (9)

where the time t = 0 was chosen to correspond to the time at

which the jet is initially fully formed, λ0 is the initial wavelength

of the perturbation, the relative perturbation amplitude f(t) and
wavelength λ(t) at t � 0, f0, and λ0 is the initial condition for the

surface perturbation. The evolution of the relative perturbation
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amplification f(t) with time is a very meaningful parameter for

instability rather than the absolute variation of the radius of SCJ

when the rate of change of radius is large, which is the case in

conventional SCJ situations. For the initial condition, the growth

rate of perturbation amplitude should fulfill the following:

ft( t � 0) � 0. (10)

At the same time, the number of wavelengths is constant and

the wavelength increases monotonically with the SCJ stretching,

which is proportional to the length of SCJ; thus, λ(t) �
( _ε0t + 1)λ0.

Substitution of Eq. 8 into the governing equation Eq. 3 gives

the general motion equation about cross-section area and

coordinate system for the SCJ under cosinusoidal perturbation:

A(a,t)�
A0(1+f(t) · cos2πa

λ0
)

_ε0t+1
xa�( _ε0t+1)[1−f(t)cos(2πa

λ0
)]

x(a,t)�( _ε0t+1)[a−λ0f(t)2π
cos(2πa

λ0
)]. (11)

After partial differentiation of the position function and

sectional area function of Eq. 10, the basic motion governing

Eq. 6 will be substituted and modified, and the perturbation

growth equation is finally written as:

( _ε0t + 1)ftt + 2 _ε0( _ε0t + 1)ft − [σs0 _ε0 m

ρ0
(m + 1)(2π

λ
)2]f � 0.

(12)
The nature of solutions of Eq. 11 is discussed now. Eq. 11 is a

second-order ordinary differential equation about the

perturbation amplitude f(t). In combination with other initial

conditions and governing Eqs. 2–7, the positive solution for

f(t) is

f(t) � ( f0

S2 − S1
)[S2( _ε0t + 1)s1 − S1( _ε0t + 1)s2 ], (13)

where

S1 � 1
2
[ − 1 − (1 + 4K)1/2]

S2 � 1
2
[ − 1 + (1 + 4K)1/2]

K � σs
ρ0
( _ε

_ε0
)m

(m + 1)(2π
λ _ε0

)2

. (14)

For Eq. 12a, since all parameters on the right side of the

equations are positive, it gives that K> 0, S1 < 0< S2. In the

context of ductile failure, the critical stretching time for the

breakup or fragmentation of SCJ is defined as the time when the

minimum local area of cross section was reduced to zero.

Considering Eq. 10, we can infer the breakup criterion of SCJ is

f(t) � 1. (15)

Taking the derivative of f(t), with respect to time, gives the

relative growth rate of the perturbation:

ft � ( f0

S2 − S1
)S1S2 _ε0[( _ε0t + 1)s1−1 − ( _ε0t + 1)s2−1]

� f0

(1 + 4K)1/2 K _ε0[( _ε0t + 1)s2−1 − ( _ε0t + 1)s1−1]> 0. (16)

Clearly, the value of ft is always positive, and the

perturbation amplitude should grow constantly with the

shaped charge stretching. This trend is independent of the

strain rate, flow stress, wavelength, and strain rate sensitivity.

Furthermore, from experimental observation, the material

parameters and mechanical properties show a clear influence

on the growth of perturbation amplitude. For example,

higher flow stress favors the inertia effect and the growth of

perturbation amplitude, so both more significant strain rate

hardening effect with the larger value of strain rate sensitivitym

and finer microstructure with higher yield strength σs are not

conducive to the SCJ uniform stretching process. Finally,

the perturbation amplitude and its growth rate are closely

related to the initial perturbation amplitude and have a

linear relationship with the initial perturbation amplitude.

From the macroscopic view, improving the machining

accuracy, axial symmetry, and matching with the detonation

wave of the shaped charge can significantly improve the jet

uniformity and stability, prolonging the breakup time and

stretching length.

In the following sections, we focused on the effect of material

microstructure on shaped jet performance and discussed their

fundamental mechanism based on the grain size effect on flow

stress, wavelength, and perturbation growth rate.

Microstructure effect

Generally, in dealing with the microstructure effect on

mechanical properties, the Hall–Petch equation has been

extensively applied to relate grain size with yield strength and

the flow stress during plastic deformation (Gourdin and Lassila,

1991; Meyers et al., 1995).

σs0 � σ0 +Kd−1
2, (17)

where σs0 is the yield stress, σ0 is the frictional stress required to

move dislocations, K is the slope of the Hall–Petch relationship,

and d is the average grain size. The parameter K reflects the

material property sensitivity to grain size (Meyers et al., 1995).

Gourdin and Lassila (1991) measured the flow stress of OFE

copper at strain rates from 10−3 to 104 s−1, and their results

indicated that the Hall–Petch Eq. 15 is always applicable to

predict the yield stress of copper at different strain rates.
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Their obtained Hall–Petch slope K was almost constant (about

278 MPa μm1/2) independent of strain rate.

It is very important to mention that the yield stress σs0 of

material with an average grain size d is seriously sensitive to the

measured strain rate _ε0, which usually follows a power

exponential relationship, described as Eq. 5. In considering

the strain rate sensitivity, the strain rate dependence of the

deformation behavior should shed light on rate-controlling

operating deformation processes. In the investigation

conducted by Chokshi and Meyers (1990), the SCJ stretching

was first ascribed to a steady-state condition of superplastic flow

under the control of the Coble creepmechanism. Conventionally,

Coble creep usually plays an important role when materials are

deformed at a very low strain rate and a high temperature, and

the value of strain rate sensitivity was expected to be about 0.5 for

superplastic flow (Wang and Langdon, 2021). After that,

extensive investigations have been conducted on the dynamic

behavior of materials. Recently, uniaxial compressive

experiments conducted by Suo et al. (2013) showed the strain

rate sensitivity strongly increased from 0.011 to 0.044 with

increasing temperature from 77 K to 573 K. However, it is

obvious that the strain rate sensitivity is still about one order

lower than that required for superplasticity. They further

compared several potential mechanisms, including Coble

creep, grain boundary shear, and dislocation interactions for

dynamic deformation, and proposed that the dislocation-based

thermal activated plastic deformation mechanism is still the

domain rate-controlling mechanism of UFG Cu (Suo et al.,

2013). In fact, dislocation theory demonstrates that the

transition of the rate-controlling deformation mechanism from

thermal activation to viscous drag is triggered at high strain rates of

above 103 s−1 (Kumar and Kumble, 1969; Mao et al., 2018). In our

previous work (Mao et al., 2018), the analytical formulation of the

constitutive model of strain rate sensitivity gave a consistent

conclusion. The results showed that the thermal activation

component of strain rate sensitivity increases with reducing

grain size, while the viscous drag component is enhanced

significantly at high strain rates and decreases with reducing

grain size. The experimentally measured strain rate sensitivities

for various grain-sized copper reported in the literature (Wei,

2007; Mao et al., 2018) were applied and combined with Eqs. 5 and

15 to evaluate the grain size effect on the flow stress of SCJ during

high strain rate stretching process in present work.

In line with the dislocation motion as the domain

deformation mechanism, the grain size-related self-affine

behavior (Zaiser et al., 2004) was introduced to assess surface

roughness and the magnitude of perturbation. This has been long

known to metallurgists who observed pronounced surface traces

(“slip lines”) resulting from the collective motion of many

dislocations. By monitoring the evolution of surface features,

it is, therefore, possible to study collective behavior in surface

roughness (Ra). For the SCJ surface of cosinusoidal perturbation,

the surface roughness could be written as follows:

Ra � 2fR
π

. (18)

Mahmudi and Mehdizadeh (1998) found that at any given

grain size, the roughness increment of the copper alloy was

linearly related to the equivalent strain. Thus, the self-affine

behavior implies a function of surface roughness with grain

size as (Mahmudi and Mehdizadeh, 1998)

Ra � Ra0 +mRε � Ra0 + (Kad)ε. (19)

The constant Ka, defined as the normalized roughening rate,

is independent of the grain size and is therefore a material

parameter. For pure copper, the value of Ka was determined

to be about 0.75 (Zaiser et al., 2004). As surface roughness

measurements are unfortunately unavailable for SCJ, we

assume the relationship between initial surface roughness R0

and grain size is linear. Petit et al. (2006) recovered the slug nearly

intact and measured its surface roughness. In this way, they

estimated the surface roughness Ra0 of the stretching SCJ at

5.1 and 66.2 μm for the SCJ with an initial grain size of 10 and

130 μm.

Analytical results and experimental
verification

Prediction results of analytical model

From the typical X-ray experiment results for the SCJ

described in reference (Cai et al., 2022), the following

parameter values were selected:

v0 � vjet − vslug � 5.5km/s
R0 � 1mm

L0 � 55mm

_ε0 � v0
L0

� 1.0 × 105 s−1

. (20)

The evolutions of perturbation amplitude during SCJ stretching

with time for SCJ with some different grain sizes are calculated and

plotted in Figure 2 from the combination of governing equations of

Eqs. 5–7 and analytical model Eqs. 12–14 by applying the material

parameters, Typically, flow stress and roughness are determined

through Eqs. 15 and 17, respectively. It is obvious that the

perturbation amplitude increases non-linearly with the SCJ

stretching, which is suitable for all present SCJs with a wide grain

size range. It reflects the complex influence ofmaterial microstructure

on the shaped charge stretching process. First of all, at t = 0, the initial

perturbation amplitude is different depending on the surface

roughness and the self-affine behavior related to grain size

(Mahmudi and Mehdizadeh, 1998). The deformation mechanism

of the SCJ stretching is believed to be still under the control of the

dislocation-based thermal activated plastic deformation mechanism.

As a consequence of dislocation gliding to the free surface, some steps
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will be formed and the crystals are forced to rotate. Therefore, the

height of the macro-emboss was the direct reason for the

deformation-induced roughness. Thus, the larger the initial grain

size, the higher the surface roughness and the larger the perturbation

amplitude, and the shorter the jet stretching time will be expected.

The increasing surface roughness with the increasing plastic

strain during SCJ stretching can also partly explain the non-linear

increasing perturbation amplitude. From this point, the coarser

microstructure should result in earlier fragmentation of the

SCJ. Unfortunately, the curves in Figure 2 show that the breakup

time does not monotonically increase with the decrease of grain size.

The breakup time increases with the decrease of grain size to about

1 μm. The further decrease in grain size induces the growth rate of

perturbation amplitude to increase rapidly because the flow stress

increases significantly with grain size reduction, which surpasses the

advantage of the declining surface roughness. The high flow stress

that favors the growth of perturbation is consistent with the trend

stated by Chou and Carleone (1977) and Chou et al. (1977) that the

perturbation growth rate increases with increasing flow stress and

the ratio of flow stress and the jet density. As a result, the present

analytical model predicts that there is an optimum grain size of

around 1 μm for the copper SCJ.

Experimental results of Cu shaped charge
jet penetration

In order to verify the feasibility of the present model, a series

of penetration tests were conducted. The penetration tests used a

standard 64-mm shaped charge design, loaded with JH-2 high

explosive, incorporating precision initiation and copper shaped

charge liners with a V56 mm conical liner of 60° cone angle and

constant thickness (Figure 3). Finally, the effect of grain size on

SCL performance and SCJ stretching behavior was characterized

as a function of penetration depth against homogeneous 45# steel

targets based on the linear relationship between penetration

depth and SCJ length (Birkhoff et al., 1948).

The commercial coarse-grained pure copper billets (99.9%)

were processed by the combination process of equal channel

angular processing (ECAP) and room temperature rolling to

fabricate Cu sheets with ultra-fine grained (Jiang et al., 2016).

Since the typical mechanical property of UFG Cu exhibits a

trade-off relation, high strength, and low uniform tensile

elongation, the spinning forming process was utilized to

fabricate the UFG copper SCLs. The subsequent annealing

treatment at different temperatures for various durations was

applied to introduce recrystallization and grain growth to obtain

SCLs with different average grain sizes, and the influence of

annealing treatment on microstructure could be found in our

previous work (Jiang et al., 2021). Figure 4 shows the

microstructure of the copper SCL with UFG and coarse-

grained microstructure. The average grain size estimation

from the EBSD data based on the ASTM E2627 standard gave

average grain sizes of d = 0.5 ± 0.3, 1.7 ± 1.2, 3.6 ± 2.5, and 20.2 ±

7.8 μm after spinning forming and the subsequent annealing

treatments, respectively.

In the penetration experiments, the penetration depth of the

crater was measured to evaluate the breakup time of the SCJ

based on their linear relationship as stated by Birkhoff et al.

(1948). The penetration tests were performed at a stand-off of

160 mm. Combining the variation of perturbation amplitude

(Figure 2) with stretching time and the SCJ breakup criterion

FIGURE 2
Calculated perturbation amplitude evolutions as a function of stretching time for copper SCJs with different grain sizes. In order to distinguish
them from each other, the curves for SCJwith a grain size above 1 μmare solid lines, while the dashed lines correspond to curves for SCJ with a grain
size below 1 μm.
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FIGURE 3
Structure of the shaped charge (A) and product of the V56 mm shaped charge liner of copper (B).

FIGURE 4
EBSD images for themicrostructures of SCLs with different grain sizes: (A) d = 0.5 ± 0.3 μm, (B) d = 1.7 ± 1.2 μm, (C) d = 3.6 ± 2.5 μm, and (D) d =
20.2 ± 7.8 μm. It is to be noted that different image scale bars for each EBSDmicroscopy should be used. (For interpretation of the references to color
in this figure legend, the reader is referred to the Web version of this article).
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(Eq. 13), the breakup time is determined and plotted as a function

of grain size in Figure 5. The breakup time was calculated to

increase from ~57 μs to ~73 μs, by almost 28.1%, as the grain size

of SCJ decreases from 20 μm to 1 μm. This trend is fairly

consistent with our original expectation and the prediction in

literature studies (Petit et al., 2005; Petit et al., 2006) that reducing

grain size should favor the stretching of SCJ and significantly

increase the breakup time. The paradox is that the present

analytical model predicts the breakup time of SCJ will

monotonically decrease if the grain size is further decreased to

the UFG and NC regimes. The investigation conducted by Petit

et al. (2005) and co-workers analyzed the effect of grain size

reduction on SCJ stability in the regime of an average grain size

from 20 μm to about 45 μm. Their analytical model found that

such a fluctuation of grain size from 45 to 20 μm leads to only

5 MPa variations in the flow stress for Cu at elevated

temperatures. The significant increase in the SCJ stability

gained from reducing the grain size was believed to originate

primarily in the improvement of surface roughness since such a

small fluctuation of flow stress yields virtually the experimental

uncertainty (Petit et al., 2005). Ascribe to the rapid development

in the field of severe plastic deformation (SPD), the preparation

of bulk UFG materials makes it possible to fabricate and

investigate the performance of SCL with an ultra-fine

microstructure. The primary experimental research on the

dynamic mechanical behavior of Cu at elevated temperatures

conducted by Suo et al. (2013) showed the effect of grain size

reduction on flow stress cannot be ignored anymore if it is refined

to the UFG regime. The measured flow stress of UFG Cu (d ~

300 nm) increased up to about 440 MPa at the homologous

temperature of ~0.4 Tm (Tm is melting temperature) and the

strain rate of the order of 103 s−1, while the coarse-grained Cu (d ~

50 μm) is only about 182 MPa. The significantly improved flow

stress by the grain size reduction to UFG and NC regime must

exhibit an obvious effect on the SCJ stretching behavior, which

might surpass the improvement of surface roughness or initial

perturbation amplitude. The concurrent effect of grain size on

flow stress and surface roughness leads to the optimum grain size

for the shaped charge jet.

The experimental results of penetration tests present a consistent

and realistic description of the grain size effect on SCJ breakup. The

largest penetration depth appears as the average grain size of the SCL

is about 3.6 ± 2.5 μm, the value of which is about 23.6% larger than

that of the SCL with an average grain size of 20.2 ± 7.8 μm. This

trend is very consistent with the increasing breakup time (28.1%)

with grain size reduction predicted by the analyticalmodel. However,

it is worthmentioning that the grain size dependence of SCJ breakup

time predicted in this work is somewhat different from the

experimental work, especially in the UFG and NC regimes. First,

the penetration test illustrates that the SCL with an average grain size

of about 3.6 ± 2.5 μm exhibits the largest penetration depth rather

than the predicted value of about 1 μm, that is, the SCL with an

average grain size of 1.7 ± 1.2 μm should be the optimum one.

Exactly, the analytically predicted breakup time difference among the

SCJ with an average grain size that varies from 1 to 5 μm is tiny, that

is, 73–71 μs. From this point, the penetration results can be identified

as fully consistent with the analytical prediction since the average

grain size (3.6 ± 2.5 μm) of the SCL with the largest penetration

depth is still located in this interval (1–5 μm). Essentially, there must

be some other factors corresponding to the observed deviation

between analytical prediction and experiment results, as well as

the deterioration as the grain size is further reduced. Typically, why

does the penetration depth decrease rapidly as the average grain size

of the SCL reduces to 1.7 ± 1.2 μm?

One possible reason is that the dynamic performance may not

correspond to the initial, as-prepared SCL structure but rather to the

structure developed by the combined temperature and strain history

prior to and during the SCJ formation and stretching. However,

recovering the SCJ and eliminating the influence of aging, cooling,

and deformation for microstructure characterization to reveal its

simultaneous grain size is still a challenge. Chokshi and Meyers

(1990) analyzed the SCJ stretching behavior under the concept of

material superplasticity and deduced that the initial coarse grains had

to be seriously refined to a sub-micron microstructure (<100 nm)

through dynamic recrystallization. The microstructure observations

of the recovered SCJ fragment and its slug usually demonstrated

grain growth and annealing during the cooling cycle (Chokshi and

Meyers, 1990; Murr et al., 1997).

On the other hand, the advantage of microstructure refinement

to decrease the surface roughness through the “self-affine” effect

might be suppressed by the negative influence of limited machining

accuracy, including the geometrical dimension, surface finish,

symmetry, and coaxiality. Schwartz and Baker (1999) conducted

experimental observations to examine the influence on the SCJ

stretching of the surface finish. Their results found that the coarse

FIGURE 5
Relations of shaped charge jet performance with grain size,
solid line, and dashed line correspond to the function of calculated
breakup time from the present analytical model and measured
experimental penetration depths from penetration tests with
grain size, respectively.
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surface finish (9.5 μm) enhanced local fracture and even induced

quite brittle behavior, that is, the copper jet particles were shorter

and wider (Schwartz and Baker, 1999), although copper was

known as a typical ductile fracture material in common sense.

Quantitatively, the average breakup time for coarse-grained SCL

was determined to decrease by 18.4% as its surface finish increased

from 1.1 to 9.5 μm, very similar to the present grain size effect (as

shown in Figure 5). Their consistent results demonstrate that the

surface finish of SCL also determines the evolution of surface

roughness and the perturbation amplitude of the SCJ. If the present

perturbation theory was still applicable and the surface finish of

SCL was applied as a factor of initial perturbation of the SCJ, the

parameter of initial surface roughness Ra0 in Eq. 17 would be

modified as the result of machining surface finish of SCL and grain

size effect. It is instructive to note that the present analytical model

predicts the ideal surface roughness for the UFG Cu SCJ is only

about 0.3 μm, which might decrease infinitely with the decrease of

grain size. In contrast, the value of surface finish for the

conventional high-precision SCL was reported to be much

larger, experimentally measured to be about 1.1 μm after

forming and machining (Schwartz and Baker, 1999). From this

viewpoint, the influence of surface finish on the initial SCJ

perturbation would play a major part if its contribution were

constant, while the contribution from the grain size effect would be

almost ignorable for UFG and/or NC material. To sum up, the

combination of high flow stress and limited surface finish can

explain the comparatively low penetration depth for UFG SCL and

its deviation from the analytical model. Thus, improving the

surface quality and machining accuracy of procession

fabrication might be the key issue to realizing the advantage of

UFG/NC copper in SCJ for future work.

Conclusion

The grain size effect on the shaped charge jet stretching

process was analytically formulated by correlating the evolution

of SCJ perturbation with grain size-dependent material factors,

such as flow stress, strain rate sensitivity, and surface roughness.

Moreover, experimental verification by penetration test was

carried out by fabricating shaped charge liners with different

average grain sizes, ranging from tens of micrometers down to

ultra-fine-grained size. The consistent results from the analytical

model and experimental test lead to the following conclusions:

1. The analytical model demonstrates that the concurrent effect

of microstructure on flow stress, strain rate sensitivity, and

roughness is the key reason for the grain size effect on SCJ

stretching. Specifically, reducing the grain size will improve

the initial surface roughness and decrease the initial

perturbation amplitude, favoring the SCJ stretching. On the

other hand, the strain rate sensitivity and flow stress for

copper increase with the decrease of grain size, facilitating

the perturbation growth and leading to a premature breakup.

2. An optimum grain size for SCJ stretching, about 1–5 μm, is

obtained from the comprehensive effect of the

abovementioned concurrent influences against each other.

The penetration test verifies the shaped charge liner with

an average grain size of about 3.6 ± 2.5 μm exhibited the

largest penetration depth.

3. The consistent results between the predicted breakup time

from the analytical model and the penetration depth from

penetration tests indicate the feasibility of the present

analytical model on the SCJ performance.
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