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ABSTRACT

An analytical model that considers the projectile deformation has been deveioped to describe the
plugging process due to the impact of high speed projectiles into metallic plates of finite thicknesses.
Both projectile and target materials are considered as strain rate independent and are rigid/plastic
linear work hardening with respect to nominal stress-engineering strain relationships. The model
identifies two projectile modes: heading and rigid. For each projectile mode, the target perforation
process is described consisting of the following stages: (i) erosion. (ii) indentation, (iii) plug
formation, and (iv) plug ejection. The plastic wave theory is used with the equations of motion to
predict the sequence of the perforation stages of the different projectile modes that represent the
complete perforation process of metallic plates.

The model is capable of predicting the time histories of target resisting force, velocity of different
moving masses, and projectile penetration depth through the target. It can also estimate the projectile
residual velocity, the plug thickness and the final length of projectile after perforation. For each
impact velocity, the initial interface area of the projectile front is the only empirical factor in the
analysis which is needed to run the model. The model predictions are compared with the experimental
results of other investigators; good agreement is obtained. In addition, two thicknesses of LY 12-CZ
aluminium alloy plates are used as targets to specify the perforation process due to their impact by
steel projectiles with velocity range up to 650 m/s. Predicted samples of the model results are
presented. The mode! is also used to discuss the influence of projectile deformation on the different
predicted time histories and post perforation results.
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INTRODUCTION

Various analytical models were developed to analyze the perforation process of metailic plates by
projectiles. Early models of plate plugging assumed that the projectile and plug were not deformed
and moved with the same velocity during perforation; these models described the perforation process
iz1 a single stage (e.g. Recht and Ipson [1]). Another class of models which considered the projectle
deformation were developed. For instance, Recht [2] considered the projectile deformation within the
plug penetration model. He utilized Taylor’s concept [3] to model projectile deformation, projectile
mass loss and plate deformation. )

In the last three decades, multistage perforation modeis have been developed. A simple two-stage
model was presented by Awerbuch [(4]; this was modified by Awerbuch and Bodner [5]. The
penetration theory of Awerbuch and Bodner consists of three interconnected stages. Various
parameters in both models must be determined experimentally. Another two models which describe
phenomenologically the plugging process in thin and intermediate thick metallic plates were developed
by Liss et al. [6] and Ravid and Bodner [7]. The first model uses for the target material a strain rate
independent constitutive relation; whereas the second uses one that is strain rate sensitive. Both
models divide the penetration process into five interconnected stages.

Yuan et al. [8] developed a one-dimensional wave propagation model of the plate perforation by
cylindrical projectiles. Their theory identified three projectile modes: erosion, flattening and rigid.
It also defined two stages with respect to plug motion: (a) formation, and (b) ejection. Plastic
deformation at the impact end of the projectile produces a mushroom head that increases the diameter
of the plug punched from the plate. Yuan et al. (8] assumed that: (i) the target material is rigid-
perfectly plastic, and (ii) the shear stress acts over the surface of the plug deformed section.

The present investigation is an analysis of the perforation process including projectile deformation.
The model identifies two projectile modes: heading and rigid. For each projectile mode, the target
perforation stages are: (i) erosion, (ii) indentation, (iii) plug formation, and (iv) plug ejection. The
projectile and target materials are assumned to be rigid/plastic linear work hardening and the ultimate
shear stress is assumed to act on the whole surface of the formed plug.

In the following analysis, the plastic wave theory specified by Lee and Wolf [9] is used to divide the
plug material ahead of projectile as well as the projectile material itself into deformed and non-
deformed masses. The main equations describing each perforation stage are derived. These equations
are compiled into a computer program. The input data consist of projectile diameter, length, density.
Brinell hardness number and impact velocity as well as target thickness, density, Brinell hardness
number and the constrained factor that includes the effect of the surrounding target material. For each
plate thickness, an empirical equation representing the change of initial interface area of the projectile
front with impact velocity is fed into the program.

The present model is capable of predicting the time histories of projectile penetration depth through
the target. velocity of the moving masses, and target resisting force: it can also estimate the projectile
residual velocity. plug thickness. and the final length of projectile after perforation. Moreover. a
comparison between the different time histories and post-perforation results when the projectile
deformation is considered and when the projectile is assumed to be rigid during target penetration is
presented and discussed.
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AIN ASSUMPTIONS

To simplify the perforation process, several assumptions have been used in the present model. The

main assumptions are introduced: the rest are elaborated during the model formulation. The main

assuraptions are:

(1) Deformations of the projectile front and target material ahead of projectile are associated with
the propagation of the plastic waves from the interface through their materials, respectively.
Erosion accompanies the target surface when the penetration velocity is greater than the plastic

wave velocity through the target material.

(ii) The target is infinitely wide to eliminate any influence of boundary conditions on perforation.
(iii) No thermal effect is considered; the model neglects the heat energy loss and the effect of

temperature on material properties.

(iv) The projectile front during the heading mode is completely in-contact with the target. The

projectile contact area is assumed to be constant during the perforation process.

(v) The friction due to contact between the projectile and hole vacated by the plug is neglected.
(vi) The shear stress acts over the surface of the ejected plug that is in contact with the
surrounding target material. The ejected plug has a cross-sectional area equal to the cross-

sectional area of the projectile front.

PROJECTILE AND TARGET MATERIALS

Projectile and target materials are assumed to be compressible and to have rigid/plastic linear work
hardening constitutive equations. [t has been suggested by Recht [2] that the dynamic compressive
nominal stress-engineering strain relationship for common metal alloys can be represented in the

region of plastic deformation by:
g =0; + 5B; g, i=2Pr¢t

where
g; [MPa] = 3.92 x (HB)

1!

and

(1)

o, is the dynamic yield stress, B; is the dynamic work hardening coefficient, (HB), is the Brinell
hardness number, and subscripts P and t denote the projectile and target, respectively. ¢ and ¢ are the

nominal stress and the plastic strain, respectively.

The generation of normal strain in the target material requires more stress under the constrained
uniaxial conditions. The required stress has been determined by many investigators [8, 10, 11]. In
the present model, the uniaxial constrained dynamic yield stress of the target oc is taken to be equal
to 2.7 o, [10]. Then the constitutive equation that represents the target material is rewritten as:

g =ag.+ B, €,

[

L

(2)
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where o is the constrained dynamic stress. and oc is the constrained dynamic yield stress. The plastic
wave velocity through the projectile and target materials can be represented by [21:

i
c, = [{1/p;) (da /[ de) )%, i=P¢E i)

where p is the material density.

ANALYTICAL MODEL

During the perforation process, the projectile modes are: (i) plastic deformation (heading), and
(ii) rigid. Whereas the target perforation stages of each projectile mode include: (a) erosion,
(b) indentation, (c) plug formation, and (d) plug ejection. The perforation process is assumed to be
localized. For each perforation stage, the one-dimensional impulse-momentum equation has been used
to derive the equations of motion for the moving masses. A system of first order dependent
differential equations representing the main equations of each perforation stage is derived. The
complete perforation process consists of a combination of different stages of the different projectile
modes.

Projectile Rigid Mode

The projectile is initially modelled as a flat-ended cylinder of diameter D, and mass M,. When the
impact speed of projectile is greater than the plastic wave velocity through the target C,, the plastic
wave cannot leave the impact interface and a shock wave is generated [2]. The pressure behind the
shock wave is very high. Erosion is associated with the shock wave. The projectile penetrates the
target with the penetration velocity V,. The main equations representing erosion stage are derived
assuming that the piug non-deformed mass M, is moving with velocity V, [12]. If the mass M, is at
rest. then the velocity V, as well as the bulge height Z, are set 10 equal zeros in the derived equations.

For impact velocity V. less than the plastic wave velocity through the target material C,, the
indentation stage may represent the initial stage of the perforation process. Moreover, indentation
stage may follow the erosion stage when the plug non-deformed mass M, is motionless at the end of
target erosion stage. The plastic wave starts [0 propagate from the interface through the target
material. The plastic wave divides the plug material into deformed and non-deformed masses. The
deformed mass, between the plastic wave front and projectile front, moves with velocity V; which
is equal to the projectile velocity V,. The non<leformed mass ahead of the plastic wave front is acted
on by the constrained dynamic yield stress oc. The ultimate shear stress 7 around the plug resists the
projectile motion. Once the plastic wave mMOVes into the target, the plug deformed mass increases
while its non-deformed mass decreases 18

When the velocity of the plug non-deformed mass V, is greater than zero, the indentation stage
terminates. Then the plug formation stage follows indentation; this stage terminates when the plastic
wave propagation through the target is diminished. This occurs when the plug and the projectile move
as a rigid body with the same velocity. The piug thickness is determined at the end of plug
formation stage. In the plug ejection stage, the only resisting force for plug and projectile motion
is the shear force. This stage terminates when the projectile reaches the back face of the target. The
main equations representing the stages of target perforation by a rigid projectile are derived using the
one-dimensional impulse-rmomentum equation [12].
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The perforation stages that represent the plate perforation process by a rigid projectile are determined
according to plate thickness and hardness as well as the relation between the projectile velocity and
the plastic wave velocity through the target material. For example, the perforation process could
consist of plug formation and plug ejection when a rigid projectile impacts into a thin plate with
velocity less than the plastic wave velocity C,. Moreover, the perforation process could consist of all
the stages if a rigid projectile impacts a thick plate (i.e. H/D, > 0.5) with velocity greater than the
plastic wave velocity C, [12].

Projectile Deformation (Heading) Mode

The rigid projectile mode is not the dominant mode during perforation. Projectile deformation is
frequently observed when the target has a high hardness or when high impact velocity is involved.
In the following, the perforation process of a projectile through metallic plates of thin and
intermediate thicknesses has been analyzed considering the projectile deformation (heading). Due to
the impact, the plastic waves propagate from the interface through the projectile and target materials.
respectively. The plastic wave divides the projectile material into: (i) non-deformed mass M, which
moves with velocity V, and (ii) deformed mass M, which moves with the interface velocity V,. The
plastic wave also divides the plug material ahead of projectile into: (a) non-deformed mass M, which
moves with velocity V,, and (b) deformed mass M, which moves with velocity equal to the velocity
of the projectile deformed mass M,. Figure | represents diagrammatically the perforation stages
associated with the projectile deformation.

The shock wave is assumed to stand at the impact interface if the initia! interface velocity V,, 1s
greater than the plastic wave velocity through the target material C,. Erosion of the target surface
accompanies the standing shock wave. Alternatively, the plastic wave propagates through the target
material. The plastic wave propagation through the projectile material can be diminished during the
perforation. This means that both the deformed and the non-deformed masses of the projectile move
with the same velocity. Then the projectile is considered as a rigid mass during the remaining stages
of the perforation process. The perforation process is then completed using the perforation stages of
the projectile rigid mode [12].

Equations of motion of projectile masses

The projectile is initially modelled as a flat-ended cylinder of diameter D, and length L, (cf. Fig. 1).
In the following, the initial relative velocity (V-V,,) between the non-deformed mass M, and
deformed mass M, of projectile is considered to be less than the plastic wave velocity through the
projectile material C,. Due to the high-speed impact, the projectile presented area on the target
surface is increased due to the deformation of projectile front at the moment of impact. This initial
projectile interface area A¢ (= xD%4) is assumed to be constant during the perforation stages. This
area has been determined experimentally. -

After time t, the equations of motion of projectile masses are:

dv,
pp A, (L,~Cpt) dtl = = Gy B (4)

and
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dv,
ppACht = 0p8, * PpACr(Vi=V3) = P

dt

—

(5)

where P is the interface force. The rate of change of length of the projectile non-deformed mass L

with respect to time can be represented by:

(6)

The principle of mass conservation is applied on the total projectile mass at each incremental time At.
Under the assumption that the projectile deformed mass has a frustum shape, the current height of

the projectile deformed mass H can be predicted.

Governing equations of the target perforation stages

In the following, the one-dimensional impulse-momentum equation has been used to derive the main
equations representing each perforation stage. The penetration velocity of projectile through the target
is represented by the velocity of projectile deformed mass V,. In addition, the projectile presented

area on target (interface area) is denoted by Ac.

(i) Target erosion (Fig. la)

The projectile impact velocity at which the target surface starts to erode is denoted by V..

Since the

impact velocity is greater than the velocity V, 2 shock wave stands at the interface. The derived

equations from the target analysis are:
(i) the interface force P:

dv.
P = nDt (H,~Z) + p,VAC(HO+Z4—Z) d; v p AV (V)

(ii) the internal force Fst

F, = 0= P~ 0 ANV, (Vo-V)
(iii) the equation of motion of the plug non-deformed mass:

dv,
dt

r

0A- - nD T (H,-2) = pglc(How“Z‘-Z)

(iv) the equation of motion of projectile deformed mass:

dv, :
PpAocpC—d—t: = 0pA, * PpA,CalVi-Va) - 0Ac - pAY, (VamVy)

(v) the rate of change of projectile penetration depth Z with respect (0 time:

-

(8)

(10)

{11
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and (vi) the rate of change of the bulge height Z, with respect to time:

SN ST ‘,4' (12)

The force exerted by the target against the motion of projectile deformed mass (resisting force) is
represented by: :

Fp=0. AL+ p, AV, (V,-V,). (13)

Equations (4), (6). (9), (10), (11), and (12) are a system of first order dependent differential equations
that represent the current stage; this system is solved numerically. The initial conditions are:

at t=0, v, =V, V, =V, V, =0, Z2=0, Z,=0, L =L

1 20/ o

To determine the initial interface velocity V,,, the above initial conditions are substituted into
Eqn. (10). A second order equation is obtained: the initial interface velocity is the solution of this
equation. The velocity V., is also equivalent to the projectile impact velocity when the initial interface
velocity V,, is equal to the wave velocity =9

There are three conditions to terminate this stage. The first two conditions are accompanied with the
projectile deformation (i.e. (V,-V,) < Cy). These conditions are: (i) V;< C, and V, = 0, or
(i) (V;-V) < C, and V, > 0. For condition (i), indentation follows the current stage. For
condition (ii) the plug formation follows the current stage. The third condition is applied when the
plastic wave propagation through the projectile material is diminished (i.e. V,=V,). The target
erosion stage of the projectile rigid mode follows the current stage [12]; the perforation process is
completed by the required stages of the projectile rigid mode. The end conditions of the current stage
are the initial conditions for the subsequent stage.

(i) Indentation

Indentation can represent the initial stage of the perforation process. During indentation, the projectile
mass M, and the plug mass M, move with the same velocity V, and the plug mass M, is stationary
(cf. Fig .1b). The force at the plastic wave front F, (=0cAc) and the shear force due to the ultimate
shear stress acting over the surface of the plug mass M, resist its motion.

The main equations representing the current stage are derived assuming that it follows the rarget
erosion stage. The derived equations are:
(i) the interface force P:

, av,
P = 0A+RDT (2, +C (E-ty) -2) +p ALC, (E-t)) —2+p ALC,V,, (14)

dt
and (i1) the equation of motion of projectile and plug deformed masses:
dv.
(PpACrt+p AL, (E-t,) _sz = A5 (0p+0,Cp (Vi-W,)) - Acac+p,C,V;)
= BDg (Z +C (E-E,) -2) , (15)
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where t, is the time at which the target erosion is terminated and Z, is the corresponding depth _otj
penetration. The rate of change of the projectile penetration depth Z with respect to time is

represented by Eqn. (11). The force exerted by the target (resisting force) against the motion of

projectile and plug deformed masses is represented by:

Fo = GAg + ®DT(Z,+C (E-t)) ~Z) + p ALV, (18)

Equations (4). (6), (11), and (15) are a system of first order dependent differential equations: this
system is solved numerically. The end conditions of the target erosion stage are the initial conditions
for the current stage. If the indentation is the initial stage for the perforation process, then the initial
conditions to solve this system are:

at £ =0, V, =V, V=V, =V, 23 =t =0,2=0,L=L,.

Z

The initial interface velocity V,, is determined using the following equation:

v = 04, * PpACHV;: ~ OCAC' (17)

20 PpA.Cr * PALE

Two conditions terminate this stage: (i) (V,-V,) < Cyand V,> 0, or (i) (V,-Vy) =0and V, = 0.
For condition (i), the plug formation stage of the projectile heading mode follows indentation. For
condition (ii), the indentation of the projectile rigid mode follows the current stage; the remaining
stages of the perforation process are then completed using the corresponding perforation stages of the
projectile rigid mode [12].

(iii) Plug formation

In the following, the plug formation is described assuming that it follows the target erosion then
indentation. The plug non-deformed mass M, starts (0 move with velccity V,; the bulge protrudes
from the back face of the plate (cf. Fig. Ic). The derived equations that represent the current
stage are: '

(1) the interface force P:

av, dv,
P = Dt (Hy-2) +p Ac[(Hy+2,-2,-C.(£-6,)) dt‘* V=V ) (-1 ) dt’]
(18)

(ii) the internal force F,:

, , dv.
F, = 0Ap = P-nD (Z,+C, (t-t,) ~2) ~p AL (L) —d—ta-pEAcCt(Vz—Vﬁ .
(19)

(iii) the equation of motion of plug non-deformed mass M,:

av, ;
PLAC(Ho*Zza'Zl"Cc( £-t€,)) ‘Ef’:"tﬂcf (H,-C (t-t1) ~2,) +*a A (20)

L .
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and (iv) the equation. of motion of projectile and plug deformed masses:

dv.
[pPADCPt+pCACCC ( hikad ] ﬁ =AD[UP+pPCP(V1‘V2) ] 'ptAcCc(Vz_V:;)

-0 A-mD [2,+C, (t-t,) -2) | 0

Equations (11), and (12) represent the rate of change of the projectile penetration depth Z and bulge
height. respectively, with respect to time. The force exerted by the target against the motions of the
projectile and the plug deformed masses is represented by:

Fp = 0. + p AL (V,-V,) + DT (2, +C, (t-t,) -2) . (22)

Equations (4), (6), (11), (12), (20), and (21) are a system of first order dependent differential
equations that represent the current stage; this system is solved numerically. The end conditions of
target erosion stage or indentation are the initial conditions for the present stage. If the plug formation
is the initial stage of the perforation process, then the initial conditions are:

1

at £=0, V=V, V==V, V=0, Z,=¢,=0, 2=Z,=0, L=L,.;

and the initial interface velocity V,, is determined using Eqn. (17).

There are two conditions to terminate this stage: (i) (V,-V,) < Cpand V; = V,, or (ii) V.=V, and
(V5-V,) > 0. For condition (i), the plug ejection stage considering the projectile deformation follows
the current stage and the plug thickness H, (= H,+Z,-2Z) is determined at the end of plug formation
stage. For condition (ii), the plug formation stage of the projectile rigid mode follows the current
stage [12]; the plug thickness is determined when the plug formation stage is completely terminated.
Then the plug ejection stage of projectile rigid mode completes the perforation process. The end
conditions of this stage are the initial conditions for the subsequent stage.

(iv) Plug ejection
In this stage, the only resisting force for the motions of the projectile deformed mass and ejected plug
is the shear force. Figure 1d shows the projectile masses, the ejected plug, their velocities and the
associated forces. The main derived equations of the current stage are:
(i) the interface force P:

dv.

P = mDx (H,-2) + ptAC(Ho—Zl)—E&?-, (23)

and (ii) the equation of motion of the projectile deformed mass and ejected plug:

av,
(PpA,Cot+p A (H,-2,) ) Tg)‘on(aP+pPCP(V1_V2) ) -mDct (H,-2) . (24)

The rate of change of the projectile penetration depth Z with respect to time is represented by
Eqgn. (11). The target resisting force is determined by the following equation:

L =
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F, = Dt (H,-2) . (25)

Equations (4), (6). (11), and (24) are a system of first order dependent differential equations:
these are solved numericaily. There are two conditions to terminate this stage: (i) Z = H, and
(V-Vy) < Gy, or (i) Z < H,and V, = V,. For condition (i). the perforation process is terminated
while the projectile front is still plastically deformed. For condition (ii), the plug ejection stage of the
projectile rigid mode follows the current stage [12]. The end conditions of the present stage are the
initial conditions for the subsequent stage.

The model essentially contains two projectile modes. The complete perforation process can be
represented individuaily by the stages of projectile rigid mode if the projectile is assumed to be rigid
during target perforation [12], or by a combination of the different perforation stages associated with
the different projectile modes. When the stages of projectile rigid mode follow the stages of heading
mode. the main equations for the required stages of projectile rigid mode are used after replacing the
interface area A, by the projectile presented area on target Ac. The main equations of the different
perforation stages associated with the different projectile modes are programmed using FORTRAN.
The program deals with the projectile impact into metallic plates of finite thicknesses over a wide
range of impact velocity. To utilize the perforation stages associated with the projectile heading
modes. the change of projectile interface area with impact velocity should be fed into the program.

RESULTS AND DISCUSSIONS

in the following, the post perforation velocities predicted by the model are compared with the
experimental measurements of other investigators. Predicted samples of the model results are
presented and discussed. The present results are classified into: (i) validation of the model, and
(ii) predictions. Moreover, the influence of the projectile deformation consideration during perforation
process on the predicted model results is presented and discussed.

(i) Validation of the Model

Woodall et al. [13] gave brief data of post perforation examinations of 4130 steel projectiles that
perforate 6.35 mm thick 2024-T3 aluminium plates at two different impact velocities. Because of the
lack of data. the interface area is assumed to be linear with impact velocity. The program is run to
predict the post perforation velocities due to the impact of steel projectiles of calibre 7.82 mm and
length of 19.58 mm into aluminium plates at different impact velocities. The Brinell hardness number
of projectile material is 325 HB.

Fig. 2 shows the projectile residual velocities measured by Woodall et al. {13] and the corresponding
results predicted using the present model versus projectile impact velocity. The predicted residual
velocities considering the projectile rigidity during perforation are also depicted on the same figure.
The model predictions of projectile residual velocities are in good agreement with experimental
measurements obtained by Woodall et al. when the projectile deformation is considered.

Another validation of the present model is done by comparing the experimental measurements of
projectile residual velocities obtained by Yuan et al. [8] with the model predictions. They used 1045
and 1020 steel projectiles to impact LY 12-CZ aluminium alloy plates of different thicknesses with
different impact velocities. The 1045 steel projectile has a calibre of 4.96 mm, a length of 12.2 mm
and a Brinell hardness number of 160 HB, whereas the 1020 steel projectile has a calibre of 6. 13 mm,

L | A
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a length of 6.15 mm and a Brinell hardness number of 110 HB. The LY 12-CZ aluminium alloy plates'
have thicknesses of 3 and 5 mm, respectively. and Brinell hardness numbers of 62 HB.

The 3 mm thick aluminium alloy plates were perforated by 1045 steel projectiles, whereas the 5 mm
thick aluminium alloy plates were perforated by 1020 steel projectiles. Yuan et al. [8] determined
experimentally the change of the projectile interface area A, with projectile impact velocity for both
1045 and 1020 steel projectiles over their used impact velocity range. For 3 mm thick aluminium
alloy plates, Fig. 3a plots the projectile residual velocities measured by Yuan et al. [8] and the
corresponding predicted ones using the present model, whereas Fig 3b depicts the measured projectile
residual velocities by Yuan et al. [8] and the corresponding mode! predictions for 5 mm thick
aluminium alloy plates. The computed results considering the projectile rigidity during perforation
are also depicted on their respective figures. A good agreement is obtained between the Yuan et
al. [8] experimental measurements and the mode! predictions when the projectile deformation is
considered.

From the previous validations of the model results, it seems that the model is capable of predicting
good post-perforation results when the projectile deformation is considered. Actually, the projectile
front is subjected to plastic deformation during the perforation process. This deformation appears
when the projectile impacts into a metallic plate of high hardness with high velocity. The projectile
deformation has a significant influence on the perforation process and cannot be neglected in the
analysis.

(ii) Predictions and Discussions

In the following, the results of the present model due to the impact of steel projectiles into aluminium
alloy plates of two thicknesses with different impact velocities are presented. The analytical results
are predicted using the data for projectile and target that were tested by Yuan et al. [8]. The input
data to the computer program are listed in Table |.

Because of the high impact velocity and/or plate hardness and thickness, the projectile front is
subjected to plastic deformation. The interface area of the projectile front increases with projectile
impact velocity. In order to apply the projectile heading mode of the present model, it is necessary
to determine experimentally the projectile interface area for each projectile impact velocity into each
plate thickness. The measured interface area Ac by Yuan et al. divided by the original cross-sectional
area of the projectile A, has been related to the projectile impact velocity using a quadratic empirical
equation. This equation is fed into the program: it is represented as follows:

(Az /A,) =A+BV, + CVvpz, (26)

where A, B and C are constants. Table 2 lists the values of the equation constants due to the impact
of steel projectiles into 3 and 5 mm thick aluminium alloy plates, respectively.

Figures 4a and 4b depict the force-time histories for 3 and 5 mm thick LY 12-CZ aluminium alloy
plates at different impact velocities. It is obvious from these figures that the maximum target resisting
force against projectile penetration increases with impact velocity. For each plate thickness, the
projectile interface velocity V, and the interface area Ac increase with the increase in projectile impact
velocity. The target deformation rate increases, and consequently its resistance, with the increase in
projectile interface velocity and interface area.

L ]



Proceedin

=

gs of the 7" ASAT Conf. 13-15 May 1997

SM-6

Table L. Input data to the computer program

Parameter

Plate thickness, H, [mm]

3 5

I Projectile material code SAE 1045 SAE 1020
2 Projectile diameter. D, [mm] 4.96 6.13
3 Projectile length, L, [mm] 12.2 6.15
4 Projectile density, pp [kg/m’] 7850 7850
5 Projectile hardness, (HB] 160 110
6 Impact velocity range, [m/s] up to 650 up to 650
7 Projectile interface area ratio According to Egn. (26)
8 Target material code LY (2-CZ Al alloy plates
9 | Target density. p, [kg/m’] 2750

Target hardness, [HB] 62

Table 2. Values of equation constants that determinate the

projectile intertace area ratio as a function of impact

velocity.

Plate thick.

Constant values

Hﬂ
[mm]

A [s*/m’]

B [s/m]

C

3

1.062

7.142E-6

9.286E-7

0.709

.5

1.58E-3

The target resisting force is maximum when the projectile starts to penetrate the plate and then the
force slightly decreases. The plug non-deformed mass moves with velocity V.. At the moment in
which the velocity of the plug non-deformed mass equals the interface velocity V,, the force
suddenly drops due to the diminishing of the plastic wave through the plug material. The only
resisting force at this moment is the shear force along the plug periphery and this force vanishes
when the projectile front reaches the back face of the target.

The velocity ratios-time histories of the projectile masses and plug masses during the perforation
process of the 3 mm thick LY {2-CZ aluminium alloy plates at impact velocities of 400 and 500
m/s are shown in Fig. Sa. The perforation process of the 3 mm thick aluminium alloy plates
successively consists of plug formation followed by plug ejection of the projectile heading mode
and plug ejection of the projectile rigid mode. The plug formation of the projectile heading mode

——
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represents the initial stage of the perforation process. This stage terminates when the velocity of thﬁe
plug non-deformed mass V, is equal to the projectile interface velocity V,(= V,). The plug formation
stage takes a long time when the impact velocity is 500 m/s; this is because the penetration
velocity is high and the plug non-deformed mass needs a long time until it moves with the current
penetration velocity. Moreover, the projectile rigid mass M, moves with velocity V, which is greater
than the projectiie interface velocity V,.

The plug ejection stage of the projectile heading mode follows the initial perforation stage. This stage
continues until the plastic wave through the projectile material diminishes (i.e. V, =V, =V,). Then
the projectile and ejected plug move as a rigid mass; the plug ejection stage of the rigid projectile
completes the perforation process. The only resisting force during the plug ejection stages of the
projectile heading and rigid modes is the shear force along the plug periphery. The perforation
process is terminated when the projectile front reaches the back face of the target.

The velocity ratios-time histories of the projectile masses and the ﬁlug masses during the perforation
process of the 5 mm thick LY 12-CZ aluminium alloy plate at an impact velocity of 500 m/s are
shown in Fig. 5b. At this particular impact velocity, the perforation process also consists of plug
formation followed by plug ejection of the projectile heading mode and plug ejection of the projectile
rigid mode. Comparing the present figure with the previous one, Fig. 5a, the trend of the velocities
of projectile masses as well as plug masses generally does not change with the change of plate
thickness.

The time histories of the projectile penetration depth are also predicted. The projectile penetration
depth-time histories due to the impact of the 3 mm thick LY12-CZ aluminium alloy plates with
different velocities are shown in Fig. 6a. It is clear that the projectile penetration depth increases with
the increase of impact velocity. In addition, the perforation time decreases by increasing the impact
velocity. This is attributed to the increase of penetration velocity of projectile with impact velocity.
In addition, Fig. 6b depicts the predicted time histories of projectile penetration depth due to the
impact of the 5 mm thick LY12-CZ aluminium alloy plates with different velocities. The trend of
projectile penetration depth does not change with plate thickness.

Effect of Projectile Deformation on Predicted Time-Histories and Post-Perforation Results

Figure 7a shows the predicted time-history of target resisting force for a 3 mm thick LY12-CZ
aluminium alloy plate when the projectile deformation is considered during penetration. The projectile
impacts into the plate with a velocity of 400 m/s. Similarly, Fig. 7b shows the force-time history for
a 5 mm thick LY 12-CZ aluminium alloy plate at an impact velocity of 600 m/s. The predicted time-
histories of target resisting force for 3 and 5 mm thick aluminium alloy plates when the projectile is
assumed to be rigid during penetration are depicted on their respective figures,

For the deformed projectile, it is clear from both figures that the target resisting force has the highest
value when the projectile penetration starts. This is attributed to the increase of projectile interface
area due to the deformation of projectile front. In addition, the impulse exerted by the target
(= [ F(t) dt) against projectile penetration is high. Thus the decrease in projectile velocity is more
. when the projectile deformation is considered during penetration.

The deformed projectile takes more time than the rigid projectile to reach the backface of the plate.
This is due to the low penetration velocity in comparison with the penetration velocity when the rigid
projectile penetrates the target. When the projectile deformation is considered during penetration, the
penetration velocity is represented by the velocity of the deformed part of projectile which is in-
contact with target.

sed]
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For the deformed projectile, Fig. 8a shows the velocity ratio-time history of the projectile rigid mass
due to the impact of the 3 mm thick aluminium alloy plate with a velocity of 600 m/s. In addition,
the corresponding predicted velocity ratio-time history of the rigid projectiie is plotted on the same
figure. For the deformed projectile, the force that resists the motion of its rigid mass is represented
by the multiplication of the stress at the plastic wave front through the projectile material into its
original cross-sectional area. Moreover, the force that resists the rigid projectile penetration is
represented by the target resisting force. ”

The rigid mass of the deformed projectile which moves with velocity V, is denoted by p,A(L,-C,t);
whereas the mass that moves with the same velocity when the rigid projectile penetrates the target is
denoted by M+ pA C(t-t,). The rigid mass of the deformed projectile always decreases during
penetration while the mass that moves with velocity V, for the case of rigid projectile increases.
Moreover, the force resisting the rigid mass motion of the deformed projectile is always greater than
the target resisting force when the rigid projectile penetrates the target; this is due to the high
hardness of projectile material. Therefore, the deceleration of the rigid mass of deformed projectile
is greater than the deceleration of the masses that move with velocity V, for the case of rigid
projectile. This leads to the low velocity of the rigid mass of deformed projectile in comparison with
the velocity of the rigid projectile at any particular time during perforation. In addition. the
penetration velocity of rigid projectile is greater than the corresponding one when the deformed
projectile penetrates the target. Thus the deformed projectile takes a long time to reach the backface
of the plate.

Figure 8b shows the velocity ratio-time history of the rigid mass of deformed projectile due to the
impact of a 5 mm thick LY 12-CZ aluminium alloy plate with a veiocity of 400 m/s. In addition, the
corresponding predicted velocity ratio-time history for the rigid projectile is plotted on the same
figure. It is clear that the rigid mass velocity of the deformed projectile is higher than the velocity
of the rigid projectile at the earlier stages of target perforation. The force that resists the rigid mass
motion of the deformed projectile is small in comparison with the target resisting force against the
penetration of rigid projectile. The small resisting force in case of the deformed projectile is attributed
to the low hardness of projectile.

For the deformed projectile, the time histories of projectile penetration depths due to the impact of
3 and 5 mm thick LY 12-CZ aluminium ailoy plates with a velocity of 500 m/s are predicted. For the
3 mm thick aluminium alloy plate, the time history of projectile penetration depth is plotted in Fig.
9a; whereas Fig 9b shows the time history of penetration-depth through a 5 mm thick aluminium alloy
plate. The time history of penetration depth when the projectile is assumed to be rigid during the
penetration of 3 and 5 mm thick aluminmum alloy plates are predicted and plotted on their respective
figures. From both figures, it is evident that the depth of penetration for the rigid projectile is always
higher than that predicted for the deformed projectile. This is attributed to the high penetration
velocity when the rigid projectile penetrates the target. In addition, the penetration time taken by the
deformed projectile is higher than the corresponding one taken by the rigid projectile.

Figure 10 shows the predicted change of projectile velocity drop AV (= Vi-V)) with projectile impact
velocity for 3 and 5 mm thick LY12-CZ aluminium alloy plates when projectile deformation is
considered during penetration. In addition, the corresponding predicted curves when the projectile is
assumed to be rigid during penetration are depicted on the same figure. For both rigid and deformed
projectiles, the curves show that the velocity drop AV decreases beyond the ballistic limit and slightly
increases again with the increase of impact velocity. These results are consistent with those of other
investigators such as Liss and Goldsmith [14] and Awerbuch and Bodner [15].
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At low impact velocity, the target deformation may be concentrated into the shear zone during
penetration process. A great amount of heat generates on the plug shearing area and the projectile may
lose a low velocity to perforate the target. By increasing the impact velocity, the target resisting force
increases and the energy necessary to defeat the target is high. Thus the projectile loses more velocity
during perforation and the velocity drop increases. For each plate thickness, the velocity drop when
the projectile deformation is considered during penetration is always higher than the corresponding
one when the rigid projectile penetrates the target. This is attributed to the impulse exerted by the
target against projectile penetration which is high when the deformed projectile penetrates the target.

CONCLUSIONS

An analytical model has been developed to describe the perforation process of finite thickness metallic
plates by deformable projectiles. The model identifies two modes for projectile: deformation and
rigid. Both projectile and target materials are assumed to be strain rate independent and to follow the
rigid-linear work hardening constitutive equation with respect to their nominal stress-engineering
strain relationships. The perforation process is assumed to be localized and it consists of a
combination of different perforation stages of the different projectile modes. For each plate thickness,
the change of projectile interface area with impact velocity should be fed into the model: this change
is determined experimentally. The modei is capable of predicting the time-histories of the velocities
of projectile masses and plug masses, projectile penetration depth, and target resisting force. It can
also predict the projectile residual velocity, plug thickness, and the final length of projectile after
perforation.

Representative analytical results using the developed perforation model have been introduced. In
addition, the model is used to study the effect of projectile deformation during penetration on its
predicted results. During the analysis of the model results, it is shown that:

(i)  for high projectile impact velocities and high plate hardness, projectile deformation should be
considered in the analysis of perforation.

(i)  The present model can deal with al possibilities of projectile encountering with a finite metallic
plate which result in a plate plugging failure up to impact velocity less than the transient
velocity (impact velocity at which the projectile front starts to erode).

(ili) The model predictions are in good agreement with available experimental measurements when
the projectile deformation is considered in the analysis.

(iv) The projectile interface area and the penetration velocity have a great influence on the predicted
time histories of target resisting force. velocities of moving masses and depth of penetration as
well as the total time of perforation process. The increase of the interface area leads to an
increase in projectile deceleration and total time of perforation process.
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The predicted change of the projectile residual velocity with
impact velocity due to the impact of 3 mm thick aluminium
alloy plates by 1045 steel projectiles. Experimental results were
obtained by Yuan et al. [8].
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