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×èñëåííîå ìîäåëèðîâàíèå õàðàêòåðà ðàçðóøåíèÿ è ðîñòà òðåùèí â

ìèøåíè èç àëþìèíèåâîãî ñïëàâà 2À12 ïðè åå ñîóäàðåíèè ñî ñíàðÿäîì ñ

çàòóïëåííîé íîñîâîé ÷àñòüþ ïðè ìàëûõ óãëàõ àòàêè

Þ. Ô. Äåíã, Æ. Ô. Ëè, Á. Õ. Æèà, Ã. Âåé

Êèòàéñêèé óíèâåðñèòåò ãðàæäàíñêîé àâèàöèè, Òÿíüöçèíü, Êèòàé

Âûïîëíåíî ÷èñëåííîå ìîäåëèðîâàíèå ñ ïîìîùüþ âû÷èñëèòåëüíîãî ïàêåòà ABAQUS óäàðíîãî

âçàèìîäåéñòâèÿ ìèøåíè òîëùèíîé 1 ìì èç àëþìèíèåâîãî ñïëàâà 2À12 ñî ñíàðÿäîì èç âûñîêî-

ïðî÷íîé ñòàëè 38CrSi ñ çàòóïëåííîé íîñîâîé ÷àñòüþ ïðè ìàëûõ óãëàõ àòàêè. Ïîñëå ýêñïåðè-

ìåíòàëüíîé ïðîâåðêè ýôôåêòèâíîñòè ðàçðàáîòàííûõ ìîäåëåé ïðîàíàëèçèðîâàíû òèïû ðàç-

ðóøåíèÿ è ðîñòà òðåùèí â ìèøåíè ñ ó÷åòîì ïîñëåäóþùåãî äâèæåíèÿ è èçìåíåíèÿ óãëà àòàêè

ñíàðÿäà. Ðåçóëüòàòû ÷èñëåííûõ ðàñ÷åòîâ ñâèäåòåëüñòâóþò î ìíîãîñòàäèéíîì õàðàêòåðå

äåôîðìèðîâàíèÿ è ðàçðóøåíèÿ ìèøåíè ïðè ñîóäàðåíèè è îáíàðóæåíèè òðåõ òèïè÷íûõ êîíôè-

ãóðàöèé “ïðîáîê”, ïðîáèâàåìûõ ñíàðÿäîì â ìèøåíè. Óñòàíîâëåíà íà÷àëüíàÿ ñêîðîñòü ñíàðÿ-

äà, ïðè êîòîðîé íàáëþäàåòñÿ èçìåíåíèå õàðàêòåðà òðåùèíîîáðàçîâàíèÿ è ðîñòà òðåùèí â

ìèøåíè. Ðàññ÷èòàíî èçìåíåíèå òðàåêòîðèè ñíàðÿäà ïîñëå ñîóäàðåíèÿ ñ óâåëè÷åíèåì óãëà

àòàêè è îòêëîíåíèåì îò ïðÿìîëèíåéíîé òðàåêòîðèè, ÷òî ìîæåò áûòü ñâÿçàíî ñ äåéñòâèåì

ðàäèàëüíîé ñèëû ïðè êîíòàêòå ñíàðÿäà ñ ìèøåíüþ. Ïîêàçàíî, ÷òî îñíîâíûìè ôàêòîðàìè,

êîíòðîëèðóþùèìè äâèæåíèå ñíàðÿäà ïîñëå ñîóäàðåíèÿ, ÿâëÿþòñÿ íà÷àëüíûé óãîë àòàêè è

ñêîðîñòü ñíàðÿäà.

Êëþ÷åâûå ñëîâà: óãîë àòàêè, ìîäà ðàçðóøåíèÿ, òðàåêòîðèÿ äâèæåíèÿ, âàðüèðîâàíèå

óãëà àòàêè.

Introduction. Many factors are involved in plate perforation problem, such as material

strength [1, 2], thickness of target [3, 4], figure of projectile [5–7], and number of layers [8],

et al. Among these factors, the initial orientation of the projectile before impact cannot be

neglected for the resistance performance and target failure mode assessment. Since an

asymmetrical force would be generated between projectile and target due to the obliquity

angle and yaw angle, this force will have a strong influence on the motion of projectile and

failure mode of target, which could make the solution quite complicated. However, no

unified theory that can accurately describe and solve the problem of impacting has been

established yet.

Some beneficial investigations of the yaw angle impact have been reported, including

experimental, theoretical, and numerical ones. Goldsmith [9, 10] summarized a series of

experiments under various yaw angles to study the penetration and perforation response of

thin metallic plates. He concluded that the yaw angle of projectile affected the deformation

of target and it was reasonable to regard the impact progress as a normal impacting if the

yaw angle of projectile was no more than 5�, while higher angles would cause a

© Y. DENG, J. LI, B. JIA, G. WEI, 2016

122 ISSN 0556-171X. Ïðîáëåìû ïðî÷íîñòè, 2016, ¹ 6



distinguishing difference. Moreover, the ballistic limit based on the theoretical results was

somewhat lower than the experimental ones, a better correlation being found at high yaw

angles.

Borvik et al. [11] conducted the experiment on a blunt-nosed projectile impacting

Weldox 460 E steel target: from the pictures captured by camera they found that, due to the

aerodynamic force instability, it was very difficult for the projectile to keep absolutely

perpendicular to target during its flight, thus the yawing impact become universal in many

experiments. Fortunately, most experiments can be considered an ideal normal impact if the

yaw angle is small enough.

Sikhanda et al. [12] analyzed the transient behavior of a yawed long rod projectile

penetrating an oblique thin plate by applying the Laplace transformation and numerical

inversion. They found that the length and gyration radius of projectile had a significant

influence on the shear and moment distribution of target both in theoretical model and

simulation results, moreover, the behavior of square and circular projectile was roughly

similar.

Li and Flores-Johnson [13] presented a general framework of rigid projectile

penetration and studied the projectile trajectory in the soil medium under various oblique

and yaw angles by ABAQUS code. The numerical result showed that the location of mass

center of projectile had a strong influence on the projectile stability and trajectory direction

under certain initial oblique and yaw angles.

Although the failure mode of target and performance of projectile are key issues in the

studies of yawing impact, most investigations disregarded the target and projectile

interaction. To investigate the detailed mechanisms, a series of numerical models for

slightly yawed hard 38CrSi steel projectiles (1, 3, 5, 7, and 10�) impacting thin 2A12

aluminum target are presented in this paper. In Section 2, the model effectiveness is

validated by the impacting experiment of double targets with a gap. Then the failure mode

of target and the performance of projectile is analyzed in Section 3 to study the relations

between target and projectile.

1. Simulation Model. A blunt-nosed cylindrical projectile with 12.62 mm diameter

and 37.8 mm length (denoted as D and L separately) is used, and some volume in tail is

hollowed out to make the centroid forward, this geometry of projectile comes from [14].

The target shape is a circular plate with 200 mm diameter and 1 mm thickness. Figure 1

shows the initial attitude of projectile and target before impacting. The direction extended

from the target center to periphery is defined as radial in this model, and the direction along

the target thickness is defined as transverse, while the counterclockwise direction is

regarded as positive. The point G in Fig. 1 is the centroid of projectile and its initial

position is located at the central axis of target, LG is the distance between point G and the

nose of projectile, which equals to 16.82 mm. Parameter � represents the obliquity of

projectile (the angle between velocity vector of projectile and central axis of target), � is

the trajectory angle of projectile, which is the angle between the central axis of projectile

and target. Value of � is the yaw angle of projectile that is defined by the angle between

the projectile central axis and its velocity vector [10]. Since the main purpose of this study

is to examine the yaw angle effect on the failure mode of the target, the trajectory angle and

oblique angle are taken as observations but not the independent variables, so the initial

angle of projectile is

�| ,t� �0 0 � � � �| | | .t t t� � �� � �0 0 0 0 (1)

The explicit finite element software ABAQUS/Explicit-6.10 is used to establish the

numerical model and analyze the dynamical behavior. The target material is 2A14-T4

aluminum alloy, while a slightly modified Johnson–Cook constitutive relation and

corresponding failure criterion [15] are used to describe the target behavior, whereas the
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model constants are taken from [15]. The experiment shows that deformation in impacting

of the projectile made of strengthened 38CrSi steel is negligible [16], so the bilinear

hardening model is selected to describe the projectile behavior, and the required constants

are taken from [17]. The constitutive relation and failure criterion for the material under

study was implemented via the user subroutine VUMAT coded in Fortran, which is

described in detail elsewhere [18]. The target boundary being restrained with respect to all

degrees of freedom (which means that it does not move during impacting), eight-node brick

elements (C3D8R) are considered in all simulations carried out in the present study.

The projectile is subdivided into uniform grids, whose size is 1 1 1� � mm, while a a

transitional division strategy is adopted for the target. Elements in the central region with

radius of 15 mm are dense (02 02 02. . .� � mm) due to a significant plastic deformation. The

grid subdivision becomes more and more sparse from the central region to its boundary.

The total number of grids is 5328 for the projectile and 177,220 for the target. Figure 2

shows the assembly of projectile and target before impacting. The erosion algorithm is

adopted by which the element is deleted when the plastic strain is increased up to 5 times,

in case the calculation is terminated for excessive distortion. Since the experiments

conducted in [5] indicated that the friction effect was negligible when the projectile was

blunt-nosed, a zero friction coefficient between projectile and target is set, thus the friction

effect is not considered in this paper.

Fig. 1. The projectile and target orientations.

Fig. 2. Assembly of projectile and target.

124 ISSN 0556-171X. Ïðîáëåìû ïðî÷íîñòè, 2016, ¹ 6

Y. Deng, J. Li, B. Jia, and G. Wei



2. Verification. It is difficult to make the posture of projectile keep vertical during

impacting in a true situation [11], and the objective boundary effect of target would result

in some variation of the oblique angle of projectile [19], so it is appropriate to verify the

effectiveness of the simulation model on the impact test where double targets with a gap are

impacted by a blunt-nosed projectile launched by the gas gun.

Figure 3 illustrates the impact test scheme, in which the gap between the double targets

is 100 mm. Since the impacted point of first target is not coincident with its center, this

deviation contributes a minor angular velocity to projectile after the first target is penetrated,

then this angular velocity would make the projectile impact the second target with a small

yaw angle, which means that the model effectiveness can be verified by comparing the

simulation results for the second target, including the impact process and deformation.

The process of blunt-nosed projectile impacting the second target is depicted in Fig. 4,

from which one can see that the projectile has a very small yaw angle (which cannot be

neglected) before impacting and the motion trajectory is vertical to the target. However,

there are some specific features and differences during penetration: on the one hand, the

yaw angle of projectile exhibits an obvious increase, while, on the other hand, a plug of the

target moves to one side. This behavior caused by the yawing projectile is consistent with

the simulation model, so it is suitable to analyze the impact process by the numerical

simulation.

a b

Fig. 3. Experiment of projectile impacting the double targets with a gap: (a) scheme of a single-stage

gas gun system; (b) motion of projectile between the first and second targets.

a

b

Fig. 4. Process of projectile impacting the second target: (a) v0 � 71.92 m/s; (b) v0 � 137 m/s.
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The numerically calculated target deformations for the initial yaw angles of 3 and 5�
are compared with the experimental ones, in order to analyze the effectiveness of the

simulation model (see Fig. 5). The comparison shows that the numerical results exhibit a

good fit with the experimental ones. Comparing the results depicted in Figs. 4 and 5, it is

possible to draw the conclusion that the simulation model presented in this paper is valid

and the simulation results are suitable to describe the true small-yawing impact.

3. Analysis of Numerical Results.

3.1. Failure Mode of Target. Comparison of the impact processes at different yaw

angles shows that the yaw angle of projectile has a significant influence on failure mode of

the target. When the initial velocity is within a certain range (higher than the ballistic limit

and below a special point of velocity, the total perforation process can be subdivided into

four stages according to the deformation of target shown in Fig. 6: (1) the initial contact

with projectile and subsequent global deformation without crack; (2) the initial crack

occurs and extends from the first contact area, in which stage the cracks propagate along

the periphery of projectile; (3) cracks start to propagate along a new path at a certain point

but not the periphery of projectilem while the plug moves to one side; (4) plug no longer

touches the projectile due to its bending motion, furthermore, the bending of plug makes

a

b

Fig. 5. Comparison between the experimental and numerical results: (a) �0 3� �, v0 � 70 m/s; (b)

�0 5� �, v0 � 132.42 m/s.
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the cracks on both sides move together, while the projectile starts to have contact with the

other side of fracture region of target and makes it appear like a local deformation.

Figure 7 shows some typical plug shapes after penetration. It is easy to find that the

outline of plug consist of three parts. Part 1 occurs at Stage 2 as mentioned previously, in

which stage the stress at the first contact area with projectile is the highest, with the

continuous motion of projectile, the stress in the initial contact area excesses the ultimate

tensile strength so that crack 1 appears, then it propagates along the projectile periphery

because the stress value in this path is the highest, thus Part 1 is formed. Part 2 occurs at

Stage 3 while the contact zone between target and projectile exhibits some change and plug

starts to bend, which causes the displacement of the force application, when a crack

propagates to a certain extent, whereas the transverse force and bending moment from the

projectile would make the crack turn to another path at cracking point A with an initial

angle [20] but not the periphery of projectile. As shown in Fig. 6, this break process is

similar to shredding mode of a light metal under the external force [21]. However, the

complex interaction between the target and projectile implies that the crack propagation

direction in the target crack varies under different conditions. The statistical results suggest

that cracks at this stage mostly propagate along the outward arc, partly along tangent of the

plug formed at Stage 2 or follow the combination of outward arc and tangent, which is

more common for �0 10� �. The detailed shapes of the above three cracks are shown in

Fig. 7a, 7b, and 7c, respectively. Part 3 occurs at Stage 4, while the plug no longer touches

the projectile, and the kinetic energy of the projectile decreases continuously, while the

plug bending and the increasing radial tensile stress in the target back result in the crack

propagation from both sides turning to the plug end and the final coalescence, causing plug

disconnection from target and its motion with the remaining kinetic energy.

a

b

c

Fig. 6. The impacting figures of projectile and target: (a) �0 3� �, v0 96� m/s; (b) �0 5� �,
v0 � 93.13 m/s; (c) �0 10� �, v0 � 100.5 m/s..
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In addition to the initial yaw angle that would influence the failure mode and plug

shape of target, the initial velocity of projectile is an important factor that would produce

the transformation of failure mode of target as well. Figure 8 shows the shape of plug

penetrated by the projectile at different initial velocities. When the initial velocity exceeds

the ballistic limit (but not much), the target would undergo the above-mentioned four stages

of deformation and failure and produce the typical plug shapes as shown in Fig. 7. When

the initial velocity of projectile attains a certain value, the stress difference at the whole

boundary of target that directly contacts the projectile remains quite high due to the

intensive impact load, thus the crack of Part 1 continues to expand along the periphery of

projectile (marked as crack 	1 in Fig. 8) while the crack of Part 2 is expanding. If the initial

velocity continues to increase, the cracks on the both sides of Part 1 of plug would

converge in transverse directiuon and cut the plug into two parts, one of which is circular

and leaves the target with the advance of projectile, while another part is still connected to

the target and starts to contact with the body of projectile, while the crack of Part 2 stops

expanding soon due to a sharp loss of kinetic energy obtained from the projectile. If the

initial velocity is high enough, the cracks of Part 1 would join together even before the

cracks of Part 2 occur. In this case, the original Stage 3 would disappear and the whole

impact process would be similar to the process of blunt-nosed projectile impacting a thin

metal target in the normal direction [14, 22], whereas one side of the target would exhibit a

higher deformation due to the initial yaw angle.

The initial velocity controls the transformation of failure mode of the target, and the

extent of such transformation is influenced by the initial yaw angle of projectile. The break

velocity vb , which is defined as the minimum initial velocity required to cut the plug into

two parts, is adopted to depict the interrelation between the initial yaw angle and the

transformation. Figure 9 illustrates that the break velocity increases with the initial velocity

of projectile, which may be because the dominant force producing the crack of Part 1 of

plug (marked as cracks 1 and 	1 in Fig. 8) is the vertical impact load coming from the

projectile,which is related to the initial yaw angle of projectile.

As shown in Fig. 10, the velocity vector of projectile at the Stage 3 of impacting

process can be represented in the local coordinate system 	 	x z0 by two orthogonal

components vx	 and vz	. vx	 , which result in the continuous contact between the projectile

body and one side of the fracture region, while vz	 mainly leads to the plug bending and

further crack expansion. According to the function of target response presented by He [23],

which is based on the simplified energy model proposed in [24–26], the stress in the plug at

this stage is given by


 � � �	 	A Bv Cvz z
2 , (2)

a b c

Fig. 7. Some typical figures of plugs: (a) �0 3� �, v0 � 93.13 m/s; (b) �0 5� �, v0 � 89.31 m/s;

(c) �0 7� �, v0 � 100.5 m/s.
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where A, B, and C are undetermined constants. Assuming that crack 	1 on both sides of

plug join together and cut the plug into two parts when the shear stress in the plug reaches

the critical value � c , then the function under critical condition is

� 
 � � �D l H kD Hc c c
2

14� � , (3)

a

b

Fig. 8. Target failure modes for different initial velocities of projectile: (a) �0 1� �; (b) �0 3� �.

Fig. 9. The break velocity of plug

at different yaw angles.

Fig. 10. Stage 3 of target

and projectile impacting.
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where lc1 is the total length of crack 	1 on both sides of the plug, k is the ratio of lc1 and

circumference of the projectile nose, and H is the target thickness. The statistical analysis

of plug shapes at various initial yaw angles indicates that the parameter k has no evident

relation with the initial yaw angle, most of the values being between 0.45 and 0.55, so it is

reasonable to consider k as constant.

The velocity component vz	 in Fig. 10 can be expressed as

v vz	 � cos .� (4)

As it was mentioned previously, the initial velocity of projectile must be high enough

to cut the plug apart. Under this condition, the plug separates from the target at Stage 2 of

the impacting process. According to a similar description presented in [10]), this duration is

so short (
 20 �s) and the variation of the projectile behavior is so slight that � and v can

be approximated as

� �� 0 , v v� 1 , (5)

where v1 is the projectile velocity before the plug splitting. The work-energy equation

provides the velocity v1 at the end of Stage 1 as

m v m v
E

p p0
2

1
2

0
2 2

� � , (6)

where mp is the mass of projectile and E0 is the total energy absorbed by the target

before its break. Based on Eqs. (2)–(6), the explicit relationship between vb and �0 under

the critical condition is given by

4 2 22 0

1 2

0
2 0kH

D
A B v

E

m
C v

E

m

c
b

p
b

p

�
�� � �

�

�

�
�

�

�

�
� � �

�

�

�
�

/

cos
�

�

�
�cos .2

0� (7)

All parameters in Eq. (7) except vb and �0 are undetermined constants, so it is easy

to get the qualitative conclusion that if the initial yaw angle keeps increasing (
 �90 ), then

the initial velocity has to increase accordingly, in order to keep the balance of Eq. (7), which

conclusion agrees well with the trend depicted in Fig. 9.

3.2. Performance of Projectile.

3.2.1. Trajectory of Centroid. During the impacting process, the interaction force has a

significant influence on the performance of projectile as well, which can be demonstrated

by the change of centroid position and angle variation of the projectile. Figure 11 shows the

trajectories of some projectile centroids at various initial yaw angles, from which a

significant influence of yaw angle on the trajectory of projectile is observed. For example,

at the initial velocity of 70 m/s, the radial displacements of projectiles after penetration are

2, 4.88, 5.3, 6.13, and 8.14 mm for the initial angles of 1, 3, 5, 7, and 10°, respectively. A

similar increase in the radial displacement is observed at other initial velocities, which means

that a larger initial yaw angle of the projectile causes a higher deviation from its original

trajectory. Furthermore, the initial velocity has the influence on the trajectory of projectile as

well. As shown in Fig. 11, the radial displacement of projectile continually decreases with the

initial velocity. A simple explanation of this phenomenon is that when the initial velocity

becomes higher, the time required for the projectile to penetrate the target is respectively

reduced, and the force acting on the projectile cannot create a high enough impulse for the

projectile to get a high velocity, which makes the projectile trajectory quite close to the initial

velocity direction.
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Figures 12 and 13 show the evolution of radial and transverse displacements of

projectile at different initial yaw angles, respectively. The comparative analysis indicates

that the transverse displacement linearly increases with time, while the radial one exhibit a

strongly manifested quadratic curve shape; which suggests that the direction of force acting

on the projectile changes at different impacting stages. The analysis of Figs. 12, 13, and 6

shows that during the first three impacting stages at small yaw angle the main direction of

the force is transverse due to the interaction between the target and the projectile nose,

while the total duration of these three stages is so short (
100 �s) that a crack propagates

and forms a plug very quickly. Considering that the initial direction of velocity before the

a b

c d

e

Fig. 11. The projectile centroid trajectory at various initial yaw angles: (a) �0 1� �; (b) �0 3� �;
(c) �0 5� �; (d) �0 7� �; (e) �0 10� �.
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impact is transverse, it is reasonable to assume that only a minor change of transverse

velocity takes place at the first three stages, while the radial displacement increases slowly.

Meanwhile, at Stage 4, which is a longer one, the plug separates from the projectile nose

and the radial force between target and the body of projectile becomes the primary force.

The effect of this radial force is to make the projectile move in the radial direction and

rotate around its centroid. Thus a strongly manifested quadratic relationship between the

radial displacement and time is observed at this stage, due to Newton’s law of motion,

while the transverse displacement vs. time exhibits a linear dependence because the

projectile nose is no longer in contact with the target plug.

a b

c d

e

Fig. 12. Evolution of the projectile centroid radial displacements: (a) �0 1� �; (b) �0 3� �; (c) �0 5� �;
(d) �0 7� �; (e) �0 10� �.
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3.2.2. Trajectory Angle. Since the radial force which makes projectile move and rotate

in the yawing impact process is objective, the trajectory angle, yaw angle, and obliquity

angle exhibit some variation during impacting. Figure 14 shows the relationship between

trajectory angle variation of some projectiles and time for the initial yaw angle values of 1,

5, and 10�, where the end of curve means that projectile has just penetrated the target at the

corresponding time. It can be seen from Fig. 14 that both the initial yaw angle and initial

velocity have influence on the trajectory angle. When the initial velocity is the same, the

maximum value of trajectory angle increase with the initial yaw angle: in other words, a

higher initial yaw angle results in the projectile’s more apparent rotation around its centroid

a b

c d

e

Fig. 13. Evolution of the projectile centroid transverse displacements: (a) �0 1� �; (b) �0 3� �; (c)

�0 5� �; (d) �0 7� �; (e) �0 10� �.

ISSN 0556-171X. Ïðîáëåìû ïðî÷íîñòè, 2016, ¹ 6 133

Numerical Study of Failure Modes and Crack Propagation ...



during impacting. In addition to the yaw angle, Fig. 14a–c shows that the increase of initial

velocity would reduce the trajectory angle variation of projectile, while the reduction of

penetration time would shorten the curve, thus implying the backward trend. The analysis

of Fig. 14 suggests that the projectile orientation after penetration is close to its original

one if the initial yaw angle is low or the initial velocity is high, whereas in the opposite

cases the orientation would exhibit a large variation.

More detailed plots in Fig. 14 show that the dependence between trajectory angle and

time have periodic patterns but is not monotonic. Previous analysis reveals that the radial

force on projectile at the first three stages is very low due to the short duration, which

causes a negligible change of yaw angle, but at the longer Stage 4, it can be subdivided into

two more detailed portions according to the force location between projectile and target

(see Fig. 15a and b), which has different influence on the trajectory angle at the

corresponding stage.

At Stage 4 of penetration at a small yawing angle, a plug ejects from the projectile and

one side of the fracture zone contacts with the body of projectile, then the bending part of

the target and the body of projectile are tangent-contacting based on the theoretical model

presented by Xu et al. [27, 28], where the direction of force is vertical to the body of

projectile with the effect of friction being disregarded. Assuming the centroid of projectile as

origin of the moving local coordinate system 	 	x z0 , the momentum moment theorem for the

projectile is expressed as follows:

J
d

dt
Fs

�
� , (8)

a b

c

Fig. 14. Variation of the motion trajectory angle: (a) �0 1� �; (b) �0 5� �; (c) �0 10� �.
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where J is the moment of inertia of projectile around its centroid, s is the lever arm from

centroid G to force F, and the differential relation of angle is given by

d dt� �� . (9)

It can be seen from Eqs. (8) and (9) that parameter s is positive when the projectile is

moving as shown in Fig. 15a, which implies that the moment of projectile is positive and

which leads to the increase of angular velocity as well as trajectory angle, during the

impacting process. Here the angular velocity reaches its maximum when the action line

passes through the centroid of projectile and then the projectile switches to another motion

model as shown in Fig. 15b. According to this motion model, the values of parameter s and

moment are both negative, which results in the reduction of angular velocity and the

slowdown of trajectory variation. If the angular velocity has not been reduced to zero after

penetration, the projectile still has some positive angular velocity, while the trajectory angle

keeps increasing. Vice versa, if the angular velocity has been reduced to zero before the

projectile entirely penetrates the target, then the angular velocity would be negative and the

curve of trajectory angle would start to descend from vertex, as shown in Fig. 14.

3.2.3. Obliquity Angle. Although the initial value is set to zero, the obliquity angle

exhibits some change due to the interaction force between the projectile and target during

impacting. Figure 16 shows the obliquity angle variation of projectiles after penetration at

various initial yaw angles (since yaw angle has a direct mathematical relation with obliquity

angle and trajectory angle, the detailed description of yaw angle during impacting is omitted

for brevity). It is noteworthy that both the initial velocity and initial yaw angle have some

influence on the obliquity angle. For the projectiles with the same initial yaw angle, a

definitely negative correlation between the obliquity angle variation and the initial velocity

is depicted in Fig. 16, which can be explained by acting time difference. During impacting

the obliquity angle of projectile has a trigonometric relation with components of velocity on

the x and z axes that is given by

tan .��� v vx z (10)

A higher initial velocity means a higher transverse velocity and a shorter time to

penetrate the target entirely, meanwhile the radial velocity obtained from radial force is low

due to a shorter time, then the obliquity angle � is close to 0 according to Eq. (10).

Apart from the initial velocity, the initial yaw angle has some influence on the

obliquity angle of projectile. As shown in Fig. 16, the difference between obliquity angles

corresponding to various initial yaw angles is apparent. For projectiles with the initial yaw

a b

Fig. 15. Application scheme for the interaction force between projectile and target.
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angle equal to 1�, the obliquity angle variation is slight, both at low or high initial velocities:

the obliquity angle at low initial velocity is highest, then it drops rapidly with the increase

in the initial velocity. The overall trend is an inverse function with the initial velocity in the

range of 60 to 180 m/s. For the cases of 3, 5, and 7� initial yaw angles, the obliquity angle

variation appears more moderate as compared with the projectile at 1� initial yaw angle.

When the initial velocity is less than 100 m/s, the mutual relation between obliquity angle

and initial yaw angle is positive, however, when the initial velocity exceeds 120 m/s, the

obliquity angle variation with lower initial yaw angle begins to exceed those with higher

initial yaw angles (except 1�). A possible explanation for this phenomenon is the break

velocity vb : as seen from Fig. 8, the size of fracture zone tends to decrease when the

initial velocity exceeds vb . The body of projectile starts to contact the total fracture zone

instead of one side (as shown in Fig. 15), and this change makes the interaction between

projectile and target more complex. It also causes a higher obliquity angle variation of

projectile with a low initial yaw angle when the initial velocity is high. Unfortunately,

there is no sufficient evidence to verify this assumption, which is envisaged in the future

work.

Conclusions. A simulation model of a 2A12 aluminum thin target against a

blunt-nosed high-strength projectile at a small yaw angle was elaborated with the help of

ABAQUS/Explicit finite element code, and its effectiveness was verified by predicting the

target failure mode for different initial angles, as well as the performance of projectile. The

following conclusions can be drawn:

1. For the failure mode of target, different features are observed during impacting: if

the initial velocity of projectile is within a certain range, the impact process can be

subdivided into four stages according to the deformation and the crack propagation

patterns. Three typical shapes of target plugs are obtained after penetration, the major

difference among plugs being the crack propagation at Stage 3.

2. There is a break velocity of projectile that can transform the target failure mode,

above which the plug would be cut into two parts due to a high impact load. The

mathematical derivation implies that the break velocity has a positive relationship with the

initial yaw angle, which conclusion is corroborated by the general numerical results.

3. The interaction force between target and projectile also has an influence on the

projectile, including its trajectory and angle variation. The detailed analysis reveals that

higher yaw angles generate higher interaction forces and moments, due to which the

projectile motion parameters undergo a more significant variation. Furthermore, if the

initial velocity of projectile is low, then the necessary time to penetrate the target becomes

longer, which also causes a more significant variation of the projectile motion parameters.

Fig. 16. The obliquity angle variation of projectiles with different initial velocity and yaw angle.
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Âèêîíàíî ÷èñëîâå ìîäåëþâàííÿ çà äîïîìîãîþ îá÷èñëþâàëüíîãî ïàêåòà ÀÂÀQUS

óäàðíî¿ âçàºìîä³¿ ì³øåí³ òîâùèíîþ 1 ìì ç àëþì³í³ºâîãî ñïëàâó 2À12 ç³ ñíàðÿäîì ³ç

âèñîêîì³öíî¿ ñòàë³ 38CrSi, ùî ìàº çàòóïëåíó íîñîâó ÷àñòèíó, çà ìàëèõ êóò³â àòàêè.

Ï³ñëÿ åêñïåðèìåíòàëüíî¿ ïåðåâ³ðêè åôåêòèâíîñò³ ðîçðîáëåíèõ ìîäåëåé ïðîàíàë³çîâà-

íî òèïè ðóéíóâàííÿ òà ðîñòó òð³ùèí ó ì³øåí³ ç óðàõóâàííÿì íàñòóïíîãî ðóõó ³ çì³íè

êóòà àòàêè ñíàðÿäà. Ðåçóëüòàòè ÷èñëîâèõ ðîçðàõóíê³â ñâ³ä÷àòü ïðî áàãàòîñòàä³éíèé

õàðàêòåð äåôîðìóâàííÿ ³ ðóéíóâàííÿ ì³øåí³ ïðè ñï³âóäàð³ òà âèÿâëåííÿ òðüîõ òèïî-

âèõ êîíô³ãóðàö³é “ïðîáîê”, ÿê³ ïðîáèâàþòüñÿ ñíàðÿäîì ó ì³øåí³. Óñòàíîâëåíî ïî÷àò-

êîâó øâèäê³ñòü ñíàðÿäà, çà ÿêî¿ çì³íþþòüñÿ õàðàêòåð òð³ùèíîóòâîðåííÿ ³ ð³ñò òð³ùèí

ó ì³øåí³. Ðîçðàõîâàíî çì³íó òðàºêòîð³¿ ñíàðÿäà ï³ñëÿ ñï³âóäàðó ç³ çá³ëüøåííÿì êóòà

àòàêè ³ â³äõèëåííÿì â³ä ïðÿìîë³í³éíî¿ òðàºêòîð³¿, ùî ìîæå áóòè ïîâ’ÿçàíî ç ä³ºþ ðàä³-

àëüíî¿ ñèëè ïðè êîíòàêò³ ñíàðÿäà ç ì³øåííþ. Ïîêàçàíî, ùî îñíîâíèìè ÷èííèêàìè, ùî

êîíòðîëþþòü ðóõ ñíàðÿäà ï³ñëÿ ñï³âóäàðó, º ïî÷àòêîâèé êóò àòàêè ³ øâèäê³ñòü ñíàðÿäà.
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