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A Multi-scale Geometrical Model for Finite Element
Analyses of Three-dimensional Angle-Interlock Woven
Composite under Ballistic Penetration

Kun Luan', Baozhong Sun' and Bohong Gu'+

Abstract: This paper reports finite element multi-scale simulations of ballistic
impact damage of three-dimensional angle-interlock woven composite (3DAWC)
penetrated under a hemispherical rigid projectile. A multi-scale geometrical model
of the 3ADAWC was established for the numerical simulation. The multi-scale geo-
metrical model of the 3DAWC consists two parts: one is the microstructure model
and another is the continuum model. The microstructure model has the same mi-
crostructure with that of the 3DAWC composite panel, including the fiber tows’
diameter, fiber tow configuration and fiber volume fraction. The continuum model
has the same mechanical properties with the 3DAWC. The commercial-available fi-
nite element software package Ls-Dyna was used for the ballistic penetration dam-
age simulations. The ballistic impact damages of the 3DAWC and the residual
velocities of the rigid projectile under the different strike velocities have been cal-
culated and compared with those in experimental. Good agreements were found be-
tween the finite element analyses (FEA) and experimental. From the FEA results,
the impact damage development and the stress wave propagation in the 3DAWC
panel can be extracted to find the influence of the microstructure parameters of
the 3DAWC on the ballistic impact capacity. With the efforts, the ballistic impact
capacity of the 3DAWC could be designed in a more precise way.

Keywords:  3-D angle-interlock woven composite (3DAWC); multi-scale geo-
metrical model; microstructure; ballistic impact; finite element analysis (FEA)
1 Introduction

Three-dimensional angle-interlock woven composite (3DAWC) has higher inter-
laminar shear strength and fracture toughness than the laminated composite be-
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cause of the integrated woven structure. Especially, the angle-interlock yarns in
the woven structure leads the higher delamination resistance. The 3DAWC will
have higher impact damage tolerance than that of laminates. Compared with 3-D
orthogonal woven fabric, the 3-D angle-interlock woven fabric can be woven with
traditional looms in a high efficiency. The manufacturing cost of the 3-D angle-
interlock woven fabric is lower than the 3-D orthogonal woven fabric. Therefore
the 3DAWCs have high impact damage tolerance and low manufacturing cost. All
these advantages will lead the great potential of the applications of the 3DAWC to
aircraft, high speed vehicle and protective materials.

The impact behaviors of the 3DAWC have been reported in several references.
Very early, Ko [Ko and David (1986)] compared the drop weight impact behav-
iors of 2-D biaxial woven and 3-D XYZ orthogonally woven composites. Kuo
[Kuo and Lee (1998)] examined the impact response of three-dimensionally wo-
ven fabric composites using consolidated rods in the axial direction. Chiu [Chiu,
Lai and Wu (2004)] conducted instrumented drop weight impact and compression-
after-impact tests (CAI) and found the 3-D interlock woven composites exhibited
a smaller impact damage area and higher % residual strength than the 2-D wo-
ven laminated composites. Gama [Gama, Bogdanovich, Coffelt, Haque, Rahman
and Gillespie (2005)] performed numerical simulation of ballistic impact, damage
and penetration of a single layer 3-D orthogonal weave fabric composite. A unit
cell model (UCM) of the composite was developed using fabric design and pro-
cessing parameters, as well as control measurements taken on the preform and the
composite laminate. Tabiei [Tabiei and Ivanov (2007)] created a simple 3-D micro-
mechanical model for woven fabric composites for impact simulations using tran-
sient finite element codes. More recently, Kim [Kim, Ji, and Paik (2008)] examined
the possibilities of the virtual tests of composite structures by simulating mechan-
ical behaviors by using supercomputing technologies for cross-ply laminates and
3-D orthogonal woven composites. Chen [Chen and Yang (2010a); Chen and Yang
(2010b)] reported the ballistic performance of angle-interlock fabrics and found
that the angle-interlock fabric is not less than the conventional fabric constructions
used for body armor against ballistic impact. They also presented the mathematical
modeling of molding of angle-interlock fabrics to form the front panel of female
body armor. Boussu [Boussu (2011)] comprehensively reviewed the different types
of the warp interlock to be defined according to their performance on delamination
and impact resistances. Cuong [Cuong, Boussu, Kanit, Crepin, and Imad (2011)]
presented a finite element model to describe a ballistic impact on a 3D warp inter-
lock Kevlar KM2 fabric and studied the effect of friction onto the ballistic impact
behavior of this textile interlock structure. The authors of this paper reported a se-
ries of investigations on the impact behaviors of 3-D angle-interlock woven fabrics
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and composites, including the ballistic impact behaviors, high strain rate behaviors
[Sun and Gu (2007); Li, Sun and Gu (2010); Cui, Sun and Gu, (2011); Jin, Sun
and Gu (2011)]. However, the ballistic impact damage of the 3DAWC has not been
investigated at the microstructure level. The investigation of the impact damage at
microstructure level can uncover the damage mechanism that is often invisible in
continuum level.

The 3DAWCs have the great potential applications to ballistic protection for its
merits of near-net-shape and excellent delamination and damage tolerance. This
paper will report the finite element simulations of ballistic penetration damage of
the 3DAWC based on a multi-scale geometrical model. The impact damage mor-
phologies will be presented at the microstructure level. Furthermore, the energy
absorptions and the stress wave propagation in the 3DAWC panel will be given at
the multi-scale model for illustrating the ballistic penetration damage mechanisms.

2 Target-projectile system
2.1 Target panel

The 3-D angle-interlock woven fabric (3DAWF) has been widely used in textile
composites manufacturing due to its higher weaving efficiency and delamination
resistance. Compared with 3-D woven structure formed by stitched fabric, there
is no damage in warp and weft yarns caused by stitching. The woven architecture
of the 3DAWF can be easily adjusted to manufacture the composite panels with
different thicknesses. By increasing warp yarn layers, high thickness fabric can be
woven. In general, the warp yarns in the 3DAWF structure are crimp while the weft
yarns are straight.

The 3DAWF reported in this paper was woven by interlacing two adjacent layers of
weft yarns with warp yarns. Such a structure will enable the fabric more flexible.
The warp yarns and weft yarns are both the Twaron filament tows manufactured
by Akzo Nobel. Twaron® is a kind of aramid fiber (poly paraphenylene tereptha-
lamide, PPTA) similar to that of Kevlar® of Dupont De Nemours. The fineness of
the warp and weft filament tows is 3360 dtex and 6720 dtex respectively (tex is a
basic textile unit of linear density — the weight in grams of a fiber in a length of
one kilometer. Units = g/km = (g/cm) x 10-5, 10 dtex=1tex). The specifications of
the 3DAWF are listed in Table 1.

Unsaturated polyester resin was injected into the preform adopting VARTM (vac-
uum assisted resin transfer molding) technique to form the 3DAWC. The fiber vol-
ume fraction of the 3DAWC is about 44.6%. The cross-section of the 3DAWC is
shown in Fig. 1, where the configuration of interlock yarns in the thickness di-
rection can be observed. After consolidation of the unsaturated polyester resin, the
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Table 1: Specifications of the 3-D angle interlock woven fabric

Fabric type Count (dtex) | Material type | Densities Fabric weight
warp/weft warp/weft (ends (g/m?)
and
picks/1cm)
Angle- 1680x2/ 1680  dtex | 8x11/4x12 | 8600
interlock 1680x4 Kevlar/
Kevlar

Table 2: Specifications of the 3-D angle interlock woven composite panel

Length (mm) | Width (mm) | Thickness Area density | Panel weight
(mm) (g/m?) (2
192 214 10.8 12800 524.75

Tab

le 3: Parameters

of Twaron® untwisted filament tows

Mass density

Longitudinal

Transverse

Shear modu-

Poisson’s ra-

p(g/cm?) tensile modu- | tensile modu- | lus tio
lus lus G7(GPa) Yr
Ef1(GPa) Ef>(GPa)
1.44 116 50 18.2 0.2
Table 4: Parameters of unsaturated polyester resin
Tensile Shear Poisson’s | Tensile CompressiveShear
modulus modulus ratio strength strength strength
E.(GPa) | G,,(GPa) | vr Xr(MPa) | X¢c(MPa) | Sg(MPa)
6.8 2.46 0.38 388.4 366.8 153.6

composite sample was cut according to the in-plane dimension of 192mm x214mm.
The thickness of the composite panel is 10.8mm. Table 2 lists the parameters of the
3DAWC panel for the ballistic impact tests. Table 3 and Table 4 are the mechanical
parameters of the fiber tows and the resin respectively.

2.2 Projectile

As shown in Fig. 2(a), a hemispherical cylindrical steel projectile of diameter
7.62mm was applied in the ballistic impact test. Fig.2 (b) is the geometrical model
of the projectile in finite element simulation. The projectile, whose mass density
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Figure 1: Cross-section photograph of the 3-D angle-interlock woven composite

is 7.8 g/em?, is 5.59 g in weight. This projectile is named as ‘Type 56° according
to the Chinese military standard. As an isotropic material, the Young’s modulus of
the projectile is 200GPa and the Poisson’s ratio is 0.2. The projectile was propelled
along a ballistic barrel by using gunpowder and the strike velocity of the projectile
could be controlled by adjusting the weight of gunpowder. Two laser-diode pairs
were used to measure the strike velocities and residual velocities of the projectile
before and after ballistic penetration.

2.3 Ballistic impact tests

A series of ballistic impact tests were conducted with Type 56 projectiles to deter-
mine the strike and residual velocities of the projectiles. The tests were conducted
at No.53 Institute of China Ammunition Co. Ltd. The four sides of the composite
target were fixed and the impact point was at the center of the composite panel. The
minimum strike velocity was designed as 210m/s to capture the projectile, and the
maximum strike velocity was 550m/s to perforate the composite, respectively.

3 Multi-scale geometrical model of the 3DAWC

The multi-scale geometrical model for the woven fabric and composites in impact
damage simulation is very popular way to calculate the impact damage at the yarn
level with the appropriate computing time. Such kind of models and techniques can
be found in references [Nilakantan, Keefe, Bogetti and Gillespie, (2010); Nilakan-
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(a) Photograph of the hemispherical cylindrical steel projectile

I 7.62mm

(b) Finite element geometrical model

Figure 2: Photograph of the hemispherical cylindrical steel projectile and finite
element geometrical model

tan, Keefe, Bogetti, Adkinson and Gillespie (2010); Tserpes, Labeas and Pantelakis
(2010); Barauskas and Abraitiene (2007); Nadler, Papadopoulos and Steigmann
(2006); Zohdi and Powell (2006); Zhang, Y. X. and Zhang, H. S. (2010)]. This
kind of model allows the capturing of complex projectile-fabric and yarn-yarn level
interactions in acceptable computational resources. This technique involves mod-
eling the fabric using a yarn level architecture around the impact region and a ho-
mogenized or membrane type architecture at far field regions.

As for the 3DAWC in this paper, a multi-scale geometrical model is also estab-
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Figure 3: Geometrical parameters of the 3-D angle-interlock woven composite

lished. The multi-scale geometrical model of the 3DAWC consists two parts: one
is the microstructure model around the impact position and another is the contin-
uum model in the rest parts of composite panel.

3.1 Microstructure model

Assuming the cross-section of the fiber tow is a circle.
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Fig.3 shows the geometrical parameters of the 3DAWC, where the size of the thick-
ness and woven fabric construction are shown.

Based on the definition of the ‘dtex’ as described in Section 2.1 and the data in
Table 1,

dtex = 770000

Gwarp = 2Gweft

Considering the same density of warp yarns and weft yarns and the idealized cross
sectional area of yarn, then the relationships of the diameters between weft yarns
and warp yarns is:

dweft = \/Edwarp (1)

whereG is the yarn mass (g) and L is the yarn length (m), dy,4,, and d,,.; are the
diameters of warp and weft yarns respectively.

The thickness of the 3DAWC panel T'can be expressed as:
T= qurpdwarp +Nweftdweft (2)

where N, and N, are the number of warp and weft respectively.

From the equations (1) and (2), the diameter of the warp yarn and weft yarn can be
calculated.

Fig.4 shows 3-D angle-interlock structure and axis line of warp yarn. In the 3-D
angle-interlock woven fabric, the weft yarns were bonded by the warp yarns layer-
to-layer. From the diameter of the warp and weft yarns, and the fabric construction
as shown in Fig.4 (a), the microstructure model of the 3DAWC could be obtained
and shown in Fig.5. In Fig.5, the microstructure model consists of the warp yarns,
weft yarns and resins. All the geometrical parameters in Fig.5 were derived from
the same microstructure and fiber volume fraction with those of 3DAWC in exper-
imental.

3.2 Continuum model

The microstructure model is based on the observations of the 3DAWC microstruc-
ture. For a representative volume element (RVE) of the microstructure model, Fig.5
shows the mesh scheme by the four-node tetrahedron element. There are 78475 ele-
ments for this RVE. This huge number of elements requires large capacity of com-
puter. If the whole composite panel is meshed, it would have more than billions
elements.
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Figure 4: 3-D angle-interlock structure and axis line of warp yarn of the 3-D angle-
interlock woven composite

In order to find a balance between the microstructure model and the computer ca-
pacity, a continuum model has been established and merged with the microstructure
model. Fig.6 shows the merged geometrical model. In Fig.6, one-quarter of the
whole 3DAWC composite panel and the projectile were presented. In the compos-
ite panel, the 40 x40mm panel was the microstructure model, while the rest parts of
the composite panel are the continuum model. The continuum model has the same
mechanical properties with the 3DAWC in experimental.
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Figure 5: Mesh scheme of the 3DAWC microstructure model

As shown in Fig.7, the microstructure model and the continuum model shares the
same node in finite element model during meshing.

3.3 Mesh scheme

In the multi-scale geometrical model, the microstructure model of the 3DAWC was
meshed with the four-node tetrahedron elements. There are 10044800 elements and
2277571 nodes in this area. The continuum model was meshed with hexahedron
elements. There are 1575840 elements and 1622247 nodes. The projectile was also
meshed with hexahedron elements. There are 521760 elements and 527098 nodes
in the projectile.

4 Algorithms

The interaction between a rigid projectile and 3DAWC target involves the sliding,
erosion and deformation at the interface. Interfaces can be defined in three di-
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Figure 6: Combination of the microstructure model and the continuum model

mensions by listing in arbitrary order all triangle and quadrilateral segments that
comprise each side of the interface. One side of the interface is designated as the
slave side, and the other is designated as the master side. Nodes lying in those
surfaces are referred to as slave and master nodes respectively [Hallquist (1998)].

The impact dynamics and concerned finite element algorithms have been reported
in many books intensively in very large length, such as [Hallquist (1998), Be-
lytschko, Liu and Moran (2000) and Zukus (1982)]. The algorithms can be simpli-
fied and described concisely as follows.

Fig.8 shows the impact of two bodies and the sliding surface between them. In
a fixed rectangular Cartesian coordinate system, the position of an arbitrary point
at time r = 0 is X;(i = 1,2,3). At time ¢ the new position is x;(i = 1,2,3). The
equation for the movement of the point is:

x,-=x,-(Xj,t) ,j=123 (3)
At timet = O:
xi(X;,0) =X; 4)

%(X;,0) = Vi(X;,0)

where V; is the initial velocity
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Figure 7: Merge of the microstructure model and the continuum model

Figure 8: Contact notations
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Figure 9: FEM model of quarter of the whole composite panel

4.1 Governing equations

We seek a solution to the momentum equation

Cijj +pfi=pXi )
satisfying the contact discontinuity

(o~ ) mi=0 ©)

along an interior boundary x;” = x; . Here o; ; 18 the Cauchy stress, p is the cur-
rent density, f is the body force density, X is the acceleration, the comma denotes
covariant differentiation, and #; is a unit outward normal to a boundary element.

Mass conservation is trivially stated
PV = po @)

where V is the relative volume, i.e., the determinant of the deformation gradient
matrix, Fjj,
(9)6,‘

Fijza—Xj

®)
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Figure 10: Strike velocity vs. residual velocity curves in FEM and experimental

and py is the reference density. The energy equation
E=VS;j&;— (p+q)V )]

is integrated in time and is used for equation of state evaluations and a global energy
balance. In Equation (9), s;; and prepresent the deviatoric stresses and pressure
respectively,

Sij=0ij+(p+4);
— _Is.s 1 (10)
P = —30ij0ij —q9 = —30k — 4

q is the bulk viscosity, &; ; is the Kronecker delta and &;; is the strain rate tensor. The
discussion on the advantage of bulk viscosity in numerical calculation of impact
dynamics could be found in Ref. [Belytschko, Liu and Moran (2000)] and Ref.
[Zukus (1982)].

We can write:

/(px, —0jjj— pﬁ)6x,dV+/ (Cfl-Jjr - Gi;)njﬁx,-dSJr/ (G,’jnj — ti)SxidS =0 (11)
\% S0 S1
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where §x; satisfies all boundary conditions on S?, and the integrations are over the
current geometry. Applications of the divergence theorem gives

/ (01j0xi),;dV = / 0;jn;OxidS+ / (07 — 0 )n;Ox;dS (12)
1% S‘l SO

and noting that
(GU5X,) — Ojj, j5xl = G,-ijiJ (13)

leads to the weak form of the equilibrium equations:

577::/pjéinidV+/Gij6xi7jdV—/pﬁ5x,-dV—/t,-6xl-dS:O (14)
\%4 \%4 \%4 sl

a statement of the principles of virtual work.

4.2 Finite element discretization

We superimpose a mesh of finite element interconnected at nodal points on a refer-
ence configuration and track particles through time, i.e.,

k
30 =561, = Loy Em w0 (1s)

where ¢; are the shape functions of the parametric coordinates (&,n, (), k is the
number of nodal points defining the element, and x! is the nodal coordinate of the
Jjth node in the ith direction.

Summing over the n elements we may approximate 67 with

n
dn=1Y 6m,=0 (16)
m=1
and write
Z { / @AV + / o1 ®dV — / p [ ®@"dV — / L ®"dS} =0 (17)
m=1 v,
where

q)l = (¢1a¢2a"' a(Pk);'n (18)
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In matrix notation Equation (17) becomes

n

Z {/pN’NadV—i—/BtGdV—/pN’de—/N’tdS}’" =0 (19)
m=ly, Vi Vi st

where N is the interpolation matrix, ¢ is the stress vector
r_
o = (mecyyaczzacxyagyzyazx)

B is the strain-displacement matrix, a is the nodal acceleration vector

Ay,
X1 ay,
X2 =N| :|=Na (20)
i
3 Ay,

[ Az

b is the body force load vector, and t are applied traction loads

Jx I
b= |f|, t=|4
fZ tZ

After the finish of element calculation and assembly, Equation (17) could be written
as:

Mx(t) = P(x,1) — F(x, %) Q1)

where M is the global mass matrix, X(7) is the global nodal acceleration vector, P
is the global load vector, and

n .
F-Y [Boav
"=,

4.3 Calculating time

The calculation time required to finish the simulation depends on the mesh density.
For a 8-node solid element, the critical time step size,Ar, [Hallquist (1998)] is:

L

R NN

(22)
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where Q is a function of bulk viscosity coefficients Cy and Cj:

C CoL, |& for &, <0
Q:{ 1c+CoLe || for & (23)

0 for ékk >0

L, is characteristic length, and L, = v, /A max

Ve, is the element volume, A, n,x is the area of the largest side, and c is the adiabatic

1
sound speed of element material (where ¢ = [% + 3—5] 2), p is the specific mass
density.

For the 8-node solid element:

Ve
L, =

Aé’ max

For the 4-node tetrahedron element:

L, = minimum altitude

Both 8-node solid hexahedron element and 4-node tetrahedron element were used
in finite element calculation. The minimum altitude of 4 node tetrahedron element
is far less than that of 8 node hexahedron element because the mesh size of mi-
crostructure is far less than that of continuum model. Therefore the calculation
time is determined by the minimum altitude of 4 node tetrahedron element.

For a material with m elements, the time step Arat next calculating step is:

Atn+l —o- min(AtehAtez, .. ‘Afem) (24)

and the scale factor a at above Eq.(24) is 0.9 or small value for stability.

From Eq. (24), it is shown that the time required to finish calculation will become
longer when element density is higher, while the calculating results will be closer to
the actual situation. The element sizes were different according to different regions,
and the contact area between the bullet and the composite was meshed in finer sizes.

4.4 Finite element calculations

The environments of all the FEM simulations are as follows:

(1) Hardware: Workstation: Intel (R) Xeon (R) CPU X5482 3.2GHz 16G RAM,;
(2) Software.

The operation system platform is Windows Microsoft Windows XP Professional
x64 Edition. All the geometrical models were created with Pro/E® Wildfire 5.0

and meshed with Altair® Hyperworks®version 10.0 Hypermesh. The FEM solver
is LS-DYNA version 971 and the FEM postprocessor: is LS-PrePost 3.0-X64.
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5 Results and discussions

5.1 Residual velocities of projectile after ballistic penetration

Fig.9 is the whole FEM model for the impact penetration calculations. For a given
striking velocity of the projectile, the residual velocity can be calculated and com-
pared with that in experimental. Fig.10 is the comparison of the strike velocity vs.
the residual velocity curves between FEM and experimental. The residual veloci-
ties from FEA agree well with those in experimental although the differences exist
at low and high strike velocity ranges. This means that the FEA model agrees well
with that in ballistic tests and could be used in the 3DAWC ballistic limit estima-
tion. The difference between the FEA and experimental mainly exists at the low
strike velocity range and the high strike velocity range, especially when the strike
velocity is lower than 250m/s. The reason for this difference most probably at-
tributes to the Twaron® fiber tows were regarded as a continuum rod in FEM while
they are composed of thousands of filament in each tow. The un-simultaneous fail-
ure of each filament and interface debonding will lead the higher energy absorption
in experimental.

Fig.11 shows the velocity vs. time history and the acceleration vs. time history of
the projectile during penetration. The penetration time is longer when the strike
velocity is lower. Therefore, the projectile takes longer time to perforate the com-
posite target at lower strike velocity. The absolute value of acceleration is greater
when the strike velocity is higher. The fluctuation of the acceleration means the
forces acted on the projectile is fluctuated. The non-simultaneous failures of the
fiber tows during penetration lead to the fluctuation of the penetration resistance.
This attributes to that the higher strike velocity, the lower penetration time. Then
the stress waves at the cross-section points between the fiber tows are more diffi-
cult to reach the equilibrium state than that in longer penetration time. The non-
equilibrium stress wave would induce the higher stress fluctuation for the breakages
of fiber tows and resins in different time steps.

Furthermore, owing to the cylindrical-conically shape of the projectile, the pen-
etration resistance of the 3DAWC acted on the projectile varies the shape of the
projectile. When the conical part of the projectile finished penetrating the fabric,
the acceleration reaches to a maximum value. The time corresponding to the max-
imum value will be later when the strike velocity is lower. This phenomenon is
obviously shown in Fig.11.

5.2 Impact damage evolution

Fig.12 displays the impact deformation and damage of the 3DAWC target at the
different time steps. Fig.13 is the stress propagation under impact. Owing to the
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Figure 11: Velocity vs. time history and acceleration vs. time history of the projec-

tile at the different strike velocities
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Figure 12: Ballistic penetration damage evolution of the composite panel under the
impact velocity of 313m/s
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Figure 13: Stress wave propagation in the composite panel at different time steps

microstructure model and the continuum model share the same node at the inter-
face, the stress wave will spread smoothly from the two phases. Fig.14 compares
the impact damage between experimental and FEM.

In each time step, the impact damages are presented. The stress wave propagated
along the fiber tows and resins and spread to the neighboring parts. In Fig.12, the
extension of the fiber tows and the impact debris are clearly shown. From Fig.14, it
is shown that there are much more damages occur on the top surface than on the rear
surface, and the diameter of ballistic hole increases along the ballistic perforation
direction. It can also be found that the FEA results agree well with the experimental
results. There is no delamination in the 3DAWC which contrary to that of laminated
composites. This distinct feature of the 3DAWC can be clearly shown in Fig.12 and
Fig.14 (a).
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5.3 Impact deformation

Fig.14 compares the final stage of the 3DAWC damage with the original fabric
stage. In order to find the impact deformation of the 3DAWC panel, we chose the
node No0.2513287 as shown in Fig.15 for analyzing the deflection vs. time history.
The deflection curves of this node under the different striking velocities were shown
in Fig.16. The slope of the curves varied with the strike velocities. Under higher
strike velocities, the time for reaching the maximum deflection will be shorter. At
the striking velocity of 276m/s, the composite panel will be perforated in a little
bit longer than that of 550m/s. Then the deflection is the greatest one. And for the
striking velocities of 238, 222 and 210m/s, the deflection will be reached to stable
value because the projectile will be arrested by the 3DAWC panel.

5.4 Stress propagation

Fig.17 shows the acceleration history of three nodes shown in Fig.15. The direc-
tion of the acceleration is along the normal direction which perpendicular to the
3DAWC panel plane. This acceleration history is also the stress history.

The acceleration vs. time history of the node 2513287 can be divided into 4 stages
which shown in Fig.17 (a). For the four stages, there are four penetration depths as
show in Fig.18. When the conical part of projectile begins to penetrate composite
panel as shown in Fig.18 (a), the initial contact and penetration of the projectile
will induce the stress in the 3DAWC. The fluctuation of the acceleration is from the
element deletion in FEM calculation and from the fiber breakage, resin crack, inter-
face debonding and the penal deformation in experimental. As the increase of the
penetration depth, the fluctuation becomes greatly, as shown in the second stage,
especially the whole conically part of the projectile penetrates into the composite
panel, shown in Fig.18 (b). The third stage of the penetration consists of the pene-
trations both from the conically part and the cylindrical part of the projectile. This
stage will induce the largest damage of the composite panel and also the greatest
fluctuation of the acceleration curve. At the final stage shown in Fig.18 (d), the
conically part of the projectile exits from the 3DAWC panel. Only the cylindrical
part of the projectile stays in the 3DAWC panel. At this stage, the composite panel
has been perforated. The only penetration resistance to the projectile is the fric-
tion between the composite and the projectile. The fluctuation of the acceleration
becomes less than that in the third stage.

Compared Fig.17 (a) with Fig.17 (b), there is a time lag for the accelerations of
the nodes No0.3543183 and No.3848553. This is owing to the distance of the two
nodes to the impact point is greater than that of the node N0.2513287 as shown in
Fig.15. The time lag is that the time difference of the stress wave propagates from
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Fiber failure

(a) Cross section view

(b) Front surface view

(c) Rear surface 45° view

Figure 14: Comparisons of impact damage morphology under the strike velocity of
313m/s between experimental and theoretical
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Figure 15: Locations of the three selected nodes
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Figure 16: Deflection of the node No.2513287 at the different strike velocities
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Figure 17: Acceleration vs. time history curve of the selected nodes at the striking
velocity of 313m/s (a) acceleration history of the node No.2513287; (b) accelera-
tion history of the nodes N0.3543183 and No. 3848553
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Figure 18: Ballistic penetration at four different time steps
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Figure 19: Energy vs. time history of the FEM model (a) decomposition of the
total energy of the projectile-target system under the strike velocity of 313m/s;
(b) internal energy vs. time curve under the different strike velocities; (c) sliding
energy vs. time history under the different velocities

impact point to the node No0.2513287 and to the nodes N0.3543183, No.3848553.
Furthermore, as the decay of the stress wave, the magnitude of the acceleration also
decays.

5.5 Energy absorption

Fig.19 is the decomposition of the total energy of the 3DAWC under ballistic im-
pact and shows that the main type of energy absorption in the 3DAWC is sliding
energy and internal energy except the kinematic energy. As shown in Fig.19 (b)
and (c), the sliding energy and internal energy increase with the impact velocity.
This means the damages of the 3DAWC become much more severe with the in-
crease of impact velocity. As discussed by Rao [Rao, Nilakantan, Keefe, Powers
and Bogetti (2009)], the global-local deformation for the multi-scale geometrical
model will induce the different tendencies of the sliding energy and internal energy
at the different striking velocities. However, as shown in Fig.19 (c), the sliding en-
ergy increases with the striking velocity before the time of 60us. At this time, the
conically part of the projectile exited from the composite panel. The sliding energy
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mainly depended on the friction and the striking velocity.

6 Conclusions

The present study successfully developed a preliminary, simple approach towards
multi-scale global/local modeling to study ballistic impact onto a three-dimensional
angle-interlock woven composite. In this model, the composite was computation-
ally represented using a microstructure model around the impact point and a con-
tinuum model around the microstructure model. Under this modeling framework,
the fiber volume fraction of the composite was maintained with that in experimen-
tal. With the modeling scheme, the ballistic penetration damages of the woven
composite were calculated with FEM and compared with those in the experimen-
tal. In FEA calculation, the strike velocity vs. residual velocity curves of the steel
conically-cylindrical projectile, energy absorption history curves, deformation and
impact damage of the woven composite were obtained. In experimental, the resid-
ual velocities of the projectiles after ballistic perforation, damage morphologies of
the composite plates, were measured and observed. Comparison between FEA and
experimental results indicates that the microstructure model can predict the ballistic
impact damage and energy absorption of the composite plate precisely. The failure
modes are tensile and shear failure on the rear surface and compressive and shear
failure on the top surface. The failure also includes the resin crack, fiber breakage
and fiber pull-out. There is no delamination in the woven composite under ballistic
impact because of the integrated structure of the three-dimensional angle-interlock
woven fabric.
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