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Abstract Materials with a negative Poisson’s ratio are known as auxetic materials, which are highly desirable
for improved resistance to indentation and impact. Angle-ply composite laminates with high anisotropy exhibit
auxetic behavior within a specific range of layup angles. In this research, the influence of negative Poisson’s ratio
on the mechanical response and the enhancement of the damage behavior of carbon/epoxy composite laminates
under low-velocity impact has been numerically investigated. For this purpose, a MATLAB code based on
classical lamination theory relationships was developed to determine the range of layup angles to achieve
both negative Poisson’s ratio in-plane and through-thickness (out-of-plane). Then, the layups with the most
negative through-thickness and in-plane Poisson’s ratio values were selected. Also, two new stacking sequences
were investigated so that both of them partially exhibited the characteristic of negative through-thickness and
in-plane Poisson’s ratio. The progressive damage model is written and implemented using a computer code
in the Abaqus user-material subroutine. The progressive damage model consists of Hashin and Puck failure
criteria and the damage evolution model based on the equivalent strain method to predict the initiation and
evolution of damage for matrix and fiber. The results indicate that the new laminate configurations have 66%
higher effective longitudinal modulus and 173% higher effective transverse modulus compared to the in-plane
and through-thickness auxetic ones, respectively. In addition, the proposed configurations showed less overall
damage under low-velocity impact loading compared to the auxetic laminates. Based on the investigations, the
new configurations with features such as high impact force, low impact time, and low maximum displacement
could be suitable for use in structures with a hardwall design approach.

Keywords Auxetic composite laminates - Negative Poisson’s ratio - Low-velocity impact - Numerical
modeling - Finite element analysis - Hardwall

1 Introduction

Composites are among the most promising and prominent materials available in the current century. Currently,
there is a growing demand in the industry for lightweight materials with high strength that are suitable for
specific applications. Hence, composites reinforced with synthetic or natural fiber have become increasingly
important. The outstanding performance of fiber-reinforced composites in numerous applications has posi-
tioned them as a promising substitute for metals and alloys [1-3]. In contrast to metal and ceramic matrix
composites, polymer matrix composites (PMCs) are the most common [4]. Carbon fiber-reinforced polymer
(CFRP) matrix composites are increasingly being used in industries such as automotive, energy, aerospace,
marine, civil, and sport due to their superior properties, such as high specific strength and specific stiffness,
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excellent corrosion resistance and fatigue, and low thermal expansion coefficient [5—7]. However, these mate-
rials have major drawbacks, including being fragile and particularly sensitive to impact. This level of impact
sensitivity leads to over-sized dimensions, thus reducing their ability to ensure residual strength after impact,
as well as complicating the repair of impact damage [8].

Most of the common materials become thick (thin) under compression (tension), and therefore, exhibit
a positive Poisson’s ratio behavior. On the other hand, materials with a negative Poisson’s ratio (auxetic)
exhibit contradictory behavior under axial loading. These materials become thin (thick) under compression
(tension). Auxetic materials exhibit a unique type of deformation characteristic under the effect of indentation;
so, the materials around the load application area tend to concentrate toward the point of force effect (impact),
which causes a significant increase in local hardness. Meanwhile, under similar loading conditions, materials
with a positive Poisson’s ratio expand outward and make indentation easier [9]. Today, auxetic materials have
become very attractive to the scientific community due to their appealing properties such as increased strength,
better acoustic behavior, improved fracture toughness, excellent energy absorption, enhanced damping, and
indentation resistance. So far, various types of auxetic materials and structures have been discovered and
created in both micro and large sizes [10-12]. Such materials or structures are uncommon in nature and
therefore are often artificially engineered. There are various methods for engineering auxetic structures. The
most common approach involves using porous structures, such as chiral [13] or re-entrant [14] structures.
Another approach involves the use non-porous angle-ply composite laminates, which can be designed to
create a negative Poisson’s ratio at effective owing to the strain mismatch between adjacent layers and the
large anisotropy of the individual ply. Therefore, one potential approach to improve the low-velocity impact
damage tolerance of CFRP composites is to create effective negative Poisson’s ratios [15], which can be
achieved by tailoring the layup of an anisotropic composite laminate [5].

Various studies have been conducted to investigate the behavior and mechanical properties of composite
structures with a porous or auxetic lattice core in impact loading. Among them, Jiang et al. [16] assessed
a three-dimensional finite element model (FEM) to simulate the mechanical behavior of auxetic composites
under low-velocity impact loading. They used three different impact velocities of 1.50, 2.05, and 2.67 m/s to
simulate the impact process of auxetic composites. Hou et al. [17], on the other hand, conducted a comparative
study on the reliability of auxetic and non-auxetic lattice structures. The sample under investigation consisted of
two unidirectional (UD) composite plates made of CFRP and a 3D-printed polymer core. Low-velocity impact
tests were then performed to determine the deformation pattern of the unit cell and its effect on the behavior of
the core structure, as well as the performance of the sandwich panel. The results indicate that the auxetic re-
entrant core demonstrated superior performance in reducing power and energy loss. Furthermore, Novak et al.
[18] conducted experimental and numerical investigations on the quasi-static and ballistic performance of a
composite panel with a chiral auxetic lattice core made of titanium alloy. Also, tensile and ballistic loading tests
were conducted on the cover plates to assess their behavior under quasi-static, dynamic, and high strain rate.
The results showed that the ballistic performance of the sandwich panel with an auxetic core was increased
compared to the cover ones. Usta et al. [19] also experimentally and numerically studied the behavior of
composite sandwich panels with different types of auxetic and non-auxetic lattice cores in low-velocity impact
loading. The results indicated that auxetic cores provided more impact resistance and energy absorption
compared to their non-auxetic counterparts. Also, Xue et al. [12] conducted experimental and numerical
research on the compressive properties of three component auxetic structures, which included an auxetic
lattice structure, polymer filler, and steel tube. The study results indicated that the three-component structures,
which included the tube, lattice structure, and polymer filler material, demonstrated superior compressive and
energy absorption properties compared to both the empty tube and the lattice structure filled with polymer.
Tomita et al. [20] conducted experimental and numerical research on head protection in a vehicle crash
situation, based on the transition of the deformation mode from bending to auxetic compression. The results
indicated that the transition of deformation modes within auxetic structures was advantageous for efficiently
protecting the human body. Petit et al. [21] studied the compressive response of re-entrant auxetic structures
under impact loads. They conducted an analytical model for the successive collapse of the cells. Simulations
were conducted to examine the compressive response at a constant velocity or under an initial impact velocity.
The results demonstrated the impact reduction capacity of the auxetic structure. The impact response of the
sandwich panel with the auxetic core under low-velocity impact using high-order shear and normal deformation
theory (HSNDT) was investigated by Biglari et al. [22]. In terms of minimizing deflection, the results indicate
that the auxetic honeycomb sandwich panel outperforms the non-auxetic honeycomb panel by 25%. In addition,
some research has focused on improving the impact resistance of composite laminates through the usage of
nanocomposites [23-25].
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Most of the research on the impact resistance of auxetic composite structures has focused on studying
porous or lattice structures. Meanwhile, one way to increase the impact resistance of composites is by tailoring
angle-ply composite laminates in an auxetic manner, a concept that has been less explored. In this regard,
Alderson et al. [26] experimentally investigated and compared the low-velocity impact resistance of CFRP
composite laminates with a close to zero and positive Poisson’s ratio. Their results showed that at low levels of
impact energy, the impact resistance of auxetic laminates was better, which indicated that there could be rate
dependence in the response of auxetic laminates. Wang [15] also numerically studied the effect of the negative
through-thickness Poisson’s ratio on the low-velocity impact behavior of CFRP composite laminates. The
finite element analysis (FEA) results indicated that the tensile damage of the fiber and the matrix in the auxetic
laminates was reduced by 40%, on average, as compared to their non-auxetic counterparts. However, the auxetic
laminates do not have an obvious advantage in reducing the delamination damage or the matrix compressive
damage. Further, Lin et al. [5] numerically investigated the effect of negative in-plane Poisson’s ratio on the
low-velocity impact behavior of CFRP composite laminates. To compare the mechanical properties, they also
analyzed composite laminates with a positive Poisson’s ratio. The results indicated that the delamination areas
in the top and bottom interfaces and matrix compressive damaged areas in the top and bottom plies of the
in-plane auxetic laminates at the impact energies of 5 and 8 J were, on average, decreased by 12.6% and 38%,
respectively. Also, for the impact energy of 5J, the matrix tensile damage of in-plane auxetic laminates was
reduced in the two upper plies and the two lower ones. In addition, the tensile damage of the in-plane auxetic
laminate fiber showed an average reduction of 14.6%.

Considering the high costs of experimental tests and also, the difficulty of recording progressive damage
behavior during impact loading tests, many researchers have preferred numerical methods to study the behavior
and response of composites under impact loading conditions. However, there have been quantitative studies
conducted on the low-velocity impact resistance of auxetic CFRP composite laminates so far. Meanwhile,
the problem of the damage behavior of auxetic CFRP composite laminates remains largely unknown. Thus,
achieving a proper understanding of the damage behavior of auxetic CFRP composite laminates will lead to
improved performance and their use in impact-resistant structural applications. Since it is not possible to achieve
an angle-ply composite laminate with negative in-plane and through-thickness Poisson’s ratio at the same time
[27]. Also, previous research demonstrated that in-plane [5] and through-thickness [15] auxetic laminates
were not superior to their non-auxetic counterparts in all damage modes. Therefore, innovative designs aiming
to simultaneously achieve the positive properties of both in-plane and through-thickness auxetic behaviors
are of interest. In this study, a MATLAB code based on classical lamination theory (CLT) relationships [28,
29] was used to implement angle-ply CFRP composite laminates with in-plane and through-thickness auxetic
behaviors. Additionally, new configurations of angle-ply CFRP composite laminates were developed to exploit
both in-plane and through-thickness auxetic behaviors simultaneously. These new configurations generally
exhibit non-auxetic behavior, but their partial behavior includes both in-plane and through-thickness auxetic
behavior. Numerical simulations were carried out using the finite element method and the dynamic/explicit
solver of ABAQUS software to examine the influence of negative Poisson’s ratio on the low-velocity impact
response of angle-ply CFRP composite laminates. The study was conducted on the angle-ply CFRP composite
laminates with a geometry size of 150 x 100 x 4 mm. To improve calculation efficiency and simplify the
model, adjacent plies with the same orientation were treated as a single ply. Consequently, the final model
consisted of eight layers, with each ply being 0.5 mm thick. The user-defined material subroutine (VUMAT)
was implemented to model progressive damage of angle-ply CFRP composite laminates. The mechanical
response and damage behavior of in-plane and through-thickness auxetic composite laminates, as well as new
configurations introduced at 25 J impact energy, were compared.

2 Negative in-plane Poisson’s ratio, v,1, laminates

According to the CLT [28], the off-axis stress—strain relationship is offered in Eq. (1) in terms of compliance.
The subscript 6 is used to determine the shear component,
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The stress—strain relationship for an off-axis UD composite in terms of engineering constants is presented
in Eq. (2),
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Since the compliance matrix is symmetric,
S12 = $21, S16 = S61, S26 = S62 3

The Poisson’s ratio is not symmetric in its indices since the symmetry of the compliance leads to the
following reciprocal relations,
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The in-plane stress—strain relationship for a laminate is the stress resultant versus in-plane strain relation.
The in-plane stress—strain relationship of symmetric laminates in terms of stiffness is offered in Eq. (5),
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where NV and A are stress resultants and in-plane modulus matrix for an angle-ply composite laminate, respec-
tively. Equation (5) is based on the laminate stiffness, and it is found by inverting the corresponding compliance
as

a=A""! (6)

These stress—strain relationships are correct for the in-plane deformation of symmetric laminates. From the
compliance in Eq. (6), effective engineering constants are calculated (where /4 is the total laminate thickness),
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In the derivation of the stress—strain relationship of an angle-ply composite laminate, researchers such
as Tsai and Hahn [28], Donoghue [30], and Evans [31] recognized the negative in-plane Poisson’s ratio v;1,
value in angle-ply laminates. Donoghue [30] calculated the variation of vy; with laminate off-axis angle for
arange [£6],. He found that the negative in-plane Poisson’s ratio arises between off-axis angles 35-50°. The
maximum value was calculated for & = 25° with a value of —0.245 at an off-axis loading angle of 40°. These
variations in the in-plane Poisson’s ratio value of simple symmetrical laminates are clearly depicted in Fig. 1.
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Fig. 1 In-plane Poisson’s ratio for various angle-ply laminates [30]

3 Negative out-of-plane Poisson’s ratios, v31, laminates

General laminates lack midplane symmetry. They can either be antisymmetric or asymmetric. The CLT [28] has
been extended to consider the out-of-plane effect [29]. For the laminate with voluntary layup, the relationship
between load and deformation is written as,

MBI ®
where M, A, D, B, and k are moment, extension modulus matrix, flexural modulus matrix, coupling modulus
matrix, and curvature for an angle-ply composite laminate, respectively. We have

e =aN —aBxk )
where a is the corresponding compliance matrix to the extension modulus matrix.
M = BaN + (D — BaB)x (10)
Equations (9) and (10) can be shown in a tabular form
{fn}:[;a D:alfaB]{llcV} (n
The relationship in Eq. (11) is a partial inversion of that in Eq. (8). To derive the complete inversion, from
Eq. (11) we have

k =—(D— BaB)"'BaN + (D — BaB)"'M (12)
e =[a+aB(D — BaB) 'Ba]N —aB(D — BaB)"'M (13)
According to Egs. (11), (12), and (13) can be rewritten in a tabular form,
e a+aB(D — BaB)'Ba —aB(D — BaB)"'|[N
= —1 —1 (14)
K —(D — BaB) 'Ba (D — BaB) M

If there is no bending moment applied to the laminate, then we can get the expression of the strain vector,
€= (a+aB(D—BaB)_lBa)N =aN (15)
where,

e=c¢ ={e1 & & }T,
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The out-of-plane coefficients are included in in-plane modulus matrix A, coupling modulus matrix B, and
flexural modulus matrix D of the composite, then the out-of-plane effective Poisson’s ratios are derived as

3] o32
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The elements of the modulus matrixes A, B, and D in Eq. (17) are evaluated by applying the following
integration

+h/2
[Aij. Bij. Dij] = / 0ij[1.z.2%]dz (19)
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where Q;; are off-axis modulus coefficients of the transformed on-axis modulus matrix Q for i-th ply group.
For general laminates, the lower and the upper limits are from —%/2 to +h /2. This is different from the limits

for the symmetric laminates from the midplane (z = 0) to the top face of the plate where z = h/2. They are
calculated from the on-axis modulus coefficients and the ply angle 6,

Q11 = Oy c0s* 0 + (20, +40,,) cos” 0 sin” 0 + O,y sin* 0,

02 = Qyycos* 0+ (20xy +4Qy;) cos® sin” 6 + O sin* 6,
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066 = (Qxx + Qyy — 204y — 2Qyy) cos® O sin 6 + Qg (sin® 6 + cos* §),

012 = (Oxx + Oyy — 40s;) cos? 6 sin” 0 + Qxy(sin“e + cos? 6),

013 = Qx;cos> 0 + Qy, sin® 6,

016 = (Qux — Oxy — 20s5) €08 05in6 + (Qry — Qyy — 2Qy5) cos b sin’ 6,

023 = Qy;c0s> 0 + Qy; sin® 6,

026 = (Qxx — Qxy — 2Q0y5) c0sO5in° 6 + (Qry — Qyy +20s5) cos® O sin 6,

036 = (Qxz — Qyz)cosOsind 20)

The compliance matrix, S, for an off-axis UD composite in terms of engineering constants is presented in
Eq. (21),
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The modulus matrix @ is the inverse of the compliance matrix

g=s" (22)
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Fig. 2 Through-thickness Poisson’s ratios for angle-ply laminate [32]

Researchers such as Tsai and Hahn [28], Herakovich [32], Harkatie [33], and Coenen [34] have evaluated
the existence of a negative through-thickness Poisson’s ratio, v31, in angle-ply laminates either analytically,
numerically or experimentally. Herakovich [32] found the negative through-thickness Poisson’s ratios are
possible for a fiber orientation angle between 15 and 40°. At the ply angle of 25°, the largest negative through-
thickness Poisson’s ratio is found. Many laminate layups can achieve this effect. However, the number of
0-degree layers reduces the maximum negative Poisson’s ratios and the orientation angles over which they
occur. Herakovich [32] modeled laminates with negative v3; values by two-dimensional laminate theory and
three-dimensional constitutive equations. The calculated through-thickness Poisson’s ratio for the laminate
with laminate off-axis angle for a range [+6]; is illustrated in Fig. 2.

4 Composite damage model

In general, there are two types of failure in composite laminates; laminar failure which includes matrix cracks
and fiber breakage in compression and tension, and inter-laminar failure, which is due to the delamination of
the laminate. Intra-laminar damage includes two parts; the initiation of damage, which is designated by one
of the failure criteria, and damage progressive part, which can be linear or exponential. Also, inter-laminar
failure includes two parts: onset of failure, which is designated by one of the inter-laminar failure criteria, and
the damage progressive part, which is designated by energy-based methods.

4.1 Damage model for a lamina

The damage behavior of the UD carbon fiber ply was considered with a user-defined material subroutine.
The 3D Hashin damage failure criterion was utilized for the fiber failure modes, while the Puck criterion
was specified for the matrix failure modes. This method was used since the Puck criterion has an improved
prediction of matrix material damage for transverse compressive impact [35]. The relationships used to predict
the initiation of fiber and matrix damage are as follows:

2 2 2
rpo= <%> 4 (@> 4 (%) , Oxx > 0 (23)
’ Xr Sxy Sxz

rre=120 6 <0 (24)

— Fiber tension:

— Fiber compression:
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— Matrix tension:

2 2 2
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For a UD laminated composite, each ply is generally considered to be a transversely isotropic material. Thus,
the stiffness matrix of such materials has five independent engineering constants. By defining different damage
variables to consider material degradation during subsequent loading, the modified constitutive equations can
be used to express the stress—strain relationship of the ((llamaged ply. Therefore, the degraded stiffness matrix

is shown in Eq. (27).
o
4= A
df Exx(1 —dmvyzvzy) dfdm Exx(vyx +vyzvzx) df Exx(vzx +df VyxVzy) 0 0 0
dmEyy(1 —dvxzvzy)  dmEyy(vzy +d pueyvzy) 0 0 0
Ezz(1 —dfdmvxyvyx) 0 0 0
* Ad dp Gy 0 0 27)
sym Adfdn Gy, 0
Adpdm Gz
where d¢ and d,;, are defined as
dp = (1—dys)(1 = dye),
dm = (1 - Smtdmt)(l - Smcdmc)a (28)

A=1—drdyviyvyx — dnvy vy — dveVor — 2d pdyvyx vy Vs,

where dy;, dfc, dy;, and d;,c denote damage variables for the fiber and matrix in tensile and compression
mode, respectively. The parameters d s, d r¢, dyt, and dy, are obtained by damage evolution methods. Also,
coefficients S,;; and S, are introduced to eliminate element distortion related to shear stiffness degradation,
their values are assumed as 0.9 and 0.5, respectively [36, 37].

Damage evolution defines the method where the stiffness of the laminate degrades after the damage is
initiated. Now, the generally used damage evolution methods reduce the stiffness in the direction of damage
growth due to the different damage modes, as a result, reducing the load-carrying capacity of the composite
material. The equivalent-strain approach based on the critical fracture energy of the element used in this
research is based on that of Li et al. [38], in which the damage variable is determined as

f .0
di = 8eq,i (Squ 8eq,i) (29)

f 0
Eeq,i (Seq,i - geq,i)

where i denotes the four different modes of damage (compressive and tensile damage of the matrix and fiber).

Also, &eq, i, agq’ ; = Xi/Ey,j, and eé;’ ; = 2G;/(X,l.) are the equivalent strain, initial failure strain, and final
failure strain, respectively. Furthermore, Ey, ; is the initial modulus of the composite ply in the corresponding
direction, X; is the matrix or fiber strength, G; is the critical fracture energy of the material, and /. is the
characteristic length of the element. The characteristic length is adopted to eliminate the mesh correlation in

the FEM, which is in the direction along the crack propagation.

4.2 Damage model for the interface

This research used a cohesive method based on damage mechanics and the bi-linear traction—separation law to
simulate the interlaminar damage of composite laminates. The interlaminar damage model consists of damage
initiation and evolution criteria. Interface damage was initiated once the function of the quadratic stress failure
criteria reached 1.0 [39], which is shown in Eq. (30):

2 () ()
Vil L] i) =

(30)
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Table 1 Mechanical and strength properties of T700GC/M21 UD-ply [42]

Property Values
Composite lamina  Density p = 1600 kg/m?
Modulus Ex =130 GPa, Eyy = E,; = 7.7 GPa,

G,y = Gy, =4.8 GPa, G,; =3.8 GPa
Poisson’s ratio Vyy = Vyz = 0.33, v, =0.35
Strength X7 =2080 MPa, X = 1250 MPa,
Y7 =60 MPa, Y¢ = 140 MPa,
Syy =8z =8y, = 110 MPa
Fracture energy Gy = 133 N/mm, G, = 40 N/mm,
Gy = 0.6 N/'mm, G, = 2.1 N/mm
Interface Modulus l% =5 OGF'a o
Strength t; =t =t =30MPa

Fracture energy Gf: 0.6 N/mm, Gg = 2.1 N/mm

where t,?, tso ,and tto are interface normal strength and shear strength; ¢,,, #;, and ¢, are normal and shear tractions,
respectively. In this expression, the Macaulay bracket signifies that compressive stress states are excluded.
The evolution of interface damage adopts the Benzeggagh-Kenane (B-K) law [40], based on the fracture

mechanics,

G n
G,§+(GS—G,§){E‘*} = G© (31)
t

where G,f and GSC are the critical fracture energy in the normal and shear directions, respectively. G is the
value of dissipated energy in the out-of-plane shear directions, G; is the total dissipated energy for all three
directions, and 7 is a material constant that is set to 1.45 [37].

5 Auxetic angle-ply composite laminates

Effective negative Poisson’s ratio can be tailored by manipulating the individual ply layup orientations, which
designates the anisotropy of individual ply and the strain mismatch between adjacent plies [41]. In the present
work, to study the response of angle-ply CFRP composite laminates in impact loads, laminates including 8-
ply pairs were considered symmetrically. Based on the presented CLT [28, 29], a MATLAB code was used to
identify laminates layup with the highest negative in-plane and through-thickness Poisson’s ratio values, which
were expected to provide the greatest increase in low-velocity impact resistance. The material parameters of
CFRP UD-lamina used to calculate the effective properties were adopted, according to Table 1.

Figure 3 shows the calculation results of in-plane 3a and through-thickness 3b Poisson’s ratio of laminates
in terms of 6 angle change from 0 to 90°. According to Fig. 3a, the arrangement [6,/652/6,/65,], with
6 = 15° yields the largest value of negative in-plane Poisson’s ratio for symmetric laminates with 8-ply pairs.
Similarly, the largest value of negative through-thickness Poisson’s ratio for a symmetric laminate with 8-ply
pairs was obtained by the layup [25,/—252/252/—25,], (Fig. 3b). In addition, two new configurations of
angle-ply CFRP composite laminates were designed as multi-component composites that partially included
both in-plane and through-thickness auxetic behavior. It should be noted that the new configurations have the
same overall effective properties and are non-auxetic. Meanwhile, their partial properties, including Sects. 1
and 2, are different and auxetic because of the different stacking sequences of the ply pairs. Figure 4 shows
the new configurations of angle-ply CFRP composite laminates. Layup schedules and effective properties of
the auxetic and non-auxetic angle-ply CFRP composite laminates based on the new configurations are given
in Table 2.

6 Numerical modeling of low-velocity impact
To investigate the effect of the effective negative Poisson’s ratio on the low-velocity impact behavior of the

angle-ply CFRP composite laminates, numerical modeling was done using the finite element method and the
dynamic/explicit solver of ABAQUS software. The angle-ply CFRP composite laminates with the layups in
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Fig. 3 Predicted layups to create effective negative Poisson’s ratios for angle-ply CFRP composite laminates a in-plane, and
b through-thickness
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Fig. 4 New configurations of multi-component compound angle-ply CFRP composite laminates

Sec.1: In-plane auxetic laminate

Sec.1: Through-thickness auxetic laminate

Sec.2: Through-thickness auxetic laminate |— —

- Sec.2: In-plane auxetic laminate -

Sec.1: In-plane auxetic laminate

Sec.1: Through-thickness auxetic laminate

Compound 1

Compound 2

Table 2 Layups and effective properties of the auxetic and the new configurations of multi-component compound laminates

Type In-plane auxetic CFRP Through-thickness New multi-component configuration
laminate auxetic CFRP laminate (Partial-auxetic CFRP laminate)
Compound 1 Compound 2
Layup [152/652/152/652], [252/—252/252/—252];  [152/652/252/—252], [252/—252/152/65,],
V3 —0.3137 1.4898 Sec. 1: —0.3137 Sec. 1: 1.4898
Sec. 2: 1.4898 Sec. 2: —0.3137
Total: 0.4548 Total: 0.4548
Vst 04914 —0.1260 Sec. 1: 0.4914 Sec. 1: —0.1260
Sec. 2: —0.1260 Sec.2:0.4914
Total: 0.2412 Total: 0.2412
EST(MPa)  40.95 63.31 68.18 68.18
EST(MPa)  24.30 8.92 24.38 24.38
EST(MPa)  8.10 8.10 8.42 8.42
EST(MPa)  5.84 21.57 15.68 15.68

Table 2 and a geometry size of 150 x 100 x 4 mm are adopted. To simplify the model and enhance calculation
efficiency, every two adjacent plies with the same ply orientation are treated as a single ply. Consequently,
the final model has a total of eight layers, and the thickness of each ply is 0.5 mm. The VUMAT subroutine
implements the progressive damage model of the angle-ply CFRP composite laminates. The material properties
of the composite lamina in Table 1 are used as input in the simulation process.

To verify the FEM, the low-velocity impact test result reported by Hongkarnjanakul et al. [42] is used. The
stacking sequence of the laminate used in the test by Hongkarnjanakul et al. [42] was [02/452/90,/—455];.
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Fig. 5 Composite laminate FEM for low-velocity impact analysis: a problem setup and boundary conditions, b model discretiza-
tion

The experimental setup was done for a T700/M21 CFRP laminate panel using a drop-testing machine with
an impactor weighing 2 kg and a diameter of 16 mm, according to the Airbus Industries Test Method (AITM
1-0010). The contact force between the laminate and the impactor was recorded by a piezoelectric power
sensor inside the impactor. Also, the impactor’s velocity before impact was measured by an optical laser
velocimeter. In the current study, the steel impactor is modeled as a rigid body with a semispherical head with
a diameter of 16 mm and a lumped reference mass of 2 kg. The impactor’s velocity is 5 m/s, representing
an impact energy of 25 J. The composite laminate is placed on top of a rigid frame with an inner open-cut
window of 125 x 75 mm. All degrees of freedom of the rigid frame are clamped. To arrest large out-of-plane
movement of the laminate, the displacement of the selected nodes in the 3-axis direction is constrained on the
yellow places as shown in Fig. 5a to simulate the restrictions of the four rubber clamps in the test fixture. For
the impactor, only the degree of freedom along the 3 direction is not constrained. This indicates that the FEM
will be consistent with the experiment.

To apply the contact in the low-velocity impact between the impactor, the composite laminate, the rigid
frame, and also ply-to-ply contact in the laminate, the general contact algorithm with the hard contact and
the penalty method with a friction coefficient generally set as 0.3 [29, 37, 38] used to define the normal and
tangential contact behaviors, respectively. The total simulation time takes 4 ms, and the stable incremental time
is set to below le — 4 ms to obtain numerical convergence. To model the delamination, the interfaces between
each adjacent ply pair are considered using cohesive surface contacts. The Benzeggagh and Kenane (B-K)
delamination criterion [40] along with mixed-mode fracture energy law, are adopted to model the initiation
and evolution of the delamination damage.

To have a numerical solution with accurate prediction, the mesh should be fine enough to predict well the
dynamic progressive damage of a composite laminate without being computationally expensive. In the present
work, for FEM discretization, the CFRP composite laminate is discretized into two regions: the refined center
region of the mesh (impact region) and the coarser outer region (Fig. 5b). The mesh size at the center region
(72 x 36 mm) under the impactor is refined to 0.9 x 0.9 mm. In contrast, to reduce the computational time, the
mesh at the regions far away from the impact site is adopted using a global seed size of 3.5 mm. The CFRP
composite laminate is discretized using the C3D8R elements (i.e., An 8-node linear brick, reduced integration,
hourglass control). While the impactor and the rigid frame are modeled as discrete rigid bodies and meshed
with R3D4 elements (An 4-node 3-D bilinear rigid quadrilateral). The global seed sizes of the impactor and
the rigid frame are created using a global seed size of 0.5 and 3 mm, respectively (Fig. 5b).
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7 Results and discussion

In previous research studies, auxetic laminates, both in-plane [5] and through-thickness [15] were compared
and analyzed with their non-auxetic counterparts in low-velocity impact loading. The results indicated that
in some cases of damage, auxetic laminates performed better, as compared to their non-auxetic counterparts.
The present research aimed to simultaneously investigate and compare both in-plane and through-thickness
auxetic laminates with each other, as well as studying the improvement in the impact damage behavior of
composite laminates by using the new combined stacking sequences of both in-plane and through-thickness
layups (Fig. 5). To achieve the maximum negative in-plane and through-thickness Poisson’s ratio value, a
MATLAB code was developed based on the relations of the CLT [28, 29], as presented in Sects. 2 and 3, the
results of which are shown in Fig. 3. The layups were adopted according to Table 2. The properties of CFRP
composite laminates and their interface, including density, elastic properties, strengths, and fracture energies,
were considered according to Table 1. The results obtained in this study are related to a 2 kg impactor with
a velocity of 5 m/s which the impact energy is equivalent to 25 J. This level of impact energy is suitable for
studying delamination damage and matrix and fiber damage in a 16-ply CFRP composite laminate.

7.1 Model verification results

The numerical results, including impact force—time and impact force—displacement curves, have been compared
with the experimental tests and other valid numerical models to verify the numerical model. For this purpose,
experimental test data and the numerical model of Hongkarnjanakul et al. [42] were used. According to Fig. 6a,
the predicted impact force history including the peak load, the time to peak load, and the impact duration were
in good agreement with the experimental data. Also, a comparison of the impact force—displacement curves
in Fig. 6b shows that the overall impact behavior agreed with the experimental data.

In addition, the delamination damage patterns between the numerical model results of the present study were
compared with the experimental test results obtained by Hongkarnjanakul et al. [42] (Fig. 7a). Additionally,
the numerical model’s results of Li et al. [38] and Wang [15] were also compared (Fig. 7b). In general, the
low-velocity impact numerical model and the VUMAT subroutine calculation algorithm were well capable
of predicting the initiation and evolution of damage for matrix, fiber, and delamination. The results were
confirmed to be accurate in predicting the progressive damage and delamination caused by a low-velocity
impact on a composite laminate. After verification of the FEM for the low-velocity impact, it was utilized to
examine the effect of negative in-plane and through-thickness Poisson’s ratio of composite laminates.

7.2 Global low-velocity impact response

Figure 8 shows the overall low-velocity impact response of the auxetic laminates and new configurations.
According to Fig. 8a, at the time range of 0.15 ms, the tensile damage of the matrix is initiated, as a result of
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which the stiffness of the material is degraded and the impact force is reduced. After the time + = 0.2 ms with
progressive impactor into the composite laminate, the impact force increases until reaching the approximate
time t = 0.4 ms. At this time, the compressive damage of the matrix is initiated, which causes the degradation
of the laminate stiffness. In the following, a decreasing trend in the growth rate in the impact force is shown,
which is caused by a further decrease in the material stiffness due to the propagation of tensile and compressive
damage of the matrix. The approximate time ¢ = 0.75 ms is where the tensile and compressive damage of the
matrix is propagated to most of the plies, which causes stiffness degradation in other plies, and as a result,
the impact force is reduced. Following the more progressive impactor, and the increase of the impact force
applied to the composite laminate, the tensile and compressive damage of the matrix propagates. Also, the
tensile damage of the fiber initiated at the time range of # = 1.2 ms, which results in further degradation of the
material stiffness. When the impactor reaches the lowest position in the time range of # = 1.8 ms, it rebounds.
Meanwhile, the out-of-plane displacement of the laminate recovers gradually, and the composite laminate
damage continues to propagate for a certain period at a much lower rate than before. It should be noted that
the time ranges of the in-plane auxetic laminate are somewhat different from those of other laminates.

According to Fig. 8b, the in-plane auxetic laminate shows the lowest value of impact force. Meanwhile, the
laminates with the new configurations exhibit a higher impact force, as compared to their auxetic counterparts.
The impact force of the laminates with the new configurations is 35% and 8% more than that of in-plane and
through-thickness auxetic ones, respectively. Mechanical impact is a contact problem in which the effective
contact modulus is a function of the through-thickness modulus [29]. Also, impact includes biaxial bending in
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which transverse stiffness also performs an important role [15]. Therefore, the higher impact force of laminates
with the new configurations, as compared to the auxetic ones, is due to the larger effective longitudinal,
transverse, and through-thickness moduli. Also, due to the larger size of the composite laminate in the x
direction, the effective longitudinal modulus is more important. In particular, the impact force of the through-
thickness auxetic laminate is 25% more than that of the in-plane auxetic one, which is due to its higher effective
longitudinal modulus. Meanwhile, the effective transversal modulus of the through-thickness auxetic laminate
is lower than that of the in-plane auxetic one. According to Fig. 8c, auxetic laminates show a longer impact time
than those with the new configurations. Meanwhile, the in-plane auxetic laminate has the highest impact time,
and the new laminate configuration 1 has the lowest impact time, which indicates a difference of more than
12%. In this regard, Wang [15] showed that the through-thickness auxetic laminate has a shorter impact time
than non-auxetic configurations [50;/0,/50,/0,/50,] and [20,/10,/52/102/20;,]. However, the laminates
with the new configurations introduced in this research have a shorter impact time than the through-thickness
auxetic laminate. As shown in Fig. 8d, the laminates with the new configurations have a lower maximum
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displacement value than their auxetic counterparts due to their higher effective moduli. Meanwhile, the in-
plane auxetic laminate has the highest maximum displacement value, which is more than 12% higher than that
of laminates with the new configurations.

Dissipated energy is related to the damage behavior of composite laminates. The values of dissipated energy
are shown in Fig. 8e, based on which laminates with the new configurations show less dissipated energy than
the auxetic ones. The highest value of dissipated energy is related to the in-plane auxetic laminate, while the
lowest one is related to the new laminate configuration 2 with more than 18% difference, as compared to
the in-plane auxetic laminate one. In general, the investigation of the results of the mechanical response of
the studied laminates shows that the in-plane auxetic laminate with a behavior involving low impact force,
high impact time, and high maximum displacement is useful in sacrificial structures for the protection and
safety of humans. Meanwhile, laminates with the new configurations have features such as high impact force,
low impact time, and low maximum displacement that are applicable in structures with the hardwall design
approach.

7.3 Delamination damage

Figure 9 shows the predicted delamination patterns at each interface of the composite laminates. The colors
blue and red represent undamaged and fully damaged areas, respectively. Also, to further investigate the effect
of negative Poisson’s ratio on delamination damage, a quantitative comparison of the delamination damage
of the central area of each interface of the composite laminates is given in Fig. 10. The calculated areas
are for elements whose damage variable is greater than 0.5. The results show that for the third to seventh
interfaces, as well as some of the first and second ones, the delamination propagation is approximately parallel
to the fiber orientations of the ply below the corresponding interface. This is also consistent with the findings
reported by references [5, 37, 38]. The delamination damage of the new configuration 1 in the upper and
lower interfaces is 23.6% and 38.2% less than that of the new configuration 2, respectively. Meanwhile, in
the second, third, fifth, and sixth interfaces, the new configuration 2 shows less delamination damage than the
new configuration 1. Regarding the effect of the negative Poisson’s ratio on delamination damage, Wang [15]
reported that the presence of negative through-thickness Poisson’s ratio, as well as the increase of the effective
transverse modulus, can lead to the increase of propagation of delamination damage. Lin et al. [5] also stated
that producing a negative in-plane Poisson’s ratio can be useful to reduce the delamination damage areas at
the top and bottom interfaces, especially at relatively higher impact energies.
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7.4 Matrix and fiber damage

The damage modes of CFRP composite laminates under low-velocity impact often include matrix tension,
matrix compressive, and fiber tension. In most cases, the compressive damage of fiber is ignored due to its
insignificance [15, 38]. The predicted patterns of the matrix tensile damage of the auxetic laminates and the
two new configurations are shown in Fig. 11. Also, for a better comparison, the quantitative values of the
matrix tensile damaged areas are given in Fig. 12. In general, in a low-velocity impact problem on a flat plate,
the impact force causes the bending of the plate, leading to tension on the back side and compression on the
impact side of the plate. Therefore, for the studied composite laminates, the matrix tensile damage is initiated
from the back side and propagation to the impact side which can be seen in the matrix tensile damage patterns
in Fig. 11 and the quantitative data given in Fig. 12. As can be seen in Fig. 11, the patterns of the matrix
tensile damaged areas in the upper plies are localized damage in the impact zone, while in the lower ones,
the damaged areas are often propagation along the fiber direction. Such patterns for matrix tensile damage are
common for CFRP composite laminates under low-velocity impact [5, 38].

According to Figs. 11 and 12, a comparison of the matrix tensile damaged areas for in-plane and through-
thickness auxetic laminates shows that through-thickness auxetic laminate, despite lower effective transverse
modulus, has less matrix tensile damage in the first to fifth plies, as compared to in-plane auxetic laminate.
However, in the lower three plies, these results do not hold. In this regard, Wang [15] showed that the production
of negative through-thickness Poisson’s ratio suppresses the propagation of the tensile damage of the matrix.

By comparing the predicted matrix tensile damage for auxetic laminates and the two new configurations,
it was found that laminates with the new configurations had less matrix tensile damage than the auxetic ones.
This is due to the higher effective transverse modulus of the new configurations, as compared to the auxetic
ones. In addition, although the effective transverse modulus of the two new configurations and in-plane auxetic
laminate is almost equal, the tensile damage of the matrix of the new configurations is significantly less than that
of the in-plane auxetic one, which is due to the presence of the plies with fiber angle of 25 in laminates with
the new configurations, which causes a local through-thickness auxetic behavior. A comparison of the matrix
tensile damage of the new configurations 1 and 2, as can be seen in Fig. 12, shows that the predicted damage
areas are slightly different in the two upper plies and also the sixth and seventh ones. Meanwhile, in the third,
fourth, fifth, and eighth plies, the damaged areas are 39%, 27%, 26%, and 14% less for the new configuration
2, respectively. In general, based on the investigations, both the higher effective transverse modulus and the
negative through-thickness Poisson’s ratio are influential in reducing the tensile damage of the matrix. These
results are also consistent with the findings reported by Wang [15].

The results obtained from the prediction of matrix compression damage patterns, as well as the correspond-
ing damaged areas, are shown in Figs. 13 and 14. Unlike the tensile damage of the matrix, the compressive
damage of the matrix gradually decreases from the impact side to the back side, which is consistent with the
results reported by Ref. [38]. Based on Figs. 13 and 14, a comparison of the matrix compression damaged
areas for in-plane and through-thickness auxetic laminates shows that in the first and second plies, matrix
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compression damage is more for the through-thickness auxetic laminate. Meanwhile, in other plies, the com-
pression damage of the matrix is less for through-thickness auxetic laminate. In particular, the compressive
damage of the matrix for the through-thickness auxetic laminate in the third and fourth plies is 58.3% and
58.6% higher, respectively, as compared to their in-plane auxetic counterpart. Also, the compressive damage
of the matrix for the through-thickness auxetic laminate in the first and second plies are 26.2% and 17.8%
higher than that of the new configuration 1 laminate, respectively. In this regard, Wang [15] reported that the
through-thickness auxetic behavior could unfavorably extend the compressive damaged areas of the matrix, as
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Fig. 12 Comparison of predicted matrix tensile damage area in each ply of the auxetic and new CFRP laminates configurations

compared to the non-auxetic laminates. This could be due to the laminate contraction during the impact event
caused by the negative Poisson’s ratio, which exacerbates the compressive damage of the matrix. In general,
the results indicate that in most of the plies and, especially, in the upper ones, the compression damage of the
matrix is less for laminates with the new configurations than for their auxetic counterparts. A comparison of the
predicted results of matrix compressive damage for the two new configurations shows that new configuration
1 has less damage than the new configuration 2 in the upper plies; however, this is not true in the lower ones,
especially in the seventh one.

Fiber tensile damage patterns of the auxetic laminates and the two new configurations are shown in Fig. 15.
As can be seen, the tensile damage of the fiber initiated from the impact side and propagation to the back side,
from the third ply onwards, the tensile damage of the fiber in composite laminates is insignificant or without
damage. According to Fig. 16, the predicted areas for fiber tensile damage are much smaller than those for
other damage modes. In general, for a low-velocity impact problem, fiber damage is rarely observed [38]. A
comparison of values of fiber tensile damage area, as represented in Fig. 16, the through-thickness auxetic
laminate in the first and third plies, as well as new configurations 2 in the second and fourth ones, shows the
highest tensile damage of the fiber.

8 Conclusion

Auxetic laminates are a promising solution to improve mechanical properties subjected to impact loading.
The layups of plies can be oriented to achieve negative in-plane or through-thickness Poisson’s ratio behavior,
each of which has its unique properties. This research examines the damage behavior of both in-plane and
through-thickness auxetic composite laminates, as well as two new configurations whose stacking sequences
are a new combination of in-plane and through-thickness auxetic layups. The results indicate that combining
in-plane and through-thickness auxetic layups can lead to the improvement of the mechanical properties and
the reduction of the damage to the composite laminates. The most important benefits include:

e Increasing the effective moduli: a comparison of the effective modulus of composite laminates shows that the
effective longitudinal, transverse, and through-thickness moduli of laminates with the new configurations
are higher than those of auxetic laminates, which improves the mechanical response and also reduces the
damage in the respective laminates.

o Improving the overall low-velocity impact response: The results indicate that the new configurations 1 and
2 have features such as high impact force, low impact time, and low maximum displacement, which makes
them suitable for usage in structures with a hardwall design approach.

e Damage reduction: The predicted dissipated energy values indicate that laminates with the new configu-
rations exhibit less dissipated energy than their auxetic counterparts, which indicates their overall lower
damage. Also, the predicted areas of delamination damage, tension damage, and compression damage of the
matrix and fiber tension damage show that in most cases, the damage of laminates with the new configurations
is less than that of the auxetic ones.

o Identification of the unique behavior of the in-plane auxetic laminate: The general response of the low-
velocity impact on the in-plane auxetic laminate indicates that this composite laminate with features such
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as low impact force, high impact time, and high maximum displacement, as compared to other laminates
studied in this research, can be developed for usage in sacrificial structures for the protection and safety of
humans.
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complete fiber tensile damage while the blue color indicates no fiber tensile damage.)
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