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Abstract

This study presents a simple approach to model unidirectionally arrayed chopped strand

(UACS) laminates via the extended finite-element method to represent slits (i.e., fiber cutting

lines). This enables the introduction of slits independent of the finite-element mesh and reduces

the effort to represent a complex discontinuity pattern when compared to standard modeling

using double nodes. The laminated structure was represented by stacking two-dimensional



layers, and cohesive elements were inserted into the layer interfaces to predict the extension of

delamination. Damage progress in CFRP quasi-isotropic laminates with diagonal continuous

slits were analyzed via the present approach, and the effect of the angle between the slit line

and fiber direction on the tensile strength was investigated. The predicted strength was in

agreement with the reported experiment results within the examined slit angle range. A

numerical study revealed that the strength of the UACS laminates was enhanced by a low

inclined slit angle.

Keywords: Polymer-matrix composites (PMCs); Platelet structure; Extended finite-element

method (XFEM); Delamination

1. Introduction

Carbon-fiber-reinforced plastics (CFRPs) are widely used in airplanes and general products

due to their high specific strength and stiffness. Additionally, CFRPs are also promising for

automobiles in terms of reducing structural weight and improving fuel consumption efficiency.

Structural components of automobiles and general machines exhibit complex geometries.

Therefore, formability is important for the material in addition to strength and stiffness. In the

past years, components with a complex shape were manufactured via injection molding and



sheet molding compound (SMC) press molding. Good formability is achieved by the molding

methods given the flow of discontinuous fibers. However, polymer-matrix composites

reinforced by discontinuous fibers generally exhibit poor strength properties [1] because it is

not possible to control the microstructure in the molding process. Conversely, stacking prepreg

sheets with continuous fibers provide regular microstructure albeit poor flowability via press

molding. High mechanical properties and good formability of CFRPs are not realized

simultaneously, and thus CFRPs have not yet replaced metals in complex-shaped components.

Research and development are being conducted to tackle these issues [2,3].

In order to overcome the trade-off relationship between strength and formability, Taketa et

al. [4] proposed unidirectionally arrayed chopped strands (UACS) in which unidirectional

fibers of prepreg sheets are cut in a regular manner (Fig. 1a). Specifically, UACS is an assembly

of several sheets similar to the SMCs. However, the high structural regularity is the key

difference between the UACS and SMCs. Given the regular arrangement of sheets, UACS

exhibit stiffness close to that of continuous CFRPs, strength significantly exceeding that of

SMCs, and good formability comparable to SMCs.

A few properties of laminates fabricated using UACS are investigated. Taketa et al. [4]

indicated that the strength of unidirectional UACS laminates made of general-purpose



carbon/epoxy prepreg sheets is governed by unstable growth of delamination and presented a

simple theoretical model to predict their tensile strength. Taketa et al. improved the strength of

UACS laminates via toughening ply interfaces [5] and changing the pattern of fiber cuttings

(called slits) [6]. In the case of diagonal continuous slits (Fig. 1b), the effect of the angle

between the fiber direction and slits (hereafter referred to as the slit angle) on the tensile strength

was examined, and a lower slit angle increased the strength. Furthermore, various strength

properties [7] and flowability in press molding [8] were also investigated. Li et al. [9] examined

the strength and flowability of UACS laminates with diagonal discontinuous slits. Strength was

enhanced via designing new slit patterns. The results indicated that the UACS laminate with

discontinuous bi-angled slits exhibited the highest flowability and uniformity. Sudarsono and

Ogi [10,11] performed fatigue tests of open-holed UACS laminates with diagonal discontinuous

slits and observed the effect of the slit angle on the damage extension and fatigue properties. Li

et al. [12] predicted tensile damage progress in UACS laminates with diagonal discontinuous

slits via a finite-element model that explicitly represented the slit structure. The homogenization

method was employed to predict the effective elastic constants of the middle UACS plies to

decrease computation costs. Kravchenko et al. [13,14] developed a representative volume

element of regularly-arrayed platelet-based composite and investigated the effect of the meso-



structure on the macroscopic failure. The length-to-thickness ratio of a strand (platelet) is

indicated to be a key parameter that governs the failure pattern.

Experimental studies demonstrated that both static strengths [6] and fatigue properties [11]

were improved via a low slit angle. However, the mechanism of strength enhancement is unclear.

Furthermore, evaluation of the strength of UACS laminates is essential to optimize the slit

layout. Therefore, numerical modeling is important to achieve a better understanding and higher

performance of the laminates. Slits (i.e., discontinuity of fibers) are represented by double nodes

in the finite-element method in a manner similar to numerical studies [12,15]. However,

extensive efforts are required for the preprocess via the standard approach because every change

in the slit layout results in the re-development of a complex mesh with double nodes along the

slits in all the plies. This acts as a severe obstacle in analyzing various properties of UACS

laminates for optimizing the slit layout.

The extended finite-element method (XFEM) [16,17] represents the discontinuity of the

displacement field due to a crack independent of the FE mesh, and it was recently applied to

crack extension simulations [18]. Therefore, the present study employs XFEM to represent

discontinuity in the displacement field produced by slits. The proposed approach significantly

reduces the effort involved in the cumbersome preprocess for any slit layouts when compared



to that of the standard modeling method given the advantages of the XFEM.

This study presents modeling and damage extension analysis of UACS quasi-isotropic

laminates with diagonal continuous slits. Specifically, the laminated structure is analyzed via

the layer-wise method [15,19] with cohesive elements for adhesion and delamination of the ply

interfaces, and slits are represented via the XFEM. The objective of this study is not to develop

a new analysis ‘method’ but to present a new ‘model’ that requires less effort of preprocess for

the specific meso-structure. To the authors’ knowledge, there is no study that represents the

regularly arrayed platelets using the XFEM and the layer-wise model. The static tensile strength

of UACS laminates is evaluated and compared to the experimental results [6] to confirm the

validity of the proposed approach. Furthermore, the effect of the slit angle on the tensile strength

is discussed.

2. Analysis

2.1 Layer-wise finite element model

A laminate is separated into finite element layers that represent every ply of the stacking

sequence, and two-dimensional solid elements or plate elements are used for these layers. The

layer-wise model enables in analyzing the deformation of each ply and decreasing calculation



cost when compared to that of the three-dimensional model.

Adhesion and extension of delamination are analyzed via cohesive elements that are inserted
into layer interfaces. This study used the following relationship between the traction 7; and
separation A; [20].

];:_ﬁz-

l—SA imax (l:n9t7b) (1)
Anc — ZGIc , Atc — 2GHc , Abc — 2(;ch (2)
Tn max Sim’ z-t max Sini 2—b max Sini

Here, 7 max and Aic (i = n, t, b) denote the maximum stress and critical relative displacement,
respectively, at which the cohesive element cannot generate any traction; the subscripts 7, ¢, and
b denote the cracking modes of normal tension, in-plane shear, and out-of-plane shear,
respectively, and Gic (i = 1, II, III) denotes the critical energy release rate. The parameter s
determines the stiffness of a cohesive element, and its initial value is slightly less than unity.

The parameter s is updated as a function of the normalized relative displacement vector
A={A,/A, A /A, ,Ab/Abc}T as follows:

s = min(smin, max(l - ‘K‘)) (3)

The above cohesive element acts as a penalty element that imposes continuity of

displacement field at the layer interface when s corresponds to the initial value. The parameter

s decreases with increases in the relative displacement, and the cohesive element becomes a



crack without generating any traction force when s corresponds to zero. The cohesive element

dissipates the energy equivalent to the critical energy release rate in its softening stage.

2.2 Extended finite-element method (XFEM)

This study employs the XFEM to represent the slits introduced into each ply independently
of the FE mesh. Discontinuity in the displacement field and singularity of the stress field due
to a crack are analyzed via enriching the interpolation function of the standard FEM with special

functions. Displacement field at position x of an element near a crack, u”, is approximated as

follows [16,17]:

m 4

u' (x)=¢,(x)U, +>.6,(x)D 7, (x)al + D ¢, (x) H(x)b, , (4)

I=1 IeC k=1 IeJ

where ¢ denotes the shape function of the standard FEM; m denotes the number of nodes in an
element; and Uy, a/, and b; denote the degree of freedom of a node. Additionally, C denotes a
set of nodes that considers the characteristics of the asymptotic solution near a crack tip, and J
denotes a set of nodes that considers discontinuity of the displacement field by a crack.
Furthermore, yx (k= 1, ..., 4) denotes the basis function that represents the asymptotic solution

of the displacement field near the crack tip, and H(x) denotes the Heaviside function.

I (x=20)

-1 (x<0) )

H(x)z{



This study assumes that H(x) corresponds to 1 on the upper side of the crack line and -1 on the

lower side.

There was no C-type node in the model since all slits were continuous in this study. All nodes

near slits were set to be J-type, and the third term of the right-hand-side of Eq. (4) was

considered to represent the displacement field.

3. Tension analysis of UACS quasi-isotropic laminates

3.1 Analytical model

This study developed an in-house code for easily representing the meso-structure of UACS

laminates. The analytical solution to predict the tensile strength of a UACS laminate agreed

well with the experiment results [4]. The fracture toughness estimated from the measured tensile

strength and a one-dimensional model coincided with the mode II interlaminar fracture

toughness of CFRP laminates with the same resin system, which was measured via the

interlaminar toughness tests [21-23]. Moreover, the hackle pattern, which is generated by

interlaminar shearing, is clearly observed on the delaminated surfaces of the UACS laminates

in supplementary experiments (Fig. 2). These results suggested that the interlaminar shear

displacement was dominant for delamination growth and that contribution of mode I was



negligible. Therefore, in order to ensure the simplicity of the analysis, two-dimensional plane-

stress elements were used to represent the layers. Strictly speaking, delamination grows under

a mixed-mode condition, but only limited out-of-plane deformation is acceptable except at the

ends of a plate. Therefore, we assumed that the shear mode is dominant in the delamination

growth in a UACS laminate, and the out-of-plane displacement was omitted in the present

model.

Figure 3 shows a schematic of the layer-wise finite-element model. The stacking sequence

of the UACS laminates used in the reported experiment [6] was quasi-isotropic [45/0/-45/90]zs,

and four layers corresponding to 45°, 0°, -45°, and 90° were prepared and adhered via cohesive

elements. In addition to the layer interfaces of 45°/0°, 0°/-45°, and -45°/90°, the top 90° layer

and the bottom 45° layer were also coupled via a cohesive element. The model exhibited a

periodic structure in the through-thickness direction to remove the effect of free surfaces on

damage extension. In a manner similar to an experiment in an extant study [6], the model was

150 mm long and 25 mm wide, and the thickness of a layer was 0.14 mm. Four-node solid

(plane-stress) elements were used, and all elements exhibited a square shape with 0.5 mm on a

side. There were 61404 nodes and 60000 solid elements. Nine integral points were prepared for

anumerical integral since the enriched function was included in the shape function in the XFEM.

10



Slits were represented by the XFEM. Figure 4 shows a set of J-type nodes for a slit angle of

27°. The distance between two adjacent slits (which corresponds to the fiber length) was 25

mm. Models with five slit angles (i.e., 16°, 27°,45°, 60°, and 90°) were prepared, and the effect

of the slit angle # on the damage extension and tensile strength was investigated. Arrangement

of J-type nodes at the initial condition corresponded to the approximation that the slits were

cracks before loading although the actual slits were embedded by the matrix resin flow into the

thin spaces of the fiber cuttings. It was noted that the slits became cracks by small deformation

[15].

The left edge of the model (Fig. 3) was fixed in the longitudinal (x) direction, and uniform

tensile displacement in the x-direction was applied to the right edge. Uniform displacement

increment corresponding to 0.01% tensile strain was applied, and the displacement field was

converged via the direct iteration method [24]. The applied stress was calculated as the sum of

the nodal force of the right edge of the model divided by the cross-sectional area. Table 1 lists

the material properties used. A general-purpose CFRP (T700S/#2500) was used in the

experiment [6], and the interlaminar fracture toughness estimated for the same material [4] was

employed. It should be noted that the out-of-plane displacement, as well as the crack opening

mode in a cohesive element, is not taken into consideration because of the use of two-

11



dimensional elements. Two analyses were performed in advance to identify the effect of the

element size; one is the result in the following section and the other employed the element size

of 1 mm on a side (i.e., twice of the present model). The results were almost the same. Instead,

the spacing between a discontinuity line and an integral point greatly affected the results. When

an integral point was too close to a discontinuity line, the analysis could not reach convergence.

Experimental studies [4,6] revealed that the delamination (and not the fiber breaks) causes

the final failure of the UACS laminates in most cases. In the present approach, delamination is

analyzed via the cohesive elements at the layer interfaces, and the slits modeled by the XFEM

corresponds to the source of its onset. It is noted that crack growth is not predicted by the XFEM

in the analysis.

3.2 Analytical results and discussion

Figure 5 presents the predicted stress—strain curves. The applied stress linearly increased with

increases in the strain up to 0.4% independent of the slit angle. The initial stiffness was in the

range of 49.3 to 49.4 GPa, and this almost coincided with the Young’s modulus calculated via

the classical lamination theory without considering slits (49.5 GPa). The coincidence indicated

that the spacing of slits was sufficiently large for stress recovery. When the applied strain

12



increased, stiffness gradually decreased due to softening of cohesive elements at the layer

interfaces. The strain at a steep drop in stress varied with respect to the slit angle, and the

maximum stress then depended on the slit angle. Figure 6 presents the relationship between the

predicted maximum stress and slit angle 6 along with the experiment results [6], in which

supplementary experiment data is also plotted. The maximum stress increased with decreases

in the 0 within the range 0 < 45°. Otherwise, it was almost constant. The trend agreed with the

experiment results. Furthermore, the prediction almost coincided with the experiment at slit

angles over 45° at which the UACS laminates were broken via delamination in the experiment.

The results demonstrated the validity of the present approach. The fact that the predicted

maximum stress was lower than the experimental data at low slit angles suggests occurrence of

the other type of damage (i.e., fiber breakage) in addition to delamination, and the mixed mode

fracture is investigated in a future study.

Figure 7 depicts the delamination growth of the model with the slit angle of 16°. Softening

of the cohesive elements first appeared at the layer interfaces adjacent to the 0° layer.

Specifically, damage was accumulated near the intersections of slits in the 0° layer and in its

adjacent layers. However, delamination barely extended even with increases in the applied

strain. Delamination rapidly extended over 0.85% applied strain, and the stress decreased. In a

13



manner similar to the case of the slit angle of 16°, delamination extended at the 45°/0° and 0°/-

45° interfaces in all the slit angles, and the other two interfaces were almost intact until the

maximum stress was reached.

Figure 8 shows the damage state of the 0°/-45° interface at the maximum stress and after

reaching the maximum stress in all the slit angles. Cohesive elements were softened along the

slits of the 0° layer in all the slit angles. Slits in the 0° layer were likely to open given a high

tensile stress, and this increased the relative displacement to the adjacent layer near the slits.

Therefore, delamination initially appeared along the slits of the 0° layer. In low slit angles (Figs.

7a and 7b), delamination was generated only in small regions near the free edges until the

maximum stress was reached. Shortly thereafter, delamination extended in the region

surrounded by the slits in the 0° and -45° layers within a small strain increment. In contrast to

the aforementioned cases, no area was surrounded by slits in large slit angles (Figs. 8c-8e). In

these cases, delamination appeared near the free edges in the width direction prior to reaching

the maximum stress and gradually extended along the slits of the 0° layer when the applied

strain increased. The observation indicated that the mechanism of delamination growth affected

the maximum tensile stress.

Thus, the present approach predicted the maximum stress of the quasi-isotropic UACS

14



laminates and generation of delamination at a load near the maximum stress. However, it is

necessary to consider the out-of-plane deformation to predicting the whole fracture process (e.g.,

stable or unstable delamination growth), and this will be explored in a future study.

4. Effect of the slit angle on the strength

This section verifies the high strength of a UACS laminate at a low slit angle as shown in

Fig. 6. Damage extension was analyzed in unidirectional laminates introducing slits with a

constant inclined angle 6 wherein the intersection of slits in adjacent layers is absent. It should

be noted that unidirectional stacking in the present section is just a constituent of a quasi-

isotropic laminate to investigate the impact of the slit angle on the strength and that the

following predictions are not always the actual strength of UACS unidirectional laminates.

A two-layer model was prepared. Figure 9a depicts two types of the slit layout. The interval

of two slits was 25 mm in the longitudinal direction, and the slit layout B is created by shifting

the layout A to 12.5 mm in the longitudinal direction. The effect of the slit angle on the tensile

strength was investigated, and the slit angles corresponded to 16°, 27°, 45°, 60°, and 90°. The

model exhibits a length of 200 mm and width of (25 x 2 tanf) mm to match the position of slits

along the two edges for the periodic boundary condition as shown in Fig. 9b. The width for § =

15



90° was 50 mm. The number of nodes and elements depended on the slit angle, and for example,

there were 64000 nodes and 64962 elements in the model for § = 16°. Periodic boundary

conditions were applied to the free surfaces and free edges to eliminate the aforementioned

effects on damage extension. Periodic stacking in the through-thickness direction was created

by connecting the surface two layers using cohesive elements as in the previous section.

Periodic structure in the transverse direction was realized by conforming the displacement

distribution of the edges to that along the centerline via the penalty method. Material properties

listed in Table 1 are used with the exception of the fracture toughness, and Giic and Guie are

1000 J/m?.

Figure 10 shows the predicted stress—strain curves. Stiffness decreased gradually with

increases in the applied strain, and the result suggested stable delamination growth. Figure 11

presents the relationship between the predicted maximum stress and slit angle . The maximum

stress increased with decreases in the 6 within the range 6 < 45°. Otherwise, it was almost

constant. The tendency coincided with the results of quasi-isotropic laminates (Fig. 6). We

consider the x’-y’ coordinate shown in Fig. 12 where the x -direction is along a slit. Stress

components oy’ and zx»’ induced mode I opening and mode II shearing near the slit, respectively,

and both modes generated relative displacement between the adjacent layers. When the uniaxial

16



stress oapp 1s loaded in the x-direction, then ¢y’ and 7’ acting on an element are calculated as a

function of the slit angle 6 as follows:
Oy =Capsin’ 6 (6)
(O —%aapp sin 260 (7
where oy’ and absolute value of 7., increase with increases in the  within the range 6 < 45°.
The stresses lead to a greater difference in the displacement field of the two layers near the slits
with a larger slit angle. Figure 13 shows distribution of the relative displacement in the x -y’
coordinate system at the applied strain of 0.5% for 8 = 16° and 45°. Jagged peaks appeared
given the irregular distance from a slit to a displayed point. The maximum A, was almost the
same. However, A, for § = 16° was significantly lower than that for 6 = 45°. The result
suggested that delamination is less likely to occur with a lower slit angle and that the tensile
strength increased with decreases in the 6 within a low slit angle range. Within the range 6 >

45°, the absolute value of 7.’ decreased although g, increased monotonically with increases in

6. Thus, the maximum stress was almost constant relative to the slit angle.

5. Conclusions
This study proposed a simple approach for modeling UACS laminates with slits (i.e.,

discontinuity lines of fibers) in each ply. Finite-element layers were prepared corresponding to

17



the stacking sequence, and cohesive elements were inserted into the layer interfaces to represent

adhesion and delamination. Furthermore, the use of the XFEM enabled in analyzing the

discontinuity of the displacement field by slits independently of the finite-element mesh. Given

the absence of laborious mesh division along the slits, the present approach requires less effort

to develop a model of a UACS laminate when compared to the standard model using double

nodes. In the model, delamination growth was analyzed via the cohesive elements, and the slits

represented by the XFEM corresponded to a source of onset of delamination.

This study predicted damage growth in a quasi-isotropic UACS laminate with diagonal

continuous slits subjected to tensile loading. Changes in the tensile strength due to the slit angle

were in agreement with the reported experiment results [6] within the range of the slit angle at

which delamination dominates the final failure. Delamination was likely to be generated

independent of the slit angle at the interfaces adjacent to the 0° layer due to high stress in the

0° ply. At low slit angles, small delamination initially appeared near the free edges and

subsequently extended in the region surrounded by the slits of the upper and lower layers. At

slit angles exceeding 45°, delamination was generated near the free edges at a small applied

strain and extended gradually. A parametric study for unidirectional UACS laminates indicated

that the mode I opening of slits was suppressed by a low slit angle and that the tensile strength

18



of UACS laminates was enhanced by a reduced slit angle given the decreased likelihood of the

onset of delamination.
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Figure captions

Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

Figure 7

Typical layout of slits introduced in UACS laminates: (a) orthogonal discontinuous

slits and (b) diagonal continuous slits.

Scanning electron microscope image of the delaminated surface of (a) the 0°/0°

interface in a unidirectional UACS laminate and (b) the -45°/90° interface in a quasi-

isotropic UACS laminate._The UACS laminates with 90° slit angle broke by

delamination, and the point 1 mm apart from the slit was observed.

Layer-wise finite element model of a quasi-isotropic UACS laminate. The finite-

element mesh with the exception of the top layer was omitted.

Layout of slits with an inclined angle of 27° from the fiber-direction that is shown by

white arrows.

Predicted stress—strain curves of the UACS quasi-isotropic laminates.

Relationship between the tensile strength of the UACS quasi-isotropic laminates and

slit angle. Supplementary experiment was conducted for comparison with the present

analysis.

Distribution of the parameter s of cohesive elements indicating delamination growth

in a UACS quasi-isotropic laminate with slit angle of 16°.
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Figure 8 Delamination of the 0°/-45° interface before and after the steep drop in the applied

stress.

Figure 9 Schematic of the two-layer model for a UACS unidirectional laminate.

Figure 10 Predicted stress—strain curves of the UACS unidirectional laminates.

Figure 11 Relationship between the maximum tensile stress and slit angle 6.

Figure 12 Schematic of stress components acting on an element containing a slit.

Figure 13 Relative displacement of the cohesive interface elements in the coordinate system

relative to the slit direction.
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Table 1 Material properties used in the analysis.

(a) Mechanical properties of CFRP unidirectional lamina [4,6,25]

Longitudinal Young’s modulus £1 (GPa) 130
Transverse Young’s modulus £2 (GPa) 7.4
In-plane shear modulus G2 (GPa) 4.5
In-plane Poisson’s ratio vi2 0.34

(b) Interlaminar shear properties [4,26]

Mode II critical energy release rate G (J/m?) 633

Mode III critical energy release rate Guie (J/m?) 633

In-plane shear strength 7: max (MPa) 60

Out-of-plane shear strength 75 max (MPa) 60
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Figure 6
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