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Abstract

The present study experimentally and numeri-
cally investigated the damage progress in stitched
and unstitched CFRP laminates under the low-
velocity out-of-plane impact load. First, we per-
formed drop-weight impact tests for both stitched
and unstitched specimens, and inspected the damage
by using the soft X-ray radiographs and micro-focus
X-ray CT. We then conducted damage-extension
simulation using a layer-wise finite element model
with stitch threads as beam elements, in which the
damage (ply cracks and delamination) was repre-
sented by cohesive elements. A detailed comparison
between the experimental and simulated results con-
firmed that stitching effectively suppressed the out-
of-plane impact damage. Furthermore, we demon-
strated that the improvement effect of impact dam-
age resistance became greater when the impact en-
ergy was larger.

1 Introduction

Stitched CFRP laminate is a kind of three di-
mensional reinforced composites. In the stitched
laminates, stitch threads are directed along through-
the-thickness direction [1]. The stitch threads sur-
vive after the onset of delamination, and the threads
bridge the delamination crack. Therefore, nominal
values of interlaminar fracture toughness of stitched
laminates, which are measured by DCB (Double
Cantilever Beam) and ENF (End Notched Flexure)
tests, are much higher than those of unstitched lami-
nates [1-11].

Generally, conventional (unstitched) FRP
laminates have low interlaminar toughness, and out-
of-plane impact easily generates delamination,
which significantly degrades material properties:
tensile strength, compressive strength, fatigue life,
etc. Among them, compressive strength is seriously

reduced by delamination. Residual compressive
strength after impact load (CAI strength: Compres-
sion After Impact strength) often becomes less than
half of the compressive strength of intact laminate.
Therefore, it is quite important to suppress the out-
of-plane impact damage when the FRP laminates are
used as the structural components which may re-
ceive impact load.

Because of their high interlaminar fracture
toughness, it has been expected that stitched lami-
nates have high impact damage resistance. Numer-
ous studies conducted out-of-plane impact tests for
the stitched laminates. Most of the results of these
tests confirmed that the impact damage was de-
graded in the stitched laminates [6, 10, 12-16].
However, the intensities of the degradations were
varied, moreover, some results showed that the
stitching had no effect on the impact resistance of
the laminates [5]. Therefore, the further discussions
about the mechanism and characteristic of the deg-
radation of impact damage due to stitching are
needed.

The present study both experimentally and
numerically investigates the damage process in
the stitched laminates under the low velocity
impact loading. In particular, we focused on the
characteristic of the impact damage degradation
due to stitching. The present paper is organized
as follows. In Section 2, the drop-weight impact
tests and detailed damage observations by using
NDI technique are conducted for both stitched
and unstitched laminates. In Section 3, we per-
form damage extension simulations of stitched
laminates under the out-of-plane indentation
load, and discuss the characteristics of the im-
pact damage degradation due to stitching.
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2 Experiment

2.1 Experimental Procedure

In this research, carbon-fiber stitched CFRP
laminates (Toyota Industries Corp.) were used.
T800-12kf tows (Toray Industries Inc.) were used as
the in-plane tows, and TR-40-2kf yarns (Mitsubishi
Rayon Co., Ltd.) were used as the stitch threads.
Stacking sequence of the in-plane tows was [-
45/0/45/90]5;. Figure 1 illustrates the stitching pat-
tern. Stitch threads ran along the 0° direction of the
in-plane tows, and perpendicularly to the selvage
yarns [17]. The stitch space and the stitch pitch were
both 3.0 mm. For comparison, unstitched preform
was also prepared. The fabrication procedure of the
unstitched preform was the same as that of the
stitched preform without the stitching process. The
materials were impregnated and molded by the
Resin Transfer Molding (RTM) method. For the ma-
trix, epoxy resin system (Araldite5052 /
Aradur5052) was employed. Materials were cut by
diamond saw to rectangular specimens. The dimen-
sions of specimen were 102 mm in length and 76
mm in width, where length direction was parallel to
the 0° direction of the in-plane tows. The thick-
nesses of the specimens were about 4.5 mm.

Drop-weigtht  impact test device (In-
stron/Dynatup 9250HV) was employed for impact
tests. Figure 2 shows the impact test fixture. The
picture frame type holder plate held specimen. The
window shape was rectangle; size was 80 mm x 60
mm. The weight of the impactor was 5.07 kg, and
the tip shape of the impactor was hemisphere of 12.7
mm in diameter. Three levels of impact energy were
applied to each type of specimen: 0.8375, 1.675,
3.350 J/mm. The impact energy was normalized by
the plate thickness.

Fig. 1. Cross section of the laminate along a stitch
thread.
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Fig. 2. Schematic of impact test fixture.

Two kinds of soft X-ray NDI were conducted for
detailed observation of the impact damage. For
clearly observation, contrast medium (zinc iodide)
was penetrated to the specimen before inspection.
For all specimens, we took soft X-ray radiographs
by using general purpose soft X-ray film device (M-
100S, SOFTEX, Inc.) in order to observe the in-
plane distribution of the damage. For the specimens
of 1.675 J/mm impact, we took section images by
using soft X-ray micro-focus Computed Tomogra-
phy (CT) system (TOSCANER-30000uhd, TO-
SHIBA IT & Control Systems Corp.) in order to ob-
serve through-the-thickness distribution of the dam-
age.

2.2 Experimental Results

Figure 3 presents soft X-ray radiographs of the
specimens. At all impact energy levels, in the un-
stitched specimen, one long and straight ply crack
occurred in the -45° ply which located in the bottom
of the specimen. The impact damage spread along
the -45°crack. On the other hand, although ply
cracks occurred in the stitched specimens, the cracks
did not extend as long as those in the unstitched
specimens. The impact damage expanded relatively
equally to all direction. At all energy levels, the
damage areas in the stitched laminates were smaller
than those in unstitched laminates.

Figure 4 plots the projected damage area as a
function of the impact energy, where the areas were
obtained by processing the X-ray radiograph images.
When impact energy was small, the difference of
damage areas between the stitched and unstitched
specimens was small. The difference became larger
with increasing the impact energy, namely, the im-
provement effect of impact damage resistance due
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Fig. 3. Soft X-ray radiographs of the impacted
specimens.

to the stitching became greater when the impact en-
ergy was larger.

Figures 5 and 6 present soft X-ray CT images
of unstitched and stitched specimens, where white
lines indicate cracks. The sections were indicated in
Fig. 3(a)-(e). In both stitched and unstitched speci-
mens, ply cracks and delaminations occurred, but the
damage distributions in through-the-thickness direc-
tion were different between stitched and unstitched
specimens. In the unstitched specimen, the damage
area was small aruond the top surface, but largest
around the bottom surface. In the stitched specimen,
on the other hand, the damage area was small near
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Fig. 4. Projected area of measured impact damage as
a function of impact energy.
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Fig. 5. Soft X-ray CT images of the unstitched
specimen. White area denotes the crack penetrated
by contrast medium (zinc iodide).
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Fig. 6. Soft X-ray CT images of the stitched speci-
men.
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the top and bottom surfaces, but largest around the
center of the specimen.

3 Numerical Analysis

3.1 Analytical Model

We performed the damage extension simula-
tions and investigated the damage process of the
stitched and unstitched laminates. The velocity of

the impacter used in this study was about 1.0-3.0 m/s.

Thus the impact events were regarded as low veloc-
ity impact events [18]. Generally, the low velocity
impact load and the static indentation load cause
almost similar damage in the CFRP laminates [19].
Therefore, in the present simulation, the static inden-
tation boundary condition was applied to the layer-
wise finite element model, which was proposed by
the authors [20, 21].

Figure 7(a) depicts the layer-wise finite ele-
ment model that expressed the stitched laminate.
The dimensions of model were 80 mm in length, 60
mm in width. The stacking sequence was [-
45/0/45/90],s. The laminate was divided into sixteen
layers, and each layer expressed the ply of each fiber
direction. Each layer was divided by the four-node
isoparametric Mindlin plate elements. The stitch
threads were expressed by connecting the neighbor-
ing layers by two-node Timoshenko beam elements,
and the beam section was circular. The beam ele-
ments were located every 3.0 mm in both x and y
direction.

To express the ply cracks, four-node cohesive
elements were introduced in each layer as indicated
in Fig. 7(b). In addition, eight-node cohesive ele-
ments were introduced at each interface of the layers

to connect the layers and to express the delamination.

For cohesive elements in the present model, we
employed the bilinear relation between traction and
separation that was proposed by Geubelle [22]. The
present model was nonlinear due to the cohesive
elements. We solved the problem by using the direct
recurrent method [23], which consists of the repeti-
tion of linear analyses.

The static indentation displacement d was ap-
plied in the node located at the center of the top sur-
face of the model, and damage extension was calcu-
lated. Note that we introduced the initial delamina-
tion of diameter of 8.0 mm in each interface in order
to avoid numerical instability.

Displacement (-z direction)

Unit : mm
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(b) Arrangement of the cohesive elements in the
each layer.

Fig. 7. Layer-wise finite element model for the dam-
age extension simulation under the out-of-plane in-
dentation load.

3.2 Simulation Results

Table 1 and 2 present the material properties
and the parameters of cohesive elements used in the
present analysis. For the critical energy release rates
for ply cracks, the catalogue values of the epoxy
resin system were used. For the critical energy re-
lease rates of delamination, we employed the typical

4
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Table 1. Material properties of a stitched laminate.

(a) Laminate

Longitudinal Young’s modulus E, (GPa) 120.83
Transverse Young’s modulus £, = E. (GPa) 9.57
Longitudinal shear modulus G, = G,. (GPa) 4.50
Transeverse shear modulus G,. (GPa) 3.50
Longitudinal Poisson’s ratio v, = ;. 0.356
Transeverse Poisson’s ratio ¥, 0.49
(b) Stitch thread
Longitudinal Young’s modulus E, (GPa) 148.0
Longitudinal shear modulus G,. = G,. (GPa) 4.5
Diameter (mm) 0.6

Table 2. Parameters of the cohesive elements used in
the simulation.

(a) Ply crack
In-plane tensile strength (Mode I, MPa) 40.0
In-plane shear strength (Mode II, MPa) 60.0
Out-of-plane shear strength (Mode 111, MPa) 60.0
Critical energy release rate (Mode I, J/m?) 100.0
Critical energy release rate (Mode II, J/m?) 500.0
Critical energy release rate (Mode III, J/m?) 500.0
(b) Delamination
In-plane tensile strength (Mode I, MPa) 40.0
In-plane shear strength (Mode II, MPa) 60.0
Out-of-plane shear strength (Mode 111, MPa) 60.0
Critical energy release rate (Mode I, J/m?) 200.0
Critical energy release rate (Mode II, J/m?) 1000.0
Critical energy release rate (Mode III, J/m®) 1000.0

values of interlaminar toughness of CFRP from lit-
eratures.

Figure 8 plots the distribution of delamination
when the indentation displacement d was about 3.0
mm. In the figure, the points denote the cohesive
elements which fractured completely, and the color
of the points indicates the interface. In addition,
black bold lines denote the ply cracks of the -45°
layers. In this figure, the indentation displacement
was applied at the point (x, y, z) = (0.0, 0.0, 3.0).

In the unstitched model, delamination which
located closer to the bottom of the model extended
larger(Fig. 8(a)), and similarly, the ply cracks which
located closer to the bottom extended larger. The
longest ply crack occurred at the bottom of the
model because of the flexure deformation of the
model. At the neighboring -45°/0° interface, delami-
nation expanded along the -45° layer crack because
of the peel deformation of the model. Therefore, the

3.0 Ply cracks in -45° layers

-30-40

(a) Unstitched

3.0 Ply cracks in -45° layers

= o/
3040 20 X

(b) Stitched

® -45°/ 0° interface

® 0°/ 45° interface

® 45°/ 90° interface
90°/ -45° interface

Fig. 8. Simulation results for three dimensional dis-

tribution of delamination under out-of-plane indenta-

tion load (d = 3.0 mm). Bold black lines indicate ply
cracks in -45° layers.

xy projected shape of the delamination was large in
the -45° direction.

On the other hand, in the stitched model (Fig.
8(b)), although the longest ply crack occurred at the
bottom of the model, the delamination of the
neighboring -45°/0° interface did not extend particu-
larly larger than those of the other interfaces. The
areas of delaminations which located near the center
in the thickness direction were slightly larger than
the other delaminations, but the difference was not
so large. Moreover, in the stitched model, the de-
lamination expanded relatively equally to all direc-
tion. The reason of these phenomena was that the
stitch threads suppressed the peel deformation of the
model, and delamination did not extend large near
the bottom of the model.

Figure 9 plots the delamination area projected
to xy plane as a function of the work applied to the
model. Delamination area of the stitched model was
always smaller than that of the unstitched model.
Moreover, as the applied work became larger, the
increasing rate of the delamination area became lar-
ger in the unstitched model, whereas became smaller
in the stitched model. Therefore, when the impact
energy was larger, the difference of the delamination
area between the stitched and unstitched model grew
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Fig. 9. Projected delamination area as a function of
the energy applied to the model.

larger, namely, improvement effect of the damage
resistance became greater. The impact loading with
the larger energy caused increasing number of stitch
threads that bridged the delamination, following the
onset of the larger delamination. We concluded that
these threads yielded the increase of the crack clo-
sure force, which relaxed the stress concentration at
the delamination tip and finally suppressed the ex-
tension of the delamination.

4 Conclusion

The present study both experimentally and nu-
merically investigates the damage process in the
stitched laminates under the low velocity impact
loading.

1. Both experimental and numerical results dem-
onstrated that the out-of-plane impact resistance
of CFRP laminates was improved by stitching.

2. In the thickness direction, the largest damage
occurred around the bottom of the specimen in
the unstitched laminate. On the other hand, in
the stitched laminate, the largest damage oc-
curred around the center of the specimen. The
simulation results revealed that the reason of
this difference was the suppression of the peel
deformation due to the stitching.

3. The improvement effect of the damage resis-
tance became greater when the impact energy
was larger. We concluded that the larger impact
energy caused increasing number of stitch
threads that bridged the delamination, and the
increasing of crack closure force achieved more
effective improvement of damage resistance of
the laminate.
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