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Abstract

The present study investigated, both experimentally and numerically, the improvement of low-velocity im-
pact damage resistance of carbon fiber reinforced plastic (CFRP) laminates due to through-the-thickness
stitching. First, we conducted drop-weight impact tests for stitched and unstitched laminates. The results
of damage inspection confirmed that stitching did improve the impact damage resistance, and revealed that
the improvement effect became greater as the impact energy increased. Moreover, the stitching affected the
through-the-thickness damage distribution. Next, we performed FEM analysis and calculated the energy re-
lease rate of the delamination crack using the virtual crack closure technique (VCCT). The numerical results
revealed that the stitching affected the through-the-thickness damage distribution because the stitch threads
had a marked effect on decreasing both the modes I and II energy release rate around the bottom of the
laminate. Comparison of the results for models that contained delaminations of various sizes revealed that
the energy release rate became lower as delamination size increased; therefore the stitching improved the
impact resistance more effectively when the impact energy was higher.

© Koninklijke Brill NV, Leiden, 2009
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1. Introduction

Generally, out-of-plane impact load easily generates delamination in conventional
CFRP laminates because of their low interlaminar fracture toughness. Delamina-
tion significantly degrades various material properties of CFRP including tensile
strength, compressive strength, fatigue life, etc. Among these, compressive strength
is seriously reduced by delamination. Residual compressive strength after impact
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load (CAI strength: compression after impact strength) is often reduced to less than
half of the compressive strength of the intact laminate. Therefore, it is essential to
suppress the out-of-plane impact damage when the FRP laminates are used as the
structural components that may be subjected to impact load.

Stitched CFRP laminate is a kind of three-dimensional reinforced composite, in
which stitch threads are embedded along the through-the-thickness direction [1].
The stitch threads survive after the onset of delamination, and the threads bridge
the delamination crack. Therefore, the apparent interlaminar fracture toughnesses
of stitched laminates, which are measured by DCB (double cantilever beam) and
ENF (end notched flexure) tests, are much higher than those of unstitched laminates
[1-11].

Therefore, the expectation has been that stitched laminates will have high impact
damage resistance. Numerous studies have conducted out-of-plane impact tests for
stitched laminates, and most of the results confirmed that the out-of-plane stitching
improved the impact damage resistance of the CFRP laminates [6, 10, 12-16]. How-
ever, stitching did not always greatly improve the impact damage resistance; the
results presented varying degrees of improvement. Moreover, some results showed
that the stitching had no effect on the impact resistance of the laminates [5]. There-
fore, further discussions on the mechanism of the improvement effect of the impact
damage resistance are required.

The present study, both experimentally and numerically, investigates the out-
of-plane impact damage in stitched laminates, and the results reveal the effects
of the stitching on the out-of-plane impact damage resistance of CFRP laminates.
The present paper is organized as follows. First, in Section 2, drop-weight impact
tests and detailed damage observations by NDI techniques are conducted for both
stitched and unstitched laminates. In Section 3, we perform numerical simulations
based on the FEA and reveal the effect of stitching on the impact damage resistance
of CFRP. We then discuss the reason for the varying degrees of damage resistance
improvement found in the literature.

2. Experimental
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 TR40-2kf yarns (Mitsubishi Rayon Co. Ltd.) were employed as the stitch
threads. The stacking sequence of the in-plane tows was [—45/0/45/90]3;. Figure 1
shows the stitching pattern. Stitch threads ran along the 0° direction of the in-plane
tows; stitch threads and selvage yarns crossed at right-angles around the surface
[17]. The stitch space and the stitch pitch were both 3.0 mm. For comparison, un-
stitched preform was also prepared. The fabrication procedure of the unstitched pre-
form was the same as that of the stitched preform without the stitching process. The
materials were impregnated and molded using the resin transfer molding (RTM)
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Figure 1. Cross-section of the laminate along a stitch thread.
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Figure 2. Schematic of the fixture used in the drop-weight impact test.

method. For the matrix, an epoxy resin system (Araldite LY5052/Aradur5052) was
employed. Materials were cut by diamond saw to make rectangular specimens. The
dimensions of the specimens were 102 mm in length and 76 mm in width, where the
length direction was parallel to the 0° direction of the in-plane tows. The thickness
of the specimens was about 4.5 mm.

A drop-weight impact test device (Instron/Dynatup 9250HV) was employed for
the impact tests. Specimens were clamped using a picture frame-type holder plate
and support base as shown in Fig. 2. The holder plate and support base had the same
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rectangularly shaped windows; the dimensions were 80 mm x 60 mm. The impact
load was applied at the center of the rectangle. The weight of the impactor was
5.07 kg, and the tip shape of the impactor was a hemisphere 12.7 mm in diameter.
Three levels of impact energy were applied to each type of specimen: 0.8375, 1.675
and 3.350 J/mm, where the impact energy was normalized by the plate thickness.
At least two specimens were tested at each impact energy level.

Two kinds of soft X-ray NDI were conducted for detailed observation of the
impact damage. To ensure clear observation, the specimen was penetrated with
contrast medium (zinc iodide) before inspection. For all specimens, we took soft
X-ray radiographs using a 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
subjected to a 1.675 J/mm impact, we took section images using a soft X-ray micro-
focus computed tomography (CT) system (TOSCANER-30000uhd, Toshiba IT and
Control Systems Corp.) in order to observe through-the-thickness distribution of the
damage.

2.2. Experimental Results

Figure 3 shows the soft X-ray radiographs of the specimens. The damaged area in
the stitched specimen was always smaller than that in the unstitched specimen for
the same level of energy. In the unstitched specimens, one long, straight ply crack
always occurred in the —45° ply at the bottom of the specimen, and the impact
damage spread along the —45° crack. However, although ply cracks occurred in
the stitched specimens, the cracks did not extend as far as those in the unstitched
specimens. The impact damage expanded relatively equally in all directions.

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 digitally.
When the impact energy was low, the difference in the damaged areas between the
stitched and unstitched specimens was negligible, but this difference became greater
as the impact energy became higher: namely, the improvement in impact damage
resistance due to the stitching became greater as the impact energy increased.

Figures 5 and 6 show micro-focus X-ray CT images of unstitched and stitched
specimens, where white lines indicate cracks. Sections (s1)—(s5) in the Figs 5 and 6
correspond to the (s1)—(s5) in the Fig. 3. In both stitched and unstitched specimens,
delamination, which is indicated by a horizontal white line, occurred at each in-
terface and ply cracks, which are indicated by a vertical white line, connected the
delaminations. The damage distributions in through-the-thickness direction were
different between stitched and unstitched specimens. In the unstitched specimen,
damage became gradually greater from the top to the bottom of the specimen, and
the greatest damage occurred at the bottom of the specimen. In contrast, in the
stitched specimen, the damage became greater from the top to the center of the spec-
imen, and the damage then became progressively less from the center to the bottom.
The greatest damage was located around the center of the specimen.
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Figure 3. Soft X-ray radiographs of the impacted specimens.
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Figure 4. Projected area of measured impact damage as a function of impact energy.
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Delamination

Figure 5. Soft X-ray CT images of the unstitched specimen. White line indicates the crack penetrated
by contrast medium (zinc iodide).

3. Analysis
3.1. Simulation Model

The impact velocity of the experiment was about 1.0-3.0 m/s. Therefore, we re-
garded the impact events as low velocity impact [18]. Generally, the low velocity
impact load and the static indentation load cause almost identical damage in the
CFRP laminates [19]. Therefore, in the present simulation, the static indentation
load was applied to the finite element model, and the energy release rate of each
interface was calculated by the virtual crack closure technique (VCCT).
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Figure 6. Soft X-ray CT images of the stitched specimen.

Figure 7 provides an overview of the finite element model. The stacking sequence
was [—45/0/45/90]3s, the same as in the experiment. The model was divided by
15-node and 20-node isoparametric solid elements. Each ply was expressed by one
element in the thickness direction except for the 90° plies located at the center.
These two plies were expressed by one element.

Circular initial delamination was introduced at each interface except for the
90°/90° interface at the center of the thickness direction (Fig. 7b). The diameter
of the delamination d was varied: 4.0, 11.0, 16.5 and 22.0 mm. The mesh of the
model was slightly different depending on the diameter d (Fig. 7c). We considered
a single crack at every ply because a single long ply crack occurred in the bottom
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Figure 7. Finite element model for energy release rate calculation. (a) Overview of the mesh,
(b) schematic of the delamination, (c) delamination and arrangement of spring elements, (d) ply crack
arrangement of each layer.
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surface of the specimen in the experiment. The length of the crack was the same as
the diameter of the initial delamination, and the crack was parallel to the fiber orien-
tation. Figure 7d shows the crack arrangement of each layer, where the diameter of
the delamination d was 22.0 mm. The delamination and ply cracks were expressed
by duplicated nodes. We considered the contact of the crack surfaces by introduc-
ing penalty spring elements which generate reaction force only when surface nodes
overlap.

In the stitched laminate, the stitch threads affect the stiffness in the through-the-
thickness direction. Moreover, after onset of the delamination, the threads bridge
the delamination, and generate a crack closure force. We considered the effect on
the stiffness by superimposing the stiffness of the thread onto the stiffness of the
laminate. In order to consider the bridging effect, we introduced linear spring ele-
ments that connect the neighboring layer. The arrangement of the spring is shown in
Fig. 7c. The stiffness of the spring elements was determined from the literature [20]
describing composite rod pull-out tests. In the present model, we did not consider
the nonlinear behavior of the bridging force because the crack opening displace-
ment was sufficiently small. The stiffness of the spring was 2.25 x 10> N/mm in the
mode I direction and 3.75 x 10> N/mm in the mode II direction.

We prepared two models including the stitched model, in which the stitching
effects were considered, and the unstitched model, in which the stitching effects
were not considered. Four edges of the model were clamped, and a concentrated
load (4 kN) was applied along the —z direction. The energy release rate along the
delamination front at each ply interface was calculated from the displacement and
nodal force of the crack tip.

3.2. Simulation Results

For the analysis, commercial finite element code ABAQUS 6.6-1 was employed.
Table 1 presents the material properties used in the present analysis, where sub-
script L denotes fiber direction, and 7" indicates transverse direction. Figure 8 plots
the in-plane energy release rate distributions of interface A and interface B which
were indicated in Fig. 7b when the delamination diameter d equaled 22.0 mm. In-
terface A is the eleventh interface from the top, and interface B is the twenty second.
The radial coordinate () indicates the energy release rate, and the circumferential

Table 1.
Material properties of a single ply

Longitudinal Young’s modulus E;, (GPa) 149.83

Transverse Young’s modulus E7 (GPa) 7.65
Longitudinal shear modulus G 7 (GPa) 3.25
Transverse shear modulus Gr7 (GPa) 2.57
Longitudinal Poisson’s ratio vy 7 0.281

Transverse Poisson’s ratio vt 0.177
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Figure 8. In-plane energy release rate distributions of (a) interface A (45°/90°) and (b) interface B
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Figure 9. Through-the-thickness distribution of energy release rate.

coordinate (0) indicates the direction of crack extension. The direction where the
energy release rate reached its peak value was dependent on the fiber directions of
neighboring layers. The energy release rate of the stitched model was lower than
that of the unstitched one.

The maximum energy release rate of each interface is plotted in Fig. 9. The
vertical axis indicates the position of the interface in the thickness direction. The
indentation load was applied at z = 4.5 mm. The energy release rate of the stitched
model was always lower than that of the unstitched model. In the unstitched model,
the energy release rate progressively increased from the top to the center of the
model. After it peaked at the center of the model, it sharply increased around the
bottom of the model (opposite surface to the impacted surface). On the other hand,
in the stitched model, although there were small peaks at the center and the bottom
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Figure 10. Modes I and II components of energy release rate.

of the model, the peak at the bottom of the model was much lower than that in
the unstitched model. These results clearly explain the experimental results (Figs
5 and 6).

Figure 10 plots separately the through-the-thickness distribution of the modes
I and II component of the energy release rate. The mode I component of the energy
release rate of the unstitched model sharply increased around the bottom of the
model because the indentation load caused peel deformation of the bottom layer. In
the stitched model, on the other hand, the mode I component of the energy release
rate remained consistently low. Moreover, in the stitched model, the mode II com-
ponent of energy release rate was lower, especially from the center to the bottom
of the model. In the bottom of the model, the reductions of modes I and II were
superimposed. We conclude that the stitching affected the through-the-thickness
distribution of the impact damage because the stitching strongly suppressed the
peel deformation and shear deformation at the bottom of the laminate.

The relationship between the delamination diameter and maximum energy re-
lease rate is shown in Fig. 11, where the maximum energy release rate means the
maximum value of the energy release rate throughout the entire model. The en-
ergy release rate of the unstitched model saturated as the delamination diameter
increased. In the stitched model, on the other hand, it decreased as the delami-
nation diameter increased, because the larger delamination contained more stitch
threads bridging the delamination. These results confirm the experimental results
that the improvement in impact damage resistance due to stitching became more
pronounced as the impact energy became higher (Fig. 4). Higher impact energy
causes greater delamination. However, as delamination grows larger, the energy re-
lease rate decreases in the stitched laminate. Therefore, in the stitched laminate, the
energy needed for the same amount of delamination growth becomes larger as the
impact energy increases. As a result, the difference of impact damage between the
stitched and unstitched laminates grows larger as the impact energy increases.
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Figure 11. Relationship between maximum energy release rate and delamination diameter d.

The above results and discussion imply that the variations in impact energy cause

major variations in the degree to which out-of-plane damage resistance is improved.
We conclude that the variation in the impact energy accounts for the varying degrees
of damage resistance improvement seen in the literature.

4. Conclusion

The present paper experimentally and numerically investigated the out-of-impact
damage in stitched laminates, and revealed the effect of stitching on the out-of-
plane impact damage resistance.

1.

Both experimental and numerical results demonstrated that the out-of-plane
impact resistance of CFRP laminates was improved by stitching. The improve-
ment in damage resistance became greater when the impact energy was higher.

The stitching affected the through-the-thickness damage distribution. The nu-
merical results demonstrated that this was because stitching strongly suppressed
both peel (mode I) and shear (mode II) deformations around the bottom of the
laminates.

. Simulation results revealed that the improvement in impact damage resistance

due to stitching became greater as the delamination area grew larger. This
caused the improvement in out-of-plane impact damage resistance to become
greater when impact energy was higher.
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