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Abstract

Experimental results pertaining to the
compressive response of Z-pinned S-Glass fiber
plain weave composites are presented. These
experiments are motivated by a need to know the
effect of Z-pinning on the strength and stiffness of
these composites. A series of experiments are
performed based upon density of the Z-pins and the
diameter of the Z-pins. It is concluded that the
damage zone around a Z-pin plays an important role
in influencing the stiffness and strength of the Z-pin
composite. 2D and 3D finite element (FE) based
numerical models (based upon the composite
microstructure acquired from scanning electron
micrograph-SEM images) are used to capture details
of the observed failure mechanisms and to provide
predictions of the stiffness and strength of the
composite.

1 Introduction

Delamination resistance of layered textile
composites can be improved by Z-pinning. Evidence
of such improvements are discussed in [1], [2], and
[3]. While improvement in out of plane resistance is
desired, a  simultanecous  degradation  (or
improvement) in in-plane response remains to be
systematically explored. In this paper, results for the
in-plane compression response of Z-pinned S2-Glass
fiber plain weave composites are presented. For a
fixed Z-pin diameter, the effect of Z-pin density is
examined for 2 different Z-pin diameters. Two types
of stacking are examined. One is a quasi-isotropic
lay-up, while the other is a cross-ply lay-up
borrowing from the terminology for laminated
straight fiber reinforced composites. The failure
mechanism in all cases is kink banding within the
axial tows, which can be found in all of the failed
specimens. Based upon SEM images of the
composite microstricture, appropriate 2D and 3D FE
models are used for predictions.

2 Compressive Tests

Plain weave S2 Glass fabrics are sized, Z-
pinned and infused with epoxy resin to make tow
types of laminated textile composites. The glass
fiber tows contain 9k fibers with a nominal fiber
volume fraction of 52%. Measurements indicate a
mean major tow diameter of 4.4 mm and a mean
minor tow diameter of 0.4 mm in the cured state.
The Z-pins are two types. The larger diameter is a
T650 carbon fiber in a BMI matrix, while the
smaller diameter is a T300 carbon fiber in a BMI
matrix . The fiber volume fraction of the Z-pins is 64
%. The stacked 16 layer laminates are 12 mm thick.
Specimens are categorized into 6 groups. Group A,
group C, and group E are [45/-45/0/90]2S lay-ups,
with Z-pin diameters of 0.5080 mm (0.02 in.),
0.2794 mm (0.011 in.), and no Z-pin, respectively.
Group B, group D, and group F are [0]16 lay-ups
with Z-pin diameter of 0.5080 mm (0.02 in.), 0.2794
mm (0.011 in.), and no Z-pin, respectively. It is to be
noted that group A, group C, and group E are quasi-
isotropic composites while group B, group D, and
group F are cross-ply composites. From group A to
group D, each group is further sub-divided into three
subgroups based on the Z-pin density (1%, 2%, or
3%). Detailed descriptions of these 6 groups are
given in Tablel.

Table 1

Type Description Size
A-1 UAZ-T6B-0.020"-1% 38.1cm x 38.1cm
A-2 UAZ-T6B-0.020"-2% 38.1cm x 38.1cm
A-3 UAZ-T6B-0.020"-3% 38.1cm x 38.1cm
B-1 UAZ-T6B-0.020"-1% 38.1cm x 38.1cm
B-2 UAZ-T6B-0.020"-2% 38.1cm x 38.1cm
B-3 UAZ-T6B-0.020"-3% 38.1cm x 38.1cm
C-1 UAZ-T3B-0.011-1% 38.1cm x 38.1cm
C-2 UAZ-T3B-0.011"-2% 38.1cm x 38.1cm
C-3 UAZ-T3B-0.0117-3% 38.1cm x 38.1cm
D-1 UAZ-T3B-0.0117-1% 38.1cm x 38.1cm
D-2 UAZ-T3B-0.011"-2% 38.1cm x 38.1cm
D-3 UAZ-T3B-0.011"-3% 38.1cm x 38.1cm

E No Z-Pins 38.1cm x 38.1cm

F No Z-Pins 38.1cm x 38.1cm




2.1 Compressive Loading Apparatus

Compressive tests were performed on a servo-
hydraulic MTS machine with a displacement control
loading rate of 0.010 mm/sec. An image of the
experimental setup is shown in Figure 1. In order to
obtain the compressive strength of the material, the
specimen is prevented from global buckling by using
anti-buckling guides (knife edge supports that allow
in-plane sliding and out-of-plane rotation, but
constraints out-of-plane deflection) as indicated in a
top-view image of the support fixture shown in
Figure 2. The front view and back view of a typical
specimen is shown in Figure 3. The width of the
specimen is 63.5 mm (2.5 in.) and the height of the
specimen is 50.8 mm (2 in.). For each experiment,
two strain gages were attached to the specimen
(back to back) aligned with the loading direction and
one in the transverse direction on one side. The
purpose of using two strain gages in the loading
direction is to monitor any unwanted bending that
may occur during the compression loading.

2.2 Compressive Stiffness

Figure 4 shows a comparison of the slope of
the axial stress (defined as load divided by nominal
cross-sectional area) - axial strain (averaged between
the two back to back axial strain gages) curves,
between group A and group E. This measure
corresponds to the axial Young’s modulus of the
specimen. Figure 5 shows a comparison of the
Young’s moduli between group B and group F. The
horizontal axis represents density of the Z-pins and
the wvertical axis represents the corresponding
Young’s modulus. Figure 6 and Figure 7 show the
comparison of group C and group D with the
corresponding no Z-pin composites group. For group
A and C, the Young’s modulus decreases as the
density of the Z-pins increases. However, the
decrease of the Young’s modulus is not significant.
This is consistent with the conclusion in [4] that the
Young’s modulus decreases 7% to 10% by adding
2% density of Z-pins. In other work described in [5],
[6], and [7], it is shown that the Young’s modulus
has a trend to degrade with the increase of Z-pin
density and the value of Young’s modulus doesn’t
change appreciably when the density of Z-pins is
less than 1.5%. However, the Young’s modulus can
degrade by as much as 30% when the density of Z-
pins is in excess of 10% [8]. Comparing Figure 4
with Figure 6 for the subgroup of the same density
of Z-pins, say 1%, we can observe that the Young’s
modulus in group A is slightly higher than that in
group C. This can be understood as follows: After
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insertion of the Z-pins, the Z-pins in subgroup C
have a larger contacting area with the surrounding
glass fiber tows in the composite than the
corresponding contacting area in subgroup A. A
larger contacting area leads to a larger probability of
the presence of initial interfacial cracks (the Z-
pin/matrix boundary acts as a stress raiser) as well as
a larger probability of unintended tow undulations,
thus inducing stress and strain concentration and a
resulting lowering of the axial stiffness. Furthermore,
the undulations lead to lowering of the compression
strength caused by fiber tow kinking. A further
explanation is as follows: for composites with the
same Z-pin density, each Z-pin of diameter 0.508
mm (0.02 in.) inserted in the composites can
be “replaced” by four Z-pins of diameter 0.254 mm
(0.01 in.) Z-pins as shown in Figure 8. Suppose that
the height of the composites is h. Then, the
contacting area in the through-the thickness
direction around one Z-pin of diameter d=0.508 mm
(0.02 in.) is 0.508wh. The contacting area around the
four smaller (d=0.2540 mm) Z-pins is 1.016xh. This
shows that the smaller diameter Z-pin has a larger
“contacting area” than a Z-pin with d=0.5080 mm
(0.02 in.) provided that the density of the Z-pins is
the same. Under this circumstance, it is likely that,
in the composites of d=0.254 mm (0.01 in.), more
damage is probable during the insertion of the Z-
pins. Figure 9 shows scanning electron microscope
(SEM) images of a d=0.508 mm (0.02 in.) Z-pin
composite and a d=0.2794 mm (0.011 in.) Z-pin
composite, respectively. Both of these images were
taken from as manufactured plaques prior to
conducting  compression  experiments.  The
monitored image plane (Xy) is cut at the center of the
thickness as shown in Figure 9. These images show
that Z-pin insertion and subsequent cure leads to
interfacial damage and an interfacial crack can be
seen at the circumferential boundary of the Z-pin.
Therefore, in a given area, as the number of Z-pins
increase, the resulting “initial damage” is also larger.
This can also explain why a 3% Z-pin composite has
slightly lower Young’s modulus than the 1% or 2%
Z-pin composite.

2.3 Compressive Strength

Figure 10 shows the comparison of the
compressive strength between group A and group E.
The horizontal axis represents the density of the Z-
pins and vertical axis represents the compressive
strength. Figure 11 shows the comparison of the
compressive strength between group B and group F.
Figure 12 shows the comparison of the compressive

2



Influence of Z-Pin Size and Density on the
Compressive Response of Woven Composites

strength between group C and group E. Finally,
Figure 13 shows the comparison of the compressive
strength between group D and group F. From Figure
10 to Figure 13, it is observed that the compressive
strength decreases as the density of Z-pins increase.
For the [45/-45/0/90]2s composites of group A and
group C, the subgroups of the composites with the
same Z-pin density are compared. It is found that the
strength of the subgroup in group A is higher than
that of the subgroup in group C. The same trend is
also observed for the comparison of group B and
group D, which show that subgroups in group B are
higher in compression strength than those in group
D when the same density is specified. The reason
that the strengths in group A is lager than group C
and that group B are higher than group D is as
follows: The Z-pins in subgroups C and D have
more contacting area with the glass fiber tows than
that in subgroups A and B. Therefore, these
subgroups contain a larger population of initial
“defects” leading to a lowering of the compression
strength. The role of these sites (which are within
axial tows) in initiating fiber kink banding within the
axial tows are discussed later.

2.4 Compression Failure Mechanism

Figure 14 shows an image of the failure pattern
that is typical for most of the Z-pin composites
under compression. It is noticed that all failed
specimens exhibit the same pattern. That is, an out
of plane macroscopic kink band can be found.
Further examination with SEM images shows that
individual fiber tows kink due to unintended initial
fiber misalignment caused by Z-pin insertion. Figure
15 shows the crack path passing through the area
around Z-pins. These sites are location of stress
(strain) concentration. It is also observed, in Figure
16, that a kink band formed between the two Z-pins
within one specimen of group Cl1. Figure 17 shows
existence of kind band and cracks around the Z-pins
of the specimen in group A2 and group A3,
respectively. These failure mechanisms are
repeatedly found in all of the specimens.

The typical failure pattern for composites without
Z-pins is shown in Figure 18. As shown before with
the Z-pin composites, an out of plane macroscopic
kind band can be found. If we examine the side view
in Figure 18, slight lateral expansion is noticed as
opposed to the side view in Figure 14. This is
because the Z-pins provide constraint in the through
the thickness direction. Previous work has found that
this through-the-thickness constraint is responsible
for an increase in the interlaminar fracture toughness

[1,2,3].

3 Numerical Simulation

3.1 Creation of finite element model

In order to build the three dimensional model
to perform finite element analysis, the geometry of
representative unit cell has to be identified first. The
traditional textile composites are composed of the
fiber tows and matrix as shown in Figure 19. For the
Z-pin textile composites, Z-pins are inserted through
the thickness in the composites. As shown in Figure
20, the fiber tow is an undulating, nearly sinusoidal,
solid entity in a 3D setting. Therefore, the sinusoidal
shape of the fiber tow is assumed in this 3 D model.
The cross section of the fiber tow is assumed to have
elliptic shape, based on SEM images of the cured
composite. The geometry of the sinusoidal tow and
the cross section of the tow used in the simulation is
estimated through statistics of 40 similar images to
Figure 21. The average geometry is used in the FE
model. The average amplitude of the sinusoidal tow,
the major axis, and minor axis are indicated in
Figure 22. In the representative unit cell (RUC), two
longitudinal and two transverse sinusoidal fiber twos
are simulated as shown in Figure 23. Two tows in
each direction (longitudinal or transverse) have the
same geometry and the two tows in each direction
differ in phase angle.

It is to be noted that only one layer of [0];s
composites is constructed and used in the finite
element simulation. These longitudinal and
transverse fiber tows are embedded in the matrix
shown in Figure 24. The Z-pin fibers are embedded
in the matrix and fiber tows.

After the geometry is identified, the
constitutive law of each constituent is needed in
order to implement the finite element model in the
context of a nonlinear (material and geometry)
analysis. The response curve of the in-situ matrix is
first extracted by carrying out experiments on the
cured composite as described in [9]. The extracted
response curve of the in-situ matrix (axial stress —
axial strain) as shown in Figure 25 is obtained, it is
used to obtain the response curves of the three
dimensional fiber tow. The fiber tow consists of
matrix and fiber filaments as shown in Figure 26.
Therefore, the property of the matrix will influence
the property of the fiber tow, most importantly the
transverse properties. Forty images similar to Figure
26 are taken to estimate the fiber volume fraction of
the tows. The fiber volume fraction and matrix
volume fraction in a fiber tow are 52% and 48%,



respectively. These numbers are used to build a
hexagonal representative unit cell of the tow. A three
dimensional hexagonal representative unit cell
shown in Figure 27 is used to obtain the constitutive
law of the fiber tow in accordance with a elastic-
plastic representation. It is pointed out in [10] that
hexagonal representative unit cell provides the
requisite symmetries associated with transverse
isotropy resulting in estimates that are better than a
square representative unit cell. A FE analysis is
performed to obtain the constants associated with an
orthotropic plastic potential for the fiber tow.

The matrix is assumed to obey a J2 isotropic
hardening law in the simulation. A simplified
orthotropic plastic potential proposed in [11] is used
in this paper,

1
f= E[(Uzz — 03 )+ 2“44‘7232 + 2“550-212 + 2“550312] (1)

Because of symmetry, only 2 parameters are needed
in equation (1). As shown in Figure 27, the direction
1 is the longitudinal direction of the fiber tow.
Direction 2 and direction 3 are the transverse
directions of the fiber tow. It is to be note that
equation 1 is assumed that no plastic deformation
occurs in the longitudinal direction of the fiber tow.
The yield surface can be obtained from performing a
transverse compressive simulation in direction 2( or
direction 3). From this simulation, the yield stress
Gy or o33 can be identified. The plastic surface
corresponding to yielding can be obtained.

fyie/dl = 0-50'222 (2)

Subsequently, a shear simulation in the 12
plane is performed. From the stress-strain curve, the
yield stress can be identified. Then, the coefficient
ass can be obtained by use of equation 1 because the
plastic yield surface has been obtained from
compressive simulation in direction 2. That is,
equation 2 and equation 3 should be equivalent.

2
Syietar = 45507 (3)
Similarly, parameter a4 can be extracted by
performing shear simulation in direction 23.

3.2 2D finite element analysis

A 2D finite element model is built based on
the SEM image shown in Figure 28. The purpose of
the 2D model is to investigate the difference of the
local behavior of fiber tows when the Z-pin is
present or when the Z-pin is absent. This 2D model
can be used to interrogate the compressive kinking
behavior of the tows which is a strength limiting
mechanism in compression. The aforementioned
material properties obtained in section 3.1 are
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specialized to 2D and used in the 2D finite element
simulation, which incorporates geometric
nonlinearity and is carried out under displacement
control with a arc-length solver [see, [12] for a
similar analysis]. Figure 29 shows the comparison of
the response for different diameters of the
composites when the 1% density of Z-pins are
inserted in the composites. The d=0.508 mm (0.02 in)
composites have a lower strength than d=0.2794 mm
(0.011 in) one. The deformed shape of the d=0.508
mm (0.02 in) composites at the peak load and post
failure state are both presented. The kink band which
emerges just prior to attainment of the peak strength
can be observed in the post failure contour plot.
Notice the highly localized bands where there is
large inelastic action. Figure 30 shows a comparison
between different density (1% and 2%)
corresponding to d=0.508 mm (0.02 in) Z-pins. The
2% composites have a lower strength than the 1%
composites. It is seen that the composites behave
linearly until the attainment of kinking which is
caused by the reduced stiffness in the transverse
direction which is responsible for precipitating a
kink band.

As observed in Figure 28, cracks can always be
found near the contacting surface between matrix
and Z-pin. That shows that the contacting area is not
perfectly bonding between matrix and Z-pins.
Therefore, the assumption of perfect bonding
between the matrix and Z-pin may not be accurate.
Here, an extreme damage case can be modeled by
assuming that the Z-pin is completely absent. The
comparison of this “damage” case (with a hole, no
Z-pin) and the “non damage” case is shown in
Figure 30. It is observed that damage between
matrix and Z-pin doesn’t influence the strength of
the composites. However, it has a strong influence
on the post failure behavior. The analysis results
from the 2D model are useful for understanding the
observed experimental trends in failure initiation by
kink banding, while at the same time they serve as
input for the 3D modeling.

3.3 3D finite element analysis

Figure 33, Figure 34, and Figure 35 show the fiber
tows of a 3D model of composites with no Z-pin,
1%, d=0.5080 mm (0.02 in.) Z-pin, and 1%
d=0.2794 mm (0.011 in.) Z-pin. During the
simulation, displacement is imposed in the global
“1” - direction. In addition, an arc-length solver is
used in conjunction with geometric non-linearity.
The tows are modeled as described earlier in section
3.1 The results of simulations are shown in Figure

4



Influence of Z-Pin Size and Density on the
Compressive Response of Woven Composites

36. It is observed that the strength of composites
without Z-pins is higher than those with Z-pins.
Furthermore, d=0.2794 mm (0.011 in.) Z-pin
composites have a lower strength than the d=0.5080
mm (0.02 in.) composites. This is consistent with
what is found in the experiments. The experimental
result in Figure 36 corresponds to a compressive
response without Z-pins. It is noted that the
predicted compressive response is in close
agreement with that obtained from experiments. The
deformed fiber tows of the composites (with no Z-
pins) at the peak load and the post failure state are
also illustrated in Figure 36.

4 Conclusions

Initial defects between the Z-pin and the
surrounding area and unintended fiber waviness
caused by Z-pin insertion have been identified as
causes responsible for lowering the compression
strength which is limited by tow kinking leading to
macroscopic kink banding. When the diameter is set
to be the same, the higher density Z-pin composites
have lower strength than the lower density Z-pin
composite. The higher stress concentration on the
higher density composite is shown in section 2.
When the density is set to be the same, the small
diameter Z-pin composites have lower strength than
the larger diameter Z-pin composites. Finally, the
numerical methods outlined proves to be a reliable
predictor of the compressive strength of the Z-pin
composites.
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