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Abstract: The results of experimental research on the pullout properties of circumferentially notched
z-pins with various notch designs are presented in this paper. Investigations on notched z-pins
with four different notch designs—rectangular, circular, triangular, and sinusoidal—inserted into
unidirectional (UD) and quasi-isotropic (QI) laminates were carried out in order to assess the influence
of notch design and laminate structure on the resulting z-pin pullout properties. It can be shown
that the application of circumferential notches at the z-pin surface causes significant increases in
pullout forces and consequently, on the resulting pullout energies, regardless of which notch design
is considered. The effect of notched z-pins is higher in a quasi-isotropic than in a unidirectional
laminate structure. The highest enhancements of the pullout energy were found on quasi-isotropic
laminates with circular and sinusoidal notch designs with increases of up to 69%, in comparison to
measurements on samples with unnotched z-pins.

Keywords: 3-dimensional reinforcement; bridging mechanisms; circumferentially notched;
pullout energy; z-pinning

1. Introduction

In the last few decades, the importance of composite materials has increased steadily. Due to
their excellent mechanical properties in combination with their low weight, carbon-fiber reinforced
plastics (CFRP) are increasingly used in structural components for both aerospace applications as
well as in new applications for electric mobility. The fracture-mechanical properties are crucial,
since inhomogeneous cracks and materials of various sizes are always present in any composite
structure. Under dynamic loads, they may grow and cause an increasing weakness of the composite
structure. In addition, impact damage events can cause a significant reduction in the strength
and stiffness properties of structural components made of fiber-reinforced plastics. These events
may lead to delamination, which in turn leads to lower residual load capacities. There have been
many developments on how to manage such cracks. Apart from the insertion of elastomer or
thermoplastic particles into the primarily used thermosetting matrices [1,2], methods for the realization
of three-dimensional fiber reinforcement structures exist, which can impede and indeed completely
stop crack growth. Depending on the area of application, various textile techniques can be applied,
such as 3D weaving [3-5], braiding [3,4,6,7], through-thickness stitching [4,8,9], or special techniques
like tufting [10,11] or z-Anchoring [12,13] to create a 3D reinforcement structure and to achieve damage
tolerant structural components with a desired safe life while maintaining specific performance at
acceptable costs. When using preimpregnated semifinished fiber products (prepreg), the z-pin process
is the preferred method for implementing a 3D fiber reinforcement due to the processing properties of

J. Compos. Sci. 2020, 4, 67; d0i:10.3390/jcs4020067 www.mdpi.com/journal/jcs


http://www.mdpi.com/journal/jcs
http://www.mdpi.com
https://orcid.org/0000-0002-6592-5384
http://www.mdpi.com/2504-477X/4/2/67?type=check_update&version=1
http://dx.doi.org/10.3390/jcs4020067
http://www.mdpi.com/journal/jcs

J. Compos. Sci. 2020, 4, 67 2 of 15

these materials [14]. Numerous studies show that the insertion of a z-pin reinforcement has positive
impacts on the delamination resistance of prepreg laminates. In general, an improvement of the
delamination properties can be achieved under Mode-I [15-21], Mode-II [17,18,20-23], and mixed
mode I/II stress [24-26] by the insertion of a z-pin reinforcement. Based on these properties, it can be
stated that the impact damage resistance as well as the damage tolerance of a pinned laminate can
be improved [27-29]. The inserted pins cause bridging effects at a crack under crack-opening loads,
reducing the resulting stresses at the crack tip [30,31]. It involves energy dissipating mechanisms that
can be described by the pullout process of the pins [20]. This results in a significant improvement of
the interlaminar fracture toughness [23,32]. The interactions between z-pins and laminate during the
z-pin-pullout process can be defined by the characteristic load-displacement curves, as illustrated by
Figure 1.
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Figure 1. Characteristic trilinear load-displacement relationship during z-pin pullout loading.

The typical trilinear curves can be defined by the values—maximum debonding force
P4, maximum frictional force Pf, and their respective crack-opening displacements 84 and o.
The maximum crack-opening displacement value g is reached once all pins are pulled out completely.
The energy W dissipated during the z-pin pullout can also be determined on the basis of the curve
progressions. It consists of an elastic component W, which is primarily dependent on the adhesion
between reinforcing elements and laminate; and a friction-induced part W¢, which is defined by the
friction properties during the pullout process after complete debonding of the pins. The energy
W dissipated during the pullout indicates the effectiveness of the z-pins to bridge the applied
loads. Various investigations have been carried out to increase the transferable loads by means
of suitable chemical, physical, or geometrical modifications of the z-pins, thus further increasing the
delamination properties of the z-pinned laminates. Recent research shows that cryogenic and plasma
surface treatment processes of the z-pin surface before insertion into the laminate can increase the
surface roughness as well as cause active chemical groups which lead to an increased wettability with
the matrix material and promote the formation of covalent bonds between matrix and pin surface.
A surface treatment with liquid nitrogen and oxygen plasma leads to an increase of the pin-pullout
energy W of 52% and 114% respectively [33-35]. Wang et al. [36] used z-pins coated with c-fibers and
carbon nanotubes to improve the z-pin pullout bridging forces by enhancing the interlocking effects.
As a result, increases in z-pin laminate shear strength of up to 43% were achieved, causing an increase
in pullout energy of 160%. Vazquez et al. [37] reported improvements in pullout properties when the
CERP pins are formed by slightly twisted carbon-fiber tows and the matrix material of the pins was not
fully cured (about 80%) before insertion into the prepreg laminate. The improvements can be explained
on the one hand by the improved adhesion properties between the pins and the laminate matrix,
as the formation of covalent bonds between pin-surface and laminate matrix is promoted. On the
other hand, the twisted structure enlarges the pin surface that can be wetted by the laminate matrix.
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Additionally, Wang et al. [38] achieved improvements of the pullout properties with twisted pins,
which can be characterized by a tripling of the maximum frictional force as well as pullout energy and
an increase of the maximum interfacial shear strength between z-pin and laminate of 61%, compared to
smooth pins. The investigations of Zhang et al. [39] performed on twisted pins indicate that increases
in the maximum debonding and frictional force of up to 19.4% could be reached, due to the larger
surface area with higher roughness caused by the twists. An enlarged surface area and improved
interlocking effects between the z-pin surface and the laminate were found by Virakthi et al. [40] to be
responsible for the significant increases in pullout strength values achieved in their investigations with
threaded steel pins. Compared to the nonthreaded pins, it was possible to increase pullout strength
by a factor of 3.5. Increased interlocking effects between z-pins and laminate can also be obtained by
introducing circumferential notches at the z-pin surface. Hoffmann et al. [41] conducted investigations
on circumferentially notched z-pins with rectangular notch design and notch depths between 25 um
and 72 um and observed increases in the resulting pullout energy of up to 12%, compared to the
unnotched z-pins, for a unidirectional laminate structure and a notch depth of 25 pm.

On this basis, the present study carried out experimental investigations on the effect of the
notch design on the z-pin pullout properties of microstructured z-pins with circumferential notches.
Until now, only pullout tests have been performed on circumferentially notched z-pins with a
rectangular cross-sectional geometry with notch depths between 25 pm and 72 pum [41]. It was
shown that by microstructuring of the z-pin surface, the characteristic pullout forces and pullout
energies could be increased significantly. During the application of rectangular notches at the z-pin
surface, the unidirectional fibers of the pins are considerably damaged. Additionally, the notches
cause stress concentrations under mechanical loading that can result in a reduction of the fracture
performance of the pinned laminate. Consequently, the influence of the notch design on the pullout
performance of circumferentially notched z-pins will be investigated. From the previous experimental
results for rectangular notch designs, it can also be concluded that a further increase in pullout energy
can be expected with reducing the notch depth to values less than 25 um. The investigations should
contribute to the determination of an optimal notch geometry.

2. Materials and Test Procedure

2.1. Materials

The pullout test specimens were made from a carbon-fiber prepreg tape supplied by Cytec
Engineered Materials. The prepreg material has a unidirectional fiber orientation of IM7 (intermediate
modulus) carbon fibers with a weight-per-unit area of 145 g/m?. The matrix material is a toughened
hot-curing epoxy resin system Cycom 977-2 with a curing temperature of 180 °C. The single-layer
thickness in cured condition amounts to about 0.14 mm. The three-dimensional reinforcement consists
of thin, rod-shaped elements (pins) made of a fiber-reinforced plastic with a diameter of 0.5 mm.
Z-pins with a diameter of 0.5 mm are usually described as big pins. The impact on the resulting
microstructure of the z-pinned laminate and therefore on the mechanical properties—e.g., the reduction
of the in-plane properties—is higher than for pins with a small diameter (0.28 mm). However, pins with
a diameter of 0.5 mm were used for the investigations carried out, as manual handling of these pins
during the process of introducing notches is more convenient. Perspectively, z-pins smaller than
0.5 mm diameter should be used for the 3D-reinforcement. Hence, an automated process for the
insertion of notches at the z-pin surface should be developed and implemented. The z-pins are made
of a thermally stable bismaleimide (BMI) resin combined with unidirectional T300 carbon fibers.
To determine the influence of notches on the pin pullout properties, circumferential notches with
different cross-sectional shapes are added to a defined area at the surface of the z-pin by treatment
with ultra-short laser pulses. The position of the notched area together with the detailed definition of
the cross-sectional shapes of the different notch designs are shown in Figure 2.
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Figure 2. Definition of circumferential notches at the z-pin surface: (a) position and length of notched
area at the z-pin surface, (b) definition of notch geometry, (c) different notch designs evaluated.

The notch area at the pin surface has a length of 6.1 mm to ensure that the notched section is
positioned over the entire thickness of the laminate after insertion. Four different notch designs are
examined—rectangular, triangular, circular, and sinusoidal. The width of the notches by, as well as the
distance d,, is 100 pm for all notch definitions tested. An overview of the notch designs and definitions
examined is summarized in Table 1.

Table 1. Details of investigated notch designs.

Notch Definition
Design Deptht, Widthb, Distanced, No. of Specimens
[um] [um] [um] [Pcs]
Unnotched - - - 6
Rectangular 20 100 100 6
Triangular 20 100 100 6
Sinusoidal 20 100 100 6
Circular 20 100 100 6
Circular 10 100 100 6
Circular 15 100 100 6
Circular 25 100 100 6

Along with the test specimens with unnotched z-pins, investigations are carried out on specimens
with notched pins with different notch designs while keeping the notch depth t, constant at 20 pm.
Furthermore, for samples with circular notch design, investigations on different notch depths
tn are carried out to determine the dependence of the pullout properties from the notch depth.
For inserting the z-pins into the laminate, the Ultrasonically Assisted Z-Fibre process™(UAZ®)
is used. Freitas et al. [15,42] as well as Partridge et al. [29] give a comprehensive overview about the
UAZ-process, which is used to insert thin, rod-shaped elements (pins) into the prepreg stack before
curing cycle. The z-pins are inserted into a foam carrier in the desired configuration and driven into
the laminate under axial pressure using an ultrasonic device. Once the notched areas on the pin surface
are positioned in the laminate, the insertion process is completed and the parts of the pins that are
protruding from the laminate are sheared off. Subsequently, the pinned laminate can be subjected to
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the curing process in an autoclave under material-specific curing conditions (pressure of 600-700 kPa
and a temperature of 180 °C for 180 min).

2.2. Specimen Preparation and Pullout Test Set-Up

Pullout studies were conducted to characterize the resulting bridging traction properties of
unnotched and circumferentially notched z-pins with different notch definitions. The z-pin pullout
test set-up used is shown in Figure 3.

applied
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Figure 3. Definition of the z-pin pullout test sample geometry and test set-up.

The investigated laminates are made of 32 layers of prepreg tape in order to achieve a laminate
thickness of around 4.5 mm after curing. Unidirectional (UD) [03;] laminates as well as quasi-isotropic
(QI) [£45/0/90]45 laminates are built up to determine the pullout properties of z-pin-reinforced
laminates depending on the laminate structure. To apply pure pullout loads to the inserted z-pins,
a nonstick polytetrafluoroethylene (PTFE) film with a thickness of 12.5 um is located in the midplane
of the laminate. In the central region of the specimens, an area of 10 mm x 10 mm is reinforced
by unnotched or circumferentially notched z-pins. With a pin density of 1% for all specimens and
a diameter of the used z-pins of 0.5 mm, the z-pin array is 3 x 3 z-pins. After the curing process
and cutting the specimens from the laminate plate, T-shaped loading tabs were attached to the
lower and upper side of the specimens for applying the crack-opening loads with a universal testing
machine MTS-858 with a load-cell capacity of 2 kN. For each z-pin variant, six specimens were tested,
as specified in Table 1. To determine the z-pin pullout properties, the specimens are loaded with
a constant crack-opening displacement rate of 1 mm/min and the load-displacement curves are
recorded. The tests were conducted until all pins were pulled out completely or had failed. From the
load-displacement curves, the relevant pullout parameters for a comparison of the test samples
with unnotched z-pins as well as with circumferentially notched z-pins can be identified, such as the
maximum debonding force P4 and maximum frictional force Py as well as their respective displacement
values. Furthermore, the energies—elastic pullout energy W, frictional pullout energy W¢, and total
pullout energy W—dissipated during the z-pin pullout process can be determined from the curve
progressions. These values can be used to compare the different notch geometries to identify the notch
definition having the greatest influence on the bridging effects.

3. Results and Discussion

3.1. Pullout-Forces

From the measured pullout curves, exemplified in Figure 4, for z-pinned samples with unnotched
z-pins as well as triangular and sinusoidal circumferentially notched z-pins, the characteristic force
values—maximum debonding force Py as well as maximum frictional force P¢—can be determined.



J. Compos. Sci. 2020, 4, 67 6 of 15

120

[ Ql-laminate Unnotched

In Sinusoidal

100 | |V} Triangular
80 Ffh | N

60

40

Pullout force [N/pin]

20

0 0,5 1 1,5 2 2,5
Crack opening displacement [mm]

Figure 4. Representative z-pin pullout curves of unnotched and circumferentially notched z-pins with
different notch designs in quasi-isotropic laminates.

It can be seen from the figure that the maximum values for P4—i.e., the force required to detach
a pin from the laminate—can be significantly increased by the application of notches at the z-pin
surface, regardless of the notch geometry. This also applies to the values of the maximum frictional
force P, which indicate the impact of the friction between pins and laminate during the pullout. It also
increases with the presence of a notched structure on the z-pin surface, compared to the measured
values of the sample with unnotched z-pins. A comparison of the values for the different notch
designs with those of the unnotched pins gives an indication of the effectiveness of such a surface
texturing. Figure 5 summarizes the mean values of the debonding and frictional forces as well as the
corresponding standard deviation values for samples with unnotched and circumferentially notched
pins with different notch designs in unidirectional and quasi-isotropic laminate structures.

120
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Figure 5. Mean values and corresponding standard deviation values of debonding and frictional forces
during pin-pullout of unnotched and circumferentially notched z-pins with different notch designs
and constant notch depths of 20 um as well as notch distances of 100 um in a (a) unidirectional and (b)
quasi-isotropic laminate structure.

For unidirectional laminates, as shown in Figure 5a, significant enhancements can be obtained
for both debonding and frictional forces by using notched pins. The improvements of the debonding
force range between 7% and 66% with respect to the unnotched samples with the highest values for
sinusoidal notches. The frictional force also substantially increases passing from the unnotched to
notched pins. However, no significant differences in the frictional force values of the various notch
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designs can be observed. All notch designs examined were found to have an increase in frictional force
ranging from 37% to 39%. With a quasi-isotropic laminate structure, as primarily used in technical
applications, substantial improvements of Py and P¢ can be detected when using notched z-pins.
Figure 5b shows the results of the investigations on quasi-isotropic laminate structures. The debonding
force values show an increase between 93% and 162%, whereas the sinusoidal notch design also gives
the best results. The frictional forces follow the previously explained values of the debonding forces
and increase from 89% to 191%. The sinusoidal notch design was the best overall. On the one hand,
the geometrical characteristics of a sinusoidal notch geometry may help to explain why the debonding
forces are largest. Assuming a constant position of the shear area (radius of the sheared pin) for the
different notch geometries, a sinusoidal notch geometry will result in a larger shearing surface running
through the web areas of the notched region of the pins. Thus, higher forces are required to detach
the notched pins with sinusoidal notch geometry from the laminate and consequently, a higher elastic
pullout energy can be expected. On the other hand, due to the continuous transition between webs and
notches, less-intense stress concentrations, which can lead to premature failure in the transition areas,
can be expected compared with the other notch types. If higher values for the maximum debonding
force P4 are achieved by introducing notch structures at the z-pin surface than for unnotched pins,
it can be deduced that the z-pins have better bonding or anchoring in the laminate due to the notch
structures. Consequently, the increases in debonding force should be directly reflected in the values of
the elastic pullout energy, since higher energies are necessary to separate the pins from the laminate.
This has already been demonstrated by Knopp et al. [33,34] on pins previously subjected to a surface
treatment using liquid nitrogen and different plasmas. Especially with the findings on cryogenically
treated pins, it can be assumed that the increases in debonding and frictional properties are mainly
driven by the enhanced surface roughness and the resulting interlocking effects. The higher values
of the frictional force P¢ indicate higher frictional interaction between the surfaces of the pins and
the surrounding laminate. The reason can be found in the resulting microstructure at z-pin/laminate
interface, as shown in Figure 6, for a partially pulled-out notched z-pin with sinusoidal notch design.

partially remaining notch
structures at pin surface

= - = pullout
< pullout == S Cistance

= direction 5

surface fibres of web areas
partly seperated from pin

Figure 6. Partially pulled-out pin with circumferential notches with sinusoidal notch design; crack path
is marked and remaining notch structure can be observed at z-pin surface and in the laminate.

The pathway of the crack between z-pins and laminate is marked in color for better visibility.
It can be observed that surface fibers of the pin are detached from the web areas between the notches
so that the positions of the notches before pullout forces were applied are still discernible. The sheared
fibers are still adhered to the laminate structure. During z-pin pullout, these fibers cause interlocking
effects with the fibers in the web areas at the z-pin surface, resulting in higher resistance against the
pullout. During the z-pin pullout, these areas are frequently superimposed which leads to the wavelike
force-displacement curve progression, as exemplarily shown in Figure 4. The influence of the surface
roughness in the area of the notches, resulting from the treatment process using ultra-short laser pulses,
was not considered in the investigations carried out. In order to overcome the higher forces, a rise
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in the required energy—the friction pullout energy W¢—can also be expected. The investigations
on different notch depths using circular notch designs with a constant notch distance of 100 pm for
unidirectional and quasi-isotropic laminate structures are shown in Figure 7.
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Figure 7. Mean values and corresponding standard deviation values of debonding and frictional forces
measured during z-pin pullout of unnotched and circumferentially notched z-pins with circular notch
design and different notch depths in (a) unidirectional and (b) quasi-isotropic laminate structures.

Figure 7a represents the influence of the notch depth for circular notch designs on the characteristic
force values P4 and P for a unidirectional laminate structure. For the examined notch depths,
an increase in the force values can be observed by reducing the notch depth. Both force values
have their maximum at a notch depth of 10 um and show improvements of about 75% for P4 and 45%
for P¢ compared to the unnotched pins. The results for the quasi-isotropic laminates (see Figure 7b)
show similar characteristics, however, the respective increases are higher—134% for P4 and 109% for
P¢—and reach their maximum at a notch depth of about 15 um.

3.2. Z-Pin Traction Energy

To evaluate the effectiveness of a z-pin reinforcement, it is necessary to know the energy dissipated
during the z-pin pullout process. The elastic pullout energy We, which corresponds to the energy
dissipated during the pullout until the pins are completely detached from the laminate; combined with
the frictional part W¢, which represents the energy dissipated starting when the pins are completely
detached until the pullout is completed, equals the total pullout energy W. By comparing these
parameters for the investigated notch designs and laminate structures, it is possible to identify the
notch design that has the greatest impact on the fracture-mechanical and impact properties of the
pinned laminate. Furthermore, the sensitivity of the abovementioned properties to notch geometry
can be assessed. In Figure 8, average values and corresponding standard deviation of the elastic (a),
frictional (b), and total (c) pullout energies are shown for the various notch designs in unidirectional
and quasi-isotropic laminate structures.
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Figure 8. Mean values and corresponding standard deviation of elastic (a), frictional (b), and total (c)
pullout energy dissipated during z-pin pullout of unnotched and circumferentially notched z-pins with
different notch designs in unidirectional and quasi-isotropic laminates.

The elastic values of the pullout energy indicate that by applying notches at the pin surfaces,
higher values can be achieved, regardless of the notch geometry and laminate structure. For a
unidirectional laminate structure, increases of up to 123% can be realized with sinusoidal notch
designs. The triangular shape provides the lowest increases of around 15% compared to the unnotched
pins. The values obtained directly follow the debonding forces of the respective notch design. In a
quasi-isotropic laminate structure, the test specimens with a sinusoidal notch design also show the
highest values, which corresponds to a rise of the elastic pullout energy of 947%. This implies
that the energy required to debond the notched pins with sinusoidal notches from the laminate
under axial loading is approximately 10 times higher than for the unnotched z-pins. If the energy
introduced into the material is high enough to detach the pins, then higher friction values during
pin pullout effectively impede crack growth by reducing the energy at the crack tip as a result of
the bridging effect [14]. The determined frictional pullout energies for the various notch designs are
shown in Figure 8b. The frictional energy W¢, which represents the bigger part of the total energy W,
shows only small enhancements up to a maximum of 12% for triangular and circular notch designs
for unidirectional laminates. By contrast, no increase can be shown for a rectangular notch design.
The pins with sinusoidal notches also show only minor increases of W of about 5%. In comparison,
for quasi-isotropic laminate structures, the improvements are higher than those for samples with UD
laminate structures. Improvements in friction energy of up to 53% can be measured for both circular
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and sinusoidal notch designs. The rectangular notch design also provides the lowest values with an
increase of 13%. Once again, these results are consistent with the data gathered for the maximum
frictional pullout force Pt (see Figure 6). To determine the total pullout energy, the elastic values
and frictional values are combined. The results are presented in Figure 8c for unidirectional and
quasi-isotropic laminates. It can be seen that at a notch depth of 20 um, a notch distance of 100 um, and
a notch width of also 100 um for unidirectional laminate structures, the triangular notches as well as
the circular notches have the largest increase with respect to the unnotched pins of 12-13%. By contrast,
rectangular notches show no significant improvement in total pullout energy. The improvements
achieved for QI laminates are greater and become maximum for circular and sinusoidal notch designs.
This means that enhancements in pullout energy of up to 69% can be recorded.

If only the pullout energies for specimens with circular notch designs and different notch depths
are considered, as illustrated in Figure 9, for the elastic portion (a), the frictional portion (b), and the
total energy (c), the values of the elastic energies W, and frictional pullout energies W are also
following the values described above for the debonding and frictional forces.

8 I ¢ UD-laminate
o Ql-laminate 80
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[}
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Figure 9. Mean values and corresponding standard deviation of elastic (a), friction (b), and total (c)
pullout energy dissipated during z-pin pullout of unnotched and circumferentially notched z-pins with
circular notch design and different notch depths in unidirectional and quasi-isotropic laminates.

For unidirectional laminate structures, the maximum energy values are found for W, at a notch
depth of 10 um and for W¢ at 15 pm. As a result, the total energy W reaches its maximum at a notch
depth of 15 um and exceeds the values of the samples with unnotched z-pins by about 20%. If a
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quasi-isotropic laminate structure is considered, the enhancements of the energy values are more
pronounced and also have their maximum at a notch depth of 15 pm, irrespective of whether the
elastic component, the frictional component, or the total energy is considered. The rise amounts to
approximately 74% compared to the unnotched z-pins with the same laminate structure.

3.3. Z-Pin Stiffness

To determine the effect of notching on the measured axial stiffness of the z-pins introduced
into a UD and QI laminate, the load-displacement relationships were used for calculating the
values. The results are summarized in Table 2 for the various notch designs in unidirectional and
quasi-isotropic laminates.

Table 2.  Average stiffness and corresponding standard deviation values evaluated for
different circumferentially notched z-pins inserted in unidirectional and quasi-isotropic laminates.
The percentage of variation in stiffness in comparison to unnotched z-pins is also reported.

Notch Design ¢ [kKN/mm] Ac[%] c[kN/mm] Ac[%]

Unidirectional Quasi-Isotropic

Unnotched 1.06 £ 0.11 - 097 £0.14 -
Rectangular 1.13 £ 0.05 +7 1.20 £ 0.12 +24
Triangular 1.10 £ 0.16 +4 1.17 £ 0.08 +20
Sinusoidal 1.18 £ 0.01 +11 1.12 £ 0.08 +16
Circular 1.23 +0.10 +16 1.17 £ 0.20 +20

The results show that the measured stiffness c in a unidirectional laminate structure is slightly
increased by the introduction of notches. The improvements range from 4% to 16%, with the highest
values being obtained by samples with circular notch designs. For QI laminates, the stiffness increase is
higher compared to UD laminates, ranging between 16% and 24%. The values observed consequently
indicate an enlargement of the measured stiffness of the z-pins, independent of the notch design and
laminate structure. The mechanisms responsible for the reported effects are not yet fully understood.
It was expected that the insertion of the notches would cause cutting of fibers of the pin and result
in reduced stiffness of the pins. The calculated stiffness data presented in the table are combined
stiffness, which result from a proportion of the z-pins and a proportion of the laminate surrounding
the pin. Likewise, fibers and matrix material of the laminate are pushed into the notches during
the manufacturing process, contributing to the overall stiffness. The higher stiffness of the samples
with quasi-isotropic laminate structures may result from the higher amount of entwining fibers of
the laminate around the pins—also placed in the notches—compared to unidirectional laminates.
With unidirectional laminates, only a limited area of the notches are filled with fibers of the laminate
which contribute to the overall stiffness. From the studies of Wang et al. [38] on the performance of
twisted composite z-pins, it is known that twisting of the fibers results in a significant reduction of the
stiffness properties of the z-pins. The higher the number of turns of the fiber bundles, the larger the
loss of stiffness. However, the maximum debonding pullout force could be improved by up to 19.4%
for twisted pins in comparison to untwisted pins, due to the higher interlocking effects caused by the
formation of helical grooves on pin surface due to fiber twisting (form closure). As already described
by Hoffmann et al. [41], high stiffness of the inserted z-pins is crucial for an effective absorption of the
applied loads under Mode-I crack-opening conditions and for a significant prevention of crack growth
resulting from an enhancement of the elastic part of the pullout energy. Similar to the twisted z-pins,
the results of the notched pins show improvements of the maximum debonding forces under pullout
conditions, caused by the higher interlocking between pins and laminate. With a notch depth higher
than 25 um using rectangular notch design in combination with an unidirectional laminate structure,
we can observe that the calculated stiffness showed no clear trend, but increases of 3% to 16% can be
achieved. Results of the investigations performed on notched z-pins with different notch designs and



J. Compos. Sci. 2020, 4, 67 12 of 15

a constant notch depth of 20 um follow the findings described by Hoffmann et al. [41]. The increases
in the stiffness calculated for unidirectional laminate structures correspond with their results for the
same laminate structure.

4. Conclusions

The positive effect of improved interlocking between z-pins and the surrounding laminate on the
bridging mechanisms under crack-opening loads has already been shown in previous experimental
investigations [33,38,41]. In continuation, experimental studies were conducted to determine the
impact of the notch design on the resulting pullout properties of circumferentially notched z-pins.
From the presented experimental investigations, the following conclusions can be drawn:

e By introducing notches at the z-pin surface, the maximum values of the characteristic pullout
parameters—maximum debonding force P4 and maximum frictional force Pi—can be significantly
increased compared to those of unnotched pins, regardless of notch design and laminate structure.
The increases for UD laminate structures are lower than for QI laminates.

e  The resulting pullout energies follow the values found for the characteristic pullout forces.
Therefore, the gains in pullout energy W for QI laminates are higher for all notch designs than for
UD laminates, compared to the unnotched pins.

e  For unidirectional laminates, no substantial variation of the resulting total pullout energy for the
different notch designs can be determined. In contrast, the investigations on QI laminates show
that the highest increases in total pullout energy of up to 69% can be achieved for sinusoidal
notch designs.

e  Examining the dependence of the pullout forces and energies on the notch depth with a circular
notch design at constant notch width and distance, it can be seen that the maximum values occur
at a notch depth of approximately 15 um, regardless of the laminate structure considered.

e  Notched pins show a significant increase in the elastic part of the pullout energy W, especially
in a QI laminate structure. Therefore, independent from the notch design, notched z-pins can
effectively stop crack growth under mode-I loading by hindering pin separation, and therefore
prevent reaching the frictional pullout phase, unless it is with much higher energy values.

e  The application of circumferential notches has no negative impact on the measured stiffness of
the pins in the laminate during pullout loading. Instead, slightly higher values can be found for
all notch designs, whereby the values for QI laminate structures are higher than the values for
UD laminate structures.

The treatment of the pins by ultra-short laser pulses causes a surface roughness in the root of
the notches, which depends on the processing parameters (e.g., depth of ablation per processing step,
speed of processing, laser power, and further). Additional investigations should clarify whether there is
a dependency of the surface roughness in the root of the notches on the resulting pullout properties and
which parameters must be selected to find an optimal surface roughness for the specific notch geometry.
Further studies are necessary to examine the effects of the improved bridging mechanisms on the
resulting fracture-mechanical properties, especially for Mode-II crack-opening loads. Particularly
in the case of Mode-II crack-opening loading, which results primarily in shear failure of the z-pins,
the reduced cross-sections can potentially result in a reduction of delamination toughness. The impact
of a microstructuring of the z-pin surfaces on the in-plane properties must also be investigated in order
to quantify any negative effects. Due to the additional stress concentrations in the area of the notches
that are caused by the geometrical cross-over points, the resulting dynamic properties could also be
strongly affected and should therefore be investigated.
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