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Abstract

This paper presents an experimental investigation on mode I delamination of z-pinned double-cantilever-beams (DCB) and associate
z-pin bridging mechanisms. Tests were performed with three types of samples: big-pin with an areal density of 2%, small-pin with an areal
density of 2% and small-pin with an areal density of 0.5%. The loading rates for each type of samples were set at 1 mm/min and 100 mm/
min. Comparison of fracture load under different loading rates shows the rate effects on delamination crack opening and delamination
growth. Optical micrographs of z-pins after pullout were also presented to identify the bridging mechanisms of z-pins under different

loading rates.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Z-Pin, also called Z-Fiber™, [1] is a novel technique
which was developed to increase the strength of laminated
composites in the thickness direction, that is, z-direction.
Its capacity to ensure significant increase in the delamina-
tion resistance of laminated composites has been verified
by both industrial applications and laboratory tests. Cartie
and Partridge [2-4] have presented the first research results
on mode I and mode II delamination toughness of z-pinned
laminates and developed the basic knowledge on the sub-
ject. Subsequently, there were many experimental and
numerical evaluations on the delamination resistance pro-
vided by z-pinning under typical mode I, mode II and
mixed mode I/II loadings carried out in the last five years
[5-11]. With rapid expansion of the application of compos-
ites, composite structures often face rather complex in-ser-
vice conditions, one of which is the effect of loading rate.
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Dynamic delamination without z-pin reinforcement has
already been studied for more than 30 years [12,13]
Recently, Sridhar et al. [14] presented a theoretical study
on delamination dynamics in through-thickness reinforced
laminates. The simulation results from their model showed
that at a high crack velocity, the kinetic energy term dom-
inates the overall energies and the effect of the through-
thickness reinforcement on the delamination growth is
not as significant as that for low velocity or quasi-static
crack growth. Also in their study, only a high rate delam-
ination was considered but the effect of loading rate on
the z-pin bridging mechanisms was not examined.

Fig. 1 shows a double-cantilever-beam (DCB) specimen
with z-pin reinforcement. During mode 1 delamination, a
reinforcing z-pin provides a closure stress to the opening
crack. The functional relationship between closure stress
and delamination crack-opening from a single pin is called
the “bridging law”, which can be evaluated in principle by
a z-pin pullout test [15]. The efficiency of z-pin reinforce-
ment is strongly dependent on the bridging mechanisms
[6]. When the loading rate is high, a high-rate shear/friction
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Fig. 1. DCB specimen with z-pinning reinforcement.

between the pin and the laminates may cause a significant
change in the z-pin pullout behaviour which changes the
z-pin bridging mechanism accordingly. However, to-date,
no rigorous theoretical models or experimental results have
been provided to investigate the effect of loading rate on
the z-pin bridging mechanisms. Furthermore, in a DCB
mode I delamination, during the delamination crack open-
ing, the embedded z-pins can also provide resistant
moments to the bent beams when the z-pin’s stiffness is
high. At a high loading rate, the cross-head displacement
of the beam is increased at a very high rate. However,
the delamination crack may not propagate at the same rate
due to the resistance imposed by the z-pins. At a certain
crack length and a certain applied displacement, the curva-
ture of the beam under a high loading rate would be differ-
ent from that under a low loading rate. It means that z-pins
under different loading rates may suffer different bending
before being pullout. Consequently, their resistances to
the bent beam are different. This effect has not been consid-
ered in previous studies.

This paper presents an experimental study on the effects
of loading rate on the fracture load of z-pinned DCB mode
I delamination. Loading rates of 1 and 100 mm/min,
respectively, were chosen and corresponding load—displace-
ment curves were obtained. Optical micrographs of z-pin
microstructure after pullout were provided to examine
the z-pin damage under different loading rates. Results of
cross-head displacement versus crack length were also pre-
sented to reveal the bending resistance of the DCB. Tests
were carried out for three types of samples: small-pin rein-
forcement with areal densities of 0.5% and 2%, and big-pin
reinforcement with an areal density of 2%, in which the
areal density is defined as the ratio of the total cross-section
area of the pins to the z-pin bridged area. These results
show that the loading rate has a noticeable effect not only
on the pullout/fracture load but also on the failure mecha-
nisms. Experimental results of z-pin pullout under the same
loading rates were also provided to gain a better under-
standing of the results obtained from the DCB tests.

2. Experimental procedure and results

2.1. Z-pinned DCB tests

The experimental configuration for z-pinned DCB mode
I test is shown in Fig. 1. The laminated beams were made

of carbon fibre (IMS) reinforced epoxy (9 2 4) (unidirec-
tional) with dimensions: 150 mm in length, 20 mm in width
and 1.5 mm in thickness. The pultruded T300/bismaleimide
pins were vertically inserted into the beams by an ultra-
sonic insertion machine before curing [2]. A thermal insu-
lated film with a length of 50 mm was inserted between
the upper and lower beams to create an initial crack
between them. Two T-shaped tabs were glued to the top
and bottom surfaces of the laminates and were firmly
gripped for testing in an Instron 5567 universal machine
at cross-head speeds (V) of 1 and 100 mm/min, respec-
tively. Load-displacement traces were recorded until the
delamination crack propagated to the right end of the
beams. Crack growth was recorded by a video camera with
a microscope. In all samples, the first column of z-pins was
located at 5 mm away from the initial delamination tip and
the length of pinned region was 25 mm. Three types of
samples were tested, which were (1) big-pin reinforced
DCB with an areal density D = 2%; (2) small-pin rein-
forced DCB with an areal density D = 2% and (3) small-
pin reinforced DCB with an areal density D = 0.5%. Three
samples were tested in each case. The results given in the
following sections were only average values. In Figs. 3, 7
and 11, the maximum and minimum values were also given
to show the variations in the fracture load. These variations
can be caused by several reasons. During crack growth, the
fracture load increased when the crack reached the pins.
Changes in the pin/composite interface may cause similar
changes in the peak load. Between any two columns of
pins, the crack grew unstably. When the crack spread
through most length of the pinned region, in some small-
pin reinforced samples, the crack passed two columns of
pins without any increase in the fracture load. In this case,
it was very hard to measure the crack length accurately.
Furthermore, the z-pins were supposed to be inserted in
the thickness direction of the laminates. However, a prob-
lem often encountered with z-pinning is that the pins
become misaligned from the vertical direction during inser-
tion. The maximum misalignment angle of both small and
big pins may be larger than 10° [16]. The misalignment of
the z-pins in the specimens certainly caused deviations in
the bridging forces of z-pins. Consequently, it caused devi-
ations in the fracture loads.

2.2. Z-pin pullout test

The test set-up for pullout of a 3 x 3 z-pin sample is
shown in Fig. 2. The z-pins and pre-pregs were made of
the same materials as were used for the DCB samples. The
prepreg was 40 mm long and 20 mm wide. A thermal insu-
lated film with a thickness of 10 um was inserted between
the upper and lower laminates to avoid any adhesive bond-
ing between them. The thickness of the sample was 3 mm.
Two T-shaped tabs were glued to the top and bottom sur-
faces of the laminates and were firmly secured in an Instron
5567 testing machine at cross-head speeds of 1 mm/min and
100 mm/min, respectively. Load—displacement curves were
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Fig. 2. Illustration of experimental configuration for 3 x 3 z-pins pullout
tests.

recorded until the pins were completely pulled out. Three
samples were tested in each case. The results were given by
the average values. The bars in Figs. 4b and 8b show the
maximum and minimum values of the pullout stress. More
details of the pullout tests were given in [15].

2.3. Results of DCB mode I delamination and z-pin pullout
tests

2.3.1. Results of DCB samples with high density big-pin
reinforcement

Fig. 3 shows the load-crack length curves of big-pin
reinforced DCB delamination, in which the z-pin diame-
ter, d, is 0.51 mm and the areal density, D, is 2% (8 col-
umns X 6 rows). It is shown that at the higher loading
rate, a larger applied load was needed to propagate the
delamination crack. To understand the effect of loading
rate on the delamination resistance, z-pin pullouts on both
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Fig. 3. Load-crack length curve of z-pinned DCB mode I delamination
test, in which d=0.51 mm, D =2%, v= 1 mm/min and 100 mm/min,
respectively.
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Fig. 4. (a) An experimental load-displacement curve of 3 x 3 big-pin
pullout; (b) maximum bridging stress of z-pin pullout test, in which,
d=0.51 mm, v =1 mm/min and 100 mm/min, respectively.

big-pin and small-pin samples were conducted. Fig. 4a
shows an experimental bridging load-displacement curve
of a typical big-pin pullout test [15]. It is shown that with
increasing displacement, the bridging force increased until
it reached a maximum value, P,,,,. At this value, the pins
were debonded from the laminates and then pulled out
from the laminates with increasing displacement. At this
stage, the bridging force was caused by the interfacial fric-
tion between the z-pins and the laminates. The results of
the maximum frictional bridging stresses calculated from
the bridging forces for different pullout rates are given
in Fig. 4b, in which, o, 1S the average stress given by
a single pin. Clearly, at the higher rate, the bridging stress
is higher. Since the bridging stress is the most dominant
parameter in z-pin bridging, this explains satisfactorily
why the fracture load increases with loading rate as shown
in Fig. 3.

Furthermore, besides the bridging force, the resistant
bending moment from the z-pins can also provide resis-
tance to delamination growth, especially when the stiffness
and the density of the pins are high enough. At the higher
loading rate, the cross-head displacement of the beam was
increased very fast, which was 100 times higher than that
at the lower loading rate. However, the delamination
crack could not always propagate at the same rate due
to the resistance imposed by the z-pins. Fig. 5 shows
the relationship between the cross-head displacement of
the DCB and the delamination crack length. It is found
that at a certain crack length, the radius of curvature of
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Fig. 5. Cross-head displacement of DCB versus delamination crack length
of big-pin samples, in which, D = 2%, v =1 mm/min and 100 mm/min,
respectively.

the beams under the higher loading rate was smaller than
that under the lower loading rate. It means that z-pins
under a high loading rate suffered more severe bending
during pullout. As a reaction, the reinforcing pins pro-
vided a higher resistance to the bent beam to delay the
delamination. A higher applied load was hence required
for further crack growth. In addition, when the pins were
bent, its embedded length applied an additional pressure
to the laminates as a reaction to the bending. This pres-
sure increased the “snubbing” friction against pin pullout
which, consequently, caused an increase in the fracture
resistance.

Fig. 6a and b shows the optical photomicrographs of
z-pins that were pulled out after the DCB tests. The images
of typical z-pin ends after the DCB tests are shown in

Fig. 6¢c and d. An interesting fact is that when the loading
rate was low, the z-pin was pulled out without any obvious
damage. However, when the loading rate was high, the z-
pin was pulled out accompanied by a number of splits
along the length of the pin, which could be seen as evidence
of considerable shearing during bending of the beams. It
should be noted that these observed results are highly
repeatable.

2.4. Results of DCB samples with high density small-pin
reinforcement

The results of the small-pin reinforced DCB tests are
shown in Fig. 7, where the laminated beams were rein-
forced by 15 columns x 12 rows pins (d = 0.28 mm), that
is D = 2%. It can be seen that there is a significant degrada-
tion on the fracture load when the loading rate is higher.
This is different from the results of the big-pin reinforced
DCB. Fig. 8a is an experimental load-displacement curve
of a typical small-pin pullout test [15]. Different to the
big-pin pullout shown in Fig. 4, there was a fast stress-drop
upon reaching the maximum force which indicated pin
debonding [15]. After that, the pins were pulled out against
friction. The maximum debonding force and the maximum
frictional pullout force are defined as P4 and Py, respec-
tively. Fig. 8b shows the results of g4 and or of a single
pin calculated from P4 and P; by pullout tests at different
loading rates. It is clear that at a higher rate, the debonding
stress is reduced but the frictional stress increased. Optical
micrographs of z-pins after DCB testing are shown in
Fig. 9. In contrast with the z-pins shown in Fig. 6, in

Fig. 6. Optical photomicrographs of z-pins after DCB delamination tests in which d = 0.51 mm, D = 2%, (a) whole z-pin, ¥ = 1 mm/min; (b) whole z-pin,
V' = 100 mm/min; (c) z-pin end, ¥ = 1 mm/min; and (d) z-pin end, ¥ = 100 mm/min. Splitting along length of pin due to shear failure is apparent at the
high loading rate.
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Fig. 8. (a) An experimental load—displacement curve of small-pin 3 x 3
pullout; (b) maximum bridging stresses of z-pin pullout test, in which,
d=0.28 mm, v = 1 mm/min and 100 mm/min, respectively. o4 represents
the maximum debonding stress and oy represents the maximum frictional
stress after debonding.

Fig. 9a and b, the pins broke before being pullout, which
indicates a different failure mode of z-pins against delami-
nation growth. Since the pins rupture when the crack
passes them, the effect of loading rate on the frictional
stress (ay), see Fig. 8b, cannot be used to explain the results
given in Fig. 7. As shown in Fig. 8b, before debonding, the
pins can provide a higher bridging force at a lower loading
rate. Therefore, in Fig. 7, a higher fracture load is needed
for delamination growth at a lower loading rate.

Fig. 9c is a schematic illustration of a single pin which
contains a bunch of T300 fibres. Theoretically, when the
pin was under tension or bending, all interior fibres should

break in the crack surface as the crack passed the pins.
However, due to the non-uniform strength of the fibres,
some fibres broke away from the crack plane. When the
crack passed the pin, those broken fibres were pulled out
from the matrix sockets in the beams. This is the reason
why the z-pin ends shown in Fig. 9a and b are not flat.
Compared to the whole pin pullout in big-pin DCB tests,
the frictional bridging forces from those broken fibre pull-
out are negligible because of the short friction length and
small contact area.

Comparison of the results of big-pin and small-pin
samples (Fig. 10) shows the effect of loading rate on the
z-pin bridging mechanism. From the histograms in Figs. 4
and 8b, it can be seen that, compared to the big pins, the
small pins provide higher bridging stresses to the lami-
nates during pullout. Thus, at similar interfacial strength,
the small-pins can provide more efficient reinforcement to
the DCBs against delamination [15]. As expected, in
Fig. 10a, the fracture load of the small-pin sample is
higher than that of the big-pin sample with the same den-
sity of z-pins. However, when the loading rate is high, as
discussed in Section 2.3.1, the bending resistance from the
big-pins and the “snubbing” friction become more prom-
inent than that at the low loading rate. At the high load-
ing rate, a big-pin reinforced DCB has higher
delamination growth resistance. In contrast, because of
their small moment of inertial of cross-section, the small
pins cannot provide much resistant moment to the
DCB. Moreover, when the crack has passed the small
pins, they are virtually all ruptured and hence cannot pro-
vide further frictional resistance to the pullout. Hence, the
fracture load of the small-pin reinforced DCB drops
below the high loading rate curve because the debonding
stress is reduced. As shown in Fig. 10b, the fracture load
of the small-pin sample is lower than that of the big-pin
sample when the loading rate is high.

2.4.1. Results of DCB samples with low density small-pin
reinforcement

The results of the low density small-pin reinforced DCB
tests are shown in Fig. 11, where the laminated beams were
reinforced by 7 columns X 6 rows of pins (d = 0.28 mm),
that is D = 0.5%. It is shown that when the loading rate
is higher, the fracture load is higher. In the tests, almost
all pins were pulled out without breakage. Therefore, both
the debonding stress gqand the frictional stress g¢ can affect
the value of fracture load of DCB in Fig. 11. The results of
the z-pin pullout in Fig. 8 show that the frictional pullout
stress increases but the debonding stress decreases with
increasing loading rate. The fracture loads shown in
Fig. 11 indicate that in this case, the frictional pullout force
plays a more dominant role in the delamination resistance.
This finding is consistent with our numerical prediction
presented previously in [6].

The cross-head displacement of DCB versus crack length
of small-pin reinforcement is given in Fig. 12. Comparison
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Fig. 10. Comparison of load-crack length curve of big- and small-pin
samples under (a) low loading rate and (b) high loading rate, in which
D =2%.

between Fig. 12a and b shows that the cross-head displace-
ments of low density small-pin reinforced samples are
much smaller than those of the high density z-pinned sam-
ples, whether the loading rate is high or low. These results
imply that the bending resistance of DCB against

100
ﬁ{g
A
Z 607 £
g
S 40 23
d=0.28 mm, D=0.5%
20 A v=100 mm/min
A v=1 mm/min
0 T T T
50 60 70 80 90
Crack length (mm)

Fig. 11. Load-crack length curve of z-pinned DCB mode I delamination
test, in which d =0.28 mm, D = 0.5%, v = 1 mm/min and 100 mm/min,
respectively.

delamination growth can be neglected when the density
of z-pin is low. Furthermore, the large cross-head displace-
ments of the DCB samples with high density small-pins
suggest that these beams have endured very high bending
moments during the delamination growth. This might be
the reason why the pins in the high density small-pin rein-
forced DCBs ruptured during delamination. However, a
quantitative evaluation of the bending stress on a single
pin is required to gain a better understanding of this failure
mechanism. In our future work, a theoretical model of z-
pinned DCB delamination, in which the bending resistance
from z-pins is taken into account, will be developed to
examine the maximum tensile and shear stresses of a single
z-pin during delamination growth under different loading
rates.



1300 H.-Y. Liu et al. | Composites Science and Technology 67 (2007) 1294-1301

a 40
é d=0.28 mm
< 30 D=0.5%
g A---v=100 mm/min
an A———v=1 mm/min A
5] NIV
= XSV
2207 Ahaast
) AﬁﬁﬁA
= A
=} aht
< A
) ad
= 107 24
4 A 4
w
o
=
Q
0 T T T T T

50 55 60 65 70 75 80
Crack length (mm)

IS
(=]
>

b 5

£ N As
A

£ A NS

E 30 A 24 A N AAA

) A at

g A At

S A

=20

& v

£ Lo d=0.28 mm

= —

S 0] a4 D=2%

'=. aA A A ---v=100 mm/min

§ A __y=1 mm/min

St

o 0 T T T T T

W
(=]

55 60 65 70 75 80
Crack length (mm)
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3. Concluding remarks

Mode I delamination tests on z-pinned DCB laminates
were performed to evaluate the effects of loading rate on
the z-pin bridging mechanisms. It is found that the loading
rate has a noticeable effect on the fracture resistance and
the z-pin reinforcement failure mode. From these experi-
mental observations, the following conclusions were
obtained:

(a) At a higher loading rate, a big-pin reinforced DCB
shows a higher resistance against mode I delamina-
tion growth than at a lower loading rate because both
bridging stress and bending moment are larger. But a
higher loading rate produces more splitting damage
in the pins.

(b) Z-pin pullout was not observed in high density small-
pin reinforced DCB tests. All pins ruptured when the
delamination crack passed by. The fracture resistance
was higher at a lower loading rate than at a higher
loading rate.

(c) During low density small-pin reinforced DCB delam-
ination growth, all pins were pullout. The frictional
pullout stress provided most resistance to the delam-
ination. Since the maximum frictional stress increased
with loading rate, the fracture load of DCB also
increased when the loading rate was raised.

Despite the above observations and results, two ques-
tions remain unanswered. What causes the breakage of
the z-pins in the high density small-pin reinforced samples?
Why does the maximum friction stress increase with
increasing loading rate? Could the latter be caused by the
viscoelastic nature of the composite interface? With a high
loading rate, this may increase the temperature during fric-
tional sliding, which in turn changes the features of both
the matrix resin and the interface between the z-pin and
the laminates, and consequently, the bridging stress.
Clearly, further studies on the effects of temperature and
rate are needed to understand the physical mechanisms
responsible for these experimental results.

It should also be noted that in this study only two rates
were considered: 1 and 100 mm/min. Under these rates, the
kinetic energy effect on crack-opening was small compared
to that of the strain energy and could be ignored. At much
higher loading rates, considerable increase of kinetic energy
may weaken the effect of interfacial friction on the delam-
ination behaviour and accelerate the delamination growth
[14]. In contrast, a very low pullout rate may cause stick-
slips during z-pin pullout [17], which may induce extra
resistance to the delamination.
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