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Abstract

This paper presents an experimental study oreviaduation of bridging law for a z-pin. The
relationship between the z-pin bridging force and its displacemastmeasured by z-pin
pullout tests. The tests were carried out using three typsangbles with: single small pin;
3x3 small-pins (three colum®three rows) and 3x3 big-pins. For 3x3 small-pins samples, a
typical pullout curve with initial bonding, debonding and frictional slidirgsvebtained. A
high peak value of the debonding force was reached before z-pin debstatiiegl. After
debonding was initiated, the pull-out force dropped rapidly to a lower ,vélaepins were
then pulled out steadily against friction. However, for samplel @3 big-pins, it was
difficult to discern the peak debonding force. The major resultBisfstudy are expected to
provide a better physical understanding of the mechanics and meakanriig-pin bridging,

aside from an efficient and accurate methodology to measure the cragikdpialv.
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1. Introduction

Through-thickness reinforcements are now widely considered as siutcesethods to
enhance interlaminar toughness of laminated composites againsindgéiamfracture. Since
Jain and Mai developed the first micro-mechanics models fataniaar mode | and mode
Il fractures in 1994 [1, 2], many research papers have been publiskediyathe efficiency
of through-thickness reinforcement and its bridging mechanisms. [Big] 1 shows a
double-cantilever-beam (DCB) specimen with z-pin reinforcementsii@wing mode |
delamination. During delamination growth, a reinforcing z-pin provideslosure force
against the opening crack. Simultaneously, the z-pin experiencssc etkeformation,
interface debonding from the laminates and, finally, frictionalopiil In the whole process,
the functional relationship between the delamination crack-opensmgadement and the
closure force from a single pin is called tirédging law. The results obtained in all previous
work show that the efficiency of through-thickness reinforcemestrangly dependent on
the corresponding bridging law. However, a z-pin pullout is a contetigarocess, which is
affected by many variables, for example, material propergesmetry, and interfacial
parameters between the pin and the laminates. To simulate thmdprédigect due to the z-
pins on composite delamination, certain assumptions for the bridgingréawsed in all the
previous numerical and theoretical studies. In Jain and Mai's m@tely, the interface
between stitches (or z-pins) and laminates was assumedtrfatlpnal. The bridging force
due to stitching was calculated by assuming a constant frictsiresr stress between the
stitch and the laminates. Later, Cox presented a model of moddathidation with a
through-thickness fibre tow [3]. Here, the bridging tow was assumddform in shear as a

rigid-perfectly plastic material. The axial sliding of ttew relative to the laminates was



frictional in nature and represented by uniform shear tractidmsinumerical example, both
the shear and closure tractions of the tow were given by assuaieds based on
observations from experiments. More recently, Liu and Mai [4] predemtheoretical model
of mode | delamination of DCB with z-pinning. The bridging stressthef z-pin was
calculated by a single fibre pullout model [5], which included tlimles process of z-pin
pullout: elastic deformation before z-pin debonding, elastic defosmatid frictional sliding
during debond growth and, finally, frictional sliding. Computer simulatiwwaese given for
mode | delamination fracture with z-pin reinforcement. Effectarefal density, diameter,
Young’s modulus of z-pin and, especially, interfacial friction between the z-pin ainthtas
were studied in depth. Another study conducted by Liu, Yan and Mai Sfocased on the
effect of the bridging law on z-pinned mode | delamination. Here btltging law was
simplified to either a bi-linear or tri-linear function. Thesmdtions were determined by
three parameters: maximum debonding force, maximum frictionaé fand displacement
corresponding to debonding force. Parametric studies have been présemtet to identify
the dominant factors in z-pin reinforcement. Yan, Liu and Mai [Ah&rrstudied the effect
of z-pinning on delamination toughness of composite laminates by umnignite element
method (FEM). Different to the analytic studies, which were dase elementary beam
theory, shear deformation, material orthotropy and geometricinearity were considered
in the FEM model. The z-pin bridging law was described by a bairienction, which
included elastic deformation and frictional sliding during z-pin pull-out. The z-plmgdut

process was simulated by the deformation of a set of non-linear springs.

From the above discussions, it is clear that there has been murtibgfresearchers to try to

model and quantify the effects of z-pinning on delamination growth.edery the accuracies



of their results and conclusions are very much dependent on the bhiagimgsumed based
on the pullout mechanics of a single fibre, stitch or pin with wargiegree of sophistication
or complexity. Certainly, the most reliable bridging law lett determined by accurate
pullout experiments. So far, there are no reported experimentalsdetahe measured

bridging law to justify the analytic models used in previous studibis is seen as a major

deficiency of current research on z-pinning and this paper aims to addressuthis iss

An experimental study on z-pin bridging was performed to deterdiiaetly the relationship
between the bridging force and pullout displacement by the z-piouptdist, which is shown
in Fig. 2. Results were obtained for pullout G83small-pins, 33 big-pins and a single big-
pin. We expect to obtain an in-depth physical understanding of pive lidging mechanics
and mechanisms. The experimental bridging law obtained can ddarsiiture theoretical

and numerical studies on through-thickness reinforcement due to z-pinning.

2. Experimental work and results

The test set-up for pullout of a 3x3 z-pins sample is shown in Fig. 2. The z-pins werefmade o
carbon fibre (T300) reinforced BMI resin and were vertically insertedtivet@entral areas of

two carbon fibre reinforced epoxy prepregs (IMS/924) by an ultrasnsértion machine
before curing [8]. The prepreg was 40 mm long and 20 mm wide. A tharsudated film

with a thickness of 10 um was inserted between the upper and loweaties to avoid any
adhesive bonding between them. Two T-shaped tabs (20 mm long and 15 mmvenee
glued by Araldit® Epoxy Resin Super Strength to the top and bottom surfaces of the

laminates and were firmly secured in an Instron 5567 testingineaat a crosshead speed of



1 mm/min. Load-displacement curves were recorded until the pires @eenpletely pulled
out. It should be noted that in the tests, the displacements recordidé Imachine also
included the deformations of the two T-shaped tabs, which werédheditdo the sample. A
separate tensile test on the tabs was done to measure theilispladement curve. The
measured displacement of the z-pinned sample was modified by takay the deformation
of the tabs from the total displacement. In all the load-displatemeves shown in this

paper, deformations of the tabs have been excluded.

2.1 Results of 3?3 small-pins pull-out tests

Fig. 3 shows the load-displacement curves 88 3mall-pins pullout tests in which the
laminates were joined by three colurittsee rows of pins of 0.28 mm in diameter. The pin-
to-pin distance (centre-to-centre) was 3.51 mm. The sample thickass3 mm, which was
identical to the length of the pin. Three samples were testexdstiown in Fig. 3 that there
are three stages in the whole pull-out process. In the fige,stath the applied displacement
increasing, the pullout force increases rapidly until it reaehpeak value, R« Then, in the
second stage, the load drops very rapidly with a very small incodalisplacement. In the
third stage, the load is reduced to zero with further pull-out. This premmmdemonstrates
the effects of initial bonding and interfacial friction betweepiris and laminates on the
pullout process. At the beginning of the test, when the load wadHas the critical value,
Pmax the interfaces between pins and laminates were fully bonded. Tlheuptdrces from
the pins were caused by their elastic deformation. With incrgdsad, interfacial debonding
occurred and propagated rapidly. Hence, in the second stage, the paoitmitdfopped

sharply. After the interface was fully debonded, the z-pins wvperdéed out from the



laminates. The pull-out force in the third stage was entir@liged by interfacial friction. In
some cases, however, the friction can cause a minor increaseladdrefter the interface is
fully debonded. These results have confirmed our previous assumptions guiriiaridging

law [6].

2.2 Results of 3?3 big-pins pull-out tests

Fig. 4 shows the results of 3x3 big-pins pullout tests in which the ameder was 0.50 mm
The pin-to-pin distance was 3.13 mm. The crosshead speed was setn@minnirhree
samples were tested. Compared to the results of small-piss itewas observed that the
maximum debonding force of the big-pin pullout was only slightly latgen the small-pin
even though the big pin diameter was about 1.8 times larger. Futthwes noted that the
load-drops during debonding were not as large as those seen in the small pitxtegtsone
curve, which shows an evident load-drop, the other two curves display madlersload-
drops indicating only a small difference between the maximum debotaiagand the

maximum frictional sliding load.

Comparisons of the axial stresses between small-pin and big-poutptdkts are given in
Fig. 5, whereoping andopins are the maximum axial stress of a single pin before debonding
(caused by elastic deformation) and after complete intedabending (caused by friction),

respectively. From Fig. 3 and Fig. 4, these stresses were approxinsdtelated by:

4P
On = o’ (1)



In Eq. (1),d is pin diameter and® is average load of 3 samples. However, the valug,pf
of the big-pin sample was measured from one curve only as the loada®mot appear in
the other two curvedt can be seen that both of these axial stresggg,andaopins , of a big
pin are always smaller than those of a small pin during eldsfiormation and frictional
pullout, respectively. During pullout of a z-pin, the load is applied topiheend and
transferred to the laminates via the interface. The equilibriura pin fragment (Fig. 6)

requires that:

9 da-pin (Z)

4 dz @

r.(9)=-

wheret, is interfacial shear stress, which increases wplied load. Interface failure starts

whent, exceeds its shear strengthThat is, the criterion for interface debonding is

I >T.. 3

To understand the difference of interfacial behavibetween big-pin and small-pin tests,
both sides of Eq. (3) should be considered. To @xathe interfacial bonding condition, and
hencets, scanning electron micrographs of the fibre sw$aaf both big and small pins were
taken and shown in Fig. 7. It is obvious that, raftéllout, the surfaces of both big and small
pins are quite similar. Large quantities of theirresre plucked out from the pin during

debonding. This suggests that initial chemical hoge@xists between both big and small pins



with the resin of the laminates. These resultsefioee imply that the shear strengtishould

be close for both pins.

To evaluate the shear stress at the big pin irdesfiaere, our previous work on fibre pullout
[5] was applied as an approximate solution. Thailtesof the relationship between the
maximum axial stress at the loaded pin-end and mamxi shear stress along the pin-laminate
interface were calculated and shown in Fig. 8.hiesé calculations, in the pinned area, the
densities of z-pins were 0.5% for samples with &pias and 2% with big-pins. Young's
modulus of z-pin was taken as 170 GPa [4]. Foldhenates, the moduli were calculated to
be 10 GPa and 13 GPa for small-@nd big-pin samples, respectively [8, 9]. The
corresponding radial thermal expansion coefficierits-pin and laminates were —13°/°C
and 2210°°C [9-11]. It is obvious that, when the axial str@seases, the shear stress of
big pin increases more rapidly than that of smail ghus, under the same applied axial
stress, the interfacial shear stress in a bigpimuch higher than a small-pin. So, if their
shear strengths are the same, Fig. 8 indicateghbdiig pin will reach this critical strength
value before the small pin and hence experiendewer interface debond stress, consistent

with the experimentab;, , results in Fig. 5.

After debonding, the interfacial shear stress efpim is mainly caused by frictional sliding

of the pin and it can be approximated by [5]:

r.(2) = 1o’ (4)



where i is friction coefficient andq® is thermal residual stress at the interface and is
compressive. Since botf andp do not vary with axial positiorg, the axial stress at a pin

with embedded but debonded lengtian be solved, that is:

(5)

Clearly, the axial stress of the pin varies invierségth pin diameterd. Therefore, as shown

in Fig. 5, the axial stress of a small @m,, ,, is about twice of that of a big pin.

During all the pullout tests, no pin breakage whseoved. Instead, all pins were pulled out
by interface failure from one single laminate. Ewenhe small pin tests, in which the tensile
stress reached 574 MPa (Fig. 5), no pin broke behmenterface failed. Hence, it could be
concluded that the big pin was pulled out at assttevel much lower than its tensile strength.
In z-pin reinforced laminates, high bridging stesswsiithout pin breakage will give maximum
resistance to delamination growth. Since the bits @re always pulled out at a low stress
level, for a given pin areal density, small pineypde more efficient reinforcement to the
laminates. This conclusion was also predicted bypoevious theoretical simulation [4] and

proven experimentally by Cartie [8].

2.3 Results of single pin pull-out tests

Fig. 9 shows the results of single pin pulloutgdst which the pin diameter was 0.28 mm.

The crosshead speed was 1 mm/min. Three samplest@gted. In contrast to th@38z-pin



tests, the results of 3 samples were very differéhts, the single pin pullout tests were not
as successful as the multi-pin tests. This couldéused by the poor quality of the single pin
samples due to the difficulties encountered inrttanufacturing process. For example, the
location and orientation of the pin were very hardontrol when the pin was inserted into
the prepreg. In many samples, the pin was not bopeagd was inserted with a random angle
as shown in Fig. 10(a). For comparison, #8%-pin tests, most pins remain vertical to the
laminates after being pulled out, Fig. 10(b). Onarenserious difficulty with the single-pin
tests was the alignment of the pin with the loag-liFor these reasons, the single pin pullout

results in Fig. 9 are not used in the bridging &nalysis.

2.4 Z-pin bridging law

A single z-pin bridging law can be evaluated frdm tesults of the above multi-pin pullout
tests. As discussed in our previous work [6], arefidging law is best characterised by
using a tri-linear lawBased on the experimental results shown in FigBrasd 4 in that the
precipitous load-drop for debonding is more gradhah that was given in [6], so that the
bridging law evaluated from this work (Fig. 11)dstermined by four parameters: maximum
debonding forcePy, maximum frictional forceP:, and the corresponding displacements to
the debonding forceg, and to the maximum frictional fora&. The functional relationship

between the bridging force and z-pin displacem&given by
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From 33 small-pins pullout (Fig. 3) tests, the averageximam debonding load and the
average maximum friction load of three samples3i@ N and 142 N, respectively. So the
correspondind®q andPx in a single pin can be calculated Bg:35.3 N and?=15.7 N. The
average displacemenis and &, were 0.037 mm and 0.170 mm, respectively. From3#g
big-pins pullout (Fig. 4) tests, the four parametare measured aB;=38.3 N,P=28.2 N,
A=0.130 mm and»=0.231 mm. Since the load drop of debonding onuexin one big-pin
sample, the data d? and & of big-pin tests given above were measured from curve
only. Other two parameters of big-pin tes®, and &, were evaluated by averaging the
maximum loads and the corresponding displacementsg three samples. As we analysed
in [6], if there is no debonding load-droine bridging law will be simplified to a bi-linear
function determined by two parameters: maximum laad the corresponding displacement.

Hence, Eqg. (6) will be given by the first and thé@guations withPq (=P5) andd, (=3,).

In the analyses of z-pinned DCB delamination [1647], the bridging law is always given
for one-half of the pin because of the symmetryhef DCB geometry. In Fig. 1h is half-
pin length andd, is the maximum displacement of a half-pin befoebahding. In the tests,

the displacement was measured for the full-pin tengherefore,d, in Fig. 3 and Fig. 4
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should be halved corresponding to the maximum |8adThese values are 0.0185 mm and

0.065 mm for the small-pin and big-pin, respectivel

In an ideal z-pin pullout test, the applied loadwdd be equally supported by all bridging
pins. Hence, all pins should be pulled out equiatiyn both upper and lower laminates since
the interfacial conditions along all pins shouldifentical. Thus, the total pullout distance
should be the full-pin length equal to 3 mm. Howeteais perfect situation is very difficult to
achieve. Clearly, in Fig. 3 and Fig. 4, the maximputiout distance is always less than the
pin length. Post-test observations showed that-plhs were almost always pulled out from
one side. This confirms possible differences aériigicial properties from pin to pin even in
one sample. When debonding started in one sidepithbegan to slide resulting in a load-
drop. The reduced external load would not be gefiicto initiate debonding and pullout of
the pin from the other side. So, in all cases, zk@ns were pulled out from one side.
Supporting evidence is provided in Fig. 3 and Bigwherein the displacements at complete
pullout of the z-pins are about 1.5 to 2 mm, beipgroximately one-half the thickness of the
samples and z-pins. However, it is more accuratadasure the pullout lengths of the pins

after testing. Thus, 16 pins from eight samplesewaeasured using a microscope (WILD

Heerbrugg) and the lengths varied from 1.3 to 1.7 mm, whigre close to the half-pin

length of 1.5 mm. Hence, it is verified that thpims were mainly pulled out from one side of

the samples.

In the z-pin bridging law, Eq (6l is the maximum pullout distance, which is the heaifgth
of the pin. However, it is seen, in Fig. 3 and Hgthat in some cases, the pullout distance is

larger tharh. It may be caused by inaccurate locations of the,pihich should be inserted

12



ideally in the central area of the test samples.tBig is not always achievable, especially for
the single-pin insertion process. The inaccuracginflocation will give rise to non-uniform
load distribution on the pins and eccentric loadimy also cause bending of the pins. Indeed
in the tests, it was observed that the two lamsatere not always parallel to each other but
with a tiny relative rotation between them as tiaye pulled apart. These problems must be
realised and rectified in the multi-pin pullout ttesethodology if accurate bridging laws are

to be determined.

3. Conclusions

Z-pin pullout tests were carried out to study thgirz bridging mechanism and mechanics in
mode | delamination. Load-displacement curves shgwnitial elastic bonding, unstable
debonding and frictional sliding were obtained 8%3 multi-pin and single-pin samples.
These results confirmed our assumptions of thenzdpdging law and computer simulation
studies in our previous work [4, 6, 7]. From theegant pullout tests, we can draw the
following conclusions:

(i) With the same areal density, small pins provitgre efficient reinforcement than big pins.
(ii) Since single pin orientation is difficult tantrol during insertion and load-displacement
alignment almost impossible to obtain in single-putlout tests, multi-pin tests are preferred
as they will provide more reliable and accuratailtes

(i) In big-pin pullout tests, the load-drop cadday interfacial debonding is not as evident as
in the small pin tests because there is only alstiféérence between the initial debonding

load and the initial frictional sliding load.
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Figure Captions
Fig. 1. Composite delamination with z-pins pull it

Fig. 2. lllustration of experimental configurati@or 3?3 z-pins pull-out tests.
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Fig. 3. Load-displacement curves &33small-pins pullout with crosshead speeglv
mm/min.

Fig. 4. Load-displacement curves &f33big-pins pullout with crosshead speegd &
mm/min.

Fig. 5. Maximum tensile stresses of a small pin amhig pin before interface debonding and
during frictional pullout.

Fig. 6. lllustration of equilibrium between axidatess and interfacial shear stress of a pin
fragment.

Fig. 7. SEM photos of (a) small pin and (b) big after pullout.

Fig. 8. Relationship between the axial stress atetfacial shear stress in a single pin.
Fig. 9. Load-displacement curves of single smailgill-out with a crosshead speeg\l
mm/min.

Fig. 10. (a) A single pin; and (b®3 pins after pullout tests.

Fig. 11. A simplified bridging law in z-pinned DQBode | delamination analysis, in which
P4=35.3 N,P=15.7 N,4,=0.0185 mm and,=0.170 mm for small-pin sample aRg=38.3

N, P=28.2 N,0,=0.065 mm and,=0.231 mm for big-pin sample.
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Fig. 1. Dai, Yan, Liu and Mai
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Fig. 7. Dai, Yan, Liu and Mai
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