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Abstract

A finite element (FE) model is developed to invgate mode | delamination toughness of z-
pin reinforced composite laminates. The z-pin puli- process is simulated by the
deformation of a set of non-linear springs. A cati crack opening displacement (COD)
criterion is used to simulate crack growth in a ldetcantilever-beam (DCB) made of z-

pinned laminates. The toughness of the structumguamntified by the energy release rate,
which is calculated using the contour integral mdthThe FE model is verified for both

unpinned and z-pinned laminates. Predicted loaftirges from FE analysis are compared to
available test data. Good agreement is achieved.nOmerical results indicate that z-pins
can greatly increase the mode | delamination toeghrof the composite laminates. The

influence of design parameters on the toughnesaneeiment of z-pinned laminates is also
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investigated, which provides important informatitmnoptimise and improve the z-pinning

technique.

Keywords: B. Fracture toughness; C. Laminates; @lalination; C. Computational

simulation; Z-pin reinforcement.

1. Introduction

Advanced composite laminates have been extensigdyg in many structural applications,
especially in aerospace engineering due to theémgth/weight ratio relative to metallic
materials. Traditional fibre composites are mantufied by stacking together a number of
plies, in which the fibres are orientated to previd-plane reinforcement for the composite.
A direct consequence of this process is that nmedikare positioned across the laminate
thickness. Interlaminar delamination becomes thetrnommon failure mode in composite
laminates. A successful solution to this problem ts provide through-thickness
reinforcement to the laminated composites becauslyibg by reinforcing fibres in the
laminate thickness provides direct closure tragtitmthe delamination crack faces. Over the
last decade, many techniques have been developathtmce the strength of the composite
laminates in the thickness direction, or z-dirattidmong them, a novel approach, so-called
z-pinning has been developed by Foster-Miller im¢hie USA [1]. In this technique, short

fibres initially contained in foam are insertedarthe composite through a combination of



heat and pressure compacting the foam. The z-gintéohnique is proven to be a cost

effective method to improve the delamination touggmof composite laminates.

Experimentally, the Double-Cantilever-Beam (DCBhistandard geometry to study mode |
delamination toughness of composite laminates. @duisbe conveniently adopted to evaluate
the toughness of z-pinned laminates. Figure 1 satieatly illustrates a DCB test for z-pin
reinforced composite laminate. Z-pins are insemethe laminate along thedirection. The
initial crack is created in the laminate mid-plamiéh lengtha, and the distance of the nearest
pin column to the crack tip ig,. With increasing external forde or displacemenf at the
loaded ends of the beams, the crack will finallpvgralong the mid-plane. When the crack
reaches the z-pinned zone, the pins will exerturlosgractions to close the delaminated crack
faces. Thus, a higher external force, compared torapinned crack, is required to maintain
the crack growth. That is, the z-pins enhance #landination toughness of the composite

laminate.

Experimental studies to examine the toughness eehznt mechanisms by through-
thickness fibres can be found in [2, 3]. To enabléetter physical understanding of the
effectiveness of z-reinforcement, beam theory hesnbapplied to study theoretically the
through-thickness reinforced DCB. Jain and Maiddidied the interlaminar mode | fracture
reinforced by through-thickness stitching. They eleped the first micro-mechanics model
to describe fibre pulling out from the through-t#triess stitched DCB. The pullout force was

then smeared over the reinforced zone in theirstigation of the beam deformation. In the



work by Liu and Mai [5], the bridging force of tlzepin is calculated by a fibre pullout model
which includes the whole pullout process of theirz-gelastic deformation before z-pin
debonding, elastic deformation and frictional slgliduring debonding growth and, finally,
frictional sliding. The discrete bridging forceslmdated from this pullout model were then
applied on the beams. The deformation of the DC&ispen and the pullout displacement

were numerically quantified by applying the beamotly.

Instead of focusing on the study of pullout modtie, present research tries to establish a FE
model to quantify the effect of z-pins on the defzation toughness under mode | loading
condition. FE method is robust, which can overcamme limitations of beam theory. Both
short-crack and long-crack specimens can be detltthe FE method. Shear deformation,
material orthotropy and geometrical non-linearigy de easily included in a FE investigation
by using commercial FE packages. In our FE modh, énergy release rate from linear
elastic fracture mechanics is applied to quantify tielamination toughness in the present
study. Detailed FE simulation process is descriBedtion 2, which includes the simulation
of z-pin pullout, the contour integral method tdcodate the energy release rate and the
application of the critical COD criterion. This abtished FE model is then verified by bench
-marking predicted numerical results against thzaksolutions for the unpinned laminates.
Numerical results of unpinned and z-pinned lamitia@mposites are given in Section 3. The
predicted forces at the loaded ends of the DCBndudelamination growth are compared

with available experimental results.



2. Theoretical Approach

2.1 Toughness analysis

According to linear elastic fracture mechanics tliethe toughness of a material or structure
can be quantified by the energy release @tewhich is defined as ([6])

_1,du, du

*"W' da da

=), @

wherew is width of the crack front equal to the DCB widthis crack lengthl , is external
work performed andJ is stored elastic energy. The energy releaseGatepresents the

energy available for the creation of a unit newckrarea.

For unpinned DCB specimens, the dissipated energginpletely consumed by the surface
energy of the newly created crack surface, whiatkeisoted byG.. During crack growth(s.
must be equal to the composite’s intrinsic toughr®g. Hence,

Ga= G, =G.. 2

For z-pin reinforced DCB specimens, the dissipatedrgy includes not only the crack
surface energy but also the energy dissipated glthie z-pin pullout process, which includes
the elastic energy of the pins, the surface delmgndnergy between pins and the composite
and the friction energy consumed during pullouterEifiore, the total energy release rate of a

z-pinned DCB specimert,, consists of two parts: the energy release ratéhBonew crack



surface G, and the energy release rate due to z-pin pul@&ytwhich depends on the extent
of delamination. That is,

G, =G, +G,(4a) 3)
andG.=G,c. The delamination toughness of z-pinned laminatesbe completely described
by the total energy release ra&, which is commonly called the crack-resista®@e The

FE method is applied to analySg or Gg of z-pin reinforced DCB specimens.

2.2 Pullout model and pullout simulation

Z-pin pullout from laminate composites is a verynpbex process. The whole pullout process
normally consists of three stages. In the firsgestahe interface between the z-pin and the
laminate is perfectly bonded. The bridging forcedasised by the elastic deformation of the z-
pin. With increasing load, the interfacial sheaes$ between z-pin and laminate exceeds the
interfacial shear strength. Debonding starts angagates. In this stage, the bridging force of
the z-pin is caused by both elastic deformatiorbfnded region) and interfacial friction (in
debonded region). After the interface has fully aeted, the z-pin is pulled out from the
laminate. The bridging force at the final stageasnpletely controlled by friction. Detailed
discussion and analysis of the pin-pullout proeessbe found in [7]. For the purpose of our
current study, we consider a simple pullout mod@lais model is represented by the function
between the bridging force?, and the pullout displacemend, A bi-linear function is

adopted to describe their relationship, which is



=0 0<5<3,
P=1% . @)
P-—2(5-8,), 5,<d<h
h-3,

This function is shown in Fig. 2, which clearly iodtes that this pullout model is completely
determined by the peak bridging ford, its corresponding pullout displacement,, and
the ultimate pull-out displacemett, equal to half-thickness of the DCB. The bridgiogce

is zero when the pin completely pulls out from teenposite, that is, whed = h.

This pullout model can also be applied to desctii#e case where the pin ruptures before
being completely pulled out, which was discussedl&iy and Mai [4]. This happens when
the pullout force is larger than the rupture foofethe pin. This becomes possible if the
bonding between the pin and the laminate is stemmugh. In this special case, the pullout

force drops to zero immediately after it reachesrttaximum valué,.

For simplicity, the pullout process of a z-pin frdlve composite laminate is not explicitly
simulated in our FE analysis. Instead, the pinctffe simulated by distributed springs along
the thickness of the beam at the same location;twisi schematically shown in Fig. 3. Note
that a section of the z-pinned laminate with agilling-out is given in Fig. 3(a) and its FE
model in Fig. 3(b). Several identical non-linearisgs are arranged on the FE nodes, which

are highlighted by black dots in Fig. 3(b).

The functional form of Eq. 4 is applied to descrihe properties of the non-linear springs.

But now, the peak bridging force per unit widf3, of a non-linear spring in plane stress is
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used to simulate the pin pullout process. Thisigignined in our FE model by

Pn
P =—=+, 5)
wn

wheren; is the number of rows of pins arranged along #genbwidth, i.e., thg-direction in
Fig. 1. The number of identical springs in one amuused to represent a column of pins is

denoted byns. Our trial calculations indicate that the restittisns from 4 to 9 are the same.

Hence hsis chosen as 8 throughout all the FE calculations.

2.3 Contour integral

The energy release rate is calculated by the coritdegral method. According to linear
elastic fracture mechanics (see [6]), the enertpase rate(,, is equal to a contour integral
with the integrating path starting from the loweaak surface and ending at the upper crack
surface, i.e.,

du, T, duz)dS, (©)
dx dx

G, = [ Wz~ (T,

where W; is the strain energy density of the compositeand T, are components of the
traction vector at the sectia@$® of the contouf . uy, andu, are the displacement components,

see Fig. 4.

Two contours] ', andl ,, are shown in Fig. 4. Contolis includes only the composite around
the crack-tip without the springs, i.e., z-pinseTdalculated energy release ré&gbased on

contour I'; corresponds  td3;, which is equal to the intrinsic toughness of timpinned



composite. ThusG, = G, =G,.. Contour ; includes all the springs, that is, all the effeufts
the z-pins. The calculated energy release ratexdbas this contourG,, now represents the
total energy release rate, which includes the gndigsipation due to the creation of new
crack surface§, and the energy dissipation due to the z-fiigsAs described Section 2.1,

G, is the same as the crack-resistaBg®f the z-pinned DCB.

The FE package ABAQUS adopts a domain integral atetio numerically calculate the

contour integral based on the divergence theordnis Method has been proved to be quite
effective in the sense that accurate contour iateggtimates are usually obtained even with
quite coarse meshes because the integral is tal@raadomain of elements surrounding the
crack front. Errors in local solution parametervéhdess effect on the domain integrated
value, i.e., the energy release rate (see, ABAQ8J}y [Therefore, it is not necessary to
simulate the stress singularity near the crack-@pdinary 4-node bi-linear plane stress
elements are used in our FE analyses. Fig. 3(bysipart of the FE meshes. In total, there
are about 13,700 elements used in the FE mod&hkés about 16 h in a Compaq ES45

supercomputer with one CPU to finish a crack grosithulation.

2.4 Thecritical COD criterion

According to fracture theory, the energy releage witerion is equivalent to the crack

opening displacement criterion, see Anderson [#]. & al [10] studied the general crack



problem in orthotropic materials. The relation beg¢w the energy release raf,, and the

COD is (see, also Suo [11] and Poursartip et al)[1

1/4

- (21,2,,)"" (22, +ag , |2

COD = 4(2)"/ ~ 212 + 22| G, @)
Jn 2a;, ay ve.

whereay;, az, a;p andags are determined by material elastic constants. énctise of plane

stress studied here, they are ([13])

1 Lo L
all E1 1 22 E2 1

— VZl — VlZ —_ 1

=—A=-__12 B = —— 8
a12 E2 E1 66 G12 ( )

Ther in Eq (7) represents the distance from the crggkathich is illustrated in Fig. 4.

The finite element package ABAQUS provides thaaaitCOD fracture criterion to simulate
crack growth, which is applied in the present studythis case, the crack grows by releasing
the node in front of the crack-tip when the CODaapecified distance behind the crack-tip
reaches a critical value. In our study, the spediflistance is determined by several trial tests
based on the rule that the calculated energy eleste should be the same as the critical

value used to determine the critical COD for thpinned DCB.

Recall Fig. 3, in order to construct the kind ohtmursl, to include all the springs, as that
shown in Fig. 4, the springs are not arranged ertdp nodes of the beam. Also, because the
critical COD criterion is applied to simulate cragiowth, it is crucial that the concentrated
force from the springs should not strongly affée tocal crack-tip displacements. Hence, the

springs are not arranged on the bottom nodes imatedgiclose to the crack surface. Thus,
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contours likel'; can be constructed to exclude all the springs. Eniangement for the
springs partly reflects the reality because bondih@poth ends of a pin is normally not as
good as that in the middle, which originates frdra £-pin insertion process and the z-pin
bending effect. Furthermore, because the energgselrate is used to quantify the toughness
of the structure, the local errors due to the ayeament of the springs is expected to have

little effect on the contour integral of the energiease rate.

2.5 Material and geometry data

DCB tests had been carried out to study mode hdaktion behavior of z-pinned composite
laminates by Cartie and Partridge [14]. The maltexstants and geometrical parameters
used in our FE calculations are based on theiréssiits, which are summarized in Tables 1

and 2 below.

In Table 1,E; andE; are Young’s moduli irx- and z-direction, respectivelys, is Poisson
coefficient, which characterizes compressiorz-irection due to tension alongdirection.
M1z is shear modulus for planes parallel to the coart#isxOz. The values of the parameters

to describe the DCB and z-pinning are listed inlé &b

Hereh is half-thicknessw width andL total length of the DCB. The parametgris the
initial length of the crack and, is the distance from the crack-tip to the cloggas. As

shown in Fig. 2P; is the peak force during a single pin pullout @ds the corresponding
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pullout displacementn; is number of columns of pins arrangedxtlirection andn, is
number of rows of pins arranged yrdirection. d. represents the column spacing between

adjacent z-pin columns.

2.6 Model verification

For unpinned DCB, there are no z-pins to improvam@ation toughness of the composite
laminate. The energy release is only consumedéation of new crack surfaces. That is,
G, =0. Thus, from Eg. 3, we have

G, =G, =G. (9)
Theoretically, the calculated energy release @fefrom the FE analysis using the contour
integral method should be the same value as thieatrenergy release ratgc used to
calculate the critical COD during crack growth. Baon this consideration, FE analysis is
first carried out to simulate crack growth in thgpinned DCB. Figure 5 shows the variation
of G, with crack growth,Aa, for different inputted critical energy releaseer&c. It clearly
demonstrates that the energy release rates asauthe during crack growth in all the cases.
All the curves indicate very good agreement betwtbencalculated energy release rate and

the inputted critical energy release rate is adden each case.

For un-pinned DCB, the reaction force at the loaeleds should decrease gradually during
crack growth. This is confirmed in Fig. 6, in whitle solid line represents the numerically

calculated reaction force plotted against crackwjioHere,G,. is assumed 265 Jfrand the
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beam widthw, is 20 mm. Because the initial crack length is mlarger than the height of
the DCB, the analytic solution from conventionahtretheory is a good approximation for

this case although it neglects the effect of makenithotropy. Thus, we have (see [9])

213 1/2
Fo(W h E1216|c . (10)
12a

The chained line in Fig. 6 represents the anabdlation from Eq. (10). The results from the

beam theory are no more than 4% higher than thee§its.

Including the effect of material orthotropy, Suoaé{15] proposed a more accurate solution
for the energy release rate of un-pinned DCB speesn(also see [16]). Their solution is

obtained using finite elements, together with salvanalytic considerations and the error is
within 1%. Based on the solution of Suo et al [1iB]the case of plane stress, the reaction

force is determined by

2.3 1/2
_ wWh°E;,G,c (11)
12a% L+ YA *h/ a)?
whereA = a,,/a,,. The dimensionless factdftis approximated by
Y(p) =0.677+0.149p -1 - 0.013p -1)* (12)

with p = (a,, + 05a,,) /(a,,a,,)"*. Inserting values of material parameters, redubis Eq.
(11) are also shown in Fig. 6 by the dotted linkicl clearly shows that our FE results (solid
line) agree very well with those of Suo et al [1Bhus, our FE model based on the critical
COD criterion and the energy release rate concaptbe used to study the delamination
toughness of z-pinned laminates. The results show®ection 2.7 further confirm our FE

model.
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2.7 Dimensional analysis

Crack growth in z-pinned DCB is fairly complex. Tomany parameters contribute to the
failure process. Hence, to study the major effe€tsome of these parameters, dimensional
analysis is adopted. Generally, given a materilbstic property, the functional dependency
of the crack-resistanc€g, on the independent parameters is

Gg = 0,(F,0a,8;,a,,w,h,G,P,,3,,n.,d.,n,,d,), (13a)
whered; is spacing between adjacent z-pin rows. The adtrceF at the loaded ends is a
physical quantity similar t&g. Therefore, during crack growtBg actually depends on:

Gy = gz(Aa,aO,ap,W,h,Glc,Pa,éa,nc,dc,nr,d,). (13b)
Due to our plane stress assumption, the effecowfapacinggd;, can be ignored. According
to Eq (5), the peak force in the springs of our elggl, is determined by the product of the
peak force of the single pin pullout mode}, and number of z-pins in a row, Therefore,

in the parametrical study, we can just focus onetffiect of P, while fixing the number of z-
pins in a rown;, which is chosen as 5 according to Cartie andrielget [14]. Furthermore,
the initial crack lengthay is determined by standard DCB tests, which is 58 m our
simulations. The effect of the distance of thermpid zone from the initial crack tig,, can

be implicitly reflected in the effect of the cragfowthAa. Hencega,is also fixed as 5 mm in
our analysis. After these considerations, the foncof the crack-resistance of the DCB is
simplified as:

GR = gB(Aalh'GIC'Pa’éa’nc’dc) (130)
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According to the dimensional theory, see Andersg]n e have the follow dimensionless

function

G ha 3, P, d.

ATk (4
IC IC

Thus, the normalized crack-resistance or “apparergtk toughness of the z-pinned DCB,
G /G, is completely determined by the dimensionlesglcradvancepa/h, normalized
location of peak force in the pullout modél, /h, normalized peak force in pullout model,
P, /(G,ch), normalized pin column spacingd, / h, and number of columns of ping, Based
on Eq (14), the effects of these parameters odéka@mination toughness of DCB are studied

in Section 3.

3. Results and Discussion

3.1 Comparison with experimental data

Whilst DCB tests were carried out on mode | delation of z-pinned composite laminate
([24]), there has been no reliable test data te-ftat z-pin pullout to our knowledge. Hence,
different peak forces of the pullout mode), were selected in our FE simulations. Pgr15

N, the FE output of the reaction force of the D@Bsus opening displacement at the load-
points is shown by the solid line in Fig. 7. It slthat the force increases linearly with
opening displacement at the initial stage, whichresponds to the linear deformation of the
DCB before crack growth. The force drops immediatefter the crack has started to

propagate. If there were no z-pins, the force wagdtinue to decrease as shown in Fig. 6.
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However, due to the closure tractions exerted lgy zkpins, the applied force increases
gradually over a wide range of crack growth. Theximam value reaches ~80 N, which is
much larger than the maximum force of the unpinspécimen. This means that the
delamination toughness of the DCB has been gréayoved by the z-pins. At the final
stage, the load drops again because all the pives ligen pulled out. The black dots are the
experimentally measured data from [14], and comptre@ur FE results usirig,=15 N, very

good agreement is obtained.

3.2 Z-pin enhanced toughness

As described above, the energy release rate igabuparameter to quantify the toughness
of a structure. Here, the energy release vataus crack growth, oGg-curve, obtained from
our FE analysis is calculated usinggtype contour in Fig. 4 and represented in Figy &le
solid line. The dotted line is the FE result of #rergy release rate for the unpinned sample,
which is constant during crack growth and is edadbc = 265 J/m. The dashed line is the

energy release rat&;, derived from the z-pinned DCB based dm, dype contour in Fig. 4.

As discussed abov&. should represent the energy release rate duey doléhe creation of
new crack surfaces during delamination crack grothidt is,G.=Gc. Fig. 8 clearly confirms
this prediction. This fact further verifies thatrdeE model based on a critical COD criterion
can be applied to effectively simulate mode | défetion in a z-pinned composite laminate.

The results from our simulations are hence accurate

16



Comparing the solid and dotted lines in Fig. 8s ishown that the crack-resistar@g-curve
of the z-pinned laminate is overall much largemtliae unpinned laminate except at initial
crack growth, where the z-pins have not yet staefinction. The maximun®g is ~1900
Jin?, which is ~7 times the unpinned DCB. Hence, z-pigris a very effective technique to

improve the mode | delamination toughness of coitg@dsminates.

3.3 Parametric study

To understand the contribution of the parametessudised in Section 2.6 on z-pin enhanced
toughness of DCB, a parametrical study is quaiébt carried out. The effect of the pullout
model is studied first. Fig. 9 shows the influen€ehe normalized pullout model parameter,
d/h, on the normalized energy release r&@g/Gc, during crack growth. In all the three
cases fob,/h from 0.0667 to 0.133 and 0.267, the other paraete fixed ab. = 8,0./h =
2.33 andP,/Gich = 61.9. Fig. 9 shows that the crack-resistaBgincreases in all three cases
due to z-pin reinforcement. However, the differeiscemall, especially at the plateau region
there is no difference. Thus, the effect of thdquilparameted, on toughness enhancement

is not significant.

The effect of the normalized pullout model paramd®gGch, is shown in Fig. 10. It can be
seen that the total energy release rate or craigta@ce increases as the peak pullout force,

Pa, increases. Fd?,/G,ch = 37.7, the maximum normalized crack-resistam¢Gc, is about
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7 but this becomes >13 fd./G,ch=75.7. The contribution of the z-pins on the enleainc
toughness is a manifestation of the work dissipatgullling out the pins. That is, the work
area under the curve of the pullout fofeeversus pullout displacemend in Fig. 2. The
parameterd, represents the pullout displacement at maximuniopuforce, P,. Thus, by
increasingP, the area in Fig. 2 and hence the z-pin pulloutkwsralso increased. This in
turn improves the delamination toughness of a nganstructure. Conversely, changing the
value ofd, alone without varyindgP, cannot change the z-pin pullout work. Hence, fifece

of &, onGg should be small as confirmed by Fig. 9. These emichs are consistent with the
study on cohesive failure (see [17]). Practicdtigher pullout peak forcB, can be achieved

by improving the z-pining technigue to gain stranigending between pins and laminate.

Figure 11 shows the influence of the number ofregulumns on the energy release rate of z-
pinned laminates. Here six cases are considerag fod to 8. The number of z-pin columns
represents the size of the z-pinned zone in thekogeowth direction for a given column
spacingd.. Therefore, it is not surprised to see that tHeaaned toughnessg/G,c covers a
longer delaminated distance for higher number pinzeolumns. Fig. 11 also shows that the
maximum crack-resistandgr increases rapidly from; = 1 to 4. This observation indicates
that interaction between pin columns can also erddhe delamination toughness of the
composite laminate. With. increasing continuously from 4 to 8, this effeecbmes less
efficient. For exampleGgr/Gc are almost identical far, = 6 and 8. Hence, it is expected that
further increasing; beyond 8 would not lead to any improvemenGifiGc. In sum, there is

a limit to the enhanced toughness by simply inéngathe number of the z-pin columns.

18



However, Fig. 11 also indicates that a steady teniiyg state can be reached when the

number of the z-pin columns is over 8.

The influence of the normalized column spacith¢fy, on the normalized energy release rate,
Gr/Gic, is shown in Fig. 12. By keeping the same numbermin columns, the delamination
toughness is shown to increase with decreasingreokpacing. This confirms the interactive
effect between z-pin columns. That is, smaller goitspacing provides stronger interaction
between z-pin columns. This prediction is consisteith experimental results. Cartie and
Patridge [14] found in their tests that increasihg z-pin density by reducing the spacing
distance greatly increased the mode | delaminatioghness of DCB specimens. However, it
must be remembered that the present results ameebitbased on a single pin pullout model.
Detailed experimental and theoretical study shdudctarried out to determine the limits of

the application of the single pin pullout modehmlti-pin reinforced laminates.

4. Conclusions

A FE analysis model is developed to study the modelamination toughness of z-pinned
composite laminates. The effect of z-pins is sitmdaby suitably arranging the non-linear
springs. A critical COD criterion is used to sintel@rack growth in a DCB specimen, made
of z-pinned laminates. The delamination toughnesguantified by the energy release rate,
which is calculated by using the contour integraitimd. The FE model is verified for both

un-pinned and z-pinned laminates. The predictecefas a function of opening displacement
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at the loaded ends of the DCB sample agrees wdéll awailable experimental data. Our
numerical results indicate that z-pins can gremttyease mode | delamination toughness of
composite laminates. Parametric study shows tlaéasing the pullout peak force through
improving z-pinning technique can greatly improte delamination toughness of z-pinned
laminates. Furthermore, increasing the number pihzeolumns dramatically enhances the
peak crack toughness, but this beneficial effetirates when the column number reaches a
certain value. The column spacing is also a semsftarameter that affects the delamination
toughness. Our results show that by reducing thimnite between adjacent z-pin columns the

peak toughness is increased.
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Figure 1. Schematic of a Double-Cantilever-BeamBIPtest for z-pinned composite

laminate.
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Figure 2. lllustration of thepirz pullout model used in this study.
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Figure 3. Schematically illustrating FE simulatiaithe effect of z-pin by distributed nonlinearisgs in FE
model: (a). a section of z-pinned composite; (&) nfkodel for this section with distributed springs.
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Figure 4. Integral contours for calculating energigase rate$:;: contour excluding

springs (z-pins)f2: contour including all the springs (z-pins).
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Figure 5. Calculated energy release rate of animmeg DCB as a function of crack growth
for different critical energy release rates.
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Figure 6. The reaction force at the loaded eRdas a function of crack growthg, for an
un-pinned DCB with3,c=265 J/nf andw= 20 mm.
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Figure 7. A plot of the applied force and openiigpthcement at the loaded ends of a DCB
during delamination growth.
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Figure 9. Influence of normalized pullout modelaraeterd./h, on normalized delamination
toughnessGr/Gic, during crack growth with, = 8, P,/G,ch = 61.9 andl/h = 2.33.
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Figure 10. Influence of normalized pullout modetgraeter P,/G,ch, on normalized
delamination toughnes&g/Gc, during crack growth witin. = 8,./h = 0.0667 and,/h =

2.33.
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Figure 11. Influence of number of z-pin columng,on normalized delamination toughness,
Gr/Gc, during crack growth witlR./G,ch = 61.9,6,/h = 0.0667 andi/h = 2.33.
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Figure 12. Influence of normalized column spacihg), on normalized delamination
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toughnessGr/Gic, during crack growth with,/Gich = 61.9,8./h = 0.0667 anadh. = 4.
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Table 1. The material constants of the compositeriate.

E; (GPa)

E; (GPa)

Vi2

H12 (GPa)

165

11

0.3

38
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Table 2. Values of parameters to describe the D@Bzapinning.

h (mm)

w (mm)

L (mm)

ap (mm)

a (mm)

3a (mm)

Pa (N)

Nc

Ny

de(mm)

1.5

20

150

50

5

0.1

15

3.5
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