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Abstract

The paper illustrates the effect of z-pins on the strain energy release rate in composite co-cured double cantilever beams (DCB)
subject to a standard fracture toughness test. The conclusions obtained as a result of the solution illustrate that z-pins can provide
drastic enhancement in fatigue and fracture properties of a co-cured z-pinned composite joint, even if their volume fraction is low.
The strain energy release rate for loading and geometry combinations that do not result in immediate fracture was significantly
reduced as a result of using z-pins. This slows the rate of the crack propagation if it is governed by the Paris law. Moreover, z-pins
can completely arrest the crack. Although the analysis was performed for DCB specimens, the conclusions can be extrapolated to a

general case of co-cured z-pinned joints.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Delamination cracks originating from the edge of the
joint are recognized as the principal cause of damage
and failure in bonded adhesive and co-cured joints.
Z-pins represent a possible method of arresting or
slowing these cracks. In particular, this method may be
effective in enhancing fracture and fatigue resistance of
co-cured joints between composite skin and stiffeners
depicted in Fig. 1. However, a detailed analysis of the
effect of z-pins on fracture toughness of such joints has
not been published.

Early studies of the effect of z-pins on the integrity of
laminated structures have been published by Freitas
et al. [1], Lin and Chan [2], Palazotto et al. [3] and
others. The recent work by Rugg et al. [4] was concerned
with the effectiveness of z-pins in a skin-stiffener joint.
One of the conclusions from this work was that z-pins
can completely suppress delaminations originating from
the edge of the flange. In the present paper the effec-
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tiveness of z-pins is estimated on the example of a stan-
dard DCB test prescribed for composite adhesive joints
(though an adhesive layer is not used in co-cured joints).
A typical setup of the test is presented in Fig. 2 [5].
Examples of early studies that attempted to evaluate
the stress intensity factor or fracture toughness of DCB
are the papers of Ripling et al. [6], Gross and Srawley
[7], Srawley and Gross [8] and Fichter [9]. These papers
did not account for all factors that affect the fracture
problem of DCB, including the finite resistance of the
beam to rotations at the tip of the crack. This rotational
resistance was taken into account in the work of
Kanninen [10] and in other references referred to below.
The present solution employs the analysis of DCB
that is based on modeling the effect of a limited rota-
tional constraint of the intact part of the beam (see Fig.
3, x > 0) through the introduction of an elastic founda-
tion. Such approach was originally proposed by Kanni-
nen [10,11]. It was further extended to transversely
isotropic materials by Williams [12] and to angle-ply
laminates by Ozdil and Carlsson [13]. Penado [14] used
the same approach to incorporate the effect of an adhe-
sive layer between the two halves of the beam. In the
present paper, the method developed in the references
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Fig. 1. Co-cured z-pinned joint between the skin and stiffener.
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Fig. 2. Schematic illustration of the DCB test, according to ASTM
5528 [5].
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Fig. 3. DCB with z-pins loaded in mode I and the model used in the
analysis. The stiffnesses of foundation in Sections 1 and 2 are different.

listed above is extended through modeling the effect of z-
pins as an elastic foundation in both delaminated and
intact sections of DCB (Fig. 3).

It is useful to note that the solution for Mode I
fracture toughness of elastic DCB specimens shown in
Fig. 2 is given by

P> dcC
—e = 1

2b da (1)
where P, is the fracture load, b5 is the width of the

specimen and ?TS is the rate of change of the compliance
per unit crack growth.

Gic

2. Analysis

Consider the response of Sections 1 and 2 of the beam
shown in Fig. 3. The present solution is limited to the
case where the length of the crack remains small, i.e.
a < c¢. Accordingly, the separation between the dela-
minated parts of the beam in Section 1 is sufficiently
small to assume that the pins in this section remain
partially embedded within the joint material (i.e. there is
no pullout of z-pins from Section 1). The nonlinear
force-pullout displacement response of the pins includes
the initial linear relationship corresponding to the situ-
ation where the motion of the pin relative to the matrix
material is limited to the zone adjacent to the crack
plane [15]. After the entire interface between the pin and
matrix is affected, the force applied by the pin to the
matrix decreases yielding the following pressure on the
delaminated section [16]:

p=Ky—Kiww Ky=2V1l,/r K, =4V,t/r (2)

where V,, denotes the areal density of pins, /, and r are
the pin embedded length (usually it is equal to the
thickness of the delaminated section %) and radius,
respectively, and 7 is the interfacial shear strength. The
initial linear force-pullout displacement part of the re-
sponse can often be neglected since it corresponds to
very small deflections, in which case (2) represents the
reaction of the pins in Section 1.

In Section 2, the pins do not experience pullout
action. However, jointly with the second (bottom) half-
thickness of DCB, they restrict rotations of the dela-
minated section. The stiffness of the equivalent elastic
foundation provided by the z-pins and by the lower half-
thickness of the intact beam is obtained as

k = kp + kK, (3)

where k, = "V’;—E”, ky, = % In these equations, £, and

E. are the moduli of the pin and composite material in
the thickness direction, respectively. The factor n can be
chosen rather subjectively. For example, this factor was
taken equal to n = 2 in the papers of Kanninen [10] and
Ozdil and Carlsson [13]. This value is obtained if the
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average transverse strain is defined as a ratio of the total
relative displacement of the upper and lower halves of
the beam (2w,) to the distance between the centroids of
these halves (#). Numerical results obtained using such
factor were in good agreement with the experimental
data. Penado [14] used n = 4 (this choice seems to be less
logical). However, his results were in good agreement
both with FEA and with the results generated using n =
2 for all materials and geometries considered in his
paper. The exception was the case of a very short crack
(h/a > 0.5). In this case (not considered here), the
solution of Penado was more accurate. Note that all
these papers, i.e. [10,13,14], were concerned with adhe-
sive joints without z-pins.

In the present work, the following approach is em-
ployed to evaluate the magnitude of the factor n. Con-
sider each of two halves of the beam shown in Fig. 3 as a
thin beam. In this case, deflections w remain constant
through the thickness of each half-beam at a given cross-
section x = const. Therefore, the average transverse
strain through the thickness of the intact part of the

beam can be estimated as ¢, = 22“,;2 = 2. Using this strain
in equations
0. = [Ep, + (1 = W)Ec]e:

o (4)

ey =

w3

yields n = 1. The comparison between the results ob-
tained for the values of n =1, 2, 4 is presented in
numerical examples.

Note that the effective bending modulus is needed for
the solution shown below. This modulus can be deter-
mined either by the procedure recommended by Ozdil
and Carlsson [13] or by the method recommended in the
monograph of Gibson [17]. The presence of z-pins
changes the effective modulus in the x-direction since the
laminate and z-pins work in parallel. Accordingly, for
the jth layer,

L _1-% h
= o 5)
(EX)_/ Elj EP

where E); is the modulus of the layer in the axial
direction.

In the following analysis, each section of the beam is
considered as a thin beam, i.e. transverse shear and
peeling stresses are neglected. Obviously, such assump-
tion can be questionable if the ratio a/h is small
However, as was shown by Penado [14], the error due to
neglecting the effect of transverse shear stresses becomes
noticeable only if a/h < 10. Even if this ratio is in the
range between 5 and 10, the error was in an acceptable
range (less than 5% for unidirectional E-glass/epoxy and
aluminum and less than 16% for unidirectional graphite/
epoxy). In the following examples, the ratio a/h was
higher than 9.1, except for the case considered in Fig. 9
where this ratio was higher than 4.6 and Figs. 11 and 13

where this ratio was higher than 6.8 and 5.7, respec-
tively. Obviously, a more accurate analysis accounting
for three-dimensional stresses is needed in case of short
cracks. Such analysis will be conducted in the future
study.

The response of Section 2 of the beam is governed by
the standard bending equation of the beam on the linear
elastic foundation. The solution obtained by assumption
that the length of the section is much larger than that of
the crack (semi-infinite beam) implies that displacements
should remain limited at x — oo. Accordingly,

Wy = e "% (4, sin Ayx + B, cos Jpx) (6)
where A, = {‘/% and E, is the bending modulus of the

material.

Note that the assumption that the boundary condi-
tions at the right end of the beam do not affect the
solution is justified in most situations. For example,
Kanninen [10] showed that the effect of the right end is
negligible if the length of Section 2 exceeds 24.

The response of Section 1 is obtained by solving the
equilibrium equation

dw, 12
dx4 +ﬁ(_K1Wl +K0) = 0 (7)

The solution is

wi = A; cos Aix + By sin A;x + Cj cosh A;x

. K
+ Dy sinh Zyx + =2 (8)
K,
where 1, = ¢ % The effect of a partial z-pin pullout on

the bending modulus of Section 1 was found sufficiently
small to be neglected in this solution.

The deflection of the loaded end of Section 1 can now
be determined and subsequently, the compliance of the

DCB specimen can be obtained as C = ZWII(,%”), according

to the ASTM standard (ASTM, D 5528). The rate of
change of this compliance as a function of the crack
length that is necessary to evaluate fracture toughness
by (1) can be derived analytically or, more conveniently,
obtained from the compliance-crack length curve C(a).

The following boundary and continuity conditions
can be employed to specify the constants of integration
in (6) and (8):

wi(0) = w2(0)  w}(0) = w(0)
wi(0) = w5(0)  wi'(0) = wy'(0)

(a) = 12P
Y= E i

©)

wi(—a)=0 w

The substitution of (6) and (8) into (9) yields a set of
algebraic equations for the constants of integration:
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ap app apy dig dis dge A by
ay Ay ax dx4 dzs A B b,
as; dsx  azy ds dzs  dse C _ bs
aq1 Q4 Q43 Q44 445 Q46 D, by
dasy dsy ds3 dsq  dss  dse A bs
dg1  de2 de3 desa Qo5 deo B, be
(10)
where
an=ai3=1 apn=au=a5=0 as=—1
b Ko
| = ——=
K,
an =apn=b=0 an=au=71 as=—-1 ay=1
/12
a31:—a33:5 ap =axy =azx =b3; =0 a3 = —1
2
asy = a3 = by =0 a42:—a44:5 Qg5 = Q46 = 1
as) = — COS(;Lla) aspy = sin(/lla) as3 = COSh(/lla)
54 = — Sil’lh(/lla) as5 = A5 = b5 =0
ag) = — sin(ila) Agy = —Cos(/lla) agz = — sinh(/lla)
i 12P
dgs = Cosh(/qa) des = ags =0 bg = -3
E.bh37;
2
A=— 11
i (1)

Once the constants of integration are calculated, the
deflection of the loaded end of the cantilever can be
determined:

K .
wi(—a) = F? + 4, cos(J1a) — By sin(/a)

+ C, cosh(41a) — D, sinh(4,a) (12)

3. Numerical examples

The investigation of the effectiveness of z-pins in co-
cured composite joints was carried out for three different
material systems that are outlined in Table 1.

The first material in Table 1 is E-glass/epoxy used by
Ozdil and Carlsson [13] in their analysis of laminated
DCB (this study did not consider the effect of z-pins).
Carbon/epoxy (AS4/3501-6) was employed by Rugg
et al. [4] in their investigation of the effect of z-fibers on
delamination resistance of composite mixed-mode

bending laminates. Finally, CMC (SiC/CAS) in Table 1
was considered by Domergue et al. in their research
[18,19]. In all examples shown below, E-glass/epoxy and
SiC/CAS specimens were assumed unidirectional, with
the fibers oriented in the x-direction.

The thickness of each delaminated “leg” of DCB was
taken equal to # = 2.19 mm, following the work of Ozdil
and Carlsson [13]. The width of the specimens was
b = 20 mm. The radius of titanium z-pins was equal to
0.47 mm as in the paper of Rugg et al. [4]. The radius of
carbon pins was equal to either 0.6 mm (SiC/CAS
beams) or 0.47 mm (E-glass/epoxy beams).

The interfacial shear strength between z-pins and
composite material is usually unknown. Therefore, this
strength was assumed equal to 20 MPa, in all cases.
Note that this value is also close the fiber push-out
sliding resistance for SiC/CAS material [18]. The factor
n =1 was used in all examples, except for Fig. 15.

The effect of z-pin volume fraction on the deflection
of the delaminated (free) end of DCB and on its com-
pliance is shown for E-glass/epoxy (Fig. 4), carbon/
epoxy (Figs. 5-7) and SiC/CAS (Fig. 8). In all cases, the
length of the crack was equal to a = 20 mm. The choice
of the applied force was dictated by the limitations on
the deflection of the delaminated end. If wi(—a) > A, the
pins at the free end are pulled out of the composite
material. In this case, the problem becomes more com-
plicated since it is necessary to analyze three sections of
the beam. These include Section 2, and Section 1 that
should be subdivided into the subsection where the pins
have been pulled out and a subsection, adjacent to
Section 2 where the pins are still embedded into the
material. The results shown below indicate that the rate
of the change in the compliance abruptly increases as the
deflections approach the pullout value. Therefore, it
may be reasonable to assume that the specimen fails as
wi(—a) — h. The other consideration limiting the ap-
plied load is the strength of the delaminated section of
the beam. This problem is also discussed below. While
the upper limit of the applied load is governed by the
reasons outlined in this paragraph, if the load is too
small, it cannot overcome the resistance provided by the
pins (this is due to the term Kj in the expression for the
equivalent elastic foundation).

As follows from Figs. 4-8, an increase in the volume
fraction of z-pins results in a reduction of the deflections
of the free end of DCB. This is obviously due to the
effect of the elastic foundation provided by z-pins.

Table 1

Materials used in the analysis of co-cured z-pinned composite joints
Composite material E, (GPa) E. (GPa) Z-pin material E, (GPa)
E-glass/epoxy 34.7 8.5 Carbon, r =0.47 mm 190.0
Plain-woven AS4/3501-6 (carbon/epoxy) 57.2 9.53 titanium 115.0
SiC/CAS 140.0 130.0 Carbon, r = 0.6 mm  190.0
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Fig. 4. Effect of z-pin volume fraction on the free-end deflection and compliance of E-glass/epoxy DCB. The length of the crack is a = 20 mm, the

applied force is P =20 N.
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Fig. 5. Effect of z-pin volume fraction on the free-end deflection and compliance of plain-woven AS4/3501-6 carbon/epoxy DCB. The length of the
crack is @ = 20 mm, the applied force is P = 50 N.
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Fig. 6. Effect of z-pin volume fraction on the free-end deflection and compliance of plain-woven AS4/3501-6 carbon/epoxy DCB. The length of the
crack is @ = 20 mm, the applied force is P = 200 N.
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Fig. 7. Effect of z-pin volume fraction on the free-end deflection and compliance of plain-woven AS4/3501-6 carbon/epoxy DCB. The length of the

crack is @ = 20 mm, the applied force is P = 400 N.
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Fig. 8. Effect of z-pin volume fraction on the free-end deflection and compliance of SiC/CAS DCB. The length of the crack is ¢ = 20 mm, the applied

force is P = 400 N.

Interestingly, at a certain volume fraction of z-pins, the
deflections of the free end become equal to zero and the
subsequent increase in the z-pin volume fraction actually
produces negative deflections. This phenomenon is due
to exceedingly high total stiffness of the foundation.
Naturally, negative deflections are physically impossible.
Instead, zero deflections should be identified with a
complete arrest of the crack. Such phenomenon was
reported for z-pinned laminates by Rugg et al. [4] who
noticed a change from delamination mode of failure to
microbuckling, as a result of the introduction of z-pins.
Notably, even a very small volume fraction of z-pins is
sufficient to either drastically reduce deflections or
completely arrest the crack. This volume fraction be-
comes particularly small, if the difference between the
modulus of elasticity of the composite material and that
of the pins increases. For example, deflections were
almost eliminated in an E-glass/epoxy DCB with a 20-

mm crack by introducing z-pins with the volume frac-
tion equal to just 0.075% (Fig. 4).

The compliance was also reduced as a result of a
higher z-pin volume fraction reflecting on a positive ef-
fect of z-pins. Both the deflections as well as the com-
pliance increased with a larger applied force, as follows
from the comparison of Figs. 5-7 (and from Fig. 12
discussed below).

It is necessary to emphasize that the applicability of
the present solution should be analyzed keeping in mind
a possible loss of strength of the cantilever section of
DCB. A quick estimate of the strength can be conducted
by analyzing this section as a cantilever subject to the
end lateral force. The maximum stress in the cantilever
with the clamped end is

6Pa

75 (13)

Omax —
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This stress should be compared to the strength of
DCB in the x-direction. Apparently, neither glass/epoxy
nor carbon/epoxy DCB fail under the conditions con-
sidered in Figs. 4-7.

The situation is different in the case of a SiC/CAS
specimen. This is related to the emergence of bridging
matrix cracks perpendicular to the fibers. In case of
bending of a delaminated cantilevered leg of DCB, these
cracks will first form in the layers on the tensile surface
of the leg (Section 1), at x = 0. The matrix cracking
stress for the material considered in the examples is close
to 285 MPa. It is easy to predict that the onset of the
cracks in the fully clamped section will occur at the force
P =356 N. However, in reality, the applied force cor-
responding to matrix cracking should be higher since the
“clamped end” of Section 1 is actually elastically con-

w1(-a) mm

1.4

Vp=0.8%

Vp=1.0%

0
10 125 15 175 20
Length a, mm

Cc
7

5

0
10 125 15

6

strained against rotations, i.e. the results shown in Fig. 8
are still reliable.

The effect of the length of the crack on the free-end
deflections and DCB compliance are illustrated in Fig. 9
for carbon/epoxy DCB and in Figs. 10 and 11 for SiC/
CAS DCB. Note that while the length of the cracks
considered in Figs. 10 and 11 may justify the analysis
based on the technical theory of beams, the cracks
considered for carbon/epoxy are quite short. This im-
plies that numerical values in Fig. 9 should be treated
with caution, although the quantitative conclusions are
valid since they confirm the results shown in Figs. 10
and 11. The reason longer cracks are not considered in
Figs. 9-11 is related to excessive deflections of the free
end in case of long cracks and the resulting pullout of z-
pins that is not accounted for in the present solution. As

(micrometers/Newton)

Vp=0.8%

Vp=1.0%

17.5 20
Length a, mm

Fig. 9. Effect of the length of the crack on the free-end deflection and compliance of plain-woven AS4/3501-6 carbon/epoxy DCB. The applied force

is P =400 N.
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Fig. 10. Effect of the length of the crack on the free-end deflection and compliance of SiC/CAS DCB. The applied force is P = 400 N.
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Fig. 11. Effect of the length of the crack on the free-end deflection and compliance of SiC/CAS DCB. The applied force is P = 700 N.

follows from the results shown in these figures, deflec-
tions of the free end are predictably smaller, if the crack
is short.

It is interesting to note that if the applied force is not
sufficiently large, the deflections of the free end may
actually decrease, as the crack becomes longer (Fig. 10).
This is related to a large cumulative effect of z-pins that
can “overcome’ the effect of the applied force, partic-
ularly if their volume fraction is high. Even if the force is
equal to 700 N (Fig. 11), the effect of z-pins seems to
become dominant for longer cracks (see the case of
Vo = 2%).

Note that the results shown in Fig. 11 do not account
for a reduction in the elastic modulus due to matrix
cracking on the tensile surface of the cantilevered section
of DCB. However, the strength of the section is not
compromised, even if the matrix cracks appear, since the
tensile strength of Nicalon fibers is close to 2.75 GPa
[20]. Considering the fact that the fiber volume fraction
is about 40%, this should guarantee sufficient strength of
the specimens considered in Fig. 11.

In general, as the cracks become longer, one of two
tendencies dominates. The deflections may become so
large that z-pins will be pulled out of Section 1. In this
case, the rate of change in the compliance abruptly in-
creases implying an almost immediate failure. On the
other hand, if the force is not sufficiently large, the crack
can be arrested (in the present analysis, this is associated
with a reduction of the deflections that approach zero).

The effect of the applied force on the deflections and
compliance is illustrated in Fig. 12 for a SiC/CAS spec-
imen. The results may be affected by matrix cracking on
the tensile surface, but the general tendencies are obvi-
ous. Deflections increase almost proportionally to the
magnitude of the applied force (if the length of the crack
is constant). The compliance also increases with larger

forces. Although the rate of this increase in compliance is
reduced at large values of the applied force, it is antici-
pated that matrix cracking should avert this tendency.

The change in the rate of the compliance is shown as
a function of the crack length in Figs. 13 (carbon/epoxy)
and 14 (SiC/CAS). The conclusion from Fig. 13 is that a
higher z-pin volume fraction results in a smaller rate of
the change in the compliance for the most part of the
fatigue life. On the other hand, in the immediate vicinity
of the crack length corresponding to the onset of pin
pullout, the rate of the change in compliance is much
higher if the pin density increases. In general, both Figs.
13 and 14 illustrate an abrupt increase of dC/da at the
“critical” length of the crack corresponding to a dra-
matic increase in deflections w;(—a), pullout of z-pins,
and, probably, immediate fracture.

The results discussed in the last paragraph have
important implications on the fatigue life of the speci-
men. For example, the rate of fatigue crack propagation
is often governed by the Paris-type equation
da m
= k(AG)
where N is the number of cycles, k&, m are material
constants, and AG is the range of the strain energy re-
lease rate during the cycle. The introduction of z-pins
clearly reduces AG for the entire fatigue life, except for
the final phase preceding fracture. If one assumes that
constants k, m are little affected by the presence of
z-pins, it is obvious that the rate of crack propagation
should be reduced in z-pinned joints.

It is also important to estimate an effect of z-pins on
the critical failure load P.. The following approach can
address this issue.

In experiments on plain-woven AS4/3501-6 mixed-
mode joints, Rugg et al. [4] presented results for the

(14)
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Fig. 12. Effect of the applied force on the free-end deflection and compliance of SiC/CAS DCB. The length of the crack is ¢ = 20 mm.
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Fig. 13. Effect of the length of the crack on the rate of change in compliance of plain-woven AS4/3501-6 carbon/epoxy DCB. The applied force is

P =400 N.
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Fig. 14. Effect of the length of the crack on the rate of change in
compliance of SiC/CAS DCB. The applied force is P = 400 N.

applied load corresponding to failure as a function of
the volume fraction of z-pins (see [4, Figs. 3 and 4]).
Although the present work is concerned with Mode 1
fracture, the results in [4]. are still instructive for an
estimate of the effect of z-pins on the failure load.

It is assumed here that the failure load is proportional
to the strength of the specimen in the thickness (z)
direction. This strength is obtained by the rule of mix-
tures:

sz = Vpsp + (1 = Vp)se (15)

where s, and s. are tensile strengths of the pin and
composite materials, respectively.

Tensile transverse strength of AS4/3501-6 is 48.0
MPa, while Ti-6Al-4V pins used in the work of Rugg
et al. [4] have the yield strength equal to 1100 MPa and
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the ultimate strength of 1235 MPa. The results presented
in [4, Fig. 3] are compared to the predictions calculated
according to the assumption introduced in the present
report in Table 2.
In Table 2, the ratio Pi“;l/ﬁ)o)
o=

strength ratios (1) and (2) are obtained using the yield
strength and the ultimate strength of the pins, respec-
tively. As follows from Table 2, the change in the
strength of the joint in the thickness direction calculated
using the ultimate strength of z-pins can serve as a
reliable indicator of the change in the failure load.

The same conclusion follows from the analysis of Fig.
4 of Rugg et al. [4]. In the case where the volume frac-
tion of z-pins is equal to 2%, the experimental increase in
the failure load and the increase calculated using the
ultimate strength of z-pins were equal to the factors 1.47
and 1.49, respectively. It was impossible to compare the
prediction to the results for 7, = 4% in the same figure
since the mode of failure was skin buckling, rather than
delamination cracking.

Finally, the effect of the factor » in the expression for
the stiffness of elastic foundation of the intact section
(Section 2) on the accuracy of results is analyzed in Fig.
15. As indicated above, the calculations were performed
with n = 1, while other sources referenced above used
the values of 2 and 4. Accordingly, a difference between

is obtained from [4], and

Table 2
The increase in the failure load of carbon/epoxy joints due to the
presence of z-pins

V,  P. (Newtons) SRellp)_

A= Strength ratio (1) Strength ratio (2)

0 450
1.5 641 1.42 1.33 1.37
5 1000 222 2.09 2.23

the deflection of the free end and compliance of a SiC/
CAS DCB is considered for these values of n. As follows
from Fig. 15, the effect of the factor » on deflections and
compliance is quite small, except for the length of the
crack that approaches the critical value. However, even
for a = 30 mm, the difference between deflections of the
free end (as well as compliance) obtained using n =1
and n=2 was equal to 15.8%. The corresponding
number for deflections and compliance calculated for
n=1 and n =4 was 24.7%. The difference was much
smaller for shorter cracks (it became almost invisible
when the length of the crack was less than 25 mm).

4. Conclusions

The paper illustrates the evaluation of the strain en-
ergy release rate for co-cured z-pinned double-cantilever
beams. The general conclusions from the analysis are
applicable to typical co-cured z-pinned joints.

As follows from the analysis, the rate of the change in
the compliance of the delaminated DCB abruptly in-
creases when the deflections of the free end approach the
value corresponding to the pullout of z-pins from the
beam. This is accompanied by an increase in the strain
energy release rate that approaches the fracture tough-
ness. If the applied load is small, the presence of z-pins
can completely arrest the preexisting crack in DCB. This
effect can often be reached even with a very small vol-
ume fraction of z-pins. An attempt to “force” the
propagation of the crack by increasing the applied force
can result in the loss of strength of the specimen, prior to
achieving the conditions necessary for the propagation
of the crack.

The analysis presented in the paper is limited to rel-
atively short cracks. If the cracks are longer, the effect of

w1(-a), mm C (micrometers/Newton)
1.6 8
L n=1 3 n=1
1.4 - -
| n=2 n=2
1.2 | n=4 n=4

0.8
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20.0 225 250 275 30.0
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Fig. 15. Effect of the factor n in the expression for the stiffness of elastic foundation of the intact Section 2 of DCB on the accuracy of results
(deflection of the free end and compliance). The applied force is P = 400 N, the volume fraction of z-pins is ¥, = 1%.
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z-pins can result in their arrest. Alternatively, in the case
of longer cracks, if they are not arrested, z-pins are
pulled out from the region adjacent to the free delami-
nated end of DCB. This is usually followed with failure.

The rate of the change in the compliance (and the
strain energy release rate) decreases if the volume frac-
tion of z-pins is small, for the most part of life of DCB.
However, in the vicinity of the delamination crack
length corresponding to the onset of z-pin pullout and
failure, a higher rate of change in the compliance cor-
responds to a larger z-pin volume fraction.

Based on the results presented above and their dis-
cussion, it is anticipated that the presence of z-pins
would be beneficial for the fatigue life of DCB. The
failure load of DCB is approximately proportional to
the change in the strength in the thickness direction
(direction perpendicular to the plane of the crack).

Future studies should include the effect of transverse
shear deformations in the short (delaminated) section of
DCB to accurately analyze short cracks. The behavior
of the specimen when z-pins are completely pulled out of
the part of the delaminated section represents interest
since this behavior precedes failure. In addition, an
analysis should be performed discarding the elastic
foundation model and solving the problem using a
higher order theory or a 3-D theory of elasticity. Con-
sidering the fact that either failure or a complete crack
arrest occurred in the presence of z-pins when the crack
was short, DCB with z-pins can be treated as a semi-
infinite beam, neglecting the boundary conditions at the
intact end.
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