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Abstract

Delamination propagation in laminated composite materials is a common issue 
that always concerns us when we consider composites for structural purpose. Many 
possible solutions have been studied; the most famous is the three-dimensional (3D) 
woven composites materials, which have promising interlaminar fracture resistance 
but at the cost of increasing density, which for aerospace industry is very important. 
In this chapter, mode 1 double cantilever beam (DCB) interlaminar fracture tough-
ness tests according to the American Society for Testing and Materials (ASTM) D5528 
standard were performed on composite specimens made of E-Glass Saertex 830 g/
m2 Biaxial (+/−45°) with Sypol 8086 CCP polyester resin with orthogonal z-axis 
oriented yarn woven of 0.22 mm diameter nylon monofilament. Four specimens were 
made with a longitudinal distance between the warp binders of 0.5, 1, 1.5, and 2 cm, 
respectively. A tensile test according to the ASTM D3039 standard was performed 
to study how z-binder may affect tensile resistance. The results show a considerable 
increase in interlaminar fracture toughness, several stress concentrators have been 
created because of the new yarn and premature failure in the matrix.

Keywords: composite, delamination, laminated, tensile, interlaminar

1. Introduction

A composite material, from now on just “composites,” consists of 3 components 
known as reinforcement, matrix, and the interface between whose properties and 
performance are designed so that together they generate material with superior 
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properties to its parts acting independently. In general, the “Reinforcement” is a very 
rigid and strong material with a distributed phase, whose function is to support the 
external forces in its longitudinal direction.

At the same time, the “matrix” is a material with a continuous phase, weaker, and 
less rigid, but more tenacious and often more chemically inert, which is responsible 
for keeping the reinforcement attached to the final shape of the mold in which it is 
located, protecting the reinforcement against external agents, supporting indirect 
stresses along the length of the reinforcement and helping to distribute external 
mechanical energy to the reinforcement, so that it be distributed and supported by 
the latter. The “interface” is created as the chemical interaction and bonding between 
reinforcement and matrix. From here, the composites are classified due to (a) the 
shape of the reinforcement, such as continuous or discontinuous fibers, particles, 
etc., and (b) the nature of the matrix, which can be a metallic, ceramic, or polymeric 
matrix. When composites are manufactured as a set of layers or laminates, it is simply 
known as laminate composites [1].

The use of composites in the aerospace industry has grown rapidly from the mid-
1990s to the present, so now, it is one of the most used materials in commercial aircraft. 
This interest and investment in composites are because, in many cases, their properties 
are generally better than those of metals, especially aluminum alloys, such as lower 
density, better mechanical properties, they do not corrode, and with a proper design, 
manufacturing costs can be reduced by reducing solid joint elements such as rivets [2].

Unfortunately, laminate composites have several disadvantages over metals. One 
of the most important issues is delamination, a critical failure mechanism caused 
by high interlaminar stresses coupled with typically very low through-thickness 
strength. Delamination arises because fibers lying in the plane of a laminate do not 
provide through-thickness reinforcement, so the composite transfers most of the 
external load into the matrix, which usually is quite brittle and very susceptible to 
shear stress, so that the laminate composite starts to separate between laminates, as 
illustrated in Figure 1 [3].

Specifically speaking of fiberglass/polyester composites, there are some works that 
report studies on their manufacture, composition, and properties, but also another 
more specific that analyzes thermal properties, crack growth behavior, fracture 
energy, the effect of mode of loading, and delamination resistance.

Figure 1. 
Composite delamination.
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Bagherpour [4] published a book in which he analyzes the mechanical relation-
ships in fiber-reinforced polyester composites. He explains its tensile, bending, and 
toughness properties.

Gupta [5] investigated the water absorption and thermal and mechanical proper-
ties of glass fiber reinforced polymeric composites, finding that all of them increase 
with the increasing number of glass fiber layers. Ganjiani [6] in 2021 considered the 
effect of mode II delamination and the corresponding interlaminar crack propagation 
during the drilling process of multilayer glass/polyester composites, using numerical 
and experimental approaches; and found that more than 95% of the crack propaga-
tion could be attributed to mode II under the conditions studied.

Triki [7] in his research on the influence of the fabric structure on the crack 
growth behavior of glass/polyester composite laminates, using fracture toughness 
tests, was able to determine that the balanced interface is more resistant to delamina-
tion than the balanced interface. Unbalanced interface.

Sham [8] published a review in which she highlights aspects of interlaminar and 
intralaminar fracture toughness studies of polymeric matrix composites and lists the 
different ways to assess fracture energy.

Khoramshahi [9] investigated both experimentally and numerically, the effect of 
mixed-mode loading on the fracture parameters of glass-reinforced polyester com-
posite specimens, and according to the measured fracture toughness, they found the 
energy release rates of critical interlaminar deformation in opening and shear mode. 
Furthermore, her results indicated that the interlaminar cracked sample is stronger 
under shear loading conditions and weaker under tensile loading conditions.

More recently, Suriani [10] published a review in which she compiles other works 
on delamination and some common types of manufacturing defects, thereby illustrat-
ing the impact on mechanical properties and proposing alternative solutions.

Various investigations have been done on delamination due to through-thickness 
stresses [11–21]. However, it has been widely neglected that delamination also has a 
crucial role in determining in-plane strength, often leading to premature failure ini-
tiation. In-plane failure of composites is driven by the energy released when the fibers 
are discharged. This can occur in two ways: by fracture of the fibers or by delamina-
tion and cracks in the matrix that come together to produce a fracture in the surface 
without breaking the fibers. Delamination also plays a critical role in the behavior of 
composites under the impact, affecting both the damage caused under impact load 
and the subsequent response in compression after the impact [3].

Currently, four types of delamination are defined as fracture mechanisms clas-
sified by modes, and mode 1 is the one studied in this chapter, in which the normal 
stresses are produced perpendicular to the interlaminar crack, and the surfaces of the 
separate crack one from the other without there being any relative slippage of them; it 
is shown in Figure 1 [22]. There are some interesting investigations about the mode-I 
delamination process, the effect of the reinforcement, and the Z-fiber or Z-pinned 
laminates, mainly using carbon fiber or epoxy [23, 24].

Many applications in aircraft parts are exposed to out-of-plane loading conditions 
that make it impossible to turn laminated composites into a proper material. Wind 
turbine blades, aircraft spars, stiffeners, and pressure vessels are examples of applica-
tions where out-of-plane loading conditions are imposed on the structure. Therefore, 
a delamination solution has arisen as a composite with improved full-thickness “out-
of-plane” properties, known as a 3D woven composite [25].

Conventionally the reinforcement used for laminated composites is a 2-dimen-
sional (2D) fabric; therefore, it is impossible to protect the matrix from trough 
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thickness stresses. The three-dimensional (3D) reinforcement for composites contains 
a fabric that covers the 3 dimensions (length, width, and thickness) and is a technol-
ogy that is having great success in the aerospace industry, such as the very know 
composite blades from LEAP turbofan, which is a generation of the CFM56 Aerojet 
produced by CFM (Snecma and GE) and SAFRAN [26].

This chapter is the characterization of stress fracture and Mode 1 delamination 
in laminated composites reinforced in cross section with a 3D fabric whose objec-
tive is the application in aeronautical structures. The transverse reinforcement was 
made using an industrial sewing machine as part of an external company project, 
and a 0.5 mm diameter thread was used. The study variable in the reinforcement was 
the space between reinforcement and longitudinal reinforcement to the composite, 
having reinforcements with a distance of 2, 1.5, 1, and 0.5 cm, respectively. The 
reinforced composite was manufactured, and a tensile test was carried out according 
to the ASTMD3039 standard [27]. Mode 1 of delamination analysis was carried out 
according to the ASTM D5528 standard to characterize tensile strength and its resis-
tance to delamination [28]. Results were compared with z-axis binder and without 
binder, and the failures were characterized by fractographic analysis using a stereo-
scope. The purpose of the separation between the reinforcement is to find a possible 
variation in the resistance to delamination of the material since the more intertwined 
between the warp and weft, the greater the probability of generating stress con-
centrators and, therefore, reducing its interlaminar resistance. This new material is 
meant to be used in aircraft’s control surfaces, several sources [29–32] report various 
issues regarding delamination on such surfaces, which is one of the most predominant 
uses of this kind of material.

2. Experimental procedure

The specimens were performed according to ASTM D5528 standard by resin trans-
fer molding (RTM) process with E-Glass Saertex 830 g/m2 Biaxial (+/−45°) through-
the-thickness (TTT) binder by an orthogonal weave pattern of 0.3 mm diameter 
Barkley FBA BGQS15–15 nylon monofilament and polyester resin Composite 
Envisions 1179. Four types of samples were performed with the longitudinal distance 
between binders of 0.5, 1, 1.5, and 2 cm, respectively, as shown in Figure 2 and, from 
now on. These samples will be defined as:

Figure 2. 
Different samples with the longitudinal distance between binders.
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• A: Binder distance of 0.5 cm.

• B: Binder distance of 1 cm.

• C: Binder distance of 1.5 cm.

• D: Binder distance of 2 cm.

• ST: Sample with no binder.

10 specimens from each sample were made and were identified by consecutive 
numbers, for instance, specimen A1, A2, … A10 for sample A; B1, B2, … B10 for 
samples B, but different issues were presented during tests and in the results section 
only is shown the results of the most relevan specimens.

The DCB tests per the ASTM D5528 standard were performed on A Sintech 20 D 
tensile testing machine with a constant crosshead speed equal to 5 mm/min equipped 
with 50 kN load cell. All test load-displacement data were recorded by Sintech soft-
ware. To measure all propagation of delamination values, all tests were filmed with a 
Samsung S20 Ultra camera with a resolution of 4 K/120 fps and processed in Tracker 
software.

3. Results and discussion

3.1 Delamination test

Figure 3 shows the sequence of a bending mechanism pattern that all specimens 
with binder had because of the elasticity of the z-axis yarn, improving the toughness 
of the composite and preventing the delamination from propagating. A “lever” was 
generated between the force applied and the z-axis binder until the binder fractured. 

Figure 3. 
Sequence of DCB test.
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it repeats the same lever mechanism from the next closest binder in a staggered 
manner until (1) the piano hinge came off, (2) the tensile machine stopped, or (3) 
the specimen fractured causing this bending a relatively high displacement between 
layers δ and consequently a destructive tear for the composite.

Figure 4 shows the load-displacement curve resulting from the delamination test, 
and Figure 5 shows the R-curve of most representative specimens. Specimen ST6 
shows a conventional pattern for delamination composites, with pronounced noise 
on the Y-axis because the values were too small for the testing machine. The linear 
pattern indicates detachment of the fibers within the composite due to a premature 

Figure 5. 
R curves from DCB tests.

Figure 4. 
Load-displacement curve from DCB tests.
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failure in the matrix. The visible delamination (VIS) starts very early with a very 
minimal delamination length of “a.” In the curve, 2 peaks stand out that visibly 
coincide with the delamination from the insert and its propagation.

Specimens A, B, C, and D had a behavior very different from conventional delami-
nation. The beginning of delamination from the “VIS” point of specimens A6, A7, B6, 
B7, and D6 is highlighted by a very pronounced first peak caused by the rupture of 
the closest z- binder from the insert. The load decrease while increasing displacement 
as delamination propagates until it reaches the next z-binder. It will increase the load 
required to keep delamination crack growing and so on. The nonlinear zones in the 
curves lie in the plasticity of the z-binder trying to maintain the layers together, and 
the peaks above represent pull-out fracture, that is, the z-binders fractures plastically 
and they are pulled out from the matrix. Both fracture mechanisms are illustrated 
in Figure 6. The C6 curve, which also had a premature detachment of one of the 
piano hinges, shows the same pattern as the previous specimens with a z-binder. The 
pronounced peaks belong to the ductile fracture of the z-binder and, therefore, pull-
out. Figure 5 shows an intermediate GI value between specimens A and B. Specimen 
D6 had a similar performance to specimens A6 and A7, with the exception that D6 has 
fewer peaks due to the distance between the z-binder of 0.5 vs. 2 cm. Both maximum 
peaks of specimens A and D are close to 20 MPa and due to the greater number of 
peaks, specimen D has a smaller area under the curve and, therefore, a lower tough-
ness modulus.

Specimens A6 and A7 were the ones that exhibited the highest toughness and 
maximum stresses in the DCB test specimens B6 and B7 had a premature failure in 
the joint of the piano hinges. However, Figure 5 illustrated how the fiver detachment 
mechanism started with a linear pattern in the curve. The stresses supported were also 
higher than ST6. Figures 5 B6 and B7 show that the specimens with z-binder, they 
had the lowest values of GI toughness. However, higher than that of the specimen 
without a z-binder.

Figure 7 shows all stress-displacement curves in a single plot, where the difference 
between them can be seen: The most predominant specimens were A7 and D7 because 
no issues were found in the tests. Of these 2 specimens, both had maximum stress of 
18.74 MPa, but specimen A7 had a higher modulus of toughness than specimen D7, 
1.035 J/mm3 vs. 0.885 J/mm3, due to a greater number of peaks that are generated 

Figure 6. 
Pull-out z-binder and fiber detachment.
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by the z-binder since it has a smaller distance between them. However, specimen D7 
showed a greater displacement than specimen A7 due to the fact the z-binders blocked 
the latter. Despite all the drawbacks, all the samples with z-binders presented better 
results than those without them, which is barely visible in yellow in Figure 7 due to 
their low interlaminar resistance. The instability presented in all the specimens with 
z-binders falls on the binder itself, where the most witnessed peaks are due to the 
resistance generated by them, and the pronounced valleys followed by these peaks are 
the rupture of the z-binders due to ductile fracture.

Table 1 shows the results from load-displacement curves from DCB tests. The 
specimens that registered a higher resistance against delamination were A7 and 
D4, with a value of 18.74 MPa ST6 was the one that registered the lowest maximum 
stress with 0.7 MPa. B and C show intermediate resistance values. Specimen D4 
had the largest shell displacement, which for this type of test is a very large value 
compared to the displacement of 2.42 mm/mm that specimen ST6 had, which is a 

Specimens σ Max δ@ σMax δ Max T Failure note

(Mpa) (mm) (mm) J/ mm3

ST6 0.7 1.51 2.42 0.00093 Complete delamination

A6 17.11 166.18 168.68 0.651 Specimen fractures

A7 18.74 158.76 213 1.035 Specimen fractures

B6 2.44 59.1 123.92 0.193 Piano hinge failure

B7 8.15 172.44 172.44 0.308 Tensile machine stop

C6 9.77 182.9 213.66 0.839 Piano hinge failure

D6 18.74 298.52 302.28 0.885 Specimen fractures

Table 1.
Load-displacement values from DCB test.

Figure 7. 
Load-displacement for all specimens from DCB test.
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normal value [33–35]. A7 had the highest tenacity modulus, followed by specimens 
D6 and C6, with values of 1.035, 0.885, and 0.839 J/mm3, respectively.

Figure 8 shows all R-curves from the DCB test, where A6, A7, and D6 stand out. 
ST6 (at the bottom of the plot) shows the most delamination width because it was the 
only specimen to delaminate completely. Despite this, the illustrated toughness is very 
low compared to the other specimens.

In Table 2, the critical values of GI toughness are shown. The high values for A6 
and D6 are due to the initial “peak” that was generated to break the first z-binder, and 
the very low value of ST6 was because delamination was progressive. There was no 
reinforcement on the interlaminar plane.

3.2 Tensile test

Figure 9 shows the stress-displacement curves of the tensile tests. The linear and 
semi-linear zones shown in the curves are repeated in these tests, and the mechanism 

Figure 8. 
Curve R for all specimens from the DCB test.

Specimens P δ a GI Max

(N) (mm) (mm) (J/m2)

A6 180 152.08 0.68 2367.01

A7 300 137.58 3.2139 758.4

B6 60 44.04 0.88 175.94

B7 60 44.24 0.88 176.49

C6 40 3.5 1.1 7.69

D6 420 17.11 1.93 2733.83

ST6 3.1179 0.0021 0.72 0.00004

Table 2.
Delamination values from DCB test.
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was the same as in the delamination tests. Linear zones are because of matrix cracking 
within the composite, and nonlinear zones because of the fibers’ pull-out mechanism 
and the elasticity of z-binders within the composite. In Table 3 the mechanical prop-
erties of the tensile tests are listed. Sample A has the maximum value of the UTS close 
to ST. Then the UTS value decreases because z-binders tend to restrain the fibers mak-
ing the composite weaker, the distance between z-binders is even stronger at some 
point (sample A), the lesser the distance. The modulus of toughness increases on the 
samples with z-binder, mainly because the z-binder makes the composite absorb more 
energy than sample ST.

3.3 Fracture analysis

Due to the complexity of the different failure mechanisms, the specimens pre-
sented in the delamination test, the analysis was divided into 3 zones, as shown in 
Figure 10. Zone A is located in the interlaminar fracture zone where delamination 
occurs, Zone B is the flexural zone of the composite previously explained, and Zone C 
is the zone of collateral damage, where residual stresses are generated due to Zone B.

Figure 9. 
Stress-displacement curves from tensile tests.

Specimens UTS 

Mpa

E 

GPa

σy (2%) 

MPa

𝜖 @ σy mm/

mm

UR MJ/

m3

T J/

mm3

𝜖 Max mm/

mm

SE

%

A 215.79 0.96 198.95 0.25 22.46 0.061 0.48 1.92

B 192.6 0.82 180.77 0.29 22.05 0.05 0.48 3.12

C 189.37 0.72 165.48 0.27 20.13 0.045 0.44 1.34

D 178.58 0.61 157.85 0.3 21.84 0.049 0.49 4.96

ST 209.63 0.85 208.89 0.26 25.97 0.035 0.37 0.8

Table 3.
Values obtain from tensile test.
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3.3.1 Zone A

Interlaminar fracture failure in this zone results from the composite insert according 
to ASTM D5528 and shows similar fracture patterns in all tests with z-binder. The ST 
specimens, shown in Figure 11, were completely delaminated. It shows an interlaminar 
brittle fracture, where islands of exposed fiber were found without matrix, since in 
some areas the matrix fractured, leaving exposed fibers. No fiber fracture was found. In 

Figure 10. 
Scheme of failure mechanism zones in DCB test.

Figure 11. 
Fracture mechanism in ST specimens.
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Figure 11c some “whitish” areas were generated because of fibers’ detachment within 
the composite, due to internal matrix fracture, which are presented in all 3 zones.

In the case of specimens A, B, C, and D, there were various additional mecha-
nisms to those that occurred in the ST specimen regarding delamination, as shown 
in Figure 12. Due to its nature, The z-binder shows a ductile pull-out fracture, and 
the filament is made of nylon. However, close to z-binders, no damage to the fibers 
was found. There are also fibers exposed because of brittle matrix failure. Something 
very relevant is shown in Figure 12c, where the z-binder shows a cavity in the form 
of residual stress concentrators that will affect the material resistance in a direction 
perpendicular to the fibers. A “fiber bridging” effect from z-binders was responsible 
for the improvement of interlaminar fracture toughness for Zone B.

3.3.2 Zone B

This area was the most affected due to the z-binder. Figure 13 shows as the 
z-binder prevent the propagation of the interlaminar fracture due to its elasticity. The 
composite reaction in the test was to bend the upper layer, conglomerate the fibers 
and the z-binders in the flexing zone, and generate a hardening in the specimens as 
z-binders fracture progressively across the composite generating a greater flexing and 
at the same time a lock in the plane. These bending fractures the matrix, detaching 

Figure 12. 
Zone A, fracture mechanism in z-binder specimens.
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the fiber as Zone A. The fracture mechanism in the detached fibers is generated since 
z-binders generate “knots” within the fiber, limiting the pull-out effect, hardening 
and embrittling the material to a point where the fibers begin to fracture due to the 
flexural stress generated. Additionally, delamination was found as a collateral effect 
due to the bending in the upper layer of the composite (where the stress is applied).

3.3.3 Zone C

As shown in Figure 14, this zone is the result of the propagation of the stresses 
generated in Zone B, distributing energy in the fibers and z-binders, generating 
stress concentrators. Here prevail the “whitish” zones previously explained, where a 
superficial fracture of the matrix was found in some zones. This zone is generated as 
collateral damage from Zone B since the energy absorbed is too much for the matrix. 
Z-binders knots were also creating the whitish zones. Figure 14c and d show that 
there is interlaminar damage.

Figure 13. 
Zone B fracture mechanism in z-binder specimens.
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3.3.4 Tensile test fracture

Figure 15 illustrates the tensile test fracture of one sample specimen, which was 
angled fracture (Angle- Gauge- Middle, AGM, according to ASTM D3039 standard) 
with “pull-out” failure. Figure 16 shows that all specimens had delamination. The 
fracture mechanisms on all z-binder specimens are shown in Figures 17 and 18, 
the layers were displaced by the tensile force and “pull-out “failure, damaging the 
z-binder, which were tied to the layers themselves, generating stress concentrators, 
fractures in the matrix and delamination. In samples “A” and “B” multiple fractures 
on the fibers were found because z-binders prevent their displacement and, therefore, 
fracture. In samples “C” and “D”, the composite damage due to the z-binder is less, 
reducing the fracture in the fibers and the matrix in the region close to the failure.

Z-binder on 3D composites may generate collateral damage reducing mechanical 
properties such as compression [36–43] and/or flexural resistance [44–51]. This is 
mainly because such composites’ manufacturing may generate resin-rich zones that 
can fracture prematurely and start different fracture mechanisms that depend on 
z-binder configuration and nature. Even though, due to their promising properties, 
3D composites are of great interest for replacing metals applications, with different 
advantages such as corrosion resistance [52–56]. This motivates the generation of 
novel manufacturing processes such as the one presented in this study, a zigzag-
oriented z-binder [57], or even a 2.5D pattern composite [58].

Figure 14. 
Zone C fracture mechanism in z-binder specimens.
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Figure 15. 
Fractures of the samples tested by tension: a) ST, b) A, c), B, d) C, e) D.

Figure 16. 
Fractures in cross section of the samples tested by tension: a) ST, b) A, c), B, d) C, e) D.
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4. Conclusions

Four fiberglass/polyester composite samples with different thin nylon z- binder 
reinforce lengths were tested. All samples showed an increase in mode 1 interlaminar 
fracture toughness over the same composite without a z-binder, but a new fracture 
mechanism also appears because of the elasticity of the z-binder and brittle matrix. 
Tensile tests were also made, and results show that tensile resistance in samples B, C, 
and D been compromised. Sample A had a small increase in tensile resistance, show-
ing that the lesser the length distance between z-binder, the better tensile resistance. 

Figure 17. 
Fracture mechanisms in tension test.

Figure 18. 
Tensile fracture morphology.
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All these results showed promising values. More studies need to be made on z-binder 
length distance smaller than 0.5 mm since Sample A had the best properties overall. 
Also, a matrix with superior mechanical properties than the z-binder reinforcement is 
recommended, since the new fracture mechanism was created because the matrix was 
weaker than the z-binder. With this, better values shall result.

Nomenclature

P  Applied load (N)
GI  Opening Mode I interlaminar fracture toughness (J/m2)
a0  Interlaminar delamination length (mm)
VIS  Point at which delamination is observed visually on specimen edge
δ  Load point deflection, mm
b  width of DCB specimen, mm (25.4 mm)
a  Delamination length, mm
UTS  Ultimate tensile strength (MPa)
𝐸  Modulus of elasticity (GPa)
σy (2%)  Yield strength at 2% (MPa)
𝜖 @ σy  Displacement at yield strength (mm/mm)
UR  Modulus of resilience (MJ/m3)
T  Modulus of toughness (J/mm3)
SE  Standard error of the mean (%)
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the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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