
The progress of damage in quasi-isotropic carbon/epoxy laminates under tensile
loading has been investigated microscopically. One significant mode of failure in
laminated composites is delamination initiating at free edges. The interlaminar

stress in the boundary ply along the free edges of a laminated composite is the main fac-
tor to cause delamination. The laminate stacking sequence affects the interlaminar stress
distribution and consequently may change the mode of failure. It is of design importance
to determine a suitable criterion based on stress analysis to obtain the best stacking
sequence. In the present work, tensile properties of six samples with different stacking
sequences have been examined. Results showed that stress analysis at distance very
close to the free edges is a suitable criterion to predict the initiation of delamination and
the stacking sequence of [90/45/0/-45]s has the highest strength among the others.
Furthermore finite element analysis showed that the adjacent  ±45 plies cause premature
delamination during tensile loading.
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Composite materials, due to their
low specific mass and high strength
and stiffness have been widely used
as a substitute for the traditional
structural materials in most applica-
tions. The great variety of fibres and
resins that are commercially avail-

able enable the designers to tailor
materials with a wide range of phys-
ical and mechanical properties that
are suitable for a specific applica-
tion.

One important problem associat-
ed with the processing of composite
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materials is their tendency to suffer from delamination
initiated at their free edges. This kind of damage can be
introduced in laminated composites during the manu-
facturing process or service operation. Free edge
delamination appear as a consequence of high interlam-
inar stress concentration in the vicinity of free edges.
This is associated with low fracture toughness of lami-
nate, which is attributed to the reduction of toughness.

De Moura and Goncalves [1] used 3D finite ele-
ment analysis and found a successfull damage model to
simulate the interaction between the bending crack and
delamination.

Stacking sequence of layers in quasi-isotropic lam-
inated composites is an effective parameter controlling
the mechanical behaviour and the failure mode under
static and fatigue loadings [2-7]. Takeda et al. [8] inves-
tigated the effects of stacking sequence on cyclic dam-
age development in quasi-isotropic laminates.

Aktas and Dirikolu [9] investigated the effect of
sequence of laminates on pinned-joint strength of car-
bon-epoxy composites. Their work showed that the
[90/45/-45/0]s orientation is stronger compared to
[0/45/-45/90]s by up to12% and 20% in terms of the
safe and maximum bearing strengths, respectively.

Lee and Soutis [10] studied the effect of laminate
thickness on the compressive behaviour of carbon
epoxy laminates with stacking sequences of [04]ns,
[45/0/-45/90]ns and  [45n/0n/-45n/90n]s with and with-
out an open hole. Their work has showed that a thick-
ness effect existed in the unidirectional specimens
([04]ns) and also in the ply level scaled multidirection-
al specimens ([45n/0n/-45n/90n]s). The compressive
strength of the sublaminate level scaled specimens
([45/0/-45/90]ns) was constant regardless of the speci-
men thickness and no thickness effect was observed in
this type of stacking sequence.

Several investigations have been carried out on the
evaluation of interlaminar shear and normal stresses. It
has been shown that the state of stress has to be three
dimensional, in order to satisfy boundary conditions
[11-13]. This implies that, near the free edges, some
loading components are perpendicular to the layers.       

Several approaches have been proposed to calculate
this free-edge stress field. Pagano and Pipes [14], Puppo
and Evensen [15] made use of analytical techniques,
while others used numerical methods e.g., finite differ-
ence method (Pagano and Pipes [16]), 2D finite element

method, 3D finite element method with extremely fine
meshes near the free edges [17], boundary layer tech-
nique [18,19], and finally multiparticle model [20,21].

The interlaminar stress varies with the distances
from free edges. Herakovich [22], Pipes and Pagano
[23] analyzed the distribution of interlaminar stresses
in the distance less than the thickness of one layer
whereas, Komorawski [24] and, Sun and Zhou [25]
made their analysis in the distance of 2t from free edges
where �t� is the thickness of one layer.

In the present work, for obtaining the best criterion
to predict the interlaminar stresses and therefore
mechanical behaviour of laminated structures, distribu-
tions of the interlaminar stresses in all samples were
calculated with 2D finite element method in three dif-
ferent distances from free edges; x1, x2 and  x3, where
x1<x2<t and x3 = 2t. Also the effect of stacking
sequence on tensile properties and failure modes have
been investigated.

EXPERIMENTAL

The U.F.C200 carbon fibres with unidirectional order
were utilized to produce the specimens. The process
included manual lamination in which the adhesive used
to bond the laminates was primarily Epoxy SP60 resin.
First, rectangular shape samples with dimensions of
30× 50 cm2 were manually laminated, then the lami-
nates experienced pressure of around 7 bars for 6 h in
order to make adhesive remains between the laminates,
penetrate, and eliminate the voids.

Curing process was carried out under the tempera-
ture of 26±1oC for one week to strengthen the material.
Then tensile specimens according to ASTM D3039
standard were made by cutting the laminates. The spec-
imen configuration is shown in Figure 1.

In laminated composite, direction of fibres made
angles of 90o, 45o, 0o and -45o with the load direction.
The lamination orders are shown in Table 1. For each
specimen with a certain stacking, three experiments
were carried out to determine the ultimate tensile
strength and Young�s modulus. The extension rate was
1 mm/min. Destruction stages were studied by observ-
ing the polished edges to study the interlaminar stress
effects. Therefore each specimen was loaded up to the
0.3σf (σf is the ultimate tensile stress), then the test was
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stopped and the specimen edges were examined by an
optical microscope. Crack initiation and growth, sur-
face damages, and interlaminar separation were studied
in each step. These tests were repeated for applied
stress of 0.4, 0.5 and 0.8 of ultimate tensile stress of the
studied composite.

Finite element method was used to determine the
interlaminar stresses and their distribution among lam-
inate structures of different orders. 

For stress analysis, Solid 46 element of Ansys soft-
ware was selected. Stress analysis in each specimen
was carried out from the free edge towards the interface
through the thickness with the following distances:

- Distance very close to the free edges x1<t   
- Distance close to the free edges, x2<x1<t 
- In the distance of x3 = t from the free edges

Finally the normal and shear interlaminar stresses in
these three distances were obtained for each samples.

RESULTS AND DISCUSSION

Tensile strength and Young�s modulus data of studied

samples are shown in Table 2. As it is seen, sample 1
with the stacking sequence of [90/45/0/-45]s reveals the
maximum tensile strength (485.7 MPa) and sample 6
with laminate structure of [45/-45/0/-45]s has the mini-
mum strength (424 MPa). Furthermore these results
show that the strength of samples with adjacent stack-
ing sequence of -45o and 45o plies is less than the oth-
ers. This confirms the results obtained by Herakovich
[22], Jayatheertha, and Webber [5].

The tensile test results reveal that the strength of a
quasi-isotropic laminated composite is a function of
stacking sequence of the plies. Similar results have
reported by Ogihara et.al [26] and Carrol et al. [4]. 

There are four basic failure mechanisms in laminat-
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Table 1. Stacking sequence of layers in different samples

Sample No. Stacking sequence of layers

1

2

3

4

5

6

[90/45/0/-45]s

[45/0/-45/90]s

[45/90/0/-45]s

[90/0/-45/45]s

[0/45/-45/90]s

[45/-45/0/90]s

Table 2. Tensile test results for different samples.

(*) Every number is the average of three experimental data.

Sample No.
Tensile strength

(MPa)*

Young’s modulus

(MPa)*

1

2

3

4

5

6

485.7

467

476

463

432

424

32020

32516

32480

33200

30313

30816

Figure 2. Stress -strain curve of sample 1. (A): Transverse

cracks in 45o ply, (B): Transverse cracks in 90o ply, (C):

Failure of 0o fibers, (D): Delamination at 45/0 interface, (E):

Failure of structure.

Figure 1. Specimen configuration.



ed composite structures; nucleation and growth of
cracks in the matrix, dissociation of matrix and fibres,
fracture of fibres, and finally delamination. The occur-
rence of any mechanism of damage may result in sud-
den stress fall and break in the stress-strain curve. The
satress-strain curves of samples 1 and 6 are shown in
Figures 2 and 3, respectively. As shown in Figure 2,
there are two breakages in the curve that may refer to
fracture of fibres and delamination in sample 1. 

At the stress level of 120 MPa, the initiated trans-
verse cracks in 45o ply were propagated (Figure 4) and
at the stress level of 212 MPa, transverse cracks in 90o

ply appeared (Figure 5). Failure of fibres parallel to the

loading direction in 0o ply took place at stress level of
280 MPa and from this point up to the stress level of
375 MPa, the number of cracks increased and delami-
nation at the 0o/45o interface took place in association
to the load drop and finally failure of the structure takes
place at 485 MPa.

Similarly the sequence of damage in sample 6 is
shown in Figure 3. The corresponding failure mode at
0.5σf, (the formation of cracks in -45o ply) is shown in
Figure 7.

To determine the effect of interlaminar stresses and
their distribution on the failure mechanisms of the sam-
ples, damage stages were investigated. As shown in
Figure 8, there is compressive normal stress in the plies
interface of sample 1. For  nucleating and growing of a
crack in this area, an additional tensile stress is required
to overcome the existing compressive stress. Therefore
the larger the compressive stress, it is more delay in
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Figure 3. Stress -strain curve of sample 6. (A): Transverse

cracks in -45o ply, (B): Delamination at -45/0 interface, (C):

Failure of  0o fibers, (D): Delamination at 0/90 interface.

Figure 4. Transverse cracks in 45o ply of sample 1 after load-

ing up to 0.3σf .

Figure 5. Delamination between 90o and 45o layers and

transverse crack in 90o ply in sample 1.

Figure 6. Delaminaion at 45o / 0o interface and oblique crack

in -45o ply of sample 1 after loading up to 0.8σf .



nucleation and growth of a crack anticipated. The min-

imum compressive stress occurs at the interface of 45o

and 90o plies. Considering the distribution of shear
stress, τxz, the maximum value of τxz occurs at the
interface of the plies with the orientation of 0o and
Their adjacent plies (Figure 8). Thus it is anticipated
that under tensile loading, oblique cracks that are
nucleated at the 0o/45o and 0o/-45o interfaces extend in
the 45o and -45o layers. These types of cracks are
shown in Figure 4. 

Also Figures 5 and 6 demonstrate the delamination
between 90o and 45o layers and cracks in adjacent -45o

ply, which have initiated from the interface of -45o and
0o plies. According to these results, at the interfaces
that shear stress  txz is maximum, the delamination is
possible. Similar results were obtained by Gathercole
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Figure 7. Oblique cracks in -45o ply of sample 6 after loading

up to 0.5σf .

Figure 8. Distribution of normal and shear stresses in dis-

tance of  from the free edge of sample 1.

Figure 9. Distribution of normal and shear stresses in dis-

tance of  from the free edge of sample 3.

Figure 10. Distribution of normal and shear stresses in dis-

tance of  from the free edge of sample 3.

Figure 11. Distribution of normal and shear stresses in dis-

tance of  2t from the free edge of sample 3.



et al. [17].
Free edge delamination in strip is assumed to be uni-

form at a certain distance at the loaded edge. Therefore,
only  a cross-section of the laminated strip has to be ana-
lyzed. This is even reduced to a quarter of the laminate
due to symmetry consideration. Generalized plane strain
elements have been used in the analyses to account for
the warping that occurs in the cross-section [27].

As shown in Figures 9 and 10, normal stress distri-
bution in sample1 at two distances of x1 and x2, from
the free edges is similar. It is noted that normal stress at
the interface of  90o and adjacent layers (0o and 45o) has
a positive value and it is negative at the 0o/45o inter-
face. However, stress analysis results at distance of 2t
from the free edges (Figure 11) show that normal stress
at the interface of 90o and adjacent layers (0o and 45o)
is negative and at the 0o/45o interface is positive. Thus,
according to these results at distances close to free
edges (x1 and x2), under tensile loading, delamination
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Figure 16. Delamination at the interface of 0o and 90o plies

in sample 6 after loading up to0.8σf.  

Figure 12. Microscopic damage in sample 3 after tensile

loading up to 0.5σf. 

Figure 13. Microstrucure of sample 3 after loading up to

0.8σf.   

Figure 14. Distribution of normal and shear stresses in dis-

tance of  from the free edge of sample 6.

Figure 15. Distribution of normal and shear stresses in dis-

tance of x2 from the free edge of sample 6.
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in 90o/45o and 90o/45o interfaces is expected. Whereas
according to stress analysis at distance from the free
edges, delamination between 0o and -45o plies is
possible.

Figure 12 shows the microstructure of sample 3
under tensile load of 0.5σf (σf is fracture stress).
Delamination between 90o and 45o plies has been
observed. By increasing the load the delamination also
occurred between 90o and adjacent plies (Figure 13).
Therefore, as discussed above the stress analysis results
at distance x1 from the free edges is more acceptable. 

It has been shown [28] that although plasticity
models can be used to determine the mixed-mode
delamination behaviour of laminated composites, their
convergence behaviour appears to be very sensitive to
the step sizes. Mixed-mode delamination models based
on damage mechanics are better suited for the analyses
since the equilibrium path can easily be followed with
relatively large loading steps.   

Figures 9 and 10 show that maximum value of
shear stress, τxz, occurs at the 45o/90o and 0o/-45o inter-
faces. So it is expected that under loading, oblique
cracks nucleate from these interfaces and extend in -45o

and 90o plies. Figure 12 shows these cracks clearly.
Thus it may be concluded that analysis of interlaminar
stress distribution at distance  x1(near the free edges) is
an acceptable criterion to predict the damage stages in
quasi-isotropic laminated composite.As shown in Fig-
ure 14, the maximum value of shear stress, τxz, in sam-
ple 6 occurs at the interface of -45o and 45o plies. So it
is anticipated that under tensile loading, oblique cracks
nucleate at the -45o/45o interface and grow in -45o ply. 

Figure 7 represents the microstructure of sample 6
after tensile loading up to 0.5σf and oblique cracks are
shown in this figure. The distribution of normal stress,
σz, in sample 6 also reveals that the maximum value of
tensile normal stress occurs at the interface of 0o and
90o plies. Thus this interface is a preferred site for
delamination under loading. This was confirmed by the
experimental results shown in Figure 16, which repre-
sents delamination in sample 6 after loading up to
0.8σf. The distribution of normal stress, σz, in sample 6
(Figure 15) also shows that normal stress at all inter-
faces is positive and therefore due to the effect of ten-
sile stress on crack growth, maximum tendency for
delamination occurs in sample 6.

CONCLUSION

- Stress analysis at distance very close to the free edges
is a suitable criterion to predict the initiation of
delamination in laminated structures. 

- The strength of samples with adjacent stacking
sequences of -45o and 45o plies is less than the others.

- The stacking sequence of [90/45/0-45]s has the maxi-
mum tensile strength.
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