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A B S T R A C T   

In a fatigue testing programme of carbon/epoxy cross-ply laminates made of ultra-thin plies, non-conventional 
failures are observed. These non-conventional failures consist in longitudinal cracks in the 90◦ layer parallel to 
the loading direction instead of the conventional transverse cracks in the 90◦ layer perpendicular to the load 
direction. A potential reason for this failure is the presence of a normal stress in the thickness direction. Classical 
Lamination Theory predicts zero values for this stress component under longitudinal loading, but the presence of 
a free-edge alters the stress state. The so-called “edge-effect” has been widely studied in the past, but the presence 
of ultra-thin plies introduces new lower limits of the thickness of the 90◦ layer. Additionally, the presence of a 
stress singularity, in the bimaterial corner generated by the 0◦ and 90◦ plies, is also investigated to check its 
influence on the stress state due to the low thickness values of the 90◦ layer. A slight geometrical modification is 
conceived to remove the stress singularity, isolating its effect from the pure edge effect. Numerical simulations of 
the stress alteration in the free edge of the samples, due to mechanical and thermal loading, are carried out, and 
stress distributions are numerically computed, depending on the 90◦ layer thickness. Detailed failure inspection 
by 3D tomography is also done to assess the through-the-width propagation of the non-conventional failures from 
the free edge. Numerical predictions and experimental 3D X-ray inspections seem to corroborate that the edge 
effect is responsible for these non-conventional failures.   

1. Introduction 

During a fatigue testing programme with cross-ply laminates man-
ufactured with unidirectional carbon-fibre/epoxy ultra-thin plies, non- 
conventional failures were observed (Sánchez-Carmona et al. [1]). 
What is usually expected in these cross-ply laminates under static (ten-
sion) loading, or fatigue (tension-tension) loading, is a first transverse 
failure in the inner 90◦ layer. With different cross-ply configurations, 
keeping the 0◦ plies group with a constant thickness, and gradually 
decreasing the 90◦ layer thickness, failure patterns clearly showed a 
different behaviour, from a transverse crack pattern (Fig. 1a, perpen-
dicular to the longitudinal load direction) to a longitudinal crack pattern 
(Fig. 1b, parallel to the longitudinal load direction). 

The fatigue testing programme was oriented to assess if the so-called 
“scale effect”, observed in static testing (Parvizi et al. [2], Flaggs & Kural 
[3], or more recently by García et al. [4], París et al. [5]), for the 
apparent transverse strength increment in the 90◦ layer, was also 
observed under fatigue loading. Therefore, during the fatigue loading, a 

detailed inspection of failure onset and progression was carried out. The 
inspection was performed at the edges of the samples by means of 
replica-based crack inspection (i.e. in-situ observation, due to the fact 
that the inspection is carried out without the need to disassemble the 
sample from the fatigue machine) and/or optical microscopy (i.e. ex-situ 
observation). 

The crack pattern previously described for laminates with ultra-thin 
plies in the 90◦ layer was systematically observed as the 90◦ layer 
thickness was decreasing, the present work being an attempt to under-
stand this non-conventional failure mechanism. Cross-ply laminates 
used in the present work include 4 outer 0◦ plies of 150 g/m2 and central 
90◦ plies with the following grammages and ply thicknesses, respec-
tively: 3 × 150 g/m2 (0.485 mm), 100 g/m2 (0.1 mm), 50 g/m2 (0.065 
mm) and 30 g/m2 (0.06 mm). These laminates will be referred to as 
“450”, “100”, “50” and “30” respectively. 

The alteration of the stress state at a free edge (the so-called edge- 
effect) is explored in the present work as the main reason responsible for 
the change of the failure pattern. Nevertheless, the bimaterial corner 
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configuration appearing at any point of the intersection line of the 0◦/ 
90◦ interface and the free edge, generates a singularity stress field due to 
the abrupt change in material properties (abrupt change in fibre orien-
tation indeed). Although it is accepted that unbounded stresses cannot 
be materialized at these points, these stress intensifications have shown, 
with experimental evidences, to influence premature failure onset 
(Barroso et al. [6]). This local alteration of the stress state might play a 
relevant role in the case of laminates with ultra-thin plies if it affects a 
significant part of the 90◦ ply thickness. 

To separate the effect of the stress singularity and the free edge, a 
slight change in the local geometry of the corner has been carried out in 
the numerical models. The stress singularities depend on the material 
properties, on the local geometry and on the local boundary conditions. 
The best way to change, and consequently remove, the stress singularity 
is by means of a slight change of the local geometry of the corner, which 
simply consists in modifying one of the wedge angles of one of the plies. 
This slight geometrical modification does not significantly alter the edge 
effect, and changes significantly the values of the stress singularities at 
the corner. This aspect will be detailed later in Section 3. 

With the above-mentioned ideas in mind, in the present paper a 
fourfold way has been followed to present a plausible explanation for the 
observed non-conventional failures in the cross-ply laminates made of 
ultra-thin 90◦ plies.  

1) Edge-effect is revisited (Section 2), keeping in mind that ultra-thin 
plies play an important role in the stress state alteration. Classical, 
as well as more recent works, have been re-read, without the 
intention to make a comprehensive review, but to clearly understand 
the qualitative and quantitative influence of the edge-effect on the 
stress state. 

2) Semi-analytical analyses, as well as numerical simulations, are car-
ried out (Section 3) to check the extent of the singular stress field. 
Although some previous works have taken this effect into account, 
the novelty of using ultra-thin plies, makes this (in some cases very 
local) alteration of the stress field to play a significant role in the 
failure onset. This part of the work has been possible thanks to the 
previous experience and the existence of a code, developed by the 
authors [17,18], to evaluate stress singularities in multimaterial 
corners with anisotropic materials. A slight modification of the local 
geometry of the corner is carried out numerically, to remove the 
stress singularity field, isolating the edge-effect.  

3) Detailed numerical simulations are performed (Section 4) to check 
the alteration of the stress field at the free edge, both due to the 
mechanical effect and also due to the residual thermal stress field. 
The mismatch of the mechanical, and thermal, properties between 
the different layers leads to the appearance of the edge effect in both 
types of loading. Also, some experiments with non-symmetric 

laminates are carried out in the present work to evaluate the relax-
ation with time of the residual thermal stresses.  

4) Using 3D computed tomography (ZEISS Xradia 620 Versa), detailed 
3D images of the non-conventional failures at the free edge have 
been obtained at the micro-scale level (Section 5). These experi-
mental observations give the necessary evidence about the through- 
the-width progression of these non-conventional failures. 

2. Edge effect 

The so-called “edge effect”, although originally considered only for 
interlaminar shear stresses in angle-ply laminates of finite width, can be 
understood (in the framework of composite laminates) as the alteration 
of the stress state when approaching a free edge. 

Pipes & Pagano [7] is a classical reference where finite-width 
angle-ply laminates [+α/-α/-α/+α] are subjected to tension. Interlam-
inar stresses along the interfaces between plies were obtained numeri-
cally, using finite-differences. Alterations in the predicted solution from 
Classical Lamination Theory (valid for infinite width problems), which 
are needed to fulfil the boundary conditions, were observed at the free 
edge and affecting a characteristic length equal to the laminate thickness 
in the width direction. 

Although it is going to be treated separately (in Section 3), in Pipes & 
Pagano [7] it was also explicitly mentioned the presence of a singularity 
at the free edge, “Finally, we have seen strong evidence of a singularity in the 
interlaminar shear stress at the intersection of the interface and free-edge.“, 
as potential location for delamination under fatigue loading. 

Notwithstanding the phenomenon does not change from a qualita-
tive point of view, Pipes & Pagano [7] did not include cross-ply laminate 
configurations. Some years later, Pagano and Soni [8] presented a 
comprehensive review of the free-edge effect in composite laminates, 
which is an excellent summary of this particular phenomenon. 

Closed form solutions for the interlaminar stresses have also been 
addressed in literature. Kassapoglou & Lagace [9] obtained solutions for 
angle-ply and cross-ply laminates using the Force Balance Method and 
the Principle of Minimum Complementary Energy, while Becker [10] 
obtained the solution for cross-ply laminates using a higher-order plate 
theory. 

Pagano et al. [11] presented the analysis of the edge-effect, now in 
cross-ply laminates, including mechanical as well as thermal loading. 
The influence of the 90◦ layer thickness, using conventional plies (0.125 
mm thickness), on the transverse cracking of the sample was investi-
gated, but no reference to longitudinal cracking inside the 90◦ layer was 
mentioned in the work. This non-conventional failure pattern, which has 
motivated the present work, has appeared when ultra-thin plies are 
involved, which were not taken into consideration in the mentioned 
work [11]. 

Lorriot et al. [12] investigated free-edge delaminations in different 
configurations ([±15n]S, [±20n]S, [±30n]S …) activating mode III at the 
interface, as well as other stacking sequences, including a central 90◦

layer to induce potential longitudinal failures by normal stresses in the 
thickness direction. The tests were conducted using conventional ply 
thickness (0.125 mm), and without an explicit cross-ply configuration. 

An excellent comprehensive review of the edge effect in composite 
laminates can be found in two papers by Mittelstedt & Becker (2007) 
[13] and Mittelstedt et al. (2022) [14]. The first one covering the 
research carried out since the pioneering works in 1967–2005, and the 
second one, from 2005 to 2022. 

Fig. 2 shows the global scheme of the problem (Fig. 2a), the section 
of interest (Fig. 2b) and the final analyzed problem, making use of the 
symmetry of the problem (Fig. 2c), where the y axis corresponds to the 
thickness of the laminate, and the z axis is the direction of the applied 
load. 

Assuming that the normal stress in the thickness direction is a natural 
candidate to originate the observed longitudinal cracks inside the 90◦

layer, the understanding of the edge effect for the cross-ply 

Fig. 1. Failure patterns in [04/90n/04] UD TP402/T700 carbon/epoxy lami-
nates using a) conventional “thick” 90◦ plies, b) ultra-thin 90◦ ply. 
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configuration is necessary. Notice that other potential transverse failure 
initiation proposals, such as cavitation (see, for example [24]), have not 
been explored in the present work. Also notice that no failure has been 
observed in the 0/90 interface, which suggests that due to the 

complexity of the geometry at the microscale level where the two plies 
meet, the corresponding interface strength is higher than the bulk 
transverse strength of the 90◦ layer. The role of the transverse strength 
(Yt) on the failure of the 90◦ layer with different ply thicknesses is 

Fig. 2. Scheme of the problem under analysis.  

Fig. 3. σyy contour plots, in MPa, for (a) the whole problem domain, (b) the whole problem domain with selected σyy contour values, (c) details, at different scales, at 
the bimaterial corner between 0◦ and 90◦ plies. 
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detailed in a previous work of the authors [26]. 
Fig. 3 shows, as an example, the σyy component (in MPa) for the 

cross-ply laminate under axial extension uz > 0 (values corresponding to 
a longitudinal εzz = 0.645%). As mentioned above, due to the existence 
of three symmetry planes, only a quarter part of the 2D transverse 
problem (the cross-section of the sample) is modelled, as depicted in 
Fig. 2c. Hence, only the top 0◦ layer and half thickness of the 90◦ layer 
are included in the analysis. The bottom and right sides of the model 
have symmetry boundary conditions. Fig. 3a shows the modelled ge-
ometry and illustrates that edge-effect only affects a characteristic dis-
tance (in the width direction) of the order of the laminate thickness. 
Fig. 3b shows the same stress component plot, but σyy contour values 
range has been conveniently chosen to clearly see how the presence of 
tensions at the free-edge, generates slight compression values inside the 
sample, to fulfil global equilibrium in the vertical direction. The role of 
these σyy tensile stresses at the edge will be analyzed later as the 
responsible for longitudinal cracking in the 90◦ layer. Finally, Fig. 3c 
illustrates (by means of three different model magnifications) a more 
local stress alteration, in the neighbourhood of the bimaterial corner, 
where assuming linear elasticity, unbounded stresses appear (stress 
singularity). Results in Fig. 3c have been obtained with a mesh refine-
ment towards the bimaterial corner tip, where the smallest element size 
is 10− 6 mm long. 

The edge effect and the stress singularity are phenomena which 
necessarily appear together, each one of them having a different influ-
ence (in terms of characteristic length) on the stress field. As can be 
clearly observed in Fig. 3c, the stress field (in the left-hand side of 
Fig. 3c) shows an alteration (edge-effect) all along the thickness length 
at the free edge, whereas the stress field associated with the bimaterial 
corner singularity (in the right-hand side of Fig. 3c) corresponds to a 
more local stress alteration, only in the neighbourhood of the bimaterial 
corner. Due to the intrinsic difficulty in analysing the stress singularity 
field, it will be studied in a separate section. 

3. Stress singularity of the 0/90 bimaterial corner 

As mentioned previously in Section 2, stresses are unbounded at 
those points where material properties, geometry, and/or boundary 
conditions change abruptly. Obviously, unbounded stresses do not take 
place in a real specimen, and these stress singularities arise under the 
assumption of a linear elastic behaviour. Nevertheless, it is widely 
accepted that the singularity stress representation (in terms of Gener-
alized Stress Intensity Factors and the order of stress singularities) are 
useful to predict failure initiation or propagation, based on generalized 
fracture toughness values instead of strength values. 

Considering a polar coordinate system (r,θ) at the bimaterial corner, 
and assuming variable separation, the singularity stress field in the 
neighbourhood of the corner takes the following form of asymptotic 
series (for r→0) (see [17,18] for further information): 

σij(r, θ) =
∑

k
Kkr− δk f (k)ij (θ) (1)  

where Kk is the Generalized Stress Intensity Factor of mode k, δk is the 
corresponding order of stress singularity (0 < Re[δk] < 1) and f (k)ij (θ) is 
the corresponding characteristic angular shape function. 

As will be seen later on, the stress singularity in the bimaterial 
corner, at the intersection of the interface between 0◦ and 90◦ layers and 
the free edge, has only one singular term in the stress representation (1), 
with δk < 0.5, representing a weak singularity. This term affects the 
characteristic distance where the singularity stress field acts. However 
due to the fact that the thickness of the ultra-thin plies is very low, it is 
necessary to try to elucidate whether the singularity affects the whole 
90◦ layer thickness. 

Slight geometrical changes at the corner tip, which consist in the 
modification of the solid wedge angle, allow the stress singularity to be 

removed, as already done in previous works by the authors (Barroso 
et al. [6,15]). The same strategy of singularity removal has been carried 
out in the present work, in order to separate both effects (edge effect and 
stress singularity) and to check the influence of each one in the zone of 
interest. The results of such stress singularity removal will be detailed at 
the end of this section. 

Moriya & Ichikawa [16] already proposed slight geometrical modi-
fications of the ply solid angles at the free edge, to remove (or to reduce) 
the stress singularities appearing at the bimaterial corners between plies 
at the free-edge of the samples. With straight edges at the lateral faces, 
solid wedge angles for each material are equal to 90◦. The authors in 
Ref. [16] modified these wedge angles and evaluated the stress singu-
larities for different material systems (high modulus graphite/epoxy, 
typical graphite/epoxy and typical glass/polyester). The orders of stress 
singularities (assuming singularities of the power type rδ, with − 1<Re 
[δ]<0) were calculated in Ref. [16] assuming a 2D generalized plane 
strain state, with stress-free faces and perfect bonding between both 
materials. 

For checking purposes, the authors of the present work carried out 
the singularity analysis of the problem considered in Ref. [16], and have 
obtained the same results as those published in (Tables 2, 3 and 4 of 
Ref. [16]), by using their own semi-analytical procedure (Barroso et al. 
[17], and Mantič et al. [18]), which was developed for generalized plane 
strain problems (with εzz = 0). Nevertheless, the actual problem has 
εzz∕=0, and the equivalence, in terms of singularity results, with the εzz =

0 problem is not straightforward. 
The tool developed by the authors [17,18] is based on the powerful 

Stroh formalism [25] of anisotropic elasticity assuming generalized 
plane strain problems with ui = ui (x1, x2) (i = 1, 2, 3). Stress singularities 
are obtained semianalytically as the roots of a characteristic equation 
which depends on the material properties, local geometry, and local 
boundary conditions of the corner configuration. The whole procedure is 
analytic except the search of roots of the characteristic equation, which 
is carried out numerically. Real and complex orders of stress singular-
ities can be obtained. Only stress singularity orders (δ) in a power type 
structure rδ can be taken into account in the code developed. 

To understand this issue, the problem will be separated into two 
simpler problems, using Eshelby’s imaginary cut, deform and bond 
again procedure [19]. Let us move from the original problem of two 
bonded layers subjected to an axial extension εzz > 0 (Fig. 4a), to an 
alternative problem with each material isolated, no bonding between 
them (Fig. 4b). If we apply the prescribed εzz > 0 to both materials, both 
will elongate the same in the z-direction, but with different σzz values 
(Fig. 4c), according to the differences in their Young moduli in this di-
rection (E11 for the 0◦ layer, and E22 for the 90◦ layer). Due to the 
different values of the Poisson ratio for each ply, the transverse 
contraction (εxx < 0) will also be different for each layer (Fig. 4c), higher 
for the 0◦ layer and much lower for the 90◦ layer, due to the fibre 
orientation in the 90◦ layer (parallel to the x-direction). 

Let us now apply a uniform tensile loading, only to the 0◦ layer, in the 
x-direction σxx (Fig. 4d), but now, under plane strain conditions (εzz = 0) 
which implies that the length in the z-direction does not change for this 
layer, and the corresponding εzz component which should have 
appeared due to σxx (and consequently, εxx) is zero. This generates an 
additional σzz component (only in the loaded 0◦ layer) associated with 
the plane strain solution of the problem. The value of the applied σxx is 
the necessary one to make the final length of the 0◦ ply, in the x-direc-
tion, to be equal to the length of the already deformed 90◦ layer in the 
same direction (Fig. 4e). In this situation, where both lengths (in the x- 
direction) are the same, we can bond again the materials, without any 
additional stress needed (Fig. 4f). 

At this point (Fig. 4f), stresses in both materials are uniform in the 
whole volume of each layer: 
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σ0
ij =

⎛

⎜
⎜
⎝

σxx 0 0
0 0 0
0 0 σ0

zz(εzz) + σ0
zz(σxx)

⎞

⎟
⎟
⎠,

σ90
ij =

⎛

⎜
⎜
⎝

0 0 0
0 0 0
0 0 σ90

zz (εzz)

⎞

⎟
⎟
⎠

(2)  

where: σ0
zz(εzz) = εzzE11 is the stress generated in the 0◦ layer by the 

global εzz and the longitudinal stiffness of the material E11, σ0
zz(σxx) =

εzz(σxx)E11 = σxxν31
E33

E11 is the stress generated, in the plane strain problem, 
associated with the σxx > 0 ⟹ εxx = σxx

E33
⇒ εzz = εxxν31 in the 0◦ ply 

with the longitudinal stiffness of the 0◦ ply E11 (the fibre orientation 
being parallel to the z-axis), and σ90

zz (εzz) = εzzE22 is the stress generated 
at the 90◦ ply by the global εzz with the transverse stiffness of the ma-
terial E22. 

The problem depicted in Fig. 4f (repeated in Fig. 5a) is similar to the 
one under analysis, with a prescribed εzz > 0 in both materials, except 
that there is an additional uniform stress σxx applied at the lateral faces 
of the 0◦ layer. Let us remember that the stress solution to this problem is 
uniform in both materials. Now, if we just add to this problem (Fig. 5a), 
with a known uniform stress solution, another problem with the same 
geometry, with the materials being bonded together, and with a 
compression σxx in the same lateral faces of the 0◦ layer (Fig. 5b), 
assuming εzz = 0, the resulting problem would be the desired one under 
analysis. 

It is important to notice that, at the stage illustrated in Fig. 4c, there 
exists more than one alternative to fulfil the interface displacement 
compatibility of both solids. For example, instead of applying a σxx >0 in 
the 0◦ layer, it is also possible to apply a σxx <0 in the 90◦ layer, or a 

particular σyy compression at the top surface of the 0◦ ply and at the 
bottom surface of the 90◦ ply. In this last alternative, the different 
Poisson ratio νxy in both materials would generate different εxx values, 
much lower in the 90◦ layer, as the fibre is oriented in the x-direction. 
For these three particular solutions there is a value of the applied stress 
which makes compatible the displacements on both plies along the 
common interface of the plies. 

These alternative ways of facing the original problem also show two 
important ideas.  

• The first, and most important, is that the real problem (with εzz > 0) 
has the same solution, in term of stress singularities, as the additional 
problem (Fig. 5b), assuming εzz = 0, based on the evidence that the 
real problem is the superposition of a problem without stress sin-
gularities (σij is uniform in each ply) (Fig. 5a) and another one which 
is solved in plane strain, εzz = 0 (Fig. 5b). 

• The second idea is that, although both problems (real and alterna-
tive) are equivalent in terms of stress singularities, but the alternative 
one giving rise to a problem with no stress-free lateral faces 
(Fig. 5b–c), this issue is associated with the selection of a particular 
solution of the problem. Let us remind that there is, one alternative 
particular solution to guarantee the displacements compatibility of 
both plies along the common interface, mentioned above (applying a 
σyy <0) which does not introduce loaded lateral faces in the corner 
problem. Then, the assumption of stress-free lateral faces made in 
Ref. [16] does not violate the equivalence, and stress singularities 
calculated assuming (εzz = 0) are the same than in the real (with εzz 
> 0) and alternative (with εzz = 0) problems. 

It is also important to notice that the situation is completely analo-
gous if, instead of prescribing a εzz > 0 to both materials, we apply a 

Fig. 4. Decomposition of the original problem.  

Fig. 5. Superposition of the (a) alternative problem with a uniform stress solution, (b) additional problem (with εzz = 0) to get the original configuration, and (c) 
detail of the loaded bimaterial corner. 
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temperature decrement to both materials. The differences in the thermal 
expansion coefficients, parallel and perpendicular to the fibre direction 
respectively, will generate different elongations between both plies, in 
the x-direction, as previously shown in Fig. 4c under mechanical 
loadings. 

Notice also that results in Ref. [16] were obtained under the 
assumption of a power law rδ for the stress singularity field. This 
assumption does not agree with the necessary presence of a logarithmic 
term in the singular stress field predicted by Zwiers et al. [20] for some 
particular cases of the problem under analysis. Following the results in 
Ref. [20], the original corner configuration, with two solid wedges of 
90◦ (one for the 0◦ layer and the other one for the 90◦ layer) does not 
need the logarithmic term for the correct asymptotic stress representa-
tion, and the stress singularity order δ in a power type structure rδ has 
been proven to coincide between the numerical model and the semi-
analytical tool developed by the present authors [17]. Nevertheless, 
corners configurations with solid wedge angles different from 90◦ (in 
any of the two layers) do not fulfil the condition to have just an rδ term, 
the presence of an additional ln(r) term being necessary. 

For the problem under analysis, a finite element model (similar to 
that used in Fig. 3 but including a notch at the bimaterial corner) has 
been prepared, with a mesh refinement towards the bimaterial corner 
tip, with the smallest element size of 10− 6 mm. The solid angle α of the 
0◦ layer has been progressively reduced (from the starting value of 90◦) 
using a circular notch in the 0◦ layer, containing the corner tip. The σyy 
stress component is plotted along the interface between both plies 
(Fig. 6), in which the x-axis is in the logarithmic scale. The results 
indicate that for a solid angle of α ≈ 55◦ the stress singularity vanishes 
(the slope of the stress representation is horizontal). The notch slightly 
modifies the geometry of the problem (see detail in Fig. 6) but allows to 
isolate the edge effect and to quantify it separately from the singular 
stress source. In fact, the different results in Fig. 6 seems to indicate that 
the extent of the singular stress field (the length that is affected by the 
presence of the singularity) is below 10− 2 mm, one sixth of the lowest 
thickness of the thinnest layer under analysis, which is 0.06 mm (for the 
30 g/m2 ply). 

Once the influence (characteristic distance) of the stress singularity 
has been obtained, in the next section, numerical analyses will be carried 
out without the presence of the notch, to avoid in the stress field, the 
“pollution” of the geometrical modification. Obviously, results in the 
close neighbourhood of the corner vertex will be not taken into account 
for discussions. The relatively low value of the order of stress singularity 
(weak singularity) makes the influence of the singularity stress field to 
be low enough. 

4. Numerical results 

Two aspects are investigated in this section: the edge-effect associ-
ated with the mechanical loading, and the edge-effect associated with 
the thermal expansion coefficient mismatch. As previously mentioned, 
the former one is due to the differences in the Poisson ratio of both plies 
when subjected to a same longitudinal strain (εzz > 0), whereas the latter 

corresponds to different values of the thermal expansion coefficients (in 
the x-direction) when subjected to the same temperature decrement 
(cooling stage in the curing cycle). 

Both effects have been analyzed separately because, while the me-
chanical effect is a direct consequence of the Poisson’s ratio values, the 
thermal effect offers, at least, more uncertainties about the real values of 
the residual stresses developed in this cooling stage. There are several 
factors that may affect the full development of a thermal stress field 
associated with a nominal temperature decrement and a thermal 
expansion coefficient mismatch. Viscoelastic behaviour can take place in 
the first stage of the cooling period and stress relaxation can also take 
place (with time), as clearly shown by the authors, for the materials 
under study, as will be seen later on. See also [21,22] for other aspects 
influencing the potential residual stress field due to temperature. 

Mechanical properties and thermal expansion coefficients have been 
experimentally obtained for all materials by the authors (see, for 
example, Sanchez-Carmona et al. [23] with thermo-mechanical char-
acterization of 30 g/m2 and 150 g/m2 plies). Due to the low differences 
of the mechanical properties obtained for the different materials, and 
with the aim of avoiding influences other than the role of the thickness 
itself, average values have been used for the present analyses. These 
properties, in orthotropic axes, are summarized in Table 1, where “1” is 
the fibre direction. Yt is the transverse strength of the material, which is 
of major importance in the longitudinal failure under analysis. It is 
important to notice that all numerical models consider all plies as 
equivalent orthotropic homogenous materials. The adequacy of 
considering the 90 ply as a heterogeneous or homogeneous material, 
depend on the object of the study, and in the present case, no particular 
interest is focused on any micromechanical aspect (at the level of fiber 
and matrix) of the failure. Nevertheless, only average values across the 
thickness having been used for reasoning and predictions, no 
stress-at-a-point has been used for these purposes. Also, for comparison 
purposes, all numerical models have been analyzed under this 
assumption. 

Notice that the obtained value for α1 is unusually large, in compar-
ison with other long unidirectional carbon fiber materials. The Coeffi-
cient of Thermal Expansion in the fiber direction (α1) is usually negative 
for long unidirectional carbon fiber materials, but the values are typi-
cally one order of magnitude lower than the values in the transversal 
directions (α2, α3). As (α1, α2, α3) have been obtained in a single test, and 
(α2, α3) are typical values, the authors have consistently decided to trust 
also on the obtained value for (α1). 

The numerical models are extremely simple in regard to geometry, 
equal to those in Fig. 3, and only changing the thickness of the 90◦ layer 
(30 g/m2, 50 g/m2, 100 g/m2 and 3 × 150 g/m2). An adequate care has 
been taken into account to make a good progressive mesh refinement 
towards the bimaterial corner tip in order to avoid numerical errors 
which might affect the results far from the corner. 

For both numerical models, ANSYS® software has been used, with a 
2D geometry (element type PLANE 182) using the Generalized Plane 
Strain option for this element type. 

For the mechanical problem, ANSYS® allows a longitudinal 
displacement (uz) (perpendicular to the x-y 2D geometry) to be intro-
duced in the analysis. Due to the double symmetry of the model, only a 
quarter of the real geometry has been modelled. In relation with this 
decision, it is important (not fully detailed in the software help manual) 
to introduce the longitudinal displacement in the elastic center of the 
problem (where tensile force and bending moments are uncoupled), in 
order to apply only tension and not bending moments. Due to the fact 
that the stiffness of the 0◦ layer in the z-direction (fibre direction) is 
much higher than the stiffness of the 90◦ layer in the z-direction, a 
constant εzz applied to the sample makes the force resultant to be much 
closer to the center of the 0◦ layer than to the center of the complete 
problem (0◦ and 90◦). This elastic center has been calculated and results 
of the 2D model have been verified using a 3D model with the complete 
geometry of the sample (no symmetries applied). Fig. 6. Stress singularity removal at the bimaterial corner.  
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For the mechanical analysis, a displacement (uz) giving rise to a 
longitudinal strain εzz = 0.003871 has been applied. This εzz generates a 
nominal σzz = εzz⋅E22 = 30 MPa in the 90◦ layer, which is close to the 
experimentally obtained transverse strength of the material (Yt = 38 
MPa). All these values, predicted by the Classical Lamination Theory, 
have been verified in the numerical model, in areas far away from the 
free-edge. 

As the main numerical result for the present work, Fig. 7 shows the 
σyy stress component, in the 90◦ ply, along the free edge (x = 0) of the 
sample. Horizontal axis represents the ratio between the y coordinate 
and half of the 90◦ layer thickness of the model. Taking into account that 
only a quarter of the real problem is modelled, y/thickness = 0 corre-
sponds to the center of the 90◦ ply, whereas y/thickness = 1 corresponds 
to the upper part of the 90◦ ply, in contact with the 0◦ ply. This 
dimensionless parameter allows different models with different 90◦

thicknesses to be compared, which is the main objective of the present 
work. Two vertical axes have been used in Fig. 7, the left-hand side axis 
shows the ratio between the σyy stress component and the transverse 
strength of the material (Yt), while the right-hand side axis shows the 
ratio between σyy and the applied longitudinal stress σzz. Due to the fact 
that the transverse strength is Yt = 38 MPa and the applied longitudinal 
stress is σzz = 30 MPa, both axes are slightly different. The text “MECH” 
in the legend, refers to “MECHanical loading”. 

In Fig. 7, four thicknesses (0.485 mm, 0.1 mm, 0.065 mm and 0.06 
mm), associated with the four laminates under analysis (450, 100, 50 
and 30) have been numerically studied. Let us remember that the results 
near the bimaterial corner vertex cannot be taken into account, due to 
the presence of the weak singularity. Far from the characteristic distance 
of the singularity field influence (for example, in the range 0 < y/ 
thickness<0.8) results are exclusively due to the edge-effect and are not 
affected by the stress singularity. Recall that Classical Lamination The-
ory predicts σyy = 0, and this result is valid as long as we go far away 
from the free-edge (see Fig. 3a–b). 

It is worth highlighting, from results in Fig. 7, that the thinner the 90◦

layer the higher the σyy stresses along the free edge. For conventional 

90◦ layer thicknesses (for example 450 g/m2) σyy keeps below 50% of 
the longitudinal applied (σzz) stress, but for ultra-thin plies in the 90◦

layer (for example 30 g/m2 or 50 g/m2) σyy moves in the range between 
0.6 σzz < σyy < 0.8 σzz. 

These values of σyy are not high enough by themselves, to make 
longitudinal cracks to appear before the transverse cracks, associated 
with σzz, but it should be also taken into account the contribution of the 
residual thermal stresses originated by the cooling stage of the curing 
cycle. 

Fig. 8 shows the same stress component along the same free edge, but 
now associated with the thermal effect. From the curing temperature 
(135 ◦C) to room temperature (25 ◦C) the bonded laminate suffers a ΔT 
= − 110 ◦C. Although, as mentioned previously, some stress relaxations 
might appear with time, let us take the results in Fig. 8 as an upper limit 
of the thermal residual stresses in the present problem. As in the me-
chanical case, σyy (due to ΔT) gets negligible values far away from the 
free-edge, but at the free-edge, numerical results predict, with the 
exception of the 450 g/m2 material, σyy values higher than the trans-
verse strength (Yt) of the material, between 1.7 Yt < σyy < 2.0 Yt for the 
whole 90◦ layer thickness. The text “TEMP” in the legend, refers to 
“TEMPerature” loading. 

These stresses should be added to those originated by the mechanical 
effect, and although some stress relaxation might appear, in the thinnest 
laminates (30 g/m2 and 50 g/m2) only the thermal stresses (or the sum 
of thermal and mechanical contributions in some cases) are high enough 
to make the longitudinal cracks to appear before transverse cracks, as 
experimentally observed, even before the mechanical loading is applied. 

The clear influence that the ply thickness has on the σyy stress values 
along the free edge might be explained by using Eshelby’s imaginary cut, 
deform and bond again procedure, previously introduced in Fig. 4. 
Recall that, to fulfill compatibility with the 0◦ layer, the 90◦ layer is 
subjected to a prescribed displacement in the x-direction (applied along 
its top surface). This prescribed displacement is independent of the 90◦

layer thickness, thus, generating higher shear strains (and consequently 
the local strain and stress alteration) as the 90◦ layer thickness 

Table 1 
Thermo-mechanical properties of the materials.  

E11(GPa) E22(GPa) E33(GPa) G12(GPa) G13(GPa) G23(GPa) ν12 ν13 ν23 

113.91 7.81 7.81 3.25 3.25 2.35 0.32 0.32 0.40  

Yt (MPa) α1 (◦C− 1) α2 (◦C− 1) α3 (◦C− 1) 

38 − 1.37⋅10− 5 1.74⋅10− 5 1.70⋅10− 5  

Fig. 7. σyy stress component along the free-edge, due to a mechanical loading (σzz).  
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decreases. 
In order to support more evidence of the stress relaxation associated 

with the thermal effect for these materials, non-symmetric [04/904] 
laminates have been manufactured with 30 g/m2 and 100 g/m2 pre- 
pregs [1]. These laminates show a curvature after the curing cycle 
(curing temperature 135 ◦C), which changes with time. Fig. 9 shows the 
radius of curvature measured from instants after the curing cycle, to 
more than 1000 h later. The increment of the radius of curvature of the 
laminate with time R(t), in a laboratory temperature and relative hu-
midity controlled ambient, and no external load applied, is a clear 
indication of the previously mentioned stress relaxation (at room 
temperature). 

Numerical (Finite Element) simulations, taking into account only the 
thermal effect derived from the cooling down stage after the curing 
process in the present laminates (no chemical shrinkage, or any other 
source of residual stresses), show that thermal stresses (after 1000 h) are 
between 50% and 60% of those generated by the nominal temperature 
decrement between curing and room temperatures, ΔT = − 110 ◦C. 
These values, by themselves, or added to those generated by the me-
chanical loadings, can still reach values close to the strength (Yt) of the 
material. 

As a complementary result, Fig. 10 shows the alteration of the σzz 
stress component at the free-edge, both due to the mechanical loading 
(Fig. 10a) as well as the thermal loading (Fig. 10b). Similarly, as done in 
Figs. 7 and 8 (with σyy), the stress values in the vertical axis are plotted 
with respect to the nominal applied σzz, in the case of the mechanical 
load (Fig. 10a), and also with respect to Yt (Fig. 10a and b). This stress 

component does not have a direct responsibility in the longitudinal 
failures under analysis (if we assume that failure is governed by a 
maximum stress criterion), but it is clear, from Fig. 10a and b that, at the 
free-edge, the longitudinal σzz values are higher than the nominal σzz 
value generated as a result of the applied εzz. 

5. Failure inspection by 3D X-ray imaging 

Once the sources of the normal stresses in the thickness direction of 
the sample have been identified and quantified, it is of major importance 
to check if this failure had progressed along the width of the sample, or it 
was limited to the free-edge vicinity. Let us remember (Fig. 3b) that the 
tensile normal stresses σyy appear along distance of one or two laminate 
thicknesses in the width direction, from the free edge, this stress 
component being slightly in compression (σyy < 0), to guarantee global 
equilibrium in the y-direction. Therefore, if the onset of failure is due to 
the edge-effect, its influence should be limited to a characteristic dis-
tance in the width direction. 

Inspection of some longitudinal failures were carried out using a non- 
destructive 3D Computed Tomography (ZEISS® Xradia 620 Versa). The 
inspection was carried out near the low limit level of the equipment, 
with a pixel size of 0.3336 μm, 4501 projections in a 180◦ inspection 
range, source settings were 50 kV and 90 μA. 3D reconstructions were 
done with Dragonfly Pro® software. 

It is worth remembering that, with a fibre diameter of 6–7 μm, the 
maximum opening of the lips of the longitudinal fibre-matrix interface 
crack are below 1–2 μm. As the crack grows in the width direction, 

Fig. 8. σyy stress component along the free-edge, due to the thermal effect (ΔT = − 110 ◦C).  

Fig. 9. Stress relaxation in non-symmetric [04/904] 30 g/m2 and 100 g/m2 laminates.  
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opening values are much lower and, in some cases, the crack length 
measurement might be a lower limit of the real crack length, due to the 
impossibility of the equipment to detect the crack opening. 

It is also noticeable that, while in glass fibre laminates, failures can 
be observed with the use of a back light source, this solution is not 
possible in the case of carbon fibre laminates, the adopted solution being 
one of the few possibilities to make this inspection. 

Some samples having longitudinal failures after the curing cycle 
were polished in the lateral face to identify (by optical microscopy) the 
location of the failure. It is important to notice that the lateral sanding 
and polishing of the sample removes approximately 1 mm of the sample 
material in the width direction, but it is mandatory for a good location of 
the damage before tomographic inspection. 

Some examples of 3D computed tomography reconstructions are 
shown in Fig. 11.  

• Fig. 11a is a lateral view of the sample, where 0◦ plies can be seen at 
both sides of the 90◦ ply (in the middle), with the longitudinal 
(vertical) failure (in yellow). 

• Fig. 11b shows an oblique perspective of the same failure, high-
lighting the longitudinal failure in a colors scale which identifies the 
opening distance of the two faces of the longitudinal crack.  

• Fig. 11c is exactly the same previous image but eliminating the 
laminate.  

• Fig. 11d is the zenithal view of the sample, which allows the crack 
length in the width direction (horizontal direction) to be measured. 
The left-hand side of the image is the sanded surface of the lateral 
side of the sample. 

The polishing of the lateral surface, removing almost 1 mm from the 
lateral side of the sample is necessary, as mentioned above, to precisely 
locate the longitudinal crack for the detailed inspection, but it avoids 
having a picture of the real edge failure extension. In Fig. 11d, after 
eliminating approximately 1 mm from the free edge, it was still possible 
to measure longitudinal failures penetrating only 85 μm, in the width 

direction, from the free edge. 
What it is important is that these experimental observations indicate 

that the observed failure does not progress along the whole width of the 
sample, 25 mm, (no tunneling) and clearly support that the failures are a 
result of the edge effect. 

Due to its inherent complexity, a detailed analysis of the progression 
of these longitudinal failures along the width of the sample, under fa-
tigue loading, falls out of the scope of this paper. The influence of the 
failure progression along the width on the stiffness degradation (mainly 
in bending) is currently being investigated. 

6. Conclusions 

Non-conventional failures in cross-ply laminates with ultra-thin plies 
have been identified and a plausible explanation of their causes has been 
given by means of the edge effect. These non-conventional failures 
consist in longitudinal cracks/debonds (parallel to the loading direction) 
in the 90◦ ply. The most important aspects of the present work are 
summarized below.  

• The observed non-conventional failures increase as the 90◦ layer 
thickness decreases. The use of ultra-thin plies in the present work 
defines a clear difference with previous published works. Conven-
tional transverse damage decreased with the same trend.  

• Stress singularity at the corner between the 0◦ and 90◦ interface with 
the free-edge has been characterized. Due to the extremely low 
values of the 90◦ layer thickness, it is important to check the char-
acteristic distance of the singularity stress influence. In the present 
work, slight geometric changes have been proposed in the corner to 
remove the singularity, isolating the influence of both effects (sin-
gularity and edge-effect).  

• Numerical analyses, under mechanical loading as well as under 
thermal loading, have been carried out to evaluate the alteration of 
the stress field at the free edge. Some experiments have been also 

Fig. 10. σzz stress component along the free-edge, due to a) mechanical loading, b) thermal effect (ΔT = − 110 ◦C).  

Fig. 11. 3D reconstructions of the longitudinal failure inspection.  
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carried out to assess the relaxation with time of the residual thermal 
stresses for the materials under analysis.  

• Stresses originated by the edge effect due to the mechanical loading 
have shown to be close to the 70% of the longitudinal applied stress. 
For the thermal loading, stresses originated at the free edge are above 
the transverse strength of the material (Yt) for the nominal temper-
ature decrement between curing and room temperatures.  

• 3D computed tomography was used at submicron level to evidence 
that failures under analysis have not crossed the whole width of the 
samples, but are limited to the close vicinity of the free edge of the 
samples. 
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