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ABSTRACT

The present work performs a systematic experimental analysis of the translaminar fracture behavior of
high performance biocomposites constituted by green epoxy reinforced by sisal fibers, by varying the
main influence parameters as fiber concentration and lay-up. Despite the corrective function properly
introduced to take into account the anisotropy as well as the use of the equivalent crack length, the study
shows that the LEFM does not give accurate estimations of the fracture toughness, because the extension
of the near tip damaged zone is higher than the singular dominated one. Accurate estimations can be
obtained instead by the proposed modified area method that takes into account both the local damage
and the fiber bridging that occurs during crack propagation, that lead to R-curves whose asymptotic
values constitute the true fracture toughness of the biocomposites examined. The constancy of the
damage mechanisms observed by varying the fiber concentration, allows the user to compute the fracture
toughness of a generic laminate from the specific fracture energy of the unidirectional lamina. Finally,
the relatively high fracture toughness of the examined laminates allows to state that they can
advantageously replace not only other composites having lower toughness, but also metals as steel,

aluminum and titanium.

keywords: A. Bio composites, A. Natural fibre composites, B. Fracture toughness, Translaminar failure,

R-curves.

1. INTRODUCTION

The increasing focus on environmental issues has led to a recent interest in the eco-sustainable, eco-
compatible and renewable materials. Among these, an important role is played by the so-called
biocomposites, materials generally made of polymer matrices with low environmental impact,
reinforced by natural fibers, characterized by very low density, usually less than 14 kN/m? [1-3]. A
considerable research activity on the mechanical properties (static and dynamic) of these biocomposites
laminates under different loading condition (tensile, bending, compression, etc.), has been reported in
the literature and also reliable models of micromechanics, have been implemented.

However, to date only many research works have been devoted to the delamination [4] whereas only a

few studies have been focused on the fracture behavior of these materials, especially with reference to



the so-called translaminar fracture [5] that occurs when the failure mechanism simultaneously involves
all the laminae with a forward face of the crack that crosses the entire thickness.

However, it is a common opinion of the most researchers [6] that, with the improvement of the
delamination strength of the modern composites, the translaminar fracture resistance will play an
increasingly important role.

Mode I translaminar fracture strength (toughness) is classically defined as the specific energy absorbed
by the material for the formation of a unitary fracture surface associated with the mode | propagation of
a crack, that macroscopically affects the composite laminate throughout its thickness. Due to the intrinsic
heterogeneous and non-isotropic nature of composite materials, the analysis of fracture toughness is
clearly more complex than traditional homogeneous and isotropic materials; for a fixed matrix type, it
is affected in fact by several parameters as reinforcement type, orientation, laminate lay-up and the fiber
volume fraction. Consequently, it generally needs specific experimental investigations [7-13] aimed to
the estimation of the well-known critical stress intensity factor K in accordance with the Linear Elastic
Fracture Mechanics (LEFM) or, alternatively, the evaluation of the critical strain energy release rate
Gic.

In brief, the literature shows that the fracture strength of synthetical long fiber laminates (CFRP and/or
glass/carbon hybrids with thermoplastic or thermoset matrices) have been widely studied [11-20], also
by considering the effect of temperature, constraint and notch tip radius. In summary, such studied have
highlighted that the fracture performance is governed by the fibers failure of the laminae orthogonal to
the crack axis, and the influence of temperature and radius crack tip are generally low; the influence of
the anisotropy and the geometry of the specimens [16], can significantly limit the usual extension to the
composites of the approaches and standards proposed for homogeneous and isotropic materials.

More recent studies [21,22] have considered also short-fibre composite laminates manufactured by
additive processes using green matrix (PLA); they have shown that such composites exhibits appreciable
increments of the fracture toughness compared to that of the matrix alone [21].

With refer to the computational methods that can be applied to the analysis of the translaminar fracture
toughness, several researches [8,23-26] have provided important indications about the best technique
in terms of reliability and reproducibility, whereas other researches [27-30] have presented the so called
fracture resistance curve (R-curve) that describe the intimate behavior of composites during fracture. In
more detail, in [15,31-33] the effects of the main laminate parameters (dimension, thickness etc.) and
of the damage processes near the crack tip, have been studied.

Recent studies [34] have also considered the effects of the strain speed by evaluating the dynamic R
curves that, as it is expected, have shown beneficial increments of the toughness with speed.

Among the first fracture studies carried out by considering biocomposites reinforced with natural fibers,
worthy of mention is the work [35] that has analyzed the behavior of sisal fiber polymer mortar
composites, highlighting the positive effects of the fiber volume fraction and the negative effects of the

mercerization with NaOH.



Interesting studies have been carried out recently on biocomposites [36-38] constituted by epoxy
reinforced with natural fibres (bamboo, cotton, flax etc.); they have investigated also the influence of
the fiber direction [38] on the crack propagation path, highlighting also that the speed of the crack
propagation in the direction of the fibers increases significantly with Vs.

In order to give a contribution to the knowledge of intralaminar fracture behavior of interesting high
performance biocomposite laminates (tensile strength of about 500 MPa) consisting of green epoxy
matrix reinforced with optimized long sisal fibers [39-45], systematic experimental tests have been
carried out by means of CT specimens, supported by appropriate FEM simulations. Particular attention
has been paid other than to the influence of the fiber volume fraction and laminate lay-up, also to the
local material damage that occurs near the crack tip as well as to the appreciable fiber bridging
phenomena that lead to fracture resistance R-curves characterized by steady-state values very higher

than the initial fracture toughness.

2. MATERIALS AND METHODS

As mentioned above, the high performance biocomposites examined in this paper consist of green epoxy
matrix reinforced by optimized sisal fibers. The following sections describe briefly the mechanical
properties of fibers and matrix, as well as the manufacturing process used to obtain the different
biocomposite laminates (unidirectional, cross-ply, braided and quasi-isotropic, each with V; =0.35 and
0.70) and the test method used their fracture characterization.

2.1 Optimized sisal fibres

The sisal fibers used in the present work, are structural fibers extracted from the perimeter of medium
third of mature leaves. In order to maintain a high degree of renewability, the fibres were subjected only
to a manual cleaning and subsequent drying process, without any surface treatment. Tab.1 shows the
specific weight p¢ along with the mechanical properties of the fiber batch used in this work, such as
longitudinal tensile strength otg, longitudinal Young modulus £, and tensile failure strain &g, obtained
by single-fibre tensile tests performed in accordance with ASTM [46]; for more details the reader can
see also refs. [41,42].

Table 1 Properties of the sisal fibers considerate in the present study.

: pt OfR = &R
Material [g/cm?] [MPa] [MPa] [%]
Agave Sisalana (sisal) 1.45 690 40250 1.76

Using such fibers, unidirectional “stitched” fabrics were preliminary obtained in laboratory by a
manufacturing process consisting into: (a) manual stretching of the fibers in order to eliminate natural
undulations, (b) alignment of the straight fibers arranged into small groups (see Fig.1a) and (c)
transversal stitching by using an automatic machine. Fabrics with a weight of about 220 g/m? have been

so obtained (see Fig.1b).



Figure 1 (a) stretched and aligned fibers, (b) unidirectional “stitched” fabrics obtained in laboratory.

2.2 Green matrix

A green epoxy resin (partial biobased epoxy), produced by American Entropy Resin Inc. (San Antonio,
CA, USA), named SUPERSAP CNR, with IHN-type hardener [47], has been used as matrix. It is in
practice an epoxy resin obtained by an ecofriendly manufacturing process through green chemistry,
sustainable raw materials, and efficient manufacturing conserving energy, minimizing harmful by
products and reducing greenhouse gas emissions of resins and hardeners.

As widely shown in previous studies by the same authors [39-45], this matrix exhibits an almost elastic
linear behavior; the main characteristics, such as density pm, tensile strength omg, Young modulus En,
and tensile failure strain &ng, are reported in Tab.2.

Table 2 Properties of the green epoxy resin, used as matrix [47].

. Pm Om_R Em TmR EmR
Material [glem?] [MPa] [MPa] [MPa] [%]
Green epoxy 1.05 50 2500 35 2.5

2.3 Manufacture of biocomposite laminates

The various laminates have been manufactured by hand lay-up carried out inside a suitable mould. To
obtain high quality laminates (without voids and/or defects), after an appropriate time of partial
gelification, the laminate is subjected to a compression-moulding process, using a press of 100 tons for
24 hours. In order to optimize the mechanical properties, each laminate has been subjected to a
subsequent thermo-mechanical cure process by using the optimized time laws T(t) and p(t) described in
[41,42].

The following Tab.3 lists the 8 biocomposite laminates so obtained: 4 different lay-ups (unidirectional
UD, cross-ply CP, braided-ply BP, and quasi-isotropic QI) and two distinct fibres volume fraction V;
(equal 35% and 70%) for each lay-up, in order to encompass in practice the generic laminate potentially

used for structural and semi-structural applications.

Table 3 Lay-up and fiber volume fraction of the various biocomposites considered.

Laminate Denomination  Vf[%] Lay-up
Unidirectional 3838 32 {8}1

Cross iy crae "
Braided-ply §§§§ 32 &ﬂgﬂz
PR R




For all the laminates, the number of laminae (8 for Vs =35% and 16 for V; =70%) have been selected in
order to obtain a thickness of 3 mm, that is superior than the lower limit described by the ASTM E1922
standard [48], equal to about 2 mm.

As an example, the following Fig.2 shows the images of 4 laminate panels type UD70, CP70, BP70 and
QI70.

(a) (b) (c) (d)

Figure 2 Laminates type (a) UD70, (b) CP70, (c) BP70 e (d) QI70 obtained by compression-moulding.

2.4 Test method and experimental setup

All the experimental fracture tests have been carried out by using the compact tension (CT)
configuration considered by the ASTM E399 [49], E1820 [50] and D5045 [51] standards. As it is well
known, CT specimens are the most used for the translaminar fracture analysis of composites
[8,14,19,20,23,30,52], because in general it assure the stable crack growth that is necessary to relieve
both the initial toughness and the characteristic resistance R-curves. However, the experimental test have
been carried out by considering also the main rules contained into the ASTM E1922 standard [48] that
refers specifically to the translaminar fracture test of biocomposite laminates. From each of the 8
biocomposite laminate panels manufactured, 5 CT specimens were cut, obtaining a total of 40
specimens. In accordance with the ASTM E1922 [48] such a specimens number have assured to obtain
three valid replicate test results for each laminate considered.

The geometry of the specimens, described in [51], is reported in detail in Fig.3a; as an example, Fig.3b
shown the image of a specimen CP70. In accordance with the ASTM standard, the first part of the crack
(having length of 30 mm) have obtained through a circular saw blade of 4 mm thickness, whereas the
second part adjacent to the tip (having length of 10 mm) have obtained with a special razor saw blade

of about 0.2 mm thickness.

(a) (b)
Figure 3 (a) sketch of the CT specimen and (b) relative specimen type CP70.
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As shown in Fig.3b, a proper graduated scale have been engraved on each specimen in order to measure
the crack growth by simple photographic observations.

All the translaminar fracture tests have been carried out by using an INSTRON 3367 testing machine
equipped with 30 kN load cell. Each specimen has been instrumented by a notch-mouth displacement
gage type INSTRON 2670, and has been loaded under displacement control at a rate of 0.5 mm/min,
that assure the fulfillment of the time limit of 100 s to reach the peak load, prescribed by the ASTM
E1922 [48]. The growth crack, has been monitored by a NIKON D5100 camera with AF-S VR Dx 18-
55 mm lens that allows multiple shots with a constant frequency of 1 Hz, that allow to register the crack

growth with an actual spatial resolution of at least 0.033 mm.

3. EXPERIMENTAL RESULTS

Firstly, the experimental evidence has shown that the fracture mode of biocomposite laminates with V;
=35% are practically identical to those observed for the laminates with Vs=70%. Therefore, in order to
detect preliminarily that in all the considered lay-up (UD, CP, BP and QI) the actual fracture mode is
the expected mode |, Fig.4 shows the images of 4 different biocomposite specimens with Vi =70%,

during fracture test, along with a zoom of the relative fracture surfaces after test.

Fiber debonding = 1 delamination of 90° laminae

pull-out of the 0° and +45° fibers

Figure 4 Specimens with Vs =70% during test and zoom of the relative fracture surfaces after test.

The analysis of Fig.4 shows clearly that in the UD, CP and QI laminates the crack propagates
perpendicularly to the applied load, i.e. in the expected mode I, whereas in the BP laminates the crack
propagates in the direction of 45°, i.e. in a mixed mode | + II. This particular direction of crack
propagation is in accordance with the general rule that the actual crack propagation path is that
associated with the minimum fracture energy. In this case, in fact, the propagation in pure mode | would
involve the fracture of all the fibers of the laminate, whereas the crack propagation at +45° (or,
alternatively, at -45°) involves only the fracture of the 50% of the fibers, with a consequent significant

reduction of the propagation energy.



Taking into account that the experimental evidences has shown that in the QI laminates the laminae
oriented at +45° failure always according to mode I, i.e. with fracture surface orthogonally to the applied
load, it follows that the fracture tests performed on the BP specimens are meaningless so that they will
not be considered in the following, and the contribution to the fracture toughness of a generic angle-play
laminate given by the laminae at £45° will be estimated through proper energetic considerations.

The observation of the damage mechanisms shows in particular that in the UD laminates (fibers axis
orthogonal to the load direction) the fracture propagates in practice in the inter-fiber space, essentially
within the matrix, although it involves also modest fiber-bridging (that increases with V) and consequent
debonding of the fibers having alignment errors (see Fig.4). The primary intralaminar delamination
mechanism within the matrix, justifies the low fracture load values observed for this lay-up (always less
than 150 N).

Considering the CP laminates instead, it is observed that the crack propagates with negligible local
deviations (twisting of some millimeters) with respect to the mode I, involving the tensile failure of the
fibers of the laminae at 0° and then their successive secondary pull-out, as well as the intra-laminar
delamination of the laminae at 90° (see Fig.4). Also, limited phenomena of partial interlaminar
delamination are observed around the fracture surface, i.e. in the near tip damaged zone (N-TDZ).
Finally, considering the QI laminates, the damage mechanisms observed for each type of laminae are
essentially: tensile failure of fibers and matrix of the lamina at 0°, intralaminar delamination failure on
the matrix and fiber/matrix debonding for the lamina at 90°, and shear failure of fibers and matrix of the
laminae at +45° (see Fig.4). In detail, the observation of the crack growth process shows how the QI
exhibits also limited effects of secondary pull-out on the laminae at 0°, as it has been observed in the
CP laminates, as well as the limited effects of fiber-bridging in the laminae at 90° already observed in
the UD laminates and, above all, significant phenomena of fiber-bridging related essentially to the
rotation (sliding) of the laminae at £45°,

Finally, the experimental evidence have shown that in all the cases, for crack length higher than 40-42
mm, phenomena of elastic out-of-plane buckling due to the small specimen thickness (3 mm) and the
high compressive stresses on the resistance section opposite the crack tip, are observed. Such phenomena
lead to significantly decreasing of the specimen compliance, without any further crack growth.
Consequently, the fracture test become invalid for a > 42 mm; for this reason all the calculations
presented below are always limited to this value of the crack length. It is noticeable to note that such
out-of-plane buckling phenomena and the consequent limitation, are considered also by the ASTM
E1922 standard [48] for the extended compact tension specimen considered.

The following Fig.5 shows the average fracture curves of the UD, CP and QI specimens with V;=35%
and 70%:
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Figure 5 Mean fracture curves of the various biocomposite laminates considered.
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The examination of Fig.5 shows how, for any lay-up and any V; value, the generic fracture curve is
always constituted by a first linear elastic segment that extends up to applied load values always higher
than 75% the maximum load (critical) supported by the specimen; this first phase is followed by a second
increasing part characterized by an appreciable and progressive stiffness decrement, which corresponds
to progressive damage of the N-TDZ. However, singular are the curves related to UD biocomposites
that exhibit a higher linearity, as well as a slight decreasing stiffness with fibers concentration, due to
the high anisotropy of the sisal fibers characterized by transversal Young modulus lower than the matrix
one [53].

In terms of initial fracture toughness, represented in practice by the critical load P. (maximum load
supported by the specimen at the incipient crack growth condition), the examination of Fig.5 shows that,
as expected, it always increases significantly with V; indicating that the fracture of the biocomposites
examined is essentially dominated by the fiber failure. In more detail, for UD laminates the increment
of critical load is rather modest (+13%) since, as already observed in Fig.4, the fracture process involves
primary the matrix delamination and is only marginally affected by the fibers through limited fiber-
bridging effects. More significant is the effect of V; for angle-ply laminates: passing from V; =35% to V;
=70% P increases by about 65% for CP and Ql. However, it is noted that although the fibre
concentration doubles, the critical load does not double; this is due to the greater extension of N-TDZ
in the biocomposites having Vi =35%, corresponding to the higher deviations from the linearity of the
fracture curve segments that precede the critical load (see CP35 and QI35 curves in Fig.5), and to the
consequent positive effects (the local material damage of the composite works similar to the plasticity
of the isotropic metallic materials) on fracture toughness. Also, very significant variations of the peak
load are related to the lay-up: as an example for Vi =70, moving from the UD lay-up characterized by

primary intralaminar delamination associated with limited fiber-bridging effects, to the CP lay-up
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characterized by the tensile fiber failure of the 0° laminae along with secondary pull-out effects, to the
QI lay-up characterized also by additional shear fiber failure of the +45° lamine mixed to beneficial
phenomena of fiber bridging, it moves from about 139 N, to about 860 N (increment of +600%
approximately), to about 1100 N (further +30% approximately).

Finally, the experimental evidences shows that for all the biocomposites examined the critical load is
always followed by an almost stable crack propagation (see Fig.5), that lead to the complete specimen
failure for displacements of the applied load that varies from about 4.5 mm (for CP35) to about 8 mm
(for CP70).

Although the criterion expressed by Eq.2 of the ASTM E1922 standard [48] relative to the maximum
notch-mouth deviation is generally verified for the analyzed biocomposites, the relatively low strength
with respect to the synthetical fibers composites indicate the possible existence of a relatively large
extension of the N-TDZ relative to the maximum notch-mouth deviation is generally verified for the
analyzed biocomposites, the relatively low strength with respect to the synthetical fibers composites
indicate the possible existence of a relatively large extension of the N-TDZ and consequently that:

(a) the application of LEFM may subjected to practical limitations if the N-TDZ dimensions are
greater than the dimensions of the so called singularity dominated zone (SDZ); in other words,
the actual stress distribution near the crack tip becomes very different to the theoretical one
governed by the SIF K;, which loses all meaning. Although, in fact, the ASTM E1922 standard
subordinate generically the validity of the LEFM to the condition in which the N-TDZ
dimensions are small compared to the notch length or the in-plane specimen dimension, in
principle its validity decays if the damaged zone is wider than the SDZ.

(b) the correct analysis of K¢ or, alternatively, of the critical strain energy release rate Gic, shall be
performed by replacing the critical nominal length a detected visually, with the so called
equivalent crack length aeq, that allow to take into account the effect of the N-TDZ; as already
amply demonstrated in literature [4,5], this equivalent crack length can be accurately determined
from the measurement of the effective current compliance of the specimen C= (u/ P), by using
the curve C(a) obtained preliminary by experimental investigations (or by accurate numerical

simulations) by varying the length of the crack of the test piece CT.

4. EVALUATION OF COMPLIANCE, EQUIVALENT CRACK LENGTH AND SDZ EXTENSION
4.1 Evaluation of the compliance curve

For each biocomposite examined, the relative C(a) curve has been determined experimentally by
measuring the ratio (u/P) for different crack lengths included between 20 mm to 42 mm (higher crack
length have not been considered due to the above described out-of-plane buckling phenomena). In detail,
in order to ensure the absence of significant damage of the material near the crack tip (a.q=a), a load P

equal to about 0.25 times the peak load has been applied. Also, the required crack length have been



always obtained accurately with the appropriate cut of the specimen with hacksaw. The experimental

results thus obtained for the different laminates are reported in the following Fig.6.
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Figure 6 Compliance curves obtained experimentally for the (a) UD, (b) CP and (c) QI biocomposite laminates
having Vs =35% and 70%.

The analysis of the experimental data have shown that they can be approximated with simple six order
polynomials, i.e.:

C(a) = ¢y + cra + ca? + cza® + cya* + cga® + cga® 1)

Such polynomials provide accurate continuous expression not only of the curves C(a) but also of their
derivative dC/da involved in some energetic methods; such approximations are always more accurate
than those provided by the functions used by Laffan et al.[6,20]. For each examined laminate the values

of the coefficients of Eq.1 have been evaluated.

4.2 Evaluation of the equivalent crack length
As soon as the critical value C. of the actual compliance of the generic specimen subjected to the critical

load P, (condition of incipient crack propagation) is computed by the ratio:

Ce=y @
the use of the corresponding polynomial represented by the Eq.1 allows, by iterative resolvent
procedure, the immediate evaluation of a.q(Pc) and of the difference aeq(Pc) - anom(Pc), being in this case
anom = 26 mm. Obviously, this increment of the crack length constitutes an underestimation of the initial
size of the N-TDZ (the material inside N-TDZ is in not completely damaged). For each biocomposite

examined, the values of C, aeq(Pc) and aeq(Pc) - anom(Pc) are given in the following Tab.4:

Table 4 Values of Ce, aeq and (aeq - anom) for the various examined biocomposites.

Laminate Denomination Cc aeq(Pe)  aeq(Pc) - anom(Pe)
[mm/kN] [mm] [mm]
Unidirectional UD35 3.95 26.32 0.32
ubD70 3.56 26.24 0.24
Cross-ply CP35 6.12 28.42 2.42
CP70 4,16 26.37 0.37
Quasi-isotropic QI35 5.02 29.30 3.30
QI70 291 27.79 1.79
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The analysis of Tab.4 shows that for UD laminates the crack length increment (aeq— anom) is relatively
modest, and comparable with the inter-fiber space dimensions. Relatively higher are instead the values
for CP laminates (2.42 mm and 0.37 mm for V; =30% and V; =70%, respectively) and QI (3.30 and 1.79
mm for Vi =30% and V: =70%, respectively). For any biocomposite, as expected, such crack increment
decreases if Vi increases, because the brittleness of the biocomposites increase with V.

In the following Fig.7 the values of aeq that occur during the crack growth, are plotted against the

nominal values anom relieved experimentally by the camera.
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Figure 7 Comparison between aeq and the corresponding value anom for the various examined biocomposites.
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The analysis of Fig.7a shows that for the UD laminates the difference aeq - anom iS appreciable only for
Vi = 70%; also it increases monotonically with the crack length; for CP and QI laminates, instead, it
decreases due to the progressive fiber bridging phenomena that lead to a reduction of the dimension of
the N-TDZ. In more detail, it is seen an initial reduction of acq followed by an increase for values of anom
>34 mm, due to the reduction of the fiber bridging caused by the increase of the crack opening angle, as

well as to the increase of the out-of-plane buckling of the resistant section of the specimens.

4.3 Evaluation of the SDZ extension
In order to verify the applicability of the LEFM, the typical size of the SDZ that occur in the CT
specimens has been evaluated by comparing the actual normal stress distribution given by accurate FEM

A

simulations, with the theoretical one
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From Fig.8 it is seen that the extension of the SDZ, equal to approximately 0.4 mm, is significantly less
than the difference ac(Pc) - anom(Pc) that in this case assumes the value of 1.79 mm (see Tab.4);
consequently, taking into account that the extension of the N-TDZ is certainly superior to such
difference, it can be stated that for QI70 biocomposites K. cannot be rigorously used for the
characterization of its fracture toughness which, alternatively, can be more accurately evaluated by using
energetic approaches based on the Gi.. Similar results are obtained for CP35 and QI35 laminates that
have values of aeq(Pc) - anom(Pc) equal to 2.42 mm and 3.30 m respectively (see Tab.4). However, in the
following the LEFM approach will be used the same for the estimation of the fracture toughness of all
biocomposites, together with appropriate alternative energetic approaches, in order to evaluate the

magnitude of the actual errors affecting the fracture toughness evaluation by using Kjc .

5. DATA REDUCTION

The evaluation of the fracture toughness of the examined biocomposites have been carried out by using
(a) the LEFM approach described by the ASTM E399 standard [49], as well as by the most used methods
for composite materials, as the so called Area Method (AM) and the Compliance Calibration (CC) [23].

5.1 LEFM approach
For the CT specimens the SIF K that governs the stress state near the crack tip is expressed by the
following formula [49,51]:
Fe
K, =
Ic t\/W

where P is the measured critical load that causes fracture propagation, t is the specimen thickness, W is

fla/W) (3)

the distance from the point of application of the load (hole center) to the opposite end of the specimen,
a is the initial crack length measured from the line of application of the load (see Fig.3a), and f(a/W) is
the well-known weight function which takes into account the geometry of the specimens and the specific

loading conditions (eccentric traction of the test piece CT), given by the same ASTM standards [49,51]:

(2 + a/W)[0.886 + 4.64(a/W) — 13.32(a/W)? + 14.72(a/W)? — 5.6.(a/W)*]
(1—a/W)Ls

fla/W) = (4)

Eq.3 is strictly valid only for isotropic materials, although several authors [16,23,30] have extended its
application to orthotropic materials (composites, etc.) disregarding the effects of anisotropy of the
material. The application of Eq.3 to an orthotropic material, such as the examined biocomposites,
therefore needs the introduction of a correction factor Canis Which takes into account the anisotropy of
the material that influences the actual stress distribution around the crack tip (and then the K value), by

re-written Eq.3 as:

!

P
Kic = Wf(a/w) Canis (5)
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In the usual plane stress condition that occurs in composite laminates, this Canis correction coefficient is
in practice related to the laminate orthotropy through the orthotropic ratios Re and Rg given by:

_E R. = 2G (1 +vr)

Rg = 7

In order to obtain an accurate estimation of the proposed corrective function Canis = f (Rg, Rg), accurate
FEM simulations of CT specimens have been performed by considering several orthotropic laminates
having various orthotropic ratios Re and Rg properly chosen to describe in practice all the plane domain
defined by such ratios for fibre-reinforced

composites of practical application. Dividing 1 18
the K,c value numerically evaluated (corrected . 4 o
value) with that provided by Eq.3 (isotropic ' T
value) with the same load applied, the Canis - I;

values corresponding to each considered pair M \ SAREERANL :I
(Re, Rg), have been obtained. 03 ‘ L i ’ ,
These values are well approximated by the A N ot
complete  second-degree  polynomial D - /,‘(;;'}jﬁﬁ?lj" : o7

E 20y S e
10, >~ ‘
0.5 0.0 50 4.5

represented in the following Fig.9:

. . . . Figure 9 Correction coefficient Canis versus the two
This polynomial has the following simple g e

) . anisotropic ratios Re and Re.
analytical expression:

Conis = 1.177 + 0.2363 R, — 0.2987 R; — 0.01895 R;% — 0.01186 R.R, + 0.04178 R,> (8)

It is seen how this corrective coefficient takes in practice significant values included between 0.6 and 2,
so that it possible to state that if the material anisotropy is neglected than coarse approximations in the
estimation of Kic are given by the simple use of Eq.3 provided by the ASTM E399 standard [49]. In
particular, for the biocomposite laminates examined, EQq.8 provides the values of the correction

coefficient reported in the following Tab.5:

Table 5 Coefficient Canis for the biocomposites examined.

Laminate Denomination Canis
o UD35 0.907
Unidirectional
uD70 0.801
CP35 1.318
Cross-ply
CP70 1.389
o ] QI35 1.082
Quasi-isotropic
QI70 1.082

Tab.5 shows that, as it is expected, this correction coefficient is close to 1 for QI laminates (behavior
close to that of an isotropic material), less than one for UD laminates with longitudinal axis aligned with

the crack (fibers orthogonal to the load and notch coefficient lower than the isotropic one), and
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significantly higher than one for CP laminates (fibers parallel to the load and notch coefficients higher
than the isotropic one).

From the K. values approximately evaluated by Eq.3, or in a more accurate manner by Eq.5, it is
possible to evaluate indirectly the energy absorbed by a unitary surface of fracture given by the crack
growth in an orthotropic material, i.e. the so called critical strain energy release rate Gy, through the
following relationship [23,27]:

K2 E E
GIC = I _L + _L - VLT (9)
2EL Er Er  2Gir

being E., Er, Gur and vir the main in-plane elastic constant of the homogeneous orthotropic material

equivalent to the biocomposite laminate considered.
In order to highlight the effects of the anisotropy (represented by Canis) as well as of the damage that
occurs in the N-TDZ (represented by the aeq), on the estimation of the fracture toughness performed
through the K¢ value, this has been evaluated for each laminates considered, by using first the Eq.3 as
proposed by the ASTM standard with the 20

nominal values of the crack length, and then 6 K,

by Eq.5 with both the nominal crack length of T 1 | 1
26 mm (Kj,) and the equivalent crack length E :i I . !

aeq obtained through the compliance curve E i I : I 1§ I
(K;2). The values so obtained are shown in the 4

following Fig.10: i ™ K i u

UD35 UD70 CP35 CP70 QI35 QI70

From the analysis of Fig.10 it is seen how for Figure 10 Values of the critical stress intensity factor

CP and QI lay-ups the values of K¢ provided obtained by using Eq.3 and Eq.5,
by Eq.3 without any correction, are always

significantly less than (underestimation) the values K;. obtained by the application of the coefficient
Canis by EQ.5 with a = asom. In turn, these last values (K;.) are less than the values K;;. provided by Eq.5
with a = aeq. In detail, it is seen that the correction due to the material anisotropy, corresponding to the
value of Canis reported in Tab.5, varies between about 8% for the QI laminates, to about 30%-40% for
the CP laminates. The further correction due to the N-TDZ, instead, takes significant values especially
for the laminates with Vi =35%, for which it varies from about 15% for CP35 to about 20% for QI35.
Finally, except the UD laminates affected by limited corrections less than -0.5 kJ/m?, the total correction
due to the material anisotropy and the N-TDZ take significant values, up to about 55% for the CP35

laminates.
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However, due to the significant extension of the 35

. "Gy
N-TDZ it is necessary to assess the accuracy of ¥ 4

the K;. values by compare they with the

estimations of the fracture toughness given by %

. . 15
alternative energetic methods based on Gi. In °
10
order to allow such a comparison, by using the
5
Eq.9 the corresponding values of the G;. have o Lo com

Figure 11 Values of G, obtained by Eq.9 from the

G, [kI/m?]

The analysis of Fig.11 shows in detail how also
in terms of the energy necessary to the formation values of Ki_ obtained from Eq.5 with a = ac
of a unitary surface of fracture, the LEFM approach indicates that fracture toughness of the
biocomposites examined increases significantly by passing from the UD laminates to the CP laminate
(up to 10 times and over), to the QI laminates (further average increments of about 50%). The redoubling
of the fiber concentration that occurs from Vi = 35% to Vi = 70% instead, leads to a fracture toughness
increment of about 35%. Although such a result is not in accordance with the predominant fiber failure
phenomena observed experimentally, that should lead to a redouble of the fracture toughness if the fiber
concentration redoubles, it is fully justified by the higher effects of the N-TDZ that occurs in the

biocomposites with V;=35%.

5.2 Critical strain energy release rate approaches
The estimation of the fracture toughness by energetic approach is based on the direct evaluation of the
Gic without the use of the LEFM. As mentioned above, the so-called Area Method (AM) and Compliance
Calibration (CC) [23] will be used in the following.

5.2.1 Area Method (AM)
As it is well-known, in this method the G value is related to the crack increment A4a that occurs from

the critical load Pc, with the consequent load reduction to the final value Pe, through the following
relationship obtained from the simple ratio of the energy released (equal to 1/2 [(P. — P)u, —

(u, — u.)P.]) and the fracture surface t 4a:

1/2 [(Pc - Pe)uc - (ue - uc)Pe] _ (Pcue - Peuc) (10)
tda 2tAa

G =

In order to avoid the potential errors related to the ill-conditioning of Eq.10, the values of Pe on the
fracture curves have been chosen in such a way to assure that the difference (P.u, — P,u.) is always not
less than 15% of the maximum value P.u, that correspond to the complete fracture of the specimen
(P, = 0). The P, values so identified for all the biocomposites examined, are depicted in Fig.5 by cyan

points.
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Also, it is important to note that due to the non-uniform in-depth crack growth, the direct measurement
of the crack length by visual observation is a difficult task and the relative values are in general non
accurate, so that the approach based on the computation of the crack length from the compliance
measurement is more accurate and, at the same time, it allows the user to take into account the N-TDZ
effects, as well as the fiber-bridging observed during crack propagation if the crack propagation is also
considered.

In order to highlight such effects, G, has been computed through Eg.10 by considering both the nominal
crack increment Aa obtained by the visual observation by camera (AM), and the equivalent crack
increment Aa,, = [aqq(F;) - acq(P.)] calculated by Eq.1 (modified area method, MAM); the values so

obtained are shown in Fig.12:

First, the comparison of the results of AM 35

and MAM for the CP and QI laminates, 30 i:w 1
shows that the effects of the N-TDZ and of »

the initial fiber-bridging effects lead to ;EZU - B &
appreciable increments of the computed 5" 1B I

Gic, with appreciable deviations generally

included between 15% and 70%. L
uD3s upD70 CP35 CP70 QI35 Q170

Figure 12 Values of G,c computed by AM and MAM for the

various biocomposites examined.

Furthermore, in accordance with the
qualitative indications provided previously
by the LEFM, the fracture toughness
increases significantly from UD laminates to CP laminates and hence to QI laminates, although the
values now provided by MAM for the angle-ply laminates are significantly higher. Such difference can
be partially justified by the beneficial fiber-bridging phenomena that occurs during crack propagation.

Finally, considering the influence of the fiber volume fraction, it can be observed that passing from V;
=35% to V;=70% the fracture toughness increases of about 50%, i.e. it does not redoubles, confirming

again the greater (positive) effects of the larger N-TDZ in the laminates with lower fiber fraction.

5.2.2 Compliance Calibration (CC)

As it is well-known from literature, in this method Gy is related to the value of the critical load and the

corresponding value of the derivative of the compliance function C(a) at the point identified by the
critical compliance C; = u./ P, through the simple relationship:
_PZdC
e =5 00
Also this method allows to take into account the effects of N-TDZ if the derivative is calculated rather

(11)

than at the point of C(a) corresponding to a.m (CC), at the point corresponding to ae, (Modified
Compliance Calibration, MCC). Obviously, unlike the AM in which G is the average specific energy

of the crack increment considered, the CC provides a point value of G, at the incipient crack growth
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condition (the so called “initial fracture toughness”) without take into account the successive fiber
bridging phenomena that occur during crack propagation. Consequently, the comparison of MAM and
MCC results, permits to highlight the effects of the fiber-bridging around the critical load. Moreover,
the comparison between the results of the CC and the MCC provides an accurate assessment of the
effects of the N-TDZ, without the effects of the fiber-bridging that instead are always included in the
evaluation of the fracture toughness performed by MAM.

Unfortunately, respect to the AM and MAM results, the point value provided by CC and MCC are
typically affected by a relatively high scattering, due also to the lower accuracy of the derivative of a
function derived experimentally or by numerical simulation. For this reason the AM and MAM methods
are in principle more accurate than CC and MCC methods.

However, by deriving Eq.1 with respect to a and replacing it into Eqg.11, the following resolving formula

is obtained:
2

G = z—ct(cl + 2c,a + 3cza? + 4cua + 5cga* + 6¢5a®) (12)
The following Fig.13 shows the G values evaluated by Eq.12 for each composite examined, by
considering both the nominal value (CC) and the equivalent value (MCC) of the crack length.
The comparison of the results of CC and 35
MCC reported in Fig.13, shows that for CP 0 e
and QI laminates the effect of the N-TDZ is 25 i
generally quite significant and it is in a very

cC

G, [kIn??]

good agreement with the values of the
increments aeq(Pc) - anom(Pc) of the critical

length reported in Tab.4; the percentage o Lomimein s
uD35 uD70 CP35 CP70 Q135 QI70

Figure 13 Values of Gc evaluated by the CC and the MCC
for the biocomposites examined.

deviations of Gy vary in practice from about
5% for the CP70 Ilaminates, which
corresponds to the minimum value of aeq(Pc)
- anom(P¢) = 0.37 mm, up to about 55% for the QI35 laminates, which corresponds to the maximum value
of aeq(Pc) - anom(Pc) = 3.30 mm. This fully confirms that the effects of the N-TDZ cannot be neglected

for an accurate analysis of the fracture toughness of the biocomposites considered.

5.3 Comparative analysis and accuracy estimations

The following Fig.14 shown the comparison between the values of G,. evaluated with the corrected
LEFM (i.e. by Eqg.5 with a = aeg) and with MAM and MCC.

As discussed in section 5.2, the comparison between the results of the MAM and the MCC shown in
Fig.14 allows to highlight the effects of fiber bridging that occur surrounding the critical load (incipient
crack growth): they are negligible only for UD35, whereas they lead to appreciable percentage
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increments of the fracture toughness for all other laminates, with values ranging from about 11% for
QI35 (minimum value) to about 31% for Q170 (maximum value).

The comparison of the LEFM results with 35

the MCC results (both point methods that e

do not take into account the fiber bridging ~ * —

effects) confirms instead that, due to the %20

significant extension of the N-TDZ respect ¢

to the SDZ, the LEFM underestimates the 1: III I
actual fracture toughness of the examined ) smsmsn smsall

UD35 UD70 CP35 CP70 QI35 QI70
Figure 14 Values of G,; provided by LEFM, MAM and MMC

for the biocomposites examined.

laminates, with errors ranging from about
8% for the UD laminates to about 18% for
the CP ones, to about 20%-30% for the QI
ones. Taking into account also the effects of bridging, i.e. by comparing the results of the LEFM with
those of the MAM, it is detected errors ranging from about 30% for the UD and the QI laminates to
about 45% for the CP ones. Therefore, it is possible to state that for the biocomposites examined the
fracture toughness cannot be accurately evaluated by LEFM, but only through energetic methods;
between them, the MAM is the most accurate because it takes into account not only the effects of the
N-DTZ but also the significant bridging-effects that occur when the crack start to propagate around the
critical load.

5.4 Analysis of the resistance R-curves

The experimental evidence shows that in the biocomposite laminates analyzed the effects of fiber
bridging tend to increase appreciably with the progressive crack growth, reaching a stable condition
after a crack growth of about 8-10 mm; also, the crack growth tends to become instable only after this
fiber bridging stabilization. Consequently, it is possible to state that the examined biocomposite exhibit
significant R-curves whose asymptotic values constitute the true fracture toughness that is in general
appreciable higher than the initial fracture toughness above determined.

In order to evaluate this material property, the evolution of G,c with the progressive crack growth (R-

curves) have been computed by using the MAM,; the relative results are reported in the following Fig.15.
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Figure 15 R-curves obtained by using MAM for the biocomposites having (a) Vs = 35% and (b) Vi = 70%.
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As expected, Fig.15 shows that for all the laminates the G,c values increases significantly with the crack
growth; the asymptotic values correspond to significant increments (respect the initial ones) up to about
100% and 240% respectively for CP and QI laminates, fully confirming that the effects of fiber bridging
contribute in a very robust manner to the fracture toughness of the biocomposites examined. The higher
fiber-bridging effects of the laminae at £45° with respect to 0° and 90° laminae, justifies the higher
increments observed for the QI laminates. Finally, it is very interesting to observe how the asymptotic
values obtained for the different laminates are in practice proportional to the fibre volume fraction:
moving from laminates with V¢ = 35% (Fig.15a) to laminates with Vi = 70% (Fig.15b) G passes from
values of 2.85 kJ/m?, 20.1 kJ/m? and 29.5 kJ/m? to values almost double of 6.2 kJ/m?, 40.3 kJ/m? and
57.6 kd/m?, respectively for UD, CP and QI laminates.

5.5 Specific critical energy strain rate and laminate lay-up optimization

In accordance with the experimental evidence above illustrated in detail, it is possible to state that the
fracture toughness of a generic biocomposite laminate type [0,/904/%45,]s is essentially linked to Vi as
well as to the particular lay-up defined by the percentages «, S e y of laminae placed at 0°, 90° e +45°
respectively. In particular, since the damage mechanisms of each lamina (fiber and matrix tensile failure
for the 0° laminae, matrix delamination and limited fiber shear failure for the 90° laminae, fiber and
matrix shear failure for £45° laminae) are in practice independent of the particular laminate lay-up, then
for the generic laminate univocally identified by the quatern (., £, v, V) the asymptotic value of G,c can
be evaluated at the design stage by the following linear relationship:

Gie(a, By, V) = GL(V)) a+ G2(Vp) B+ GE¥(Vy) v (13)
being G2.(Vy), G2 (Vr) and G;E**(V;) respectively the specific fracture energy of the lamina placed at
0°, 90° and +45°, having fibre volume concentration equal to V.

In detail, by applying Eq.13 to the CP35 and CP70 laminates examined, the unknown values G2.(35%),
GL.(70%) are immediately evaluated from the following equation system (numerical values taken from
Fig.15):

G,.(0.5,0.5,0,35%) = G/-(35%) - 0.5 + 2.85- 0.5 = 20.1 kdJ/m? (14)

G1(0.5,0.5,0,70%) = GL(70%) - 0.5 + 6.2-0.5 = 40.3 kJ/m? (15)

By solving this, it follows:
G2(35%) = 37.4 kiIm? and G2.(70%) = 74.4 ki/m?

Similarly, the values of G5*°(35%) and G-*°(70%) -can be estimated by applying Eq.13 to QI35 and
QI170 laminates (numerical values taken again from Fig.15):

G.(0.25,0.25,0.50,35%) = 37.4 0.25 + 2.85 - 0.25 + G;5**(35%) - 0.50 = 29.5 kJ/m? (16)
G1.(0.25,0.25,0.50,70%) = 74.4 - 0.25 + 6.2-0.25 + Gi-**(70%) - 0.50 = 57.6 kJ/m? (17)

By solving Egs.16 and 17 it follows:
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GE*®(35%) = 38.9 kJ/m? and G.(70%) = 74.9 kJ/m?

The following Tab.6 summarizes the above calculated asymptotic G;c values of single unidirectional

lamina by varying V as well as its relative orientation (0°, 90°, £45°):

Table 6 Asymptotic Gy values for the single unidirectional lamina.

Vy Gie G G
[kd/m?] [kd/m?] [kd/m?]

35% 2.85 38.9 374

70% 6.2 74.9 74.4

The analysis of Tab.6 shows that the contribution of a lamina at 90° to the fracture toughness of the
laminate, is relatively small (about 3+6 kJ/m?) whereas the significant contributions are given by the
laminae at 0° or +45°, that exhibit comparable values of fracture energy of about 38 kJ/m? and 75 kJ/m?
for Vi =35% and V: =70% respectively. Consequently, the substitution of laminae oriented at 0° with
laminae oriented at +45° does not lead to significant changes of the fracture toughness of the laminate;
also, to maximize the fracture toughness of a laminate having fixed values of Vs and thickness, it is
necessary to avoid the use of laminae at 90° (i.e. to use laminates with £ =0), by fixing the percentage
of laminae at 0° and at +45° as a function of the magnitude of the tensile (laminae at 0°) and shear
(laminae at 45°) loads actually applied. In other words, the best lay-up of biocomposites laminates for
structural and semi-structural applications subject to high fracture risks is [0,/£45,_,]s with Vi =70%,
which corresponds a fracture toughness of 75 kJ/m?,

Finally, as observed in the previous section about the proportionality of the fracture energy to the fiber

volume concentration Vy, it can be stated that the toughness G£.(V;) of a generic unidirectional lamina
having fiber volume concentration V; and orientation €= 0°, 90° or +45°, can be determined by using
Tab.6 data through the simple linear relationship:
GE(Vr) = GL(35%) + [GE.(70%) — Gf.(35%)](V; — 35%)/35% (18)

In order to assess the indications above obtained about the optimal lay-up as well as the accuracy of
both Eq.18 and Eq.13, three biocomposites having optimized lay-up [0./£45,-¢]s (with «=1/3) and
intermediate fiber fraction Vi =50%, have been manufactured and subjected to fracture tests. In the
following Tab.7 the relative fracture toughness obtained experimentally by MAM, are compared with
the values provided by the use of Eq.18 and Eq.13 (a=1/3, =0, y =2/3):

Table 7 Fracture test results of several biocomposites with optimized lay-up.

Lay-up V¢ thickness G, from Egs.18 and 13 G given by MAM  Deviation
[%] [mm] [kI/m?] [kd/m?] [%]
[0/+45]s 50 15 56.6 61.9 +9.4
[02 /(i45)2]5 50 3.0 56.6 56.1 -1.0
[03/(x45)3]s 50 4.5 56.6 52.2 -8.8

The analysis of the deviations between the experimental results and the value predicted by Eq.18 and

13 show a good accuracy; in detail, the correlation between the sign of the deviations and the laminate
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thickness highlight that, as it is widely shown in literature, the fracture toughness of the laminate tends
to decrease when the laminate thickness increases. However, in the range 1.5 — 4.5 mm of practical

application of the examined laminates, such variation is in general included in the range +10%.

6 COMPARISON WITH OTHER LITERATURE RESULTS
Taking into account that composites and biocomposites are essentially materials used in light-weight
applications where the relevant characteristic parameter is the specific one, obtained by dividing the
absolute parameter by the specific weight, in the following the comparison between the fracture
toughness of the biocomposites examined and that of other materials is then carried out by considering
the specific energy Gic/p being p the specific weight (see Fig.16).

13

12 natural fibers i sisal fibers ' metallic materials ' synthetic fibers
T 1 (from p.w.) 1 I .60
1 1 1
10 1 I 1 _
0 ] | i |
1 1 1
8 1 1 1
1 1 1
— 7 1 1 1
‘B 6 1 | .
= 1 1 1
5 i i i
\Q 4 1 1 1
2 1 [.03] 1 _ 1
O 3 1 1 1
] . | . ]
0.59 0.55 ' ! 0.60 !
a— — o ! 1ol s !
0.17] [o717 32
L | S ! — ! | 1
T OF F = ¥ O3 =¥ T 73 T ¥ = T 2 =T o
& & = A & Z el b ES E z = = = & = o ja]
SoLor LT s L x & & & S5 4 £ 8 5 oz
= ] : ; = L E -
C @] £ = < =< g o o 5 S g g g K s £ o
S & k] = = = 5 = v = 5 5 51 & < ] L
2 2 g S | . 7 2 2 2 o z 5 =
z 2] L g & = 5 s 5 — &) Z 2 = } S =)
Z2 2 4 H o o o] g 5 3 = . \ N & I 5 &
5 51 5 8 S o) - by 2 =) o 51 =1 I~ 1 o z 5
= E] e 5 7 z e I 3 2 2 = = ,
: B2 o2 2 £ 2 5 P “a £ = E 2 £ O
Z 3 2 g g S z A g 2 = g g & g g 2
H K = 1= = 5 IS o 5 5 S, S 2 2 a 2 g
3 Iz = ° £ El = 5 =2 5 . < g g 2 = £
= = E ES = s S @
=} = = S = = = 3 % 5 =4 £ S @ K
& @ 2 5] ] wvi @ " 53 = 5 £ = 9]
) 7] = B [} = Q
El .y J g
% 1=}
< ® B8
= = =
= 2 o]
< ]
7]

*p.w. = present work

Figure 16 Specific energy Gic/p for different composites, biocomposites and metallic materials.

Fig.16 shows that the high performance biocomposites examined in this work can reach specific fracture
toughness Gic/p up to 5.61 m? (optimized lay-ups without laminae at 90°). This value is about 35% +
45% lower than that of performing and relatively much more expensive synthetic CFRP or hybrids
GCFRP, which exhibit specific toughness values in the range 8.87 to 10.6 m? The comparison with
traditional metal materials such as steel and aluminum, which exhibit Gic/p values included in the range
0.5-0.6 m?, shows how the examined biocomposites have a fracture toughness 5-10 times higher. Also,
it is 4-10 times higher than other biocomposites reinforced by natural fibers reported in literature, having
specific toughness ranging from 0.55 to 0.85 m2. Finally, the biocomposites examined have specific
fracture toughness also higher than titanium and its alloys (very appreciated in the fracture field for the
high K¢ values exhibited) that have specific resistance in the order of 2.5 m2,

Consequently it can be said that in terms of specific fracture toughness the high performance
biocomposites examined are appreciable more performing respect not only to similar biocomposites

developed and studied in the literature, but also to traditional metal materials such as steel, aluminum
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and titanium alloys, that therefore can be replaced by these biocomposites even for applications

characterized by high fracture risks. Also, the substitution of high performance synthetic composites

(CFRP, GCFRP etc.) can be reasonably considered too, if the significant advantages offered by the

examined biocomposites in terms of eco-compatibility and cost (that is in general lower than one order

of magnitude), are properly considered.

7 CONCLUSIONS

The experimental analysis of the translaminar fracture toughness of high performance biocomposite

laminates reinforced by sisal fibers, by varying the fiber volume concentration V; and the lay-up, have

allowed to show that:

although an appropriate corrective function that takes into account the anisotropy of the
examined biocomposites has been introduced by the authors and the effects of the local damage
of the material near the crack tip is properly considered by using the so called equivalent crack
length, the LEFM does not provide accurate estimations even for the initial fracture toughness,
mainly because the extension of the damaged area near the crack tip is higher than that of the
singular dominate zone.

accurate values of initial G are instead provided by the proposed modified area method, that
take into account the effects of the local damage of the material through the equivalent crack
length. The use of the modified compliance calibration method provides instead approximated
results, because it does not consider the effects of significant fiber-bridging that occur when the
crack start to propagate from the critical load.

the analysis of the damage mechanisms observed for the different unidirectional, cross-ply and
quasi-isotropic laminates, have shown that these involve respectively the intralaminar
delamination of the laminae at 90°, the tensile failure fibers and matrix of the laminae at 0° and
the shear failure of fibers and matrix of the laminae at £45°; moreover, the crack propagation is
followed by significant and progressive fiber-bridging phenomena that lead to noticeable
increments of the fracture toughness, that stabilizes after about 8-10 mm of crack growth. These
asymptotic values obtained by appropriate R-curves analysis, constitutes the true fracture
toughness of the biocomposites examined.

also, the analysis of the various lay-ups considered (with Vi =35% and 70%) have allowed to
detect that the specific fracture energy of the unidirectional lamina oriented at 0° (aligned with
the load), at 90° and +45°, is always proportional to the fibre volume fraction and therefore, the
corresponding fracture energy values computed in the present work (2.85, 37.4 and 38.9 kJ/m2
for Vi =35% and 6.2, 74.4 and 74.9 for Vi =70%) allow the designer to predict the fracture
toughness of a laminate with a generic lay-up, as the sum of the contributions of the individual

laminae, obtained by simple linear interpolation with respect to V+.
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the comparison with other materials reported in literature, have shown that the examined
biocomposites have specific fracture toughness Gic/p that is about 35% + 45% lower than those
of expensive CFRP and hybrid GCFRP properly implemented. Also, it is significantly higher
than that of both other biocomposites reinforced by natural fibers (jute, hemp, etc.), and
traditional metal materials such as steel, aluminum and titanium; therefore, these last materials
can be replaced advantageously by the analyzed eco-friendly biocomposites, also of structural
components subjected to high fracture risks. Thanks to the low cost of the sisal fibers, such
substitutions would lead not only to a reduction of the environmental impact, but also to an

interesting cost reduction.
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Figure and Table Captions

FIGURE CAPTIONS

Figure 1 (a) stretched and aligned fibers, (b) unidirectional “stitched” fabrics obtained in laboratory.

Figure 2 Laminates type (a) UD70, (b) CP70, (c) BP70 e (d) QI70 obtained by compression-moulding.

Figure 3 (a) sketch of the CT specimen and (b) relative specimen type CP70.

Figure 4 Specimens with Vi =70% during test and zoom of the relative fracture surfaces after test.

Figure 5 Mean fracture curves of the various biocomposite laminates considered.

Figure 6 Compliance curves obtained experimentally for the (a) UD, (b) CP and (c) QI biocomposite laminates having
Vi =35% and 70%.

Figure 7 Comparison between aeq and the corresponding value anom for the various examined biocomposites.

Figure 8 Comparison between the actual opening stress oy computed by FEM and the theoretical one for the Q170
biocomposite examined.

Figure 9 Correction coefficient Canis versus the two anisotropic ratios Re and Re.

Figure 10 Values of the critical stress intensity factor obtained by using Eqg.3 and Eq.5.

Figure 11 Values of GIc"' obtained by Eq.9 from the values of KIc" obtained from Eq.5 with a = ae.

Figure 12 Values of Gic computed by AM and MAM for the various biocomposites examined.

Figure 13 Values of G evaluated by the CC and the MCC for the biocomposites examined.

Figure 14 Values of Gc provided by LEFM, MAM and MMC for the biocomposites examined.

Figure 15 R-curves obtained by using MAM for the biocomposites having (a) Vi = 35% and (b) Vi = 70%.

Figure 16 Specific energy Gic/p for different composites, biocomposites and metallic materials.

TABLE CAPTIONS

Table 1 Properties of the sisal fibers considerate in the present study.

Table 2 Properties of the green epoxy resin, used as matrix [47].

Table 3 Lay-up and fiber volume fraction of the various biocomposites considered.
Table 4 Values of Cc, aeq and (aeq - anom) for the various examined biocomposites.
Table 5 Coefficient Canis for the biocomposites examined.

Table 6 Asymptotic Glc values for the single unidirectional lamina.

Table 7 Fracture test results of several biocomposites with optimized lay-up.



