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High performance biocomposites reinforced by sisal fibers, are between the most promising materials that could
be used in various fields, from automotive to civil constructions, thanks to their good mechanical performance, as
well as to the low cost and the great availability of the fiber. Nevertheless, at present their practical use is
prevented by the limited knowledge of their mechanical performance. The results of the present study have

shown that the intimate fibrillar structure of the sisal fiber is associated with a high anisotropy involving not only
the elastic parameters, but also the damage processes with typical fiber splitting phenomena, that influence
noticeably the biocomposite strength under transversal tensile/compressive, longitudinal compressive and shear
loading. Also, they have permitted to implement new micromechanical models that can be used at the design
stage, in all practical structural applications where low cost green biocomposites reinforced by sisal long fiber

could be advantageously used.

1. Introduction

Composite materials reinforced by natural fibers are increasingly
used in various fields of the civil and industrial sectors [1,2], especially
for non-structural applications (filling material, soundproofing, dash-
board etc.). Between the various natural fibers used to the development
of such interesting materials [3,4], the sisal fiber is very attractive
because of its good mechanical properties associated to many other
advantages as high availability in the current market, low cost, low
embodied energy, low skin irritability, low damageability and good
thoughness [5-12]. The sisal fiber is extracted by a plant called agave
sisalana, cultivated extensively in Africa and South America and
constituted by a few dozen flat and elongated leaves (Fig. 1a), each
containing a thousand structural fibers (Fig. 1b) concentrated along the
leaf perimeter.

Also, recent studies on epoxy and PLA (Polylactic Acid) matrix bio-
composites reinforced with sisal fibers [13-19] have allowed the
development of an unidirectional lamina characterized by high me-
chanical performances (tensile strength and stiffness up to about 500
MPa and 30 GPa respectively); such biocomposites can be used advan-
tageously for the implementation of ecofriendly or renewable laminates
for the replacement of technical metals (steel, aluminum etc.) and
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common GFRP in structural and semi-structural applications.

Unfortunately, the most research works reported in literature
focused only the performance of biocomposites under simple tensile/
bending loading [5-13], or the possible treatments [20-27] able to
improve the mechanical properties of the sisal fiber and the fiber-matrix
adhesion. Consequently, the practical use of the sisal reinforced lami-
nates (cross-ply, angle-ply etc.) still requires further studies for the
complete knowledge of: (a) the anisotropic mechanical behavior of the
fiber; (b) the unidirectional lamina performance under the various
loading conditions (longitudinal compressive, transversal tensile/
compressive, shear) that can occur during the actual service; (c) micro-
mechanical models that can be used both for the estimation of the
transversal and shear properties of the fiber and for a reliable prediction
of the mechanical behavior of a generic unidirectional lamina.

In more detail, the direct analysis of the intimate structure of the sisal
fiber (see Fig. 1c and d), that is constituted by a multitude of hollow
quasi-cylindrical sub-fibers (bundle) aligned with the (technical) fiber
axis [28], suggests a high mechanical anisotropy which to date. In fact, it
has not been properly considered in the analysis of the corresponding
biocomposites, that has been always performed approximately by
assuming an isotropic behavior.

The exam of the literature shows that very few work have been
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Fig. 1. (a) Plants of agave sisalana, (b) fibers, (c) typical horseshoe fiber section and (d) hollow cylindrical sub-fibers. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)

addressed to the anisotropy of the natural fibers [29-34] and they have
been mainly addressed to the jute fiber [29,30] or to the development of
theoretical model involving the cellulose content and the spiral angle
dependency [31]. In more detail, in [29] Cichocki et al. have analyzed
the anisotropy of the jute fiber by using the experimental results of the
corresponding biocomposites, and proper micromechanical models. In
[30] instead, Thomason has studied the possible correlation between the
low strength of a random short jute fiber reinforced polypropylene and
the anisotropic internal fiber structure. His results emphasize the
importance of the knowledge of the fiber anisotropy for the correct
prediction of the mechanical properties of the relative biocomposites,
although the fiber strength anisotropy has not been examined. Only in
[32,33] the authors consider the anisotropy of the sisal fiber but their
study is quite approximate and not complete; in fact, they consider only
the main elastic moduli, neglect the influence of the fiber volume frac-
tion, and estimate the fiber shear modulus without proper shear tests on
composites. Also, such works do not consider any compressive loading
case and, above all, none estimation of the strength anisotropy of the
fiber is performed.

Regarding the implementation of micromechanical models that can
be used for the reliable description of the biocomposites performance by
varying the fiber volume fraction, the examination of the literature
shows that no study has been addressed properly to this important
scope; also, the above mentioned works [29-34] have considered only
the elastic properties by using always (also for the shear properties) the
simple inverse rule of mixture, i.e. the approximated Voight model and
the Reuss model for longitudinal and transverse properties respectively.

In this study a systematic experimental tests campaign has been

performed by considering all the possible loading conditions that can
occur on an unidirectional lamina, by varying the fiber volume fraction
in the common range used for structural applications; it has allowed the
evaluation of the main anisotropic parameters that govern the me-
chanical behavior of the fiber and it influence on the mechanical
behavior of the relative unidirectional lamina. Also, the best fitting of
the experimental results has permitted to implement new anisotropic
micromechanical models that can be advantageously used at the design
stage for the reliable prediction of the mechanical properties of a generic
laminate.

2. Materials and methods
2.1. Matrix

The green epoxy resin used for the manufacturing of the bio-
composites is called SUPERSAP CNR, and is provided by Entropy Resin
Inc. (CA), USA [35]. As widely shown in [39-42], this matrix exhibits a
quite linear elastic behavior with a tensile Young’s modulus Ep, ~ 2.5
GPa, a Poisson’s ratio v;; ~ 0.38 and a brittle failure which corresponds a
tensile strength o, g ~ 45 MPa and a failure strain e, g ~ 2.5. These
mechanical characteristics have been indicated by the provider and
confirmed by proper tensile test carried out before the biocomposite
manufacturing. Also, proper shear tests have permitted to detected a
shear strength 7, g ~ 25 MPa.

Fig. 2. Unidirectional stitched fabric made on laboratory: (a) alignment and stretching of the fibers, (b) fabric after transversal stitching. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Biocomposite manufacturing: (a) hand lay-up inside the mold, (b) mold, counter-mold and press used for the thermo-mechanical compression moulding and
(c) biocomposite panel obtained. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

2.2. Fibers

As mentioned above, the reinforcement of the high performance
biocomposites considered in this work, has been obtained by using high
quality long sisal fibers, obtained by South American plantations
(Fig. 1a) and provided by the Mellau-Teppich GmbH & Co (Austria). In
order to maintain a high degree of renewability of the biocomposites, no
additional surface treatment have been carried out.

Taking into account the potential high scattering of the mechanical
properties of natural fibers [14-17], the longitudinal tensile properties
of the technical fiber (bundle) batch used in the present work (Fig. 1b)
has been accurately determined by preliminary single (technical) fiber
tensile tests carried out on an high number of fibers according the ASTM
D3822/D3822M standard [36], by using an INSTRON 3367 universal
testing machine equipped by an optical extensometer, and the approach
exposed in [17] to measure the transversal fiber section. All others
mechanical properties have been determined indirectly by proper me-
chanical tests carried out on the unidirectional lamina.

2.3. Manufacturing of the high-performance unidirectional laminae

In accordance with previous works of the same authors [14-19], the
high performance biocomposite unidirectional laminae considered in
the present work, have been obtained by using unidirectional “stitched”
type fabrics (having a mean weight of about 210 g/m?) preliminary
made in laboratory by a particular procedure consisting in the manual
alignment/stretching of the fibers (Fig. 2a) followed by the execution of
transverse seams at regular intervals of about 50 mm (Fig. 2b).

In order to cover the typical range of the fiber volume fraction V¢
used for structural applications [37,38], i.e. 0.2 < V; < 0.7, such uni-
directional fabrics have been used for the manufacturing of single-layer
laminates type [0x], with x =4, 6, 8,10, 12 and 14 for Vyvalues equal to
0.2, 0.3, 0.4, 0.5, 0.6 and 0.7. For all the fiber volume fractions
considered, in order to obtain the desired thickness of 3 mm, calibrated
shims have been located inside the mould before pressing the panel.

In detail, in order to obtain high quality laminates (with limited
voids and without direct contact between the fibers), after the pre-
liminary hand lay-up performed inside a rectangular mold (see Fig. 3a)
having dimension of 340 x 190 mm, a successive optimal compression
moulding process [16,17], has been applied by using a 100-tons hy-
draulic press (Fig. 3b). In detail, a thermomechanical curing process
having a total duration of 5 h (3 h at a constant temperature of 80 °C and
1 h for the increasing and decreasing phases) with curing pressure
included in between 0.06 MPa (Vy = 0.2) to 6 MPa (Vy = 0.7) and gelling
time in the range from 0.25 h (Vy = 0.2) to 0.5 h, has been used (see

reference [17] for more details). From such panels (see Fig. 3c), proper
specimens have been extracted for the subsequent experimental tests
described in detail in the following.

2.4. Mechanical testing under various loading conditions

As mentioned above, the accurate analysis of the anisotropic
behavior of the sisal fiber, in terms of elastic properties and mechanical
strength, has been performed through a complete experimental testing
of the reinforced unidirectional lamina carried out by considering the
main loading conditions [36,37]: longitudinal tensile loading, trans-
versal tensile loading, shear loading, longitudinal compressive loading
and transversal compressive loading. For each loading condition five
specimens have been used for each fiber volume fraction considered. In
more detail, the longitudinal and the transversal tensile tests has been
carried out by using an INSTRON 3367 testing machine and specimens
instrumented by a longitudinal extensometer type HBM (base length b =
25 mm) and a transversal VISHAY electrical resistance strain gauge
(base length b = 8 mm); in accordance with the ASTM D3039/D3039M
[39] standard, specimens having dimension of 15 x 250 x 3 mm and 25
x 175 x 3 mm have been used for longitudinal and transverse test
respectively.

The longitudinal and transverse compressive tests has been per-
formed instead in accordance with the ASTM D 6641/D 6641M standard
[40]; in detail, in this cases the compressive strains were monitored by
means of a VISHAY electrical resistance strain gauge (having b = 12
mm).

The particular devices used for the shear tests accomplished in
accordance with different approaches, are described in detail in Section
3.3.

3. Results and discussion

The preliminary “single fiber” tensile tests carried out on the fiber
batch used in this work, have provided the following mean values and
standard deviations of the main mechanical parameters: longitudinal

tensile strength ag} = 675 MPa (standard deviation of about +11%),
longitudinal tensile Young’s modulus Eéf) = 40,10 GPa (standard devi-

ation of about +14%) and ultimate longitudinal tensile strain eg }{ =

1.73% (standard deviation of about +15%).
3.1. Mechanical behavior under longitudinal tensile loading

Although the longitudinal tensile test has been performed in previous
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Fig. 4. (a) Longitudinal tensile strength and theoretical ROM models repre-
sented by Eq. (1); (b) longitudinal Young’s modulus and theoretical model
represented by Eq. (2); (c) major Poisson’s ratio and theoretical model given by
Eq. (3a). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

works of the same authors [13-16], it is now repeated in order to obtain
an accurate evaluation of the performance of the current fiber batches
used in the present work, as well as to perform a proper major Poisson
ratio analysis, never performed to date. The results confirm, as just
obtained in [16] on similar fibers, that the longitudinal tensile strength
o r and the longitudinal Young’s modulus E; obey the rule of mixtures
(ROM), with deviations in general always lower than 10% (see Fig. 4a
and b). In detail, Fig. 4a shows how oy varies with V; in accordance
with the following ROM [37,38]:

6Lr = 0.856) Vs + 0, (1-V;) @

in which o), is the matrix stress that of occurs at the fiber failure strain

Composites Part A 143 (2021) 106320

eg}{ equal to 0.0173, whereas aﬂ is the fiber tensile strength determined
by the previous single fiber tensile tests (see Section 2.2). The constant
0.85 that appears in Eq. (1), is provided by the best fitting procedure of
the experimental data and corresponds to the well-known corrective
coefficient commonly applied to the fiber tensile strength [37,38] in
order to take into account the main influence parameters (fiber
damaging during biocomposite manufacturing, fiber misalignment etc.);
its relatively high value confirms the good quality of the biocomposites
as well as the low damageability of the sisal fiber. No macroscopic
debonding (no transversal swelling of the failure specimen is observed)
or pull-out phenomena (no long fiber segment is observed) have been
observed in the longitudinal tensile tests, confirming the good matrix-
fiber adhesion.

Fig. 4b shows instead the good agreement of the longitudinal tensile
Young’s modulus Ej, detected experimentally by varying the fiber vol-
ume fraction Vj, with the well-known ROM [37,38]:

EL=E{V;+E,(1-V)) 2

written by using the values Eg) = 40.1 GPa (see Section 2.2) and E,, =
2.5 GPa; also in this case the deviation observed are less than about 10%.

Finally, Fig. 4c shows the experimental results obtained in terms of
major Poisson’s ratio vir by varying V. The comparison of the straight
line fitting the experimental values (passing also to the y-intercept point
corresponding to the matrix Poisson’s ratio v, = 0.38) and having the
following expression:

vir = 0.61V; +0.38(1— V) (3a)

with the well-known ROM provided by the micromechanics for the
major Poisson’s ratio v;r of an unidirectional lamina [37,38], i.e:

vir = véfT)Vf + (1 =V) (3b)

permits immediately to recognize as the major Poisson’s ratio ng) of
the sisal fiber takes the value 0.61, superior to the isotropic limit of 0.5.
Such a value corroborates the expected anisotropic elastic behavior of
the sisal fiber. It is noteworthy to observe how it is very similar to the
value of 0.6 detected by Cheng et al. in [41] for the Kevlar fiber, through
a particular micro-experimental device applied directly to a single fiber;
this confirm the above noted structural analogy between sisal and
aramid fibers.

Regarding, the damage mechanisms that occur under longitudinal
tensile loading, the experimental evidence has shown that the tensile
failure always occurs without premature appreciable debonding or fiber
pull-out phenomena; it confirms both the good fiber/matrix adhesion
that occurs although none surface treatment has been performed, and
the absence of appreciable internal voids that can lead to a secondary
debonding due to the growth of matrix defects along the matrix-fiber
interface [42]. In particular, it is observed that, regardless Vj, the fail-
ure of such biocomposites occurs through failure surfaces that propa-
gates transversally to applied load direction (see Fig. 5a), followed by
secondary shear local failure (failure surfaces parallel to the fiber di-
rection) triggered by unavoidable small fiber-load alignment errors
(3-4°).

However, the analysis of the SEM micrographs of the corresponding
failure surfaces (see Fig. 5b-e), clearly confirms the absence of
debonding and pull-out phenomena. The SEM images show in fact the
presence of fibers broken exactly on the fracture plane (see Fig. 5b and
c), mixed to fiber segments having length always less than the fiber
diameter (see Fig. 5d and e), i.e. less than the critical length, that for this
couple of materials (sisal fiber/green epoxy) takes values no less than
2.5 mm [15,17]; in any case no significant lateral fiber surfaces are
observed.



B. Zuccarello et al. Composites Part A 143 (2021) 106320

Fig. 5. (a) Typical image of specimens fractured by tensile test and (b-e) SEM micrographs of the corresponding fracture surfaces. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. (a) Typical image the specimens after transversal tensile test and (b, ¢c) SEM micrographs of the fracture surfaces that evidence the fiber splitting. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

3.2. Mechanical behavior under transversal tensile loading failure stress o7,g values, that decreases from about 20 MPa to about 5.5
MPa when V varies from 0.2 to 0.7.

The transversal tensile tests has shown that the examined bio- Also, the analysis of the specimens after the tests (Fig. 6a) shows how
composites exhibit in practice an almost linear elastic behavior up to the fracture is characterized by a multitude of fibers subjected to evident
failure, that occurs for a mean failure strain erg = 0.27% and very low splitting phenomena, due to the low mutual adhesion of the sub-fibers

Fracture surface
Q @ @ —[A —
<+ e
Q Q D Or «— D|—» Oy
A <+ —_—
Q D\ Dl — >

(a) (b)

Fig. 7. PMM: (a) typical model scheme and (b) RVE used for the analysis of the transversal tensile strength.
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that constitute each sisal fiber. An accurate examination shows the
formation of several thin fibers produced by the splitting phenomena,
typically characterized by irregular surfaces. Such splitting phenomena
are widely confirmed by the analysis of SEM micrographs performed on
the fracture surfaces (see Fig. 6b and c) that show the lateral surface of
fibers that have suffered evident splitting phenomena; internal trans-
versal failures corresponding to the separation of the sub-fibers at the
their interface, are clearly evident. Similar splitting phenomena is also
surprisingly observed during the manual manufacturing of the unidi-
rectional stitched fabrics: two or more fibers are formed easily from an
initial fiber under low accidental transversal stresses.

It is worthy to note how the observed low transversal splitting
strength of the sisal fibers justifies the poor results reported in literature

Composites Part A 143 (2021) 106320

[20-27] about the limited failure strength improvement of random short
fiber biocomposites, detected after the implementation of various sur-
face treatments, although they seem to improve appreciably the matrix-
fiber adhesion in pull-out tests. In other words, such poor results of the
various fiber treatments occurs because the failure process is not gov-
erned by the matrix/fiber interface strength, but rather than by the
“internal” fiber splitting phenomena, which have not been detected till
now in literature.

It is also important to note that, such splitting phenomena never
occur in presence of longitudinal tensile load; therefore they do not
influence the pull-out strength and neither the fiber-matrix debonding
strength under prevalent longitudinal tensile loading, how it has been
observed in the previous section, and also widely confirmed in previous
works [15,17] that describe in detail proper pull-out test.

Taking into account the observed fiber splitting phenomenon, the
transversal strength of the analyzed biocomposites can be estimated by
considering the representative volume element (RVE) of the periodic
microstructure model (PMM) constituted by a simple circular fiber with
mean diameter D, embedded in a square matrix volume [37,38,43]
having side D/L =2 wif/m)? (Fig. 7a and b). In detail, for high Vyvalues
(eg. Vy="70%) the damage will propagate with failure surface coincident
with the middle section of the RVE (Fig. 7b), then the equation of the
horizontal equilibrium at the incipient failure condition provides:

D L—-D Ve V,
OrR = 6(7[_)RZ+Em€T,R< I ) = O'(Tf;gz\/;jﬁLEmET.R (1 2\/#) @

In which a% is the fiber splitting strength, whereas e is the failure

strain of the unidirectional lamina under transversal tensile loading.

The experimental knowledge of the first term o7r of Eq. (4) provided
from the transversal tensile tests, permits immediately the evaluation of
the unknown fiber splitting strength o(&; in particular, by considering
the better conditioned case Vy = 0.7 (higher fiber volume fraction
considered), which corresponds er.gr = 0.27% and orr = 5.67 MPa, (as
well as E,, = 2.5 GPa), from Eq. (4) it follows:

-1
ol = {GT,RE”,ET,R (1 -2 ‘3)} (2,/‘2) =5.55 MPa (5)

It is seen how the sisal fiber exhibits a very high strength anisotropy,
never detected until now: the longitudinal tensile strength is higher than
two order of magnitude respect to the transversal one (strength anisot-
ropy ratio 675/5.55 ~ 120).

Obviously, for low Vf values the premature fiber splitting does not
lead to the biocomposite failure that is, instead, related to the matrix
failure; in this condition the horizontal equilibrium equation written by
considering again the RVE of the PMM (Fig. 7b), provides the relation-
ship between the biocomposite strength 67z and the matrix strength:

OTR = Gm,R<L — D) = OmRr <1 -2 Vr) (6)

L n

As it can be seen from Fig. 8a, the relationship represented by Eq. (4)
fits very well the experimental data for V; > 0.6, whereas Eq. (6) fits well
the experimental data for V; < 0.6. The value V; = 0.6 corresponds
therefore to the so called minimum fiber volume fraction Vi, because for
Vr < 0.6 the transversal failure of the biocomposite is governed by the
matrix strength, whereas for Vy > 0.6 it is governed by the splitting
strength of the fibers.

Fig. 8b shows the values of transversal Young’s modulus detected
experimentally, along with the curve that represents the Halpin-Tsai
model (red dashed line) commonly used in literature for the descrip-
tion of the transversal Young’s modulus of unidirectional composites
[37,38], implemented in general by assuming the fiber as an isotropic
material. It is seen how, unlike it commonly occurs for a generic com-
posite reinforced by synthetic fibers, the transversal Young’s modulus Er
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of the examined unidirectional lamina, is not an increasing function of
Vf, but it is a slightly decreasing function that does not accord at all with
the classical isotropic Halpin-Tsai model.

The significant deviations observed confirms the appreciable
anisotropy of the sisal fiber, not only in terms of mechanical strength, as
above observed, but also in terms of elastic properties. Therefore, the
correct Halpin-Tsai model have to be written by abandoned the isotropic
hypothesis and by introducing the actual transversal Young’s modulus

ET(f)of the fibers, i.e. by using the following corrected formula:
(EP[E,) -1
(Y JE,) +2

1424V,
Er = E, Y i g =

=By 7.8)

The experimental knowledge of the first term E7 of Eq. (7) permits

the immediate evaluation of the unknown Young’s modulus EY; as
above, by considering the better conditioned case of V; = 0.7 (which
corresponds the experimental value Er = 2.19 GPa), after solving Eq. (7)

for EY, it follows:

EY) =2.07 GPa 9)

Such a low value indicates a high elastic anisotropy of the sisal fiber,
characterized in practice by a relatively high elastic anisotropy ratio
Eg)/Eg) = 40.1/2.07 ~ 20. Such a value is include between the values
reported in literature [29,33] for other natural fibers as jute (about 7)
and flax (about 60), as well as for some synthetical fiber as carbon fiber

(about 16) and aramid fiber (about 36).

Finally, Fig. 8c shows the good accordance between the experimental
values of vy, detected from the transversal tensile tests performed by
varying Vj, and the value provided by the well-known formula for
orthotropic materials [37,38]:

vie (V) = vir(Vy)Er(Vy)/EL(Vy) 10)

being all the variables that appear at the right member already detected
by the tests above described longitudinal and transverse tests. By
applying this formula to the fiber, it is possible to estimate the relative
minor Poisson’s ratio v%)from the values of véfT),Eg) and E,(f) already
detected, as:

0 _ nE 2.07

v = vl = 061 = 0.03 an
EL

40.1
The low value of the minor Poisson’s ratio confirms furtherly the
significant orthotropic behavior of the sisal fiber. Such characteristics
have to be considered properly for accurate stress analysis in the prac-
tical applications of the biocomposites.

3.3. Mechanical behavior under shear loading

In order to test which of the three methods usually used for the
analysis of the shear behavior of composites, as three rail shear tests,
Tosipescu test and rail shear test, is more suitable for the characterization
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Fig. 10. (a) Shear modulus of the analyzed biocomposite laminae versus Vy, and Halpin-Tsai models; (b) shear strength versus V; and theoretical models proposed.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

of the analyzed biocomposites, shear tests were preliminary performed
by considering all the three methods above mentioned.

As it is well known, the three rail shear test method is standardized
by the ASTM D 4255/D 4255M [44] and uses relatively large rectan-
gular specimens instrumented with a pair of electrical strain gauge (SG)
or a strain gauge rosettes (SGR), as shown in Fig. 9a.

The Iosipescu method refers instead to the ASTM D 5379/D 5379M
[45] standard and uses relatively small specimen with double V-notch
(properly instrumented with a special SG) and a special purpose-built
test machine (see Fig. 9b); in this work a special Vishay SG (with b =
12 mm) has been used.

Finally, the two-rail shear test method is described by the same
ASTM D 4255/D 4255M standard [44], and uses a rectangular specimen
equal to half the specimen used by the three rail shear test (see Fig. 9c).

As an example of the experimental data obtained under shear
loading, Fig. 9d shows the average curves t-y detected experimentally by
the three different experimental methods for the same unidirectional
biocomposite having V; = 0.7. The experimental evidence shows how
the three methods give rise to different phenomena of progressive
damage, thus different t-y curves are obtained. In particular, in the
examined case the three rail shear test, that is the method most used for

composites reinforced by synthetic fibers, detects an elasto-plastic curve
with shear failure that is associated to a shear strength 1,7, = 18.4 MPa,
which corresponds an ultimate shear strain of about 1.25% and a mean
shear modulus G;r = 1.47 GPa.

The Iosipescu method, instead, exhibits a much more linear curve
with a slight lower shear strength 177,z = 17.5 MPa. The relatively low
value of the failure shear strain (about 0.42%) is due to the observed
interference phenomena between specimen and test machine; these
undesired phenomena occur due to the relatively low shear stiffness of
the examined biocomposites with respect to composite specimens rein-
forced with synthetic fibers, for which the Iosipescu method was mainly
developed. Such interference phenomena do not influence significantly
the failure shear stress but lead to appreciable increasing of the apparent
shear modulus that assumes the value Gyt = 4.16 GPa, that is equal to
about three times the value correctly detected by the three rail shear
test.

Finally, due to the stress concentration observed near the end grip,
the two-rail shear test leads to a premature and progressive damaging
with a significant underestimation of the failure shear stress (t;7g ~ 12
MPa) with errors of about —35%.

In summary, it is possible to state that only the three rail shear test
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can be used for a reliable analysis of both shear strength and shear
modulus of unidirectional biocomposites reinforced by sisal fibers. The
losipescu method, instead, can be advantageously used only for the
analysis of the shear strength 777 g, whereas the two rail shear test can be
used only for the determination of the mean shear modulus Gy7.
Taking into account such considerations, the shear behavior of the
analyzed biocomposites by varying Vj, has been detected accurately by
using the three rail shear test. The experimental results so obtained in
term of Gy are reported in the following Fig. 10a, along with the curve
that represent the isotropic Halpin-Tsai model for shear loading [37,38],
given by the following formula that assume the sisal fiber isotropic:

%

1+nV,
Gur = G +va with 5= (12,13)
=, -
()
and
EY 40.1
G. L = 0 = 12.45 GPa a4

P08y 2(1+061)

From Fig. 10a it is seen how the isotropic Halpin-Tsai model repre-
sented by Eq. (12), does not match completely the experimental data:
like most synthetical fiber composite, it predict an exponential increase
of Grrwith V;, whereas the experimental data exhibit only a slight quasi-
linear increasing. Abandoning the hypothesis of shear isotropy of the
fiber and writing the Halpin-Tsai formula by assuming an anisotropic

shear modulus G¥, i.e.:

(G#/Gn) +1

1+nV;

GLT(Vf) = Gml _']Vf

with 5= (15,16)

then the unknown value of chr) can be been estimated by computing first
the elastic ratio n from Eq. (15) for a fixed value of V; and then Géfr) by
solving for it Eq. (16). By considering the best conditioned case Vy= 0.7
characterized byG,r = 1.47 GPa (see Fig. 10a), taking into account
thatG,, = 0.90 GPa, it follows:

g — —Gir =G
Vf (Gm + GLT)

1.47 - 0.90
= =034 17
0.7(0.90 + 1.47) a7

(1+7) 1.34

G — _
T (1/Gw —n/Gy) — (1/0.90 — 1.34/0.90)

Fig. 10a shows the very good correspondence between the experi-
mental data and the anisotropic Halpin-Tsai model described by Eq.
(12); this confirm how the intimate anisotropic structure of the sisal
fibers influences significantly also its shear properties and, consequently
the shear behavior of the biocomposite lamina. The ratio between the

= 1.84 GPa (18)

isotropic Gy value given by Eq. (14) and the actual anisotropic value G
detected experimentally by Egs. (17) and (18), equal to 12.45/1.84 = 7,
can be considered an index of the anisotropy of the fiber shear modulus.
The Fig. 10b shows the shear strength values experimentally detec-
ted by using the three rail shear tests. It is observed how the shear
strength 777, of the analyzed biocomposites is not a monotonic function
of the fiber volume fraction, but it decreases for low value of Vy and
increases for high Vy values. This results indicate that for low V; values
the shear failure of the biocomposite corresponds to the matrix failure
that occurs after the fiber failure, whereas for high values of Vit cor-
responds to the fiber failure, which follows immediately the matrix.
Consequently, for low fiber volume fraction the 1,7 is related only to
the matrix shear strength 7,z by the following simple relationship:

TerR = TR Vim (19)

For high fiber volume fraction, instead, the shear strength 177 is
given by the sum of the contribution of the fiber (at the incipient failure
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Fig.11. SEM micrographs of the fracture surface of the analyzed specimens
under shear loading, showing the typical internal fiber splitting.

condition in which 7 = Tg%R) and the contribution of the matrix by the
following formula:
\%

TR = TEZ)",RV_/" T, Vi = T (Ve + k*m) (20
T

where 7, is the shear stress acting to the matrix at the incipient failure
condition of the fiber (rgf; = réfT)ﬂR), whereas k,:rng)yR/rfn is the shear
stress concentration factor due to the shear stiffness mismatch between
fiber (GgT) = 1.84 GPa) and matrix (G, = 0.9 GPa). By solving the
equation system obtained by written Eq. (20) for two different Vyvalues
it is possible first to evaluate the unknown values of Tng{R and k;. As an
example, by considering V= 0.4 and Vy = 0.7, it follows:

k. =129 and V), = 19.8MPa (21,22)

It is important to note how, unlike composites reinforced by syn-
thetic fibers, the value of the shear strength of the fiber (19.8 MPa) is
lower than that of the matrix (25 MPa) and consequently, the sisal fibers
do not contribute to improve the matrix shear strength. From Fig. 10b it
is seen that both Egs. (19) and (20) are in a good accordance with the
experimental data; also, their graphical intersection indicates that in
practice in this case the transition fiber volume fraction Vjmin ~ 0.3.

Finally, concerning the damaging processes under shear loading, the
experimental evidence has shown that, like laminae reinforced by syn-
thetic fibers, the shear failure occurs with typical failure surface parallel
to the fiber direction. In more detail, the analysis of the SEM micro-
graphic images (see Fig. 11) shows how the shear damage process al-
ways involves fiber shear failure that consists on internal separation of
the sub-fibers (shear splitting); unlike the transversal loading case, now
the surface of the damaged sub-fibers appears more irregular because
the failure surface due to shear loading does not follows exactly the sub-
fibers surface, as instead occurs in the case of transversal tensile loading
(see Fig. 6b and c).

3.4. Mechanical behavior under longitudinal compressive loading

The experimental tests have shown that under longitudinal
compressive loading the examined biocomposites exhibits an elastic
behavior with a compressive longitudinal Young’s modulus E; that de-
creases progressively with the applied load. As an example Fig. 12a
show the compressive curves detected by the specimens having Vy= 0.5;
similar curve have been obtained for the other V; values considered.
Such a decreasing can be reasonably due to the buckling of the fibers; in
more detail, it is seen how E’; starts with a value that coincides with the
tensile longitudinal modulus E; and tends to zero when the applied
longitudinal compressive stress ¢’;tends to the corresponding failure
value ¢’ that is associated by a relatively low longitudinal failure
strain €' g ~ 0.6%; the experimental evidence show that this last value
is quite constant also by varying V. Also, the experimental results shows
that in practice the elastic ratio Ry = E’;/Ey is a function of Vyand of the
load ratio 6’1 /6’1 g, and is well fitted by the following empirical formula



B. Zuccarello et al. Composites Part A 143 (2021) 106320

90
80
70
60
50
40
30
20

10

Longitudinal compressive stress o;' [MPa]

0 0.1 0.2 0.3 04 0.5 0.6 0.7
Longitudinal compressive strain &; ' [%)]

GRIPS

300 ©

® cxperimental values

250

theoretical model

150

Ho—

100

Eq. (26)

50

Longitudinal compressive strength o, ' [MPa]

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Fiber volume fraction Ve

Fig. 12. (a) Typical longitudinal compressive curves for the biocomposite examined (Vy = 0.5); (b) typical transversal tensile failure; (c) longitudinal compressive
strength vs. Vyand theoretical models given by Eqgs. (26) and (27). (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

obtained by interpolating the experimental results: allows the user the evaluation of the compressive longitudinal Young’s
s modulus by the following re-arranged expression:
1 O',L D',L
Re=F/E, =1 —— — 1|35 —0.54
s=Eu/E =14 (\/ 10(1 - V) ) [ (U’L,R) (U’L,R) }
23)

Taking into account the expression of E; given by Eq. (2), Eq. (23)

10
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Fig. 13. (a) Typical transversal tensile failure of the analyzed laminae under transversal compressive loading; (b) transversal compressive strength and theoretical
models given by Egs. (31) and (32). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

, " 1 oL\ provided by Eq. (23), then the compressive strength ¢,z can be
E =[E'Vi+E,(1-V)]q1+ m —1]|1.35 (G,LR) described by the well-known following formula [37,38]:
> )
o o e o Erers Re(E]Vi+E,V)
—0.54 (0’:;;) ] } € LR vir =0 LR LE LR i s Vi +m Vm)ETJT,R
24) (25)

By substituting o7z by Eq. (4) and by Eq. (6) respectively for V¢

Regarding the compressive strength, the experimental evidence has higher and lower o 0.6 (see Fig. 8a), Eq. (25) became:

shown that the limited values of the failure strain ¢’; z (about 0.6%) are
always associated with a transversal failure (due to the transverse strain)

Re(E.V; +E,V, V
—Mﬂmﬂ 1—24/2L for V; <06
(VLTJ’Vf + vam)ET T

6Lr= (26,27)

Re(E,V; + EpVi % v,
_Re(EVy + EnVi) 2600\ /2L + Enern [ 1-2y/L ) | for v, >06
(VLT,fo + Vme)ET ! T T

that occurs with typical longitudinal fracture surfaces, as it is clearly

shown in the following Fig. 12b that depicts a specimens after the lon- Fig. 12¢ shows the good agreement between the experimental data
gitudinal compressive test. The longitudinal compressive strength ¢’ » is obtained from the longitudinal compressive tests and the theoretical
therefore strictly related to the low transversal failure strain ery asso- prediction of the longitudinal compressive strength expressed by Egs.
ciated to the fiber splitting phenomena above detected in Section 3.2. (26) and (27) (deviations lower than a few percentage points). It is
Taking into account the Poisson’s effect that links longitudinal and the important to observe how, due to the opposite effects of the Vrincreasing
transversal strain, the well-known micromechanical relationships that on the longitudinal stiffness (positive) and on the transversal strength
relate the longitudinal Young’s modulus and the Poisson’s ratio with the (negative due to the low transverse fiber strength, see Section 3.2), the
elastic properties of the constituent materials, as well as the ratio Rg longitudinal compressive strength of the unidirectional biocomposite

11
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laminae increases with Vyif the fiber volume fraction falls in the range 0
< Vf < 0.3, whereas it decreases for 0.3 < Vy < 0.6; finally it increases
again slightly for V> 0.6. Synthetically, it is possible to state that for the
common values of Vyused for structural composites (0.3 < Vy< 0.7), like
the transversal tensile strength, the longitudinal compressive strength
does not benefit from the increment of fiber volume fraction; in practice
the maximum longitudinal compressive strength corresponds to Vy= 0.3
and is equal to about 100 MPa (see Fig. 12c).

Furthermore, taking into account that in absence of buckling phe-
nomena (low compressive loads) the compressive Young’s modulus of
the biocomposite is equal to the tensile one, as well as that its decreasing
is related only to the buckling phenomena, it is possible to state that the
compressive stiffness of the sisal fiber is equal to the tensile one, i.e.

EYD =E).

3.5. Mechanical behavior under transversal compressive loading

The experimental evidence has shown that, like longitudinal
compressive case, also for transversal compressive loading the failure of
the examined biocomposites occurs for transversal tensile (see Fig. 13a).
This particular damage process indicates that the transversal compres-
sive failure occurs in practice when the compressive strain £ ¢ (parallel
to the applied load) reaches the ultimate values £ 15 that is related to the
ultimate tensile strain err (orthogonal to the lamina) by the following
simple relationship:

ern . _ Erera_ ore

ETR = 7‘}—‘—»0‘ TR= —
o

(28)

Vrr vrr

where o1 and vrr are the searched compressive strength and the
transversal Poisson’s ratio of the examined unidirectional lamine,
respectively. Taking into account the transversal isotropy of the unidi-
rectional lamina, by substituting o7 with Eq. (4) or Eq. (6), and v by
the formula given by the well-known Compliance Averaging Model

[43]:
()
vrr Vrr Vi
— ===V - Vm 30
ET <E¥)> ! * (Em> ( )

then Eq. (29) can be rewritten as:

V,
O <1 - 2\/;>forvf <06
V, 1%
of 2\ + Enra (1 - 2\/; )forvf > 0.6

(31,32)

- OrR
OTR= ———
vrr

1

- )
vV Vi Vin
Er 5T Er En
“T

The unknown Poisson’s ratio vg} can be computed by solving these

equations for this parameter; as an example, by solving Eq. (32) for the
case best conditioned case of the biocomposite lamina having Vy = 0.7,
which corresponds the experimental value otz = 19.55 MPa
(compressive test), the following value is computed:

W =021 (33)

It is noteworthy to observe as this value is very near the transversal
Poisson’s ratio of various anisotropic and isotropic fibers, as the Kevlar
KM2 fiber having vr(f.} = 0.24 [41] and glass fiber having commonly vg%
= 0.22 [37,38].

Fig. 13b shows the transversal compressive strength ¢ 1z detected
experimentally by varying Vy, along with the curves that represent Eq.
(31) and Eq. (32). It is seen how the transversal compressive strength is
accurately fitted by this equations for Vy < 0.6 and for Vy > 0.6

12
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Table 1
Elastic properties of the sisal fiber.
: ()

o8 ch o kBB
[GPa] [GPa] [GPa] [GPa] [GPa]
40.1 2.07 1.84 0.61 0.21 40.1 2.07

Table 2

Mechanical strength of the sisal fiber.
o), [MPa] oY), [MPa] ) . [MPa] o) [MPa] o) [MPa]
675 5.55 19.1 - -

respectively (deviations always less than about 8%). Also, the compar-
ison between Fig. 12c and 13b shows that, for any fixed V value, the
longitudinal compressive strength, that benefits by the high longitudinal
stiffness of the fibers, is always appreciably higher than the transversal
compressive one. However, like most composites reinforced by syn-
thetical fibers, this last assumes values (from 70 MPa to 20 MPa, see
Fig. 13b) that for a fixed Vyvalue, are about 3 = 4 times higher than the
transversal tensile strength (from 20 MPa to 5 MPa, see Fig. 8a).
Regarding the transversal compressive Young’s modulus E, the
experimental evidence has shown that in practice for any V; value, it
coincides with the tensile one, i.e. E; ~Er. Consequently, from such a
result it is possible to state that, similarly to the longitudinal case, also
the transversal compressive Young’s modulus of the fiber is in practice

equal to the tensile one, i.e. E'T(f) ~ E(Tf).

Finally, it is possible to state that the above exposed experimental
results have shown clearly the high anisotropy of the sisal fiber in term
of both elastic properties and mechanical strength, as well as its
noticeably influence on the mechanical behavior of the corresponding
high-performance unidirectional biocomposite lamina that can be used
for the implementation of green laminates for practical structural ap-
plications. In detail, due to the detected splitting phenomena, the
transversal and the shear mechanical properties of the fiber are both
relatively low. Consequently, except the longitudinal tensile case in
which the unidirectional lamina exhibits high mechanical performance
comparable with that of a GFRP, under all the other loading conditions
(included longitudinal and transversal compressive) its strength is
instead significantly limited by the low splitting strength of the fiber.
Consequently, if for a fixed loading condition the lay-up of the bio-
composite laminate leads to transversal or shear damage mechanisms,
then a very limited strength is expected. As an example, it is the case of
the common randomly short fiber biocomposites whose damage process
involve always transversal and/or shear damage mechanisms. In the
opinion of the authors the low transversal strength is a common feature
of the most natural fibers, and it explains why all the surface treatments
of the fibers do not lead to appreciable strength improvements of the
reinforced biocomposites, which can be enhancements only by proper
treatments able to improve the (internal) mutual sub-fibres adhesion.

4. Conclusions

The main original results of the work, obtained by systematic
experimental test carried out on high performance unidirectional
laminae constituted by green epoxy reinforced by sisal fibers, concern
the demonstration of the orthotropic transversally isotropic behavior of
the sisal fiber in terms of both elastic properties and mechanical
strength, as well as the successive implementation of new micro-
mechanical models that describe the behavior of the biocomposite under
a generic loading conditions.

In detail, regarding the fiber anisotropy, it has been highlighted that

the transversal Young’s modulus E(Tf ) is about 1/20 the longitudinal one
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Table 3
Micromechanical models to predict the elastic properties of the unidirectional lamina.
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E, Er =E; vir Grr

vIT E;

Rule of mixture
(Eq. (2))

Anisotropic Halpin-Tsai rule
(Eq. (7))

Rule of mixture(Eq.

(3a)) (Eq. (15))

Anisotropic Halpin-Tsai rule

Compliance averaging model
(Eq. (30))

MicromechanicalFormula (Eq.

(24))
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