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Abstract To exploit the potential of natural fibers as
reinforcement of polymer matrix composites, aligned bast
fiber composite materials are being produced and studied.
Bast fiber reinforcement is discontinuous due to the limited
length of natural fibers, which needs to be reflected in
predictive models of mechanical properties of composites.
The strength in tension in the fiber direction of an aligned
flax fiber-reinforced composite is modeled assuming that a
cluster of adjacent fiber discontinuities is the origin of
fracture. A probabilistic model of tensile strength, devel-
oped for UD composites containing a microdefect, is
applied. It follows from the theoretical analysis that the
experimental tensile strength as a function the fiber volume
fraction can be described with acceptable accuracy
assuming the presence of a cluster of ca. 4 x 4 elementary
fiber discontinuities.

Introduction

Natural fiber composites with polymer matrices are being
developed as an environmentally friendly alternative to
traditional, man-made fiber-reinforced composites. In order
to achieve the highest reinforcement efficiency, fibers need
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to be aligned [1]. For plant fibers traditionally used in
textile industry, such as flax, alignment can be achieved
e.g., by employing textile products such as rovings or yarns
as the reinforcement [1-10] (while incurring additional
cost associated to fiber spinning [11]). Although the rov-
ings in the composite are straight and continuous, the
natural fibers they are made of are somewhat misaligned
owing to the twist of the roving, and discontinuous due to
limited length of the fibers.

Bast fibers of flax used as reinforcement comprise ele-
mentary flax fibers and technical fibers that are bundles of
naturally adhering elementary fibers. The average length of
elementary flax fiber is ca. 3 cm and apparent diameter
19 um [12]; the shape of its cross section is irregular, and
the apparent diameter varies along a fiber as well as among
fibers [13, 14]. Technical fiber length and diameter are also
highly variable, being up to 75 cm [12] and 100 pm [15,
16] respectively, whereas the retained mutual adhesion of
the elementary fibers forming a technical fiber is likely to
be governed by the retting procedure employed.

Tensile strength of the elementary flax fibers at a fixed
gauge length can be described by a two-parameter Weibull
distribution [15, 17-19]. However, the variation of fiber
strength with length was found to better comply with the
modified Weibull distribution [20-22]

P(6) =1 — exp {— (i)(iﬂ (1)

where p and g designate shape and scale parameters of the
fiber batch strength distribution and « is a length exponent
with values in the range of 0-1 (note that at o« = 1 Eq. 1
coincides with the Weibull two-parameter distribution).
Distribution function Eq. 1, originally proposed for fiber
strength in [23, 24], has been interpreted in [25] to result from
interfiber variability of strength distribution characteristics
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of fibers in a batch. Specifically, it has been demonstrated by
extensive numerical simulations that fiber batch strength
distribution is closely approximated by Eq. 1 if each fiber in
a batch possesses a two-parameter Weibull strength
distribution

Pi(c) = 1 —exp [_l_i ((%) pl 2)

and all the individual fiber strength distributions have the
same shape parameter, p/, whereas the scale parameter
varies randomly among fibers, having a distribution

P(o) =1 —exp {— (;—g> m} : (3)

Relations for the distribution function Eq. 1 parameters in
terms of those of Egs. 2 and 3 have also been derived and
reported in [25].

Fragmentation tests of elementary flax fibers confirmed
that the strength distribution of individual fibers complies
with the Weibull distribution, and the distribution param-
eters possess considerable scatter among fibers [20].
Moreover, correlation between the content of the largest
mechanical damage entities of bast fibers, kink bands [15,
17, 26], in the flax fibers and the length exponent o values
has been observed. Namely, little variability of node den-
sity between fibers is associated with o values in Eq. 1
approaching 1, while large variability leads to smaller o
values [20, 22]. These findings lend support to the appli-
cability of fiber strength model [25] to elementary flax
fibers.

A probabilistic model of the tensile strength of a UD
composite reinforced with continuous fibers possessing
strength distribution Eq. 1 has been proposed in [25]. The
model is an extension of the one developed for fibers with the
Weibull two-parameter strength distribution [27]. It is based
on the results of numerical simulations of the stochastic
facture process by Monte Carlo method, employing 3D lat-
tice Green’s functions to account for the local load transfer
from broken to intact fibers [27, 28]. However, the model is
not directly applicable to flax fiber UD composites due to
discontinuity and heterogeneity of the reinforcement.

Flax fiber aspect ratio is relatively large, therefore the
reinforcing fibers can be considered as long. Fiber ends in
an aligned short-fiber composite may serve as the starting
points of cracks [29], particularly if several such discon-
tinuities happen to be located adjacent to each other [30,
31]. The principal failure mechanism of a short-fiber-
reinforced composite changes from fiber-avoiding crack
propagation to a fiber-breaking mode already at relatively
modest fiber aspect ratios [32, 33]. Hence, due to the large
length-to-diameter ratio of flax fibers, a crack is likely to
propagate by breaking of the fibers, and a probabilistic

treatment of fracture process is needed to take into account
the effect of fiber strength variability on the ultimate tensile
strength of the composite material.

A cluster of adjacent discontinuities of fibers can be
considered as a notch or a defect of the material. Proba-
bilistic models of crack propagation from an initial defect
in a UD composite in tension have been developed in [34—
37] assuming Weibull distribution of fiber strength. The
model [37] deals with the strength distribution of a com-
posite containing a notch represented by a square cluster of
nxn adjacent fiber breaks, located on a plane normal to the
reinforcement  direction.  Approximate closed-form
expressions have been derived for the parameters of the
strength distribution, taking into account also the fiber pull-
out effects.

Fiber discontinuities act as stress raisers in the flax fiber
composite, therefore the likely failure location is expected
to coincide with a cluster of adjacent fiber ends that would
effectively act as a pre-crack. In order to make the strength
analysis tractable, we model the complex disordered rein-
forcement morphology, shown schematically in Fig. 1a, by
a regular array of completely separated elementary fibers,
Fig. 1b, of the same fiber volume fraction. In this study, we
apply the notch effect model [37], suitably modified for
fiber strength distribution Eq. 1 as proposed in [25], to
account for fiber discontinuity effect on the tensile strength
of aligned flax fiber-reinforced composites.

Materials and methods

Flax fiber roving/vinyl ester matrix composites were pro-
duced and tested in tension as described in [10, 38, 39]. For
completeness and convenience, we briefly recapitulate
material characteristics, manufacture, and test procedure
below.

Three types of roving, produced from ArcticFlax fibers,
were employed. They were made of fine long line flax
(roving N1), short flax fibers (roving N2), and two N2
rovings loosely, about 50 turn/m, twisted together (roving
N3). The fibers were produced by FinFlax Oy (Finland)
from flax harvested in the northern Finland and subjected
to enzyme retting. The average apparent radius of fibers r¢
amounted to 8 == 2 pum [21]. Vinyl ester resin (Derakane
8090, Dow Chemicals) was used to impregnate the rovings.
The following additives were applied per 100 g of resin:
accelerator NLA49-P  (Akzo)—1 g; accelerator 9826
(Reichhold)—0.2 g; inhibitor 9853 (Reichhold)—0.2 g;
initiator Trigonox 239—2 g.

Cylindrical specimens were manufactured via impreg-
nation of roving, placed in a metal tube, by the resin. An in-
house laboratory-scale resin transfer molding set-up was
employed [38]. Upon post-curing of the specimens, end

@ Springer



5106

J Mater Sci (2011) 46:5104-5110

Fig. 1 Schematic of a cross (a)
section of UD flax fiber
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composite containing
elementary and technical fibers
(a) and an idealized model
composite with regularly
arranged elementary flax fibers
of the same volume fraction (b).
Discontinuous adjacent fibers
forming a cluster are marked in
black
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tabs were molded and cured. The gauge length of the
resulting dumb-bell shaped specimens was L = 110 mm
and radius R = 1.75 mm within the gauge length. Speci-
mens with fiber volume fraction vy = 0.17 were produced
from rovings of all three types, specimens with v = 0.25
from N3 roving and v¢ = 0.3 from N1 roving. Micrographs
of specimen cross sections, normal to the specimen axis,
are shown in Fig. 2. Samples for microscopy were prepared
by embedding pieces of impregnated bundles (3—4 bundles
oriented vertically) into a soft polymer (Struers “EpoFix
Resin”) to form cylinders with the following dimensions:
diameter &~ 25 mm, height ~ 20 mm. These specimens
then were installed in a special holder (up to six samples
per holder) and polished by using automatic Buehler pol-
ishing machine. At first, the specimens were ground with a
grinding paper (240-1200 grit) to obtain flat surface and
then polished by using disks with special surfaces and
diamond liquids (with particle size down to 0.5 pm).

Tensile tests were carried out at LTU using Instron 4411
machine with 5 kN load cell on most of the specimens
[10], while for tests of some specimens of N3 roving and
ve = 0.25, performed at IPM, Zwick/Roell electrome-
chanical testing machine with 2.5 kN load cell was used
[38]. The tests were performed under displacement control
with loading rate of 2 mm/min. At least three specimens
were tested within each batch. Stress was calculated from
load and cross-section area of the bundle. The strength data
obtained are shown in Fig. 3.

Model

Consider aligned discontinuous fiber-reinforced composite
(Fig. 1b) under tension in the fiber direction. Since the
strength of such a composite is determined by the maxi-
mum load taken by the fibers, statistical models of strength
provide an estimate of the fiber stress oy, averaged over
composite cross section, at failure of the composite. The
strength of the composite is then given by a. = oy [40].

@ Springer

Should the matrix contribution be taken into account, the
tensile strength of the composite can be evaluated as fol-
lows [25, 40]

0c = opve + om(1 — vg), (4)

where oy, designate the stress carried by the matrix at the
failure of the fibers in the composite material.

Denote the distribution function of a; by Py(oy) if the
failure originates due to a breaking fiber, and by P;(oy) if
the fracture takes place by crack propagation from a pre-
existing discontinuity cluster comprising i fibers. Assuming
that the random events of composite fracture by crack
propagation from different locations are independent, the
distribution function, P (o), of the critical fiber stress oy is
expressed as

l
Py(or) = 1= (1= Po(or) [T (1 = Pitor))™", (5)
i=1
where N(i) is the number of fiber-end clusters of size i in
the composite material, and [ is the maximum cluster size.
Owing to elementary flax fibers being long with respect
to the ineffective fiber length, the application of probabi-
listic models developed for continuous-fiber composites for
evaluation of the probabilities in the RHS of Eq. 5 should
lend results of acceptable accuracy. Then Py(of) can be
estimated by the model [25] as shown in [10] and P;(o¢)—
by the model for square arrangement of fiber discontinu-
ities described in [37]. Specifically, the probability of
failure due to a fiber discontinuity cluster of size i is
expressed as [37]

Pi(or) = o L \TK ) (i) (6)

ik

with ®(x) denoting the normal distribution function.
Quantities p* and y** designating non-dimensional
average and standard deviation of the strength of an
intrinsic link (critical size fiber cluster) of an intact
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(a)

Fig. 2 Cross-section micrographs of impregnated roving N1 (a), N2 (b), and N3 (¢)

composite have been presented as functions of the Weibull
shape parameter p of fiber batch strength in e.g., [25].
Specifically, u* is approximated by the following relation

(" = 0.6398 + 0.0238p — 0.0006>

valid for 2 < p < 10. K; in Eq. 6 is the stress concentration
factor due to fiber discontinuity of size i [37], and o, is the
characteristic stress defined via individual fiber Weibull
shape parameter as suggested in [25]

1 ’
B Tl() 1+p’_ p
g.=(—) a,". (7)
rf

The interfacial shear strength (IFSS) of the fiber and matrix
is denoted by 7 in Eq. 7, whereas p and @, are parameters
of the distribution functions Eqgs. 2 and 3. The fiber pull-
out stress g, in Eq. 6, based on the analysis of [41], is
given by

’

P ’

1 N 24
- PR F PR R 8
% 0“<1+p> <1+p> ®)

where Weibull shape parameter p’ is used for consistency
[25].

It has been demonstrated by numerical simulations in
[37] that, should the initial defect be relatively large, the
fracture process concentrates predominantly at it. Based on
this finding, we assume that the strength of discontinuous-
fiber composite is governed by the largest cluster of fiber
breaks. Then the average fiber stress at the failure of
composite is as follows from Eq. 6,

H*
(of) = 6CE + 0op, 9)
where K is the maximum stress concentration factor at the
largest discontinuity cluster [37].

Results and discussion

The theoretical relation for the tensile strength of a UD
composite is obtained by substituting Eq. 9 into Eq. 4.
However, it should be noted that the fiber pull-out stress
expression, Eq. 8, is derived for regular-shape, cylindrical
fibers that are subjected to constant interfacial shear stress
during the pull-out process. Although the principal mech-
anism of apparent adhesion between flax fibers and
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Fig. 3 Tensile strength of UD flax fiber composite as a function of
fiber volume fraction. Line Eq. 10 for a cluster of 4 x 4 adjacent fiber
discontinuities

polymer matrix is, arguably, friction and mechanical
interlocking [42, 43], the pronounced variability of the
apparent diameter along a flax fiber [13] is likely to result
in significantly lower ¢, than that predicted by Eq. 8. Also,
for fiber volume fractions of practical interest, the effect of
the matrix strength term in Eq. 4 is minor. Therefore, as a
first approximation, we neglect the contribution of fiber
pull-out stresses and matrix stress at failure to the com-
posite strength, and finally arrive at the relation
#*

o, = vaCE. (10)
In order to apply Eq. 10 for tensile strength evaluation of a
UD composite material, distribution parameters of Eqs. 1—
3, interfacial shear strength and discontinuity cluster size
have to be determined. The parameters of the elementary
ArcticFlax fiber strength distribution, Eq. 1, are given in
[20]. Those of Eqgs. 2 and 3 can be easily calculated based
on Eq. | using the analytical relations presented in [25].
The IFSS for ArcticFlax fibers and vinyl ester resin has
been estimated at 16.8 MPa based on the pull-out length
distribution of elementary fibers as observed on the fracture
surfaces of impregnated bundles [38].

The theoretical average strength according to Eq. 10 has
been compared with the test results for several K; values
corresponding to square arrangement of fiber discontinu-
ities. The size of the nxn defect was selected so that the
theoretical strength estimate provided best fit to the exper-
imental data. It is seen in Fig. 3 that the presence of a cluster
of 4 x 4 adjacent fiber discontinuities, with Kjs = 1.582
[37], in the composite is consistent with the experimental
strength data. Noting that a technical fiber contains up to
tens of elementary fibers (see also Fig. 2), discontinuity of
such a size could be generated by e.g., an abrupt termination
of a single technical fiber. Direct verification of the presence
and size of fiber discontinuity clusters in flax fiber com-
posite, for example by microtomography, would allow more

@ Springer

accurate description of the defect statistics in the composite,
and hence application of more elaborate models, e.g., Eq. 5,
reflecting the effect of the stochastic nature of defects on
composite strength.

Fiber discontinuity distribution is likely to be a char-
acteristic of fiber variety and pre-processing procedure.
Then different composites produced from fibers of the
same variety, pre-processed by the same method, should
have comparable maximum discontinuity cluster size.
Tensile strength of another UD ArcticFlax composite [44],
produced by RTM of epoxy resin from a mat, obtained by
combing and sewing flax fibers, is shown in Fig. 4 together
with the prediction according to Eq. 10. The same fiber
strength characteristics and discontinuity size as above, and
IFSS estimate of fiber/epoxy interface t© = 33 MPa
obtained by fiber fragmentation test [45] were used in
Eq. 10. It is seen in Fig. 4 that the predicted dependence of
composite strength on fiber volume fraction is reasonably
close to the test results.

The model presented neglects such characteristic fea-
tures of quasi-UD bast fiber composites as fiber misalign-
ment, disorder in fiber spacing, porosity, and fiber
heterogeneity, that may affect to various extent the failure
process and hence the strength of the composite material.
Accounting for them would certainly enhance the predic-
tive capacity of a composite strength model, although
possibly necessitating involvement of heavily numerical
simulation procedures.

The values of the maximum stress concentration factor
K; for different defect sizes evaluated and applied in [37]
coincide with the classical results [46] obtained by shear-lag
method. The latter is insensitive to the actual shape of fiber
cross section since fiber stiffness is characterized by the
product of its Young’s modulus and cross-sectional area
[40]. Therefore, at least in a shear-lag approximation, the K;
values derived for circular fibers are applicable also to flax
fiber reinforcement with irregular-shape cross sections.

400 -
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Vi
Fig. 4 Tensile strength of UD flax fiber composite as a function of

fiber volume fraction [44]. Line Eq. 10 for a cluster of 4 x 4 adjacent
fiber discontinuities
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Disorder in fiber spacing and orientation is observed in
both natural fiber and man-made continuous-fiber com-
posites. Nominally unidirectional reinforcement by bundles
of man-made continuous fibers has been shown to actually
involve sizable fluctuations of local fiber volume fraction
and fiber misorientation, particularly at bundle boundaries
[47]. Considerable amount of experimental information
regarding the actual, stochastic fiber arrangement has been
accumulated, see e.g., [47-49]. Morphological disorder in
UD composites affects their fracture via interfacial stress
concentration in intact composites [50, 51] and by an
increase in the overload experienced by an intact fiber
closest to the broken one [52], thus facilitating premature
fracture. These effects, however, are likely to be over-
shadowed in bast fiber composite by the stress concentra-
tion at a sizable cluster of fiber discontinuities considered
above.

The peculiar geometry and morphology of the bast fibers
and sub-optimal compatibilization with polymer matrices
may lead to a relatively high void content in composites.
Being markedly detrimental for the strength and stiffness
of misoriented fiber composites (e.g., hemp/polyester [53]),
the voids, however, are present in lower content and have a
limited effect on the tensile strength of UD flax/polypro-
pylene composites [3] (see also Fig. 2). Moreover, several
semi-empirical relations for description of the reduction of
strength due to voids have been considered, see e.g., [3,
54-57]. One of them has been applied to UD flax [3] and
hemp [56] composite tension test results. Hence, such
relations can also be incorporated in mechanistic strength
models to approximately take into account the void effect.

A distinct feature of bast fiber composites is heteroge-
neity of the reinforcement, consisting of elementary and
technical fibers, the latter exhibiting large scatter of geo-
metrical dimensions. Technical flax fibers possess lower
average tensile strength than elementary flax fibers and
somewhat higher or comparable strength scatter at the
same length, as evaluated by single fiber tension tests [15,
16]. If these fiber fracture characteristics are retained in a
composite material, i.e., for fibers embedded in a polymer
matrix, then technical fibers are likely to suffer the first
breaks in the composite material. Therefore, further study
of the fracture process of embedded technical fibers and its
effect on composite strength appears warranted.

Conclusions

A statistical model of the tensile strength of an aligned flax
fiber-reinforced polymer matrix composite has been
developed, taking into account the presence in the com-
posite of clusters of adjacent fiber discontinuities, treated as
notches. The model has been applied to the strength data of

ArcticFlax/polymer matrix composites, assuming that only
the largest discontinuity cluster governs fracture of the
composite. It was found that the presence of a 4 x 4
adjacent fiber discontinuities yields good agreement of the
theoretical average strength with the test results.
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