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ABSTRACT

The study of rhecktophyllum camerunense (RC) fibers as reinforcement of polymer matrix begin in 2008 and has already demonstrated
their ability to replace the glass fibers. In this paper, the influence of humidity on the mechanical behavior of plant fiber is studied and a
multiscale model is proposed. The moisture absorption of RC fibers is studied through a multi concentric cylinder model developed based
on the work of Marklund. Using mechanical properties of the three main components of natural fibers; cellulose, hemicelluloses and
lignines, the mechanical properties and hygroscopic coefficients of layers S1, S2 and S3 of RC fiber are calculated following the relative
humidities of 23%, 54% and 75%. The results lead to the conclusion that there is an influence of relative humidity on the mechanical
properties whether at the microscopic level of constituents or the mesoscopic scale of layers and the macroscopic scale of RC fiber

structure. That influence is negative bacause it drops the mechanical properties of the fiber.

Keywords: RC, Hygroscopic, Swelling Strain, Multiscale
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Introduction

In recent years, ecological concern has resulted in an increasing
development of natural fibers in industry, to replace glass fibers
in composites materials. Their major advantages are mechanics
properties comparable to glass fibers, a low density, and a great
availability. Moreover, they are renewable and recyclable. But
the main inconvenience is their hydrophily due to their weak
cristallinity, which contrast to the hydrophoby of matrix used
in composite materials. Because of natural ageing, mechanical
stresses, temperature and humidity variations of ambient
environment, fibers can swell and retract, creating intern stresses
and cavities may appear in composites. The effect of absorption
of moisture leads to the degradation of fiber- matrix interface
region creating poor stress transfer efficiencies resulting in
a reduction of mechanical and dimensional properties [1]. To
offset this hydrophily, different methods can be developed, for
example, by adding a coupling agent which adds a functional
group to the cellulose to create hydrophobic film. As the poor
resistance towards water absorption is one of the drawbacks
of natural fibers, it is more important to study the effects of
water absorption on the fiber properties. To understand this
phenomenon, many authors use experimental and analytical
methods to study the behaviour of mechanical properties of

some vegetables fibers exposed to relative humidities of 30, 40,
50, 60, 70% as flax and nettle, flax and sisal, flax [2-4]. Hemp,
hemp, sisal, flax, jute, agava to the relative humidities of 10, 25,
50, 80% and flax on the relative humidities of 33% and 60% [4-
6]. Many of those works leads to the conclusion that moisture
decrease the mechanical properties of natural fibers. The first
works on the RC fiber was done by Béakou in 2008 [7]. They
used an unstandardized method to extract fibers and the resulting
fibers were uniform with almost circular cross-sections. The
density of the fiber around 0.947 g/cm3 was found to be very
low and chemical analysis revealed that cellulose content was
68.2%. Microscopy observation was used for the measurement
of the layer’s thicknesses and the microfibril angle of the S2
sub-layer that was 40°. Tensile tests were performed to measure
the mechanical properties of the fiber. The Young’s modulus 5.8
GPa which was nearly the same as for sisal fiber and elongation
at break was very high up to 50%. Many works have also been
carried on RC fibers as Chemical and anisotropic characterisation,
Moisture sorption isotherms, Study of the diffusion behavior of
water on composite, Study of the diffusion behavior of water
on fibers and Effect of moisture on the mechanical properties of
composite [8-12]. The objective of this study is to analize and
understand very well the mechanism of those drawbacks at the
level of the chemical constituents (cellulose, hemicellulose and
lignine) of the RC fiber and at the different layers S1, S2, S3
according to the relative humidities of 23%, 54% and 75%.
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Material and Methods

Multiscale Modeling

The moisture absorption of RC fibers is studied through a multi
concentric cylinder model developed based on the work of
Marklund [13,14]. Using mechanical properties of the three
main components of natural fibers; cellulose, hemicelluloses and
lignines, the mechanical and hygroscopic coefficients of layers
S1, S2 and S3 of RC fibers are calculated. They depend on the
volume fraction of these three components and on the relative
humidity of hemicelluloses and lignines. In this study, cellulose
is considered to be 100% crystalline. Finally, a finite element
model based on the result of experiments and an analytical model
is developed in order to determine the mechanical behavior of a
RC fiber following the relative humidities of 23%, 54% and 75%.

Microfibril UC Hygroelastic Layer Properties Softwood Fiber
The fiber wall layer averaged properties will be modeled starting
from cellulose, hemicellulose and lignin chemical constituent.
The RC fiber properties will then be calculated from the
proprtties of The fiber wall layer S1, S2 and S3 as mention on
figure 1. As many micromechanical parameters on RC fibers are
not yet obtained and the decision was made to use some elastic
properties of wood as shown in Table 1.

Cellulose

Figure 1: Multiscale modeling of a softwood fiber using the
concentric cylinder model

Table 1: Assumed engineering constants of the wood polymers
(dry conditions)

Phase Material E, E, G, v v
behavior | (GPa) | (GPa) | (GPa) 2 2s
Cellulose Transversely | 150 17.5 |45 0.1 0.5
isitropic
Hemicellulose | Transversely | 8 34 1.2 0.33 1043
isitropic
lignin isitropic 6 0.33

The RC fiber will be modeled as an assembly of long coaxial
cylinders with high aspect ratio. This means that the stress
transfer zone extends only over a small part of the interface and
perturbation effects at fiber ends may be neglected.

The Concentric Cylinder Model

Micromechanical models for long fiber composites have been
developed by Hashin and Rosen, Hashin and Christensen and Lo
considering the constituents as concentric circular cylinders [15-
17]. In the stiffness expressions for an isotropic hollow circular
fiber composite were developed. The basic idea was that the
entire cross-section of a composite material consists of many
concentric pair cylinders with different outer diameters, but all
having the same fiber volume fraction [15]. The limitation with
Hashin’s micromechanical model is that it renders only upper
and lower bound for the transverse shear modulus. The limitation
is related to the used homogenized boundary conditions in

displacements or in tractions which do not exactly correspond
to the conditions on the cylindrical boundary in a homogenized
material. This problem was solved by Christensen and Lo using
a generalized self-consistent scheme [17]. They considered an
infinite effective composite with unknown shear modulus and a
cylindrical sub-domain in itreplaced by an equivalent fiber matrix
microstructure. Albeit proven very useful in many practical
applications, these models may not be suitable for modeling
natural fiber composites since they are limited to isotropic and
transversely isotropic phase materials whereas natural fibers are
at least orthotropic in cylindrical axes with different properties
in the radial and in the hoop direction. Therefore, an analytical
micromechanical model valid for orthotropic phase materials
and for an arbitrary number of phases was developed to study
the effect of various constituent stiffness properties on an aligned
wood fiber composite[18].

Determination of Hygroexpansion Coefficients

The free hygroexpansion of wood fibers is a well known
phenomenon. Moisture absorption leads to an increase in
moisture weight content and dimensional changes of the
fiber as a consequence. In the linear elasticity of orthotropic
materials these changes are assumed to be proportional to the
moisture content change and three different constant coefficients
of proportionality called hygroexpansion coefficients (B,)
characterize the relative dimensional changes in three directions
of the material symmetry. As the result of phase swelling only
normal stresses and strains develop, all shear components being
zero, and the elastic stress-strain relationship may be written:
7= C fe-pAM) ()
Cij is the stiffness matrix with usual notation and AM is the
moisture weight content change. For an axi-symmetric problem
in a particular case of loading when all shear stress components
are equal to zero, the only non-trivial equilibrium equation is

0o, 0,0

o

5 2)

By using Eq. (1), Eq. (2) and the strain to radial displacement
relationship the displacement field equation for one cylinder
may be set up and solved with following result:

= Cia—Cyn HAM
U, = A r® + Ay o212 (Elr - r) 3)
(1-a2)c, Cia=—Ci
where
= G
& = C_H , H=(C3 = C1p)By + (Co3 = Cp2)B, + (€33 — Ca3)Bs (4)

A, and A4, are unknown constants and €, is the constant strain in
axial direction as a result of phase swelling. For a composite

cylinder Eq. (3) is generalized to N-phases with the requirement
that the displacement and stress expressions have to satisfy
continuity conditions on all interfaces, i.e. the solutions obtained
for each phase separately must satisfy the following conditions:
(1) Radial displacement must be zero on the symmetry axis;
(i1) Displacement and radial stress continuity conditions at all
interfaces; (iii) Zero radial stress at the outer boundary y= v,
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of the cylinder assembly. In case of free swelling the constant
strain in axial direction must result in zero average stress in
that direction. It is then realized that the unknown constants
A and 4 for k 1,..., N can be determined by setting up and
solving a system of linear algebraic equations. The problem is
conveniently solved by using ¢, as a numerical parameter for the
requirement of zero axial stress. For every value of ¢, the system
of linear equations is solved and checked whether zero average
stress in axial direction (with required accuracy) is obtained.
When ¢, have been determined the hygroexpansion coefficients
in longitudinal direction f, and transverse direction 8, of the
cylinder assembly may be calculated from

g fgl . uy(rpy)

BL = Br= = ‘ ®)

Amgpg AMMgypg rnAMgyg

The average moisture content of the analyzed assembly AMavg
is determined using the rule of mixtures. For further detail
regarding derivations and explicit expression for solving the
hygroexpansion coefficients the reader is advised to [18].

Helical Fiber Structure

In reality a RC fiber cell wall layer is at least an orthotropic
material in its local system of coordinates. However, if the
concentric cylinder assembly model is used to calculate its
properties using the multiscale approach starting from the
properties of fiber cellulose, hemicellulose and lignin the cell
wall layer will be transversely isotropic in the local coordinate
system. The theory presented in this section is valid for more
general materials with orthotropic layer properties in their
corresponding local coordinate systems. Notation and orientation
of local and global axes is shown in Figure. 2.

Figure 2: Schematic drawing of a cylindrical cell wall layer in
a) global view, b) detail of the layer showing the relationship
between local (L, T, r) and global coordinates (z, ¢, 1).

In the global system of coordinates the layer has only one
symmetry plane, which is the (z,¢)-plane, and the material has
a monoclinic symmetry in these coordinates. Expressions for
radial displacement and the relevant stresses and strains are
given in detail in [18]. The radial displacement for the k-th sub-
cylinder is

uk = Akrex + A% r=k + ¢, a¥r+ D, a¥r? (6)

A/ and A4 fare unknown constants, a,, X and a,* are known
functions of the k-th phase elastic constants. ¢, is the strain in
z-direction and is coordinate independent (constant). D, is
related to the rotation of the cylinder assembly due to monoclinic
material properties. As in the previous discussion regarding
determination of the hygroexpansion coefficients displacement
and stress continuity conditions have to be satisfied at the
interface between two sub-cylinders (layers) with indexes k and
k + 1. In addition the center phase must be either isotropic or
transversely isotropic. It can be shown that using the appropriate
displacement and stress continuity conditions will lead to the
following relationships between constants to be determined:
Af:f‘JrA‘:"r'k_“k — Ak¥Lp T _ gktl, =Gk

= erne(af*™ — af ) + Dy (o™ — af) )
Af+lﬁlk‘1,i(“k¢;—1 _ Aé'fvlﬁ:k'vlrk—“k‘;—l — El(ﬁ;"vl —ﬁ’;) +D, ,.k(&-ﬂ —b’f) (8)
B, - B, are known functions of the k-th phase elastic constants
[18]. The external boundary of the N-cylinder assembly is free
of radial tractions:

et w o —ants o o ©)
0,(ry) = AR N T AYBY vy N e, B + DB, = 0

The unknown constants 4% and 4,* for k=1,..., N can be
determined by setting up and solving a system of linear algebraic
equations using Eq. (7-9). If no rotation of the cylinder assembly
is allowed then = 0 and the system of linear algebraic equations
is readily solved using a constant . If the assembly is allowed to
rotate freely then is unknown and must be determined from the
requirement of zero average torque according to
av N R =P e

T = 2H2k=1fr-k_l' oX,dr=0 (10)
Insertion of the expression for afp in Eq. (10) give the condition
needed to determine D,. The problem is conveniently solved by
using D, as a numerical parameter. For every value of D, the
system of linear equations is solved and Eq. (10) used to check
whether zero average torque (with required accuracy) is obtained.
Poisson’s ratio may be calculated from the displacement of the
outer cylinder boundary, and the associated z-axis force can be
used to define the apparent elastic modulus of the assembly:

]

2 k _ ug(ry)
= ro;dr Vy, = —
€17y W€

N
a.
k=lry_,

av
€

E, =

(11)

Results and Discussion

Hygroelastic Properties

Firstly the microfibril UC hygroelastic properties were
calculated. The assumed volume fractions of the RC fiber
were: S2 and S3 layers 49% volume fraction of cellulose, 27%
hemicellulose and 24% lignin. The S1 layer had 20% volume
fraction of cellulose, 15% hemicellulose and 65% lignin.
These values are for dry material, but since hemicellulose and
lignin will absorb moisture and swell for some given relative
humidity (RH) their volume fractions will change. The stiffness
of hemicellulose and lignin will also change. By using the data
on moisture absorption and the stiffness moisture dependence
presented by Cousins [19]. The hygroelastic properties and the

J Mat Sci Eng Technol, 2023

www.oaskpublishers.com

Page: 3 of 6



Copyright © Noutegomo Boris, et al.

Volume 1 | Issue 4

new volume fractions for the microfibril UC were determined.
The hygroexpansion coefficients f, and f, were determined

Table 2: Hygro-mechanical properties of layers for different
relative humidities obtained by CC-model

based on the assumptions made by Cave that f.,= 0 in all Relative humidity (%)
directions and B, = 0.5 in transverse directions and 8, = 0.33 in 23 54 75
irecti . [lulose is beli to st ffect
all dlI'G.CtIOIlS [20]. Thus ce ulose is be 1e.Ved. o stay unaffec ed Propertics T TS IS IR
by moisture and the swelling in longitudinal direction for
hemicellulose is considered to be insignificant. These are rather | EL (Gpa) 29.98 | 74.42 | 28.17 | 72.49 | 26.22 | 71.03
crude assumptions. However, due to lack of other data at hand | ET=ER (Gpa) 6.53 [8.11 ([492 [630 |3.08 [4.26
these values will suffice for modeling purposes at time being.. GLT=GLR 236 (257 |[1.63 |238 [1.17 [1.24
Table 2 shows the obtained result for 23%, 54% and 75% RH | (Gpa)
calcula@d using the CC-model. We note generally that ‘Fhe GTR (Gpa) 3.002 268 |166 226 |1.18 [1.32
?echgilcalfgg?’femes Oftthet;ayzf:;l’ (?2’ 83 for afrel;‘;‘oje VLT=vLR 0.295 | 0219 | 0.280 | 0.211 | 0.288 | 0.201
HMICILy o1 2570 alc grearel thall 5F70 and even more Jor /57o. Fpg 0.412 [ 0.544 | 0.445 | 0.460 | 0.450 | 0.44
Figures 3, 4, 5, 6 present the variations of these properties.
BL 0.026 | 0.011 | 0.024 | 0.008 | 0.005 | 0.007
pT= R 0.580 | 0.507 | 0.549 | 0.488 [ 0.530 | 0.468
80 9
8
7
6
= § ° mSs1
g- ms1 g 4
9 m52-53 Y3 $2-53
Wy w2
1
0
23 54 75 23 54 75
a Relative Humidity (%) b Relative Humidity (%)
Figure 3: Evolution of the modulus of elasticity as function of relative humidity: a-longitudinal and b-tangential or radial.
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Figure 4: Evolution of the shear modulus as a function of relative humidity: a-G =G, , and b- G,
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Figure 6: Evolution of the hygroexpension coefficient as a function of relative humidity: a-longitudinal and b-tangential or radial.

The longitudinal modulus of elasticity of the S1 layer drops by
about 7.43% when going from 23% to 54% relative humidity
then 6.42% when going to 75%. That of layers S2-S3 is very
little affected with a drop of 2.66% then 2.05% for the same
ranges relative humidities. This would be due to the high rate of
cellulose available in these two sub layers. The radial modulus
of layer S1 drops by 32.72% then by 59.74%. For the layers S2-
S3 there is a drop of 28.73% then 47.88%. This shows that the
influence of moisture on the mechanical properties at the level
of the sub-layers resulting in a decrease in these properties with
increasing relative humidity. This drop is also observed at the
level of the shear moduli when the relative humidity increases.
For the layer S1 it is 44.78% then 39.31%. For layers S2-S3
the drop goes from 18.58% then to 71.55%. Those first results
lead to the conclusion that there is an influence of moisture on
the mechanical properties whether at the mesoscopic scale of
layers or macroscopic scale of RC fiber structure. Those results
are in conformity with those encountered in the literature for
exemple the sisal, jute, hemp, flax and nettle [2-6]. That bring
us to the conclusion that the RC fibers like many of fibers
should be treated before using them in composite materials.
This treatment will decrease the hydrophilic behavior of fiber,
encrease his dimensional stability insite the composite and
fiber-matrix adhesion properties. We obseved that moisture
don’t affect the poison ration coefficient nomatter. Therefore the

hygroexpension have been wery well affected. We noted a great
decreasing concerning the longitudinal direction and more in
layer S1. This should be explain by the fact that the S1 layer has
small thickness and then poor content of cellulose. The decrease
in transverse and radial direction are not very pronounced.

Conclusion

The objective of this paper was to present micromechanical
models that are suitable for parametric studies of fiber
properties. Multiscale modeling of hygroelastic properties has
been performed for RC fiber using concentric cylinder model
developed based on the work of Marklund. The cell wall was
modeled regarding each individual layer as a concentric cylinder.
Mechanical properties of the three main components of natural
fibers; cellulose, hemicellulose and lignine, the mechanical and
hygroscopic coefficients of layers S1, S2 and S3 of RC fibers
are calculated. We note generally that the mechanical properties
of RC fibers drop with the moisture as many of them encounter
in the litterature. That bring us to the conclusion that RC fibers
should be treated before using them in composite materials to
conserve his mechanical properties.
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