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Abstract:

Wood mass reduction and the modern tendency concerning a proper use of the lignocellulosic waste
have led to the conception of different biocomposite materials with properties similar to those of wood but
with an increased dimensional stability. Flaxwood is such a material — a composite material based on wood
fibers and polylactic matrix, an alternative to the massive wood, having a homogeneous and an ecological
structure, appreciated for its dimensional stability within an environment with humidity variation and being
used in musical instruments structure especially.

This paper presents a comparative analysis of the numerical and experimental results for specimens
made of flaxwood, subjected to a pulsating cyclic bending. The experimental tests have been performed to
determine both the elasto-plastic behavior and the mechanical and structural degradation speed for the
material subjected to a cycling bending. Therefore, within the first stage of the study, modulus of elasticity,
strain and strength for the specimens under bending, before and after the cyclic loading have been
determined. The bending modulus of elasticity has decreased with 8% after 11 cycles of loading, the
strength with 5.2% while the strain with 6%. The structural changes in the two phases (before and after the
cyclic loading) have been analyzed using SEM. Within the second part of the study the behavior of the
lignocellulosic material has been investigated using the finite elements method (FEM), in a hypothesis of an
elasto-plastic material (MEP) and of a linear elastic material (MLE). The relative error between the value of
the experimental stress and that resulting from the analytic calculus was approximately 0.3%. The best finite
elements model from the stresses relative errors point of view (compared with the experimental results) is
that of the specimen considered an elasto-plastic material. In such a case the relative error is of
approximately 0.8%.

Key words: wood based composite; pulsating cyclic loading; elasto-plastic behaviour; bending; finite
elements method.

INTRODUCTION

Wood is a hygroscopic material that changes its shape and dimensions when exposed to humidity
variations, therefore presenting a dimensional instability behavior. This is the reason why the use of wood in
musical instruments production especially means to be able to control both the technological parameters
which to insure optimal conditions for wood dimensional stability and the environmental conditions during the
storage and the usage of the musical instruments. On the other hand it is to be noted that the storage and
the usage of the musical instruments depends upon the users which are not always informed about the wood
properties (advantages and disadvantages). At present there is an important tendency to replace the wood
with wood based composite whose properties to satisfy the dimensional stability requirements. In the future,
a nearly complete replacement of wood with this kind of materials has been predicted, the use of massive
wood in musical instruments production risking to become a luxury. Modern studies concerning the wood
based composites are looking to improve both the mechanical and technological properties and their long-
term viability. During cyclic loading applied on medium density boards (MDF), particleboard (PB), plywood
(PL), oriented structural board (OSB), a rapid decrease in fatigue life to a range of 400 to 10 cycles was
observed for a stress level of 70% of the average MOR (Bao 1996). In case of composite based on polylactic
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acid reinforced with cellulose and low density polyethylene filled with cellulose fibres, the incorporation of
cellulose into PLA matrix lead to stiffer but slightly more brittle and weaker materials, since Young’'s modulus
increases and tensile strength and elongation at break slightly decrease (Shumigin 2011). Durability of
different wood based composites related to adhesive’'s type was evaluated by cyclic bend stress test
(Gaborik et al. 2016). The fatigue life of wood based composite (OSB and plywood) could be predicted by
monitoring the energy loss per cycle in a test with several loading cycles, as is mentioned by Sugimoto
(2006). Stanciu (2016) noticed that the high tensile strength of the composite is due to reinforcement and
type of fibres used, while flexural strength is due to the elastic characteristics close of the two components -
matrix and reinforcement, which makes both components to work together. Experimental tests has shown
that the failure in a laminated composite is very often progressive in nature, occurring by a process of
damage accumulation (Mortazavian 2017; Eftekhari 2016).

Therefore, the problems that arise with these materials concern with the incompatibility at the level of
the interface between matrix (PLA) and wood fibers (Oksman 2003; Zhang 2012). Therefore, the fibers
percentage has a very important influence on the mechanical properties and on the behavior of
lignocellulosic composite materials when subjected to cyclic loadings (Huda 2006).

OBJECTIVE

This paper presents an analysis of the elasto-visco-plastic behavior for a wood based composite
material having a polylactic matrix — commercial name: flaxwood, largely used in the field of automotive
construction industry, civil engineering, furniture and musical instruments production. This analysis will follow
the determination of the elasto-visco-plastic properties of such a composite material in two states (initial state
and after subjected to a pulsating cyclic loading in bending). Based on these experimental results a FEM
simulation of the material behavior has been done, starting from the hypothesis of a linear elastic material
(MLE) and then for an elasto-plastic material (MEP).

MATERIAL, METHOD, EQUIPMENT
Experimental set-up

The flaxwood specimens were cut to a length of 84mm, the length of the calibrated portion (distance
between the testing machine supports) being of 64mm, average width: 10mm and average thickness:
7.5mm. All these specimens have been divided in categories: first set — composed of 5 specimens, has been
subjected to three points bending till rupture, determining the modulus of elasticity in bending, rupture
loading, maximum stress and strain. The second set has been tested to 10 pulsating cycles, at a load value
representing 70% of rupture load determined for the first set (Fig. 1).
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a
Fig. 1.
LR5K Plus Lloyd’s Instruments — Three points bending test of wood based composite (flaxwood):
a - The principle of three points bending; b - sample subjected to bending during the test.

During the experimental tests the specimens have been subjected to three points bending, with a
velocity of 5mm/min. These tests have been performed on an universal testing machine type LR5K Plus
Lloyd’s Instruments (Fig. 1) — owned by the Mechanical Engineering Department — Transylvania University of
Brasov, present the following characteristics: maximum load domain — 5kN; maximum driving domain:
975mm; load resolution:<0,01% of the used load cell; extension resolution: <0.1 microns; force cell: XLC-
100K-Al; analyzing software: NEXYGEN MT. The experimental results have been collected in electronic
format using the software NEXYGEN Plus.

Numerical simulation
To reduce the costs implied by an experimental investigation the finite elements analysis represents a
very good solution for the study of a mechanical structure behavior. Therefore, the engineer has to use
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different computing models that cannot be verified with the experimental tests results or there are not
analytical models to compare the results. The main objective of this chapter is to identify the proper
mathematical (numerical) model to describe, as precisely as possible, the real behavior of a lignocellulosic
composite when subjected to bending. Such a model can be used later to simulate complex mechanical
structures made of such a material. The finite elements model — shell type correspond to the real test for a
specimen under static bending. Knowing the material function o = f(¢) geometric and sectional properties and
the limit conditions, the recoded loadings during experimental tests are to be applied. Once determined the
maximum loaded element, the stresses, displacements and strains will be extracted and compared with the
experimental and analytical results. Due to the modeling of the contact conditions the model becomes
nonlinear, and the estimated time for resolving the matrix equations increases very much. Therefore, the
obtained model represents the best compromise between results accuracy and the necessary time to
resolve the equations system.

RESULTS AND DISCUSSION
Three points bending — static loading before and after cyclic stresses

Concerning the behavior of the control specimens and of those subjected to cyclic loading, all under
static bending, it is to be observed a decrease of the rupture load with approximately 9% and also a light
modification of the material behavior in the elasto-plastic domain, the deformation energy storage capacity
being also diminished (Fig. 2a). Both the strength and the strain under bending have a decreasing tendency
with 5-6% (Fig. 2b). Although the material rigidity does decrease with the increase of the loading cycles, it is
to be noted that the lignocellulosic composite material is stable from the mechanical point of view, the
characteristic stress-strain curve having the same mathematical expression, both before and after the cyclic
loading (Fig. 2b). The composite material analyzed in the two phases has shown a brittle rupture, as it may
be observed in Fig. 2a, b.
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Load-displacement (a) and stress-strain (b) functions under static bending.

From all specimens subjected to cyclic loadings, a percentage of 80% did breaking during the loading
cycles. Only the remaining ones could be tested to static bending. Therefore, the average value of the
modulus of elasticity in bending has decreased with approximately 8% while the flexural rigidity with
approximately 12% (Fig. 3, a and b). It is very important to know about this tendency when using a wood
based composite for musical instruments structure where flaxwood components are subjected to cyclic
loadings with a relatively reduced load intensity.
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Fig. 3.
a - Variation of the modulus of elasticity; b - variation of flexural rigidity in case of control specimens
and of those under a cyclic loading.
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Three points bending — cyclic loading

In case of pulsating cyclic loadings the specimens have been periodically loaded with 250N, load
variation speed of 5mm/min, during 11 cycles. From Fig. 4 it is to be noted that the stress has approximately
equal values for each pulsating cycle, compared with the strain whose tendency is to increase with the
number of cycles. The plastic strain recorded after the first loading cycle is of 0.09% (Fig. 5a) while the final
strain value (after 11 loading cycles) is of approximately 0.18%. So, 50% of plastic deformation has been
obtained after the first loading cycle while, during the next cycles, a reduction of the deformation rate took
place according to equation from Fig. 5b.
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Strain variation in the plastic domain: a - after the first loading cycle; b - for each loading cycle.

SEM analysis

During the investigating research the analysis has been performed using a scanning electron
microscope - Hitachi S-3400N type Il. This analysis has been concentrated on specimens surfaces
topographic study in the section where fracture took place under static bending and after a cyclic loading. In
Fig. 6 the topographic images of the stretched area and compressed area have been represented.
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Fig. 6.
Lignocellulosic composite surface topographic analysis in the section where specimens fracture
took place.

Structural modifications due to the normal stresses variation in section are mainly present within the
compressed area where the structure becomes compact. For the stretched area the elements insuring the
strength in tension are represented by the material lignocellulosic fibers. If comparing the compressed
surface topography under static bending with that of under pulsating cyclic bending it is to be observed that
these are different: more compact and homogeneous in the first case, the strength being insured by the
matrix and nonhomogeneous in case of cyclic loading where a fibers dislocation in the matrix takes place
during specimens upload-download (Fig. 6).

Cyclic loading behavior FEM analysis

Within the first phase the lignocellulosic composite material has been modeled in two hypostases:
linear—elastic material (denoted by MLE) and elasto-plastic material (denoted by MEP). Fig. 7 presents the
two material curves, used for material modeling, and the experimental curve. The linear-elastic material
characteristic curve represented in Fig. 7, has the same slope with that experimentally determinated. It
follows that the modulus of elasticity values are also equal.

To determine the elasto-plastic material characteristic curve using FEA it has been necessary to
introduce in the computing program the value of: real stress (o), real strain (g;) and plastic strain (g,). This
modeling has been applied to the stress (and strain) values greater than 11MPa — considered the material
elasticity limit according to the characteristic curve experimentally determinated — Fig. 7. In the stress-strain
function graphical representation (Fig. 7) one can observe that the elasto-plastic modeling approximates
much better the real behavior compared with the linear-elastic modeling, both for stresses and for strains.
The relative error is approximately 0.8% in case of stresses and 5% in case of displacements. Even if the
maximum stress obtained through a linear — elastic modeling is of 60MPa (witness specimen rupture stress
value approximately) it is to be observed that the strain value at rupture is with 27% greater than that
experimentally determinated.
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Experimentally determinated characteristic curves — FEA (a); Strain relative error variation (b)
(Exp — experimentally curve; FEA_MLE — characteristic curve for a linear — elastic material;
FEA_MEP- characteristic curve for an elasto-plastic material; CALC — analytically computed value).

After the finite elements model processing, the main quantities of interest were: stresses,
displacements and strains, in the most loaded nodes of structure. In Fig. 8 the stresses and displacements
distribution have been represented, in case of a specimen modelated with an elasto-plastic material and also
the maximum point of these values.
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Fig. 8.
Displacements and stresses distribution in case of the modeling of an elasto-plastic material.

In case of the cyclic loading modeling, the results obtained have been represented in Fig. 9, where
one can comparative observe the strain variation in time for the maximum loaded node.
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Strain variation - experimental and numerical determinations.

In contrast to the simulation of the behavior under static bending, in which the elasto-plastic model
does show the real behavior of the composite material, in case of cyclic loadings one can observe an
overlapping of the linear-elastic model behavior with that of the real material. This is the reason why it may
be concluded that the numerical analysis of lignocellulosic composite structures implies the adequacy of the
material mathematical models to the type of loading. From static loadings FEA analysis the material model
corresponding to the real behavior is an elasto-plastic one while, in case of dynamic loadings, the proper
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model is linear-elastic, with an increment applied to the modulus of elasticity to simulate the viscous
behavior.

CONCLUSIONS

This paper presents an analysis of the lignocellulosic composite materials under cyclic loadings, the
study being concentrated on a commercial material — flaxwood. This analysis has been performed through
experimental and numerical investigations.
The results obtained have highlighted the following aspects:

e the investigated lignocellulosic composite presents a low strength under bending but a
relatively high rigidity compared with other materials, the strain being of 0.0187%;

e specimens rupture mode indicated a brittle behavior;

e under cyclic loadings, the material capacity to store deformation energy decreases with
50%, even after the first loading cycle, and more than 80% of tested specimens showed a
sudden decrease of strength under cyclic bending, through their rupture after the fourth and
the fifth loading cycles;

e during the cyclic loadings structural changes occur, represented by the damage of the
interface matrix-wood fibers that, finally, lead to the material rupture, (Fig. 6);

e in case of the numerical modeling the “reverse engineering” method has been chosen for
simulation, interpolating the experimental data with theoretical data, resulting two distinct
mathematical models according to the loading type: static (elasto-plastic model) or dynamic
(linear-elastic model).
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