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Abstract

Use of wood-fiber plastics for construction purposealls for comprehensive understanding of their
anisotropic mechanical properties. As a respectioatribution, we here report the first-ever complet
elasticity characterization of an orthotropic bagafber polypropylene composite, requiring ideadifion of
nine independent constants. For this purpose, Wy cait characterization in principal material diiens.

Six diagonalstiffness tensor components are quantified based on ultr@dongitudinal and shear wave
velocity measurements; and three diagamahpliance tensor components are identified as the inver§es o
three Young's moduli derived from unloading regime$ quasi-static uniaxial compression tests.
Combination of all measurement data in the framé&vadrorthotropic linear elasticity provides accéssall
off-diagonal stiffness and compliance tensor coneptsy opening the door to quantifying six Poisson’s

ratios.

Keywords: A. Polymer-matrix composites (PMCs); B. Elasticit. Creep; D. Mechanical testing;

D. Ultrasonics
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1. Introduction

During sugar production, the extraction of canegufrom sugarcane delivers wooden
fibers as by-product — they are called bagasseaandrding to [1,2,3] consist of 40-50%
cellulose, 25-35% hemicellulose, as well as of al#815% lignin, 1.3% ash, and 2.8%
other components. Brazil, India, and China are wuweld’s leading producers of the
material, and they use bagasse typically for engmgyduction by combustion. Other
exploitation types include paper products, fiberdsaand fiber-polymer composites [4].
Cellulosic fibers are widely used for reinforcingrposes of all kind of matrix materials in
order to enhance their mechanical properties,bg.geinforcing the material against brittle
failure or reducing the creep activity of the comip® [3,5]. Bagasse fiber polypropylene
composites belong to the wide class of wood plastioposites (WPC). So far, WPCs have
mainly been used for non-structural applicationsceithe mechanical performance of
WPCs is typically rather compliant, and exhibitpranounced creep activity. However,
recently developed technologies allow for the prtidn of stiffer WPCs, thus opening the
door to semi-constructional applications, such askohg, railing, door and window
profiles, siding, and roof tiles [6]. Recent feadldip studies investigate the potential use of
WPCs for sill plates, deck substructure, and shogedtructures [7,8].

Verma et al. [4] reviewed research activities exato bagasse fiber composites and its
constituents. Mechanical properties have mainlynbaeasured in tensile and flexural tests
following the protocols defined in major standardach as ASTM D638, ASTM D747,
ASTM D790-03, and ISO 527, see [9-11] for detailss regards the composite
constituents, polypropylene is the “soft” matribpéy component with Young's modulus

ranging from 0.9 to 1.3 GPa [1,5,9,10-14]; whilegasse plays the role of “reinforcing
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fibers”, with Young’'s modulus ranging from 2.7 ta54GPa [14,15]. Accordingly,
increasing bagasse contents increases the stiffaedsstrength of the overall plastic

composites, as was shown in a number of experihesmtapaigns; see e.g. [9-17].

However, these experimental campaigns do not atctmnthe anisotropic nature of
bagasse fiber polypropylene composites [4,18], Wwhiesults from the reorientation of
originally randomly oriented fibers during the exmg process of a matrix-fiber
composite [5,19]; and understanding of this anggotr nature appears as essential for
development of reliable design of, and improveddpation technologies for WPC
elements. Assessment of the mechanical anisotrop/RCs calls for largely increased
experimental efforts, due to the increased numbéndependent material constants to be
determined. In case of orthotropy, pure reliancenwthanical tests would require the
measurement of deformations orthogonal to unidgeding directions coinciding with the
material directions, plus subjecting the specinternsure shear stresses. This would call for
very elaborate testing equipment, which might sigliver unreliable results. As a remedy,
we here resort to a combined mechanical-ultrasowithod in the line of [20]. This method
circumvents the ultrasonic characterization ofdiffgonal stiffness components which are
very sensitive to inaccuracies regarding the measwave velocities [20,21], and hence
only employs measurements of ultrasonic longitudamal shear wave velocities in all three
orthotropic material directions, in order to obtdime six “diagonal” stiffness tensor
components; i.e. those filling the diagonal in & @Xelvin-Mandel representation of
stiffness tensors [22-24]. In addition, three Yosngoduli are measured in quasi-static
uniaxial compression tests. Exploiting orthotropgymmetry, the aforementioned

experimental dataset gives access to all nine gnldgnt elastic properties, and this allows
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us to determine all Poisson’s ratios. However, dglo@si-static tests bear an additional
challenge as compared to the original campaign oodw[20], in form of the very

pronounced creep of the WPCs. Hence, utmost carbd®n devoted to the fact that elastic
deformations should be measured in time scalesemtreep deformations have either not
occurred to a remarkable degree yet, or have alr&adely faded away. This will be

described in great detail in the section on medaniests, which is preceded by a
description of the material and of the conducteédhsbnic tests. The paper is completed by

a summary of the determined orthotropic elasticstamts, and a few relevant conclusions.

2. Materials and Methods

2.1 Bagasse fiber-polypropylene composite specimens

Here, we characterize a bagasse fiber-polypropydengosite with a density of 1.1 g €m
provided by the Iranian producer Dez choopex Coe Tmaterial consists of 60 wt%
bagasse fibers (50 mesh size, i.e. 300 micrometneader according to [25]), 30 wt%
polypropylene as polymer matrix, 4 wt% maleic anidel polypropylene as
compatibilizer, and 6 wt% other additives. The &dds include UV stabilizers and
lubricants, which improve the flowability and degse the viscosity of the molten plastics.
The raw materials were dry blended, and the corngpasas extruded using a counter
rotating twin-screw-extruder combined with an |{3&d cross section die.

Light microscopic images of cross-sections paralal normal to the extrusion direction
were taken, in order to qualitatively visualize #ige and the orientation of the bagasse

fibers (Fig. 1). The length and width of the bagaBikers typically amounted to 1000 pm
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and to 300 um, respectively. In addition, baga#sers were quite well aligned with the
extrusion direction (Fig. 1a).

Specimens for both ultrasonic and quasi-staticstesre cut out from the web of the I-
shaped profile (Fig. 2). For all computations perfed in this paper, we use a Cartesian
coordinate system to label the principal directiohshe specimens: thg-axis is aligned
with the extrusion direction, the-axis points in thickness direction of the web, #imeixs-

axis runs in the web plane, normal to the extrusiioection (Fig. 2).

2.2 Ultrasonics testing

Ultrasonics experiments were carried out by meahs @ulse transducer 5077PR -
Olympus NDT, an oscilloscope WaveRunner 62Xi - bgecrand transducers with
frequencies of 100 kHz and 250 kHz, respectivelyinTlayers of honey ensured good
contact between the pulse transducers and thetigatsl specimens. Nine samples with
nominal dimensions of 51x13x13 Mimere insonified by both longitudinal and transeérs
ultrasonic waves (the former at a frequency of B8@, and the latter at 250 kHz), in three
orthogonal directions aligned with the three pgatimaterial directions (Fig. 2).
Homogenized material properties of microheterogasematerials (such as ultrasound-
derived elastic properties) are defined on reptases volume elements (RVES). They
exhibit a characteristic sizg,, satisfying the separation of scales principle [26}
l.,e > d, whered stands for the characteristic length of inhomogesiinside the RVE,
and where\ denotes the characteristic length of mechanicatlilm, which in case of
ultrasonics testing, is equal to the wave lengtnsidering that the inequality,,, > d is

typically satisfied (with maximum errors amountitagb %) ifl,.,. is by a factor of 2 larger
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thand [27], the minimum RVE sizé.,, amounts to 2 mm in extrusion direction, and to
0.6 mm normal to the extrusion direction. Consilgrihat the inequality > L., is
typically satisfied ifA is by a factor of 6 larger thdp,. [28], the wavelength should be
larger than 12 mm in extrusion direction, and larggan 3.6 mm normal to the extrusion
direction. The wavelength, in turn, is readily accessible from the measwrasle speed/

and from the chosen signal frequehags

A= (1)

=<

The wave speed is equal to the travel distangiethe wave divided by the travel tinhef
the signal
V=2, 2)

Each test was carried out nine times, allowingaisdmpute meaningful average values
and standard deviations of ultrasonic wave traweles t, wave velocitiesV, and
wavelengthsi (Table 1). For the sake of clarity, velocity syrishare marked with two
indexes: the first index denotes the travel dicecof the wave and the second index stands
for the direction of particle displacements indudsdthe wave. In case of longitudinal
waves, where the particle oscillation direction parallel to the direction of wave
propagation, both indexes are the same. In casheadr waves, where particles oscillate
perpendicular to the wave propagation directioa,téo indexes are different.
Stiffness tensor components can be computed frenmidiss density = 1.1 g cn? of the
composite, and the ultrasonic wave velocities, ating to the theory of wave propagation
in elastic media [29]

Cii = P Vi, 3)
and
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Cijij = p Vi (4)
Accordingly, the normal stiffness tensor componédis i, C,., andCssss are related to
longitudinal wave velocitie; ,, V,,, andVs;; while the shear stiffness compone@ts:,
Ci313 andCy323 which are equal to the shear modBip, Gi3, andG,3, respectively, are

related to transversal wave velocitlgs, V;5, andV,;.

2.3 Mechanical testing

Uniaxial, quasi-static mechanical testing in comspien was carried out in all three
principal material directions, using a universaatlomechanical testing machine of type
BT1-FBO50TN of manufacturer Zwick/Roell. Rectangulapecimens with nominal
dimensions of 25x13x13 mimand 13x13x25 m (directions |1xl,xl3) were used for
compression tests in directiors and x3, while specimens with nominal dimensions of
6x13%x6 mm were used for measurements in directignsee Fig. 2. For each material
direction, five replicates were tested.

Three step-like loading-unloading cycles with pexgively increasing load levels were
applied. In order to account for the different spem dimensions, the corresponding
compressive force levels were 0.8, 1.6, and 3.2nk&rectionsx; andxs, and 0.2, 0.4, and
0.8 kN in directionx,. This resulted in comparable compressive stresgddeapplied in the
different loading directions, namely amounting t3,48.5, and 18.9 N mfin thex; andxs
directions, as well as to 5.6, 11.1, and 22.2 NimtheXx, direction. At each of the three
load levels, the force was held constant for 606 srder to allow the initially significant
creep activity to fade away. Subsequently, the gesgive load was slightly reduced so as

to determine unloading moduli. This accounts fa tlature of elasticity as being related to
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the mechanically recoverable energy stored in theeddd sample [30-32]. After the
aforementioned slight unloading, the stresses wisceeased to a level exceeding the
formerly applied one. Loading and unloading wengied out under displacement control,
under consideration of the different specimen disi@rs: In directionst; and x;, the
loading and unloading rates were equal to 0.2 mnminaind 1 mm mifi, respectively,
while in directionx,, a loading rate of 0.1 mm mirand an unloading rate of 0.5 mm fhin
were prescribed. This resulted in comparable strates of 0.008 mih (loading) and
0.04 min' (unloading) for testing in directions andxs, and of 0.0077 minh (loading) and
0.0385 mift (unloading) in directiom,. Force and displacement readings were recorded at
a data acquisition rate of 50 Hz. The Young’'s mbdulall three orthotropic material
directions were determined from dividing the un@xstress rates measured at the
beginning of the unloading regime, by the corresjiog strain rate imposed in terms of the
aforementioned displacement rates. In this conteikt, needs to be assured
that corresponding stress rates reflect elastiordeftions only, and do not contain
remarkable contributions related to creep phenomieace, creep deformations need to
have sufficiently faded out before the unloadingcgedure starts. This requirement can be
quantified in terms of a characteristic creep tifpg,, and a characteristic time of strain
evolutionT,,,, namely the latter needs to significantly exceeformer,le,, > Tereep-

The characteristic creep time is obtained througlseoelastic chain representation [33] of

creep deformation histories under constant loads;

sereen () = g0 ZnAi ( - e‘%), (5)
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with t as the time elapsed since the application of threstant load given in terms of a
uniaxial stresg,, and with4; andt; as amplitude and characteristic time charactegittie

i-th viscoelastic chain element denotes the number of chain elements necessary to
minimize the error between measurement data arep greedictions according to Eq. (5),

to a value not exceeding a tolerated thresholdevafurOL = 10’

SO0 (57 (6) — ereer (1)) de = 3805 (5P (¢) — e7°P(¢))° < TOL.  (6)
The largest characteristic time in Eqg. (5), stemming from minimization process in
Eq. (6), is then identified as the tiffig.., quantifying the duration of the overall creep
process,

Tn = Tereep- ()
On the other hand, the characteristic time of steiolution,T,,,, which indicates the
degree of creep fade-out at the time of unloading,t,,0qq, fOllows the general

definition of a characteristic time according td]3

__ &(t=tynioad) (8)

R é(tztunload).

3. Results and Discussion

3.1 Ultrasonic testing

Ultrasonic wave velocities as measured for the &sgdéiber composite, together with
corresponding wave lengths, are reported in TablE@ie minimum longitudinal wave
velocity was measured normal to the extrusion tivacand amounted td,, = 1.83 km &
(see Figure 2 for the definition of material difens). It was obtained with a signal
frequencyf =100 kHz. Hence, Eqg. (1) implies that minimum diadinal wavelength

amounted to 18.3 mm, and this is larger than tlgeired 3.6 mm. The minimum shear
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wave velocity, in turn, amounted ftd;; = 1.06 km &. It was obtained with a signal
frequencyf = 250 kHz. Hence, Eg. (1) implies that minimum aheavelength amounted
to 4.24 mm, and this is larger than the requir&gin3m. Hence, the separation-of scales
requirement is fulfilled, and the measured velesittan be used to determine the elastic
properties of the investigated composite.

Approximate identity of the ultrasonic shear waetoeitiesV; andV; (Table 1) evidences
the actual orthorhombic symmetry of the tested amsitp. Consequently, we use the
arithmetic mean of the two shear wave velocitiasthe further evaluation of stiffness
properties.

Stiffness properties as calculated according to. B338) are summarized in Table 2. The
normal stiffness in thickness directio@;,0, iS considerably smaller than the normal
stiffness in the plane of the board. The stiffnesxtrusion directionCii114, Iin turn, is
slightly larger than the one in the perpendiculigeation, Czszz This orthotropic behavior
can be explained by microstructural properties feg ticro-heterogeneous composite
material. Bagasse fibers are stiffer than the polyplene matrix. Since bagasse fibers are
predominantly oriented in extrusion direction, tiighest stiffness values are observed in
this direction.

The shear stiffness in the plane of the bo&¥d;3=Gi3, is larger than the shear stiffnesses
in the out-of-plane directions, whe@3,57=G,3 is smaller tharC,,1=Gs»,. This is consistent

with the microstructural morphology described befor

3.2 Mechanical testing
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Representative stress-strain curves for three gaoiial directions are presented in Figs. 3-5
(left), together with the evolution of strains oviene (solid lines in the right-hand images)
and the creep strain rate during the holding pkdaghed lines in the right-hand images).
The pronounced creep activity of the material tssinl non-linear stress paths even during
loading (Figs. 3-5). Deformation measurements tadlanng the constant load levels
guantify the creep activity in different materiatesttions (see right-hand images in Figs. 3-
5). In plane directiong; and xz exhibit a similar mechanical performance, while a
considerably more compliant behavior was measureitheé out-of-plane directior,. As
expected, creep deformations are increasing witheasing stress levels. Consequently,
also strain rates (images on the right-hand sidé-igs. 3-5) increase with increasing
stresses.

Characteristic creep timesfor the different material directions and for thrdifferent load
levels are summarized in Table 3. In each matdniattion and for the corresponding three
stress levels, the use of three characteristipctieees in Eqg. (5) yielded values smaller
than the tolerated threshold value of TOL =’18ccording to the minimization process in
Eq. (6).

Interestingly for all material directions, norma& straing“°°? /g, during the first and
second load level are similar, which is also exggdsby comparable characteristic creep
times (cf. Table 3). This indicates viscoelastictenal behavior up to the corresponding
load levels. On the contrary, creep strains werssiderably higher during the third load
plateau, which might indicate plastic deformationaddition to creep.

Characteristic creep times were highestaialirection (thickness direction) and smallest in
xi-direction (extrusion direction), see Table 3. Taissotropic (time-dependent) behavior

can be explained by microstructural properties led ticro-heterogeneous composite
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material. The time-dependent behavior of the bagd#ser-polypropylene composite
mainly stems from the polypropylene matrix, whilaghsse fibers are significantly less
creep active. Because of constraints during exinjdvagasse fibers predominantly orient
themselves in extrusiong-direction, see Fig. 1(a) [19]. Constraints ¥a-direction
(thickness direction) are more pronounced thaxgirection (in-plane direction), and this
makes it least likely that bagasse fibers are teteimx,-direction (thickness direction), see
Fig. 1(b). Consequently, the visco-elastic behawiopolypropylene exhibits the strongest
effect inxp-direction, followed by thes-direction, and rendering the-direction the least
creep active material direction.

A linear approximation of a specific section of tlwading path, as often proposed by
standards, does not yield elastic material progeriHowever, elastic properties of such a
material can be determined under the assumptiamadlastic immediate response when
unloading. As for determination of Young's moduwinloading branches were divided into
equal strain increments of 5xi0always starting from the end of each stress level
Corresponding results are illustrated in Figs. 6Mere the average values of elastic
modulus in three orthogonal directions, at différenloading strain increments, are shown
for different load levels.

Figs. 6-8 indicate a minor dependence of the umhgpadtiffness on the size of the
unloading strain increment, but larger moduli dosesved for higher load levels. The latter
result can be explained by the creep activity rigkfore unloading. Upommarginal
unloading, creep deformations will still resultarprogressive shortening of the specimen,
while spontaneous elastic deformation will resnlain elongation of the specimen. Creep-
related shortening counteracts the elasticity-eelaklongation such that unloading

elongations are underestimated, and this resulis ioverestimated stiffness. This effect is
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particularly pronounced in thickness directionwhere the unloading stiffness determined
by unloading from the second stress plateau isiderably larger than the one determined
by unloading from the first stress plateau In casitrto this observation, a significant
increase of the unloading stiffness in in-planectionsx; and x,, is only found when
comparing results related to the second and the stiess plateau.

From a more quantitative standpoint, the aforermoeeti creep-induced error in the
determination of the elastic properties relatethéoratio of creep and strain evolution times
according to Egs. (5-8): This creep-induced era@sgto zero if the deformation tini@,,,,

is considerably larger than the highest charatter@eep timel,,..,. In Table 4, the
corresponding values are summarized for the diftemeaterial orientations and load levels.
The factor between the deformation time and theadheristic creep time was the highest
at the end of the first load level, while it deed for higher loads. Consistent with the
characteristic creep times, factors were highesgirand x-direction, while lower values
were calculated for the thickness direction Xhe longitudinal and in-plane transverse
moduli E; andEs, determined at stress levels 1 and 2 differed osly little from each
other (see Figs. 6-8), with the lowest correspogdip s /Tc,cp ratio being as small as 3.8
(Table 4). Hence, such a ratio magnitude can bardeg as sufficiently large for virtually
excluding creep-induced error in unloading modudased elasticity determination. The
aforementioned value of 3.8 is also comparablééd . /T..ep ratio characterizing the
situation of the first unloading process s direction. Consequently, the corresponding
modulusE; can also be considered as elastic.

We summarize that the instantaneous unloadingnetifies determined from unloading

processes at the end of stress level 1, repreBentlastic properties of the material. In

Page 13



terms of Young's moduli, they areE;=3.68 (+0.80) GPaE,=1.44 (+0.20) GPa, and
Es=2.79 (£0.35) GPa. The largest elastic stiffnessis which refers to the extrusion
direction, followed by the in-plane stiffneds; in direction normal to the extrusion
direction. The smallest stiffness is given in ofsptane direction, i.eE,. Summarizing,

results from mechanical testing are consistent vagults from ultrasonic testing.

3.3 Quantification of Poisson’s ratios and off-diagnal stiffness tensor components

from combined ultrasonic and quasi-static tests

A material with orthorhombic symmetry exhibits nimelependent elastic constants. Given
that we have gained access to six stiffness termsmnponents via ultrasonic
characterization and to three Young's moduli viaagjtstatic unloading, a complete
characterization of the material has been accohmalisTherefore, it is possible to quantify,
based on linear elasticity of orthotropic materialgsmerical values of six Poisson’s ratios
and of three off-diagonal stiffness tensor comptsenhe latter show up in the Kelvin-

Mandel representation [22-24] of the stiffness ¢en®ferring to the principal material

directions,
[C1111 Ci122 Cii33 0 0 0 ] [61111 Ci122 Cigz3 0 0 0 ]
C211 G222 Cazss 0 0 0 Ci122 Ca222 Co233 0 0 0
[c] = C3311 (3322 C3333 0 0 0 _|Ci13s Ca23z C3z33 O 0 0 (9)
0 0 0 2Cy323 0 0 0 0 0 2G,3 0 0 f
0 0 0 0 2C1313 0 0 0 0 0 2Gy3 0
0 0 0 0 0 2Cip, 0 0 0 0 0 26,

with shear modulG;;. The compliance tensob] of the orthotropic material is the inverse
of the stiffness tensor, i.eD] = [C]™, and the corresponding matrix-representatiorDyf [

reads as
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F L _ve v
E, E, E;
w1 e o 000
[Pi111 Diraz Diass 0 0 0 E. B Es 0 0
|Di122 Dazzz Dazas 0 0 0 | vy vy 1 0 0
|D1133 D223z Daass 0 0 0 |_| B E E
[D]=| 0 0 0 2D3323 0 o |7 1 2 3 L o (10)
l 0o 0 0 0 2Diy5 0 0 0o 0 s
0 0 0 0 0 2D, | o 0 0 0 — 0
13
0 0 0 0 1
2Gyo]

with Young’s moduliE; and Poisson’s ratiag;, where subscriptsandj refer to directions
of lateral strain and applied stress respectivElgnsidering the orthorhombic symmetry of
the compliance tensor, there are nine independiastie components including three
independent Poisson’s ratios. The remaining thoeesBn’s ratios are dependent quantities
and satisfy the conditiong;/E; = v;;/E;. Isotropic elastic materials exhibit just one
Poisson’s ratio and it is bounded between -1 aBdAisotropic materials, in turn, exhibit
several Poisson’s ratios without theoretical bourdslong as the strain energy density is
positive definite [35].

Consideration of Egs. (9-10) together with the d¢ol [D] = [C]™ yields the following
three equations for the determination of the Poi'ssmtiosv,,, vs;, andvs;, as functions

(i) of the normal stiffness tensor compone@is;;, Coo0o andCsssz as well as (i) of the

Young’'s modulig,, E,, andEs, see also Egs. (23-29) in [20]

1 Nyq
Voq = / 11
21 2V2E3E3 [ C1111C2222 ( )
1 Nnzq
V31 = ’ 12
31 2V2E3E3 [ C1111C3333 ( )
. UEP) Nor Tl C2222 (13)
327 £912932 21731 Cy33

Ny = Nyy —h, (14)

where
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N3, = ¢§ — 2E5c3d3 + ESez; — h, (19)

Ngp = €2 — 2E3c3d3, + E2e;, + h, (16)
and
f = —16c,c,E2, (17)
912 = c3—E3dy;, (18)
932 = ¢3—E3dsy, (19)
Ny, = c§ — 2E5c3dy; + Efeny, (20)
h=.\fg?, +n, (21)
with
ey = c5 — 2E,cyb, + E2a3, (22)
e3; = ¢ — 2E,ca, + Ez a3, (23)
es, = c5 — 2E,c5a, + E2ayb,, (24)
dip = c; — Eza,, (25)
dy1 = ¢, + Ezay, (26)
d31 = ¢, + E1E; — 3¢y, (27)
ds; = ¢y + E{E; — ¢y, (28)

¢, = Ci111E2, C; = Cyp22Ey, c3 = C3333E1E5,  (29)
a; = E1 + Ci111, a2 = E1 — Ci1110

by = E; + 3C1111, b, = E; —3Ci111- (30)

Inserting stiffness tensor components as measwyredelans of ultrasonic testing as well as
Young’s moduli as measured by means of mechanésting into Egs. (11-13) yields

Poisson’s ratios and off-diagonal stiffness tersmmponents of the orthotropic material as
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given in Table 5. The determined Poisson’s ratitues lie between 0.230 and 0.722.
Corresponding off-diagonal stiffness tensor comptsmerange between 3.479 and
4.273 GPa. For the pair of in-plane Poisson’s satig9 andv, 5, values close to each other
are found, while the other two pairs of Poissoatsoss showed larger differences. This is a
result of the anisotropy of the material, whichmest pronounced between the in-plane and
out-of plane directions.

Considering the statistical variation of stiffnessend Young’s moduli obtained from
ultrasonic and quasi-static testing, respectivaljows for quantifying the statistical
variations of Poisson’s ratios determined by thevabdescribed approach, see Table 5.
Notably, the out-of plane Poisson’s ratios are lesssitive than the in-plane Poisson’s
ratios, and this can be explained by the varigbtit the Young’s modulug&;, which is

significantly larger than the variability & andEs.

4. Conclusions

The aim of this research was to characterize elgstperties for an orthotropic bagasse
fiber-polypropylene composite by combining ultrassnand mechanical testing. The
following conclusions can be drawn from the prestadly:

» The stiffest material behavior was measured in usikbn direction, both in
ultrasonics and quasi-static tests. This indicatbat bagasse fibers are
predominantly oriented in this direction.

» The differences of shear wave velocities in thraespof orthogonal directions were
found to be very small, evidencing orthorhombic syetry of the studied

composite.
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» Significant creep deformations were observed in p@ssion tests. They were
particularly significant in the thickness directios, where the impact of the
polypropylene matrix is strongest because it istléiely that bagasse fibers are
aligned with thec-direction.

* In order to obtain realistic values for Young's mbdcreep deformations must be
excluded from the analysis. Therefore, unloadinignsss was determined after a
sufficiently long stress level, whereby the latbeas small enough such that creep
deformations had practically faded out before udilog took place.

* As a novel contribution, Poisson’s ratios of thehotropic material and off-
diagonal stiffness tensor components were calalllayecombining ultrasonics and

guasi-static test data.
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List of figure captions

Figure 1: Optical micrograph: (a) cross-section paralleghi® extrusion direction (i.e1)
and (b) cross-section normal to the extrusion twacthe lighter colored phase is the

bagasse fibers and the darker colored phase mdhrex.

Figure 2: I-shaped profile from which specimens for ultras@and mechanical testing

were cut out, see the dashed lines; and orientafi@artesiarx;, X», Xz-coordinate axes.

Figure 3: Left: Loading-unloading stress-strain curve; rigirmal strain and creep strain

rate in extrusion directioxy.

Figure 4: Left: Loading-unloading stress-strain curve; rigidrmal strain and creep strain

rate in directiorx, (out-of-plane and normal to extrusion direction).

Figure 5: Left: Loading-unloading stress-strain curve; rigidrmal strain and creep strain

rate in directiorks (in-plane and normal to extrusion direction)

Figure 6: Elastic modulus computed for different unloadimgpthcement increments at

various stress levels in direction 1 (extrusiorclion, i.e. x).

Figure 7: Elastic modulus computed for different unloadimgpthcement increments at

various stress levels in direction 2 (i.g).x

Figure 8: Elastic modulus computed for different unloadimgpthcement increments at

various stress levels in direction 3 (i.g). X
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Table 1: Average values and standard deviations (givemaokets) of measured ultrasonic

wave travel timeg wave velocitiesv computed according to Eg. (2), and wavelengths

computed according to Eq. (2).

travel time of ultrasound waves (in us)

tig {22 ta3 to o1 ti3 ta1 to3 ta2
19.69 7.10 5.44 43.22 11.50 39.84 10.08 12.04 12.26
(x0.78)  (+1.10)  (+1.16)  (¥1.97)  (0.35)  (+1.02)  (¥0.51)  (¢2.09)  (+2.37)
wave velocities (in km'§
Vl 1 V22 V33 Vl 2 V2 1 V13 V3 1 V2 3 V3 2
2.59 1.83 2.39 1.18 1.13 1.28 1.29 1.08 1.06
(#0.06)  (+0.11)  (¢0.14)  (0.05)  (+0.03)  (+0.34)  (0.48)  (£0.09)  (x0.02)
wavelength (in mm)
A A2z A3 A2 A1 A1z A1 A23 As2
25.9 18.3 23.9 4.72 4.54 511 5.15 4.32 4.24

Page 24



Table 2: Mean values and standard deviation (given in le&jkof stiffness tensor

components derived from ultrasonics testing acogrth Egs. (3-4).

stiffness tensor

mean value (in

standard deviation (in

component GPa) GPa)
Cunt 7.39 +0.37
Caz22 3.68 +0.73
Caas3 6.29 +0.26
Ci1217G13 1.82 +0.11
C121=G1o 1.47 +0.09
Cu3257Go3 1.26 +0.08
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Table 3: Characteristic creep timesand normalized amplitudes determined according

to Eq. (5).
direction x (in-plane parallel  direction % (out-of-plane direction x% (in-plane and
to extrusion direction) and normal to extrusion normal to extrusion
direction) direction)

A, =1.81010° A, = 7.05010° A, =1.91610°

A, = 3.82410° A, = 2.18010* A, = 4.28310°

1* holding A, = 8.82310° A; =5.61210" A; = 1.03210*

7,=4.21s 7,=8.44s 7,=4.64s

7, =29.24 s 7, =56.68 s 7, =30.56 s

7,=273.70 s 7, =551.8s 7, =236.30 s

A, = 2.24310° A, = 1.17510% A, =1.71010°

A, = 3.06910° A, = 3.19510" A, = 3.26410°

2 holding A, = 8.68010° A, = 8.77210% A5 = 1.04610*
7,=12.61s 7,=21.18s 7, =11.23s

7,=76.69s 7, = 90.66 s 7, =56.69 s

7, =542.20 s 7, =614.70 s 7, =480.50 s

A, = 1.45910° A, = 6.46310° A, = 3.61510°

A, = 5.78110° A, = 2.53110* A, =7.78810°

39 holding A; = 2.08310* A; = 7.71910* A; = 2.67110°
7, =16.63 s 7,=28.17s 7, =18.61s

7, =84.09s 7, =107.10 s 7,=94.15s

7, = 653.20 s 7, =713.60 s 7, =788.00 s
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Table 4: Characteristic time%,., according to Eq. (8) aril},.., according to Eq. (7).

direction x (in-
plane parallel to

direction x% (out-of- direction % (in-
plane and normal to plane and normal to

extrusion extrusion direction) extrusion direction)
direction)
Tereep (in'S) 274 552 236
1* unloading Tgef (iN'S) 3751 1917 3176
Taet/Tereep (7) 13.7 3.5 13.5
Tereep (in'S) 542 615 481
2" unloading Taer (iN'S) 2082 1793 1973
Taet/Tereep (7) 3.8 2.9 4.1
Tereep (iN'S) 653 714 788
3 unloading Tger (iN'S) 1457 1568 1571
Taet/Tereep () 2.2 2.2 2.0
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Table 5: Poisson’s ratios obtained from combined ultraso@s,,=7.39 GPa ,
C2227=3.68 GPa(C33376.29 GPa) and quasi-static mechanical tdsts3.68 GPa,
E,=1.44 GPaE3=2.79 GPa).

Poisson’s ratios (-)

off-diagonal stiffness tensmmponents (in GPa)

mean mean-std mean-+std mean mean-std mean-+std
Ve 0.678 0.606 0.791 Cui22 3.554 3.198 3.792
Via 0.265 0.261 0.289 Cuiiz3 4.273 4.659 3.572
V31 0.304 0.473 0.079 Coo33 3.479 2.985 3.864
Vi3 0.230 0.401 0.055
V3y 0.373 0.293 0.432
Va3 0.722 0.577 0.829
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