3D finite element modeling of water diffusion behavior of jute/PLA composite
based on X-ray computed tomography
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Abstract: A three-dimensional (3D) finite element (FE) modeling approach, which
includes the true internal microstructure of short plant fibre reinforced composites, is
proposed to accurately simulate water diffusion behavior. The volume fraction,
dimension and orientation distribution of jute fibres in a jute/PLA composite were
acquired by segmentation of X-ray computed tomographs (XCT). Surface meshes of the
jute fibre and PLA matrix were imported into Abaqus Finite Element (FE) software to
establish a 3D model that was used to simulate water diffusion behavior at 23° C. The

predieted results were in good agreement with experimental measurements.
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1 Introduction

Plant fibre reinforced ploy (lactic acid) (PLA) composites have their excellent
properties compared with conventional glass or aramid fibre reinforced composites[1-3],
in particular recyclability, biodegradability and low density. The most promising
applications of plant fibre/PLA composites are for lightweight components in aerospace
and automobile applications, such as door trim, panels and seat due to their high
specific strength and modulus. However, plant fibres are naturally hydrophilic and are
quite susceptible to environmental factors such as external temperature and humidity, so
their durability can be limited[4-6]. Anisotropy in the multi-scale microstructure and the
distribution of plant fibres in composites can result in significant directionality in their
water absorption behavior[7, 8], so to fully understand water diffusion behavior and the
degradation mechanisms in plant fibre/PLA composites it is necessary to develop
representative 3D model.

In recent years, a number of methods for generating solid models of fibre reinforced
composites have been presented. In most studies, in order to reduce computational costs,
the internal structures of the composites are directly built by random aggregate
generation or with an assumed perfect periodicity of fibres that is obtained by
experimental observations (i.e. SEM and visual examination). For unidirectional

conventional synthetic fibres such as carbon or glass reinforced composites, many



works have focused on 2D models. For instance, Vaddadi et al.[7, 8] developed a
numerical code to place circular fibres in random positions to establish a carbon/epoxy
composite model with random fibre arrangements, and Joliff et al.[9] presented a 2D FE
model (Abaqus) of a glass/epoxy composite, and used this to simulate water diffusion.
Peret et al. [10] created the 2D FE model of glass fibre reinforced epoxy resin
composites to analysis the water diffusion based on free volume theory. A random
generator was used to create irregular geometries of the microstructure. Jain et al.[11]
developed a 3D microstructure model by using FE Abaqus to study water diffusion both
across and along the fibre length in a unidirectional fibre reinforced polymer matrix
composites.

Different from the long traditional synthetic fibre reinforcement composite, the
internal structure of short plant fibre reinforced PLA composites is complex and
difficult to describe by approximate algebraic functions. So, it is important to observe
and quantify the internal structure of a plant fibre/PLA composite in order to precisely
establish a 3D FE model.

Various techniques have been used to investigate the internal structure of composites,
such as the “tap test”[12], optical and fluorescence microscopy[13], acoustic
emission[ 14, 15], ultrasonic[16], scanning electron microscopy (SEM)[17-19]. However,
the non-imaging methods have limited resolution, and two-dimensional microscopy
techniques also only provide limited information on the 3-dimensional structure, unless

destructive sectioning is used. X-ray computed tomography (XCT) is a non-destructive



and high-resolution technique that can be used for 3D analysis of internal structures in
composites. Many studies have now been conducted to demonstrate this utility. For
instance, recently Jiang et al.[20] used XCT to evaluate the effects of hygrothermal
degradation in jute/PLA composites, observing the development of material
homogeneities, interface damage and microcracking. Saucedo-Mora et al.[21] used in
situ XCT in SiC-SiC ceramic matrix composites to monitor the initiation and evolution
of mechanical damage. Firas et al.[22] have also shown that XCT is useful in evaluate
the density changes, reinforcement filler damage and microcracking caused by
accelerated thermal degradation in epoxy resin composites.

Moreover, XCT allows 3D visualization and quantitative analysis of the
microstructure.  For instance, Zou et al.[23] employed high-resolution synchrotron
XCT to characterize the crack distribution and porosity of fibre reinforced ceramic
matrix composite, and Le and Garesci et al.[24, 25] showed how XCT could be used to
quantify the fibre orientation and fibre volume content of composites. Such data provide
a method to build models that are based on actual microstructures, and there are many
examples of this in the literature. For instance, Sabiston et al.[26] established a
Functionally Graded Interphase (FGI) model, using XCT-measured fibre orientation
distributions, to predict the elastic response of long fibre sheet moulding compound
composites. Straumit et al.[27] applied image processing methods (structure tensor) to
XCT images to construct realistic models of woven carbon-epoxy composites. lizuka et

al.[28] established a 3D FE model with random fiber waviness for a unidirectional



carbon fibre reinforced plastic based on XCT images, and the compression was
simulated. To date, the establishment of a 3D model of a short plant fibre reinforced
composite based on XCT observations has not been reported.

In this paper, a 3D FE model of short jute fibre reinforced PLA composites is
obtained from high resolution XCT observations. This model takes into account the
material’s true internal geometry, and the water diffusion behavior investigated with a
finite element analysis that considers Fick’s model. Finally, the simulation results are
compared with the available experimental data.

2 Experimental
2.1 Materials

The Poly(lactic acid) (PLA) (4032D, molecular weight of 150,000 and a density of
1.25g/cm’) was obtained from Suzhou Jiwang Environment Friendly Material Co. Ltd.,
China. The jute fibre yarn (3 strands twisted) was supplied by Shanghai Qiancong Jute
Fibre Co. Ltd., China.

2.2 Specimens preparation

Injection moulding was used to prepare the jute/PLA composites. Firstly, the jute
yarn and PLA granules were dried under vacuum at 60°C for 4h, and the fibres
(diameter, 30—50um) were cut to 2.5mm average length. Then the dried jute yarn and
PLA were blended by using a SHJ-20 twin-screw extruder with 27mm screw diameter
(feed rate=30g/min, screw speed=100rpm, length to diameter ratio (L/D)=40, Nanjing

Jieya Co. Ltd., China). The weight fraction of jute fibre in the composite was 10%. The



jute/PLA composites were granulated using a YCT-132 granulator (Nanjing Jieya Co.
Ltd., China), and dried under vacuum at 60°C for 4h. Finally, the test specimens of pure
PLA and jute/PLA composite were produced respectively in a PL550/150 injection
moulding machine (Wuxi Haitian Machinery Co. Ltd., China) with a barrel temperature
of 175~180°C at an injection pressure of 55 Bar.

2.3 X-ray computed tomography (XCT)

XCT tomographs of the fibre/PLA composite were obtained with an X-ray
microscope (Xradia Versa 510, Zeiss, Germany), operated at a voltage of 80k} and
power of 7W to provide 3D X-ray attenuation images at a voxel size of 3um. The cuboid
specimen size was 4 X 6 X 4mm?, obtained by cutting the center of an untested tensile
specimen (Figure 1a). The scanned region (a cylinder with height 3mm and diameter
3mm) is shown in Figure 1b and example observations are shown in Figure lc. A more

detailed description of the XCT observations is given in a previous article[20].
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Figure 1: Geometry of tensile specimens and the geometry used for the X-ray computed tomography:
(a) Tensile specimen, (b) Scanned specimen and (c) XCT image. The mould flow direction is along
the X-direction.

2.4 Water absorption tests



Water absorption tests of the jute/PLA composite were in accordance with ASTM
D5229[29], and the water absorption of pure PLA plastic was tested in accordance with
ASTM D570-98[30]. The specimens (30x20x4mm?) were dried in vacuum at 60°C for
24h before testing, and their initial weight (W,) was then measured using a high
precision balance (precision=10"g, Precisa-XR, Switzerland). The specimens were
immersed into deionized water baths at 23°C. The Weight (#,) was recorded at each
periodic removal of the specimen until saturation, and the weight gain (%) (M;) was

calculated with Eq. (1).

=20 00% (1)
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Five specimens were tested to obtain the average and standard deviation. The weight

gain of jute fibres was then estimated, using the measured weight gain for the pure PLA

sample at the same time interval, by use of a scale model[31, 32], as Eq. (2).

AW g = AW o XV + AWy X (1- Vjute) 2
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Where AW, 5, AW, and AW, are the weight gain of jute/PLA composite, jute

Jute

fibres and PLA, respectively. V'

jute 18 the volume content of jute fibres (8.5%,

measured by XCT).
3 Results and discussion
3.1 3D FE model establishment
3.1.1 Threshold segmentation and quantitative analysis
Quantitative analysis and 3D reconstruction of the tomography images by threshold

segmentation were done by using the Avizo 9.0 software (Visualization Sciences Group,



Bordeaux, France). The detailed operation process is summarized in Figure 2. A 3D
dimensional view of the raw data in shown in Figure 3a. Before segmentation, 3D
median filtering was applied to reduce the image noise (Figure 3b), and the data was
cropped to a region of interest (ROI) of 2x2x2mm?. Each voxel of the 3D dataset
measures a grey level that depends on the relative X-ray attenuation coefficient of the
material within it. Figure 3c, d shows greyscale orthogonal views of the jute/PLA
composites. Good image contrast has been obtained between the features of the

microstructure, so the jute fibre and PLA matrix can be clearly distinguished.
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Figure 2: Quantitative analysis and process of 3D FE model establishment: (a) orientation
distribution analysis of jute fibre, (b) 3D model reconstruction and (c) 3D FE model generation.

To segment the tomography data, grey level thresholds to separate the different
phases must be chosen. The grey level histograms (Figure 3e), shows that threshold

ranges (as 8bit data) can be chosen as 0-131, 131-189, 189-255 to separate the porosity,



matrix and fibres respectively by segmentation. Some islands occurred in the
segmentation by thresholding of fibre (Figure 3f). These islands with length below
30um (diameter of jute fibre was 30-50um) may caused by the data noise and were
removed (Figure 3g) by dimensional analysis function. The analysis of the volume
content of jute fibre was determined to be 8.5%, which is consistent with the fibre

weight fraction (10%) from manufacture. This proves the accuracy of the extracted fibre.
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Figure 3: Threshold segmentation of jute/PLA composite: (a) 3D dimensional view, (b) region of

interest, (c) and (d) show ortho view images of the jute/PLA composites, (e) number of voxels per
grey value, (f) segmentation of fibers from the matrix by applying threshold, (g) island removal.

By inspection, the jute fibres appear to be oriented in the mould flow direction (i.e. X
direction defined in Figure 1). To verify this, the skeletonization algorithm of the Avizo
software is used for a quantitative analysis of the orientations of the Euler polar
coordinates of the fibres that had been identified by segmentation of the tomography

data (Figure 4). This shows that the polar angle (6) of 75% jute fibre inside the



composite is concentrated within 20° in the XY plane (Figure 4b), and nearly 71% of
the jute fibres have their azimuth angle (¢) within 40° of X direction (Figure 4c). This
preferential alignment is due to the high shear stress of the material flow in the mould
flow direction during the moulding process. This anisotropy may be expected to affect
the directionality of the water absorption behavior, and is an important reason for the

establishment of real FE model to simulation analysis.
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Figure 4: Analysis of orientation distribution of jute fibre: (a) jute fibre skeletonization. The

orientation distributions of the fibres (Euler polar coordinates) are summarized in (b) polar angle, 0;

and (c) azimuthal angle, ¢.

3.1.2 3D reconstruction and FE model

The small amount of porosity (0.05%) was neglected, and the composite is
considered as a two-phase material of fibre and matrix. Figure 5a, b (i) shows a 3D
volume rendering of the segmented jute fibres. In order to construct a 3D mesh

composed of 3D elements or cells, it is necessary to construct a 3D surface of each
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volume boundary. After threshold segmentation, a surface was obtained by a smoothing
function, as shown in Figure 5b (ii). Then, the jute fibre is meshed to generate a
tetrahedral mesh, with a mesh size of 0.05-0.1mm (Figure 5b (iii)). At last, the element
model of jute fibre after 3D reconstruction is established in Figure 5c. The PLA matrix

were reconstructed by the same method.
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Figure 5: Process of 3D reconstruction of jute fibre: (a) 3D volume rendering of segmented jute

fibre, (b) 3D surface reconstruction process and (c) jute fibre element model.

The 3D volume rendering of the segmented PLA matrix is shown in Figure 6a. After
applying surface building and mesh functions (Figure 6b), some mesh defects (i.e. sharp
corners, intersections, chamfers, coplanarities, coincident edges) was observed in the
PLA matrix (Figure 6c), or in the jute fibres, demonstrating locally low mesh quality.
The Avizo command operation of ‘recompute connectivity’ was applied to remove
these mesh error, and obtain a higher quality tetrahedron grid. Finally, the establishment

of the 3D element model of PLA matrix was completed, as shown in Figure 6d.
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Figure 6: Process of 3D reconstruction of PLA matrix: (a) 3D volume rendering of segmented PLA

matrix, (b) surface and mesh generation, (c) grid quality check and (d) PLA matrix element model.

The full process of 3D FE model establishment of jute/PLA composite is summarized
in Figure 2c and Figure 7. After threshold segmentation (Figure 7a, b), the 3D
reconstruction element model of jute fibres and PLA matrix (Figure 7c) was completed
after surface and mesh generation in the Avizo 9.0 software. There are 424054 and
2892552 tetrahedral elements for jute fibre and PLA matrix, correspondingly. Then, the
element model of the jute fibre and PLA matrix was exported into the Abaqus FE
software, as shown in Figure 7d. After the assembly of fibre and matrix, and assignment
of material parameters and boundary conditions in Abaqus, the 3D FE model of

jute/PLA composites was established in Figure 7e.
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Figure 7: Process of 3D FE model establishment: (a) 3D dimensional view, (b) 3D volume
rendering by applying a threshold segmentation, (c) 3D reconstruction element model of jute fibre
and PLA matrix after surface and mesh generation, (d) element model of jute fibre and PLA matrix
in Abaqus software, (e) 3D FE model is built with the assembly of jute fibre and PLA matrix,

material parameters and boundary conditions.

3.2 Water diffusion behavior

The measured M, for pure PLA and jute/PLA composites at different time under 23°
C is shown in Figure 8a. The M, of jute fibres was estimated by Eq. (2). The saturated
mass gain, M, is 25.80% for the jute fibres, which is significantly higher than that of
jute/PLA composite (2.80%) and pure PLA (0.65%). This can be explained by the fact
that the plant fibre structure contains a large number of hydroxyls of cellulose and
lumens, which promote the transportation[33] and storage of water[34]. In order to
describe the water absorption behavior of jute/PLA composite, weight gain curves

determined by Eq. (3)[35] were fitted (Figure 8b)

Lokt 3)

Where k, n represents the diffusion kinetic parameters.
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The fit shows the values of n are all close to 0.5, demonstrating that the water
diffusion of pure PLA, jute fibre and jute/PLA composites can be approximated by
Fick’s law. Therefore, for values M, /M,, lower than ~0.6, the initial part of the weight

gain curve can be expressed by Eq. (4)[36] :

12
M, _4 (2) o @
M h\rm

m

Where / is the thickness of the specimen and D is the diffusion coefficient.

For M/M,, higher than 0.6, the absorption curve approximates Eq. (5)[36]:

0.75
M, D -t
—=]—exp—7.3( e j

M”l
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The diffusion coefficient D, determined from Eq. (4), can usually be expressed as Eq.
(6) [35]:
2
T M xh k"
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Where the coefficient £ is the slope of the linear part of the curve M, = f (\/; / h) .
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Figure 8: Determination of water absorption kinetic parameters: (a) weight gain (M,) of jute/PLA
composite, pure PLA and jute fibre (estimated), (b) Diffusion curve fitting plots of jute/PLA
composites, pure PLA and jute fibre.
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The obtained diffusion coefficients of pure PLA (3.49 X 10-°mm?/s) and jute/PLA
composites (1.20X 10°mm?/s) are listed in Figure 8a Although the M, of jute/PLA
composite is higher than pure PLA, the value of D for jute/PLA composite was smaller
than pure PLA. This can be explained by the fact that the addition of jute fibre not only
promoted the water absorption but also increased the value of M,,[37], resulting in a
prolonged saturation time of the fibre, thus leading to a lower overall D value.

The M,, and D of PLA resin and jute fibre are required to model the water diffusion
behavior of jute/PLA composites. The water diffusion behavior of pure PLA resin is
assumed isotropic, where D=3.49X 10%mm?/s. For the jute fibre, its multi-scale
structure makes its diffusion behavior anisotropic, and its longitudinal and transverse
diffusion coefficients need to be determined separately[38, 39]. However, in this work,
the water diffusion principally occurs across the thickness of the jute/PLA composites
which is in the transverse direction of major jute fibres. Hence, only the transverse
diffusion coefficient of the jute fibre is considered, and the longitudinal diffusion
coefficient of the jute fibre is ignored to simplify the estimation of the diffusion
coefficient. Therefore, based on the jute fibre weight gain curve obtained by Eq. (2), the
estimated value of the diffusion coefficient for the jute fibres in this composite was 0.83
X 10°mm?/s. This is close to the value for jute fibres (D/=1.12X 106mm?/s), measured
in isolation, that is reported in the literature[40].

3.3 Finite element simulation

The water diffusion behavior of jute/PLA composites was simulated by Abaqus mass
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diffusion analysis, using four-node linear heat transfer tetrahedral elements DC3D4. The
dimension of half-thickness model, water boundary conditions and diffusion parameters
of jute fibre and PLA matrix are illustrated in Figure 9. The arithmetic mean of the

water concentrations of all nodes in the jute/PLA model was taken as the M,.

(a) 'z Surface exposed to (b)

humid environment

Direction of moisture
diffusion

gz

2mm

Symmetry plane

>

(c) Diffusion parameters of jute fibre and PLA matrix
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Jute fibre 25.80 0.83

Figure 9:Boundary conditions of the 3D FE model of jute/PLA composites specimen: (a) thin
composite specimen is exposed to humid environment at up and down surfaces, (b) The half-

thickness model that is used in the analysis, (c) diffusion parameters of jute fibre and PLA matrix.

The FE results obtained with the values of jute fibre and PLA matrix in Figure 9c are
shown in Figure 10. The results show that the geometric model with the D value of 0.83
X 10-mm?/s for jute fibre not correctly fit the experimental water absorption curve. A
good fit was obtained by significantly increasing the diffusion coefficient of the jute
fibre to D=0.97 X 10°mm?/s. This indicates that the jute fibre present the different
diffusion behavior when they are taken separately and mixed into the composites. This
tendency has been already observed in flax/epoxy composite[41]. According to Chilali

et al.[41], it can be explained by the fact that volume of flax fibre is reduced due to the
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confine of epoxy resin. This could explain the difference diffusion coefficient when it is

confined in the matrix and when it is aged solely.

3.5
B ExpofpuwePLA —— FEmodel of jute/PLA D,=0.83x10mm?s
1 ® Expofjute’PLA —— FEmodel of jute/PLA D,=0.97x10"mm?/s
3 0 _| = Fick'smodel of pure PLA
o — Fick'smodel of jute/PLA .
g 2.5
S
X
< 2.0 Materials M, (%) Dx10°(mm* /s)
=1
= PLAmatrix  0.65 3.49
&n
= 1.5 1 Jute fiber  25.80 0.83
.%’J Jute/PLA  2.80 1.20
Z 104
] | e
0.5 1
0.0 T T T T T T T T T
0 200 400 600 800 1000 1200

Sqrt(s*0.5)/Thickness(mm)
Figure 10: Comparison between the experimental data, Fick’s model and FE models of weight gain
curves of jute/PLA composites using D;=0.83 x10-°mm?/s and D/=0.97 10~ mm?/s.

Through the water diffusion behavior simulation of 3D EF model of jute/PLA
composites, the evolutions of transient water diffusion is studied. Figure 11 illustrates
the water distribution with in the jute/PLA composite (Figure 11a), jute fibres (Figure
11b) and PLA matrix (Figure 11a) for four different time of 24, 90, 720 and 2160 hrs.
At the region near the surface where directly contact with water, the moisture content
immediately reaches M,, of PLA matrix (Figure 11b) and jute fibres (Figure 11c).
Subsequently, the water diffuses toward the symmetric center plane as time increased. It
can be seen that the water does not diffuse completely uniformly across the thickness
(XY plane) of PLA matrix and jute fibres in the early time plots (t= 24, 90 and 720h).
This occurs due to the clustering of short jute fibres. Since most of water diffuse

through the jute fibres in the composite, local aggregation of jute fibres can promote the
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water absorption process in the corresponding area. In addition, the orientation and the
anisotropy diffusion coefficient of jute fibre also contribute to this phenomenon. In the
first 720h, the water diffusion is very fast, the jute/PLA composites almost saturated at
720h except near the symmetry plane. Thereafter, fully saturation is not reached until
2160h. At later time, the composite absorbs a limited amount of moisture, so only a
small additional weight gain can be obtained. The result is consistent with the water

absorption test which proved the correctness of 3D FE model.
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Figure 11: Transient moisture distribution within (a) jute/PLA composite, (b) jute fibre and (c) PLA

matrix are shown at four different times.

4 Conclusion
XCT is successfully used to characterize the internal microstructure of short jute fibre

reinforced PLA composite. The threshold-based segmentation procedure is able to
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separate the jute fibre and PLA matrix and visualize directly the internal structure of
jute/PLA composites. The volume content of jute fibre was determined to be 8.5% and
most jute fibres aligned with the mould flow direction due to the high shear in the flow
direction during moulding after quantitative analysis of the tomography data.

3D FE model was established in four steps: (i) threshold segmentation, (ii) 3D surface
reconstruction of jute fibre and PLA matrix, (iii) establishing of element model of the
jute fibre and PLA matrix with mesh generation, (iv) assembly of element model in
Abaqus, and assign of related material parameters and boundary conditions. Then the
3D FE model have been used to simulation the water diffusion behavior of jute/PLA
composites in 23° C by using Abaqus software. The water absorption behavior of the
jute/PLA composite is simulated, and the diffusion process of water in the material can
be observed intuitively. The numerical investigation of the water diffusion behavior of
the jute/PLA specimens permitted an estimation of the jute fibre transverse diffusion
coefficient, which quite different from estimated with simple Fickian analysis of the
experimental results. This indicates that the jute fibre diffusion behavior is modified
when confined in the PLA resin. The simulation also predicts that water does not diffuse
completely uniformly due to the clustering of short jute fibres.

The model described in this paper have helped to understand the water diffusion
behavior and mechanisms of jute/PLA composites in the hygrothermal environment.
The multi-scale modelling approach developed can be applied to a selection of samples

of microstructure to extract the properties of moisture diffusion of composite.
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