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PREFACE

The challenge of the present state of fibre composite processing is to bring the various
materials science disciplines together to promote technological development. High-level
scientific knowledge of the physical and chemical mechanisms taking place during
processing of composites is available, including detailed knowledge on the behaviour of
the constituent materials, but in many cases this knowledge is not integrated and brought
to practice.

Focus needs to be placed on the links between fundamental science and more practically
oriented developments of processing techniques, in order to further our understanding of
relationships between processing conditions and engineering properties of the final
composites. Altogether, the scientific basis for development and optimization of
processing of fibore composites needs to be explored to approach maximum materials
performance.

This overall topic of the symposium is covered in the Proceedings book by 9 invited
papers and 26 contributed papers.

Among the specific topics covered by the papers are (i) experiments and theoretical
models for the analysis of resin rheology, resin cure kinetics, together with fibre assembly
permeability for efficient mould filling, and optimisation of process conditions, (ii) modelling
of residual stresses generated during processing for control and minimization of shape
distortion, (iii) design and characterisation of the fibre/matrix interface, and the related
technological techniques for surface treatment, (iv) development of techniques and
analyses for the characterisation of the process controlled volumetric composition and
microstructural parameters, such as length and orientation of fibres, and the related effect
on composite properties, (v) compaction behaviour of fibre assemblies, (vi) new types of
fibres and matrices, such as bio-based and at nano-scale, and their processing and
properties, and finally, (vii) comparative studies and systems for selection, monitoring and
control of processes.

The 34" International Risg Symposium on Materials Science is organized by the
Department of Wind Energy, Technical University of Denmark (DTU). We want to thank
all those at DTU who have assisted in the preparations for the symposium, and we
gratefully acknowledge the financial support from the following foundations: Civilingenigr
Frederik Leth Christiansens Almennyttige Fond, Kraks Fond, Fabrikant Mads Clausens
Fond, Knud Hgjgaards Fond and Otto Mansteds Fond.

S. Feester J.K. Heininge Y. Kusano H. Lilholt
B. Madsen R.T.D. Prabhakaran A.G. Thomsen
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LIMITING DELAMINATION DURING MACHINING OF FIBER
REINFORCED COMPOSITES BY UNDERSTANDING
INEVITABLE DAMAGE MECHANICS

Naresh Bhatnagar, G. Venugopala Rao, and Puneet Mahajan
Indian Institute of Technology, Delhi, India

ABSTRACT

Apparent facts of composite material damage mechanism in chip formation during orthogonal
machining were studied experimentally and numerically for a range of fiber orientations, depths
of cut and tool rake angles. A new two-phase micro-mechanical finite element (FE) model was
developed. For material damage and chip formation study, fiber breakage, matrix damage and
interfacial failure are considered. From the new micro-mechanical FE model the fiber failure is
found to be a combination of bending and crushing for higher fiber orientations and bending
alone for lower fiber orientations. Sub-surface damages are more at 30° fiber orientation, which
is primarily due to the induced stresses in the matrix (m;,) reaching failure before the adjacent
fiber (f)) fails. Interfacial failure/debonding were observed due to mixed mode fracture failure.

1. INTRODUCTION

Most of the fiber reinforced polymer (FRP) composite products are made to final component
level; however, post-production removal of excess material by means of machining is often
carried out to meet dimensional requirements and assembly needs. Carbon/Glass fiber
reinforced polymer (CFRP/GFRP) composites are widely used in various applications, due to
their high specific strength and high specific stiffness. Machining of CFRP products is difficult
due to its material discontinuity, inhomogenity and anisotropic nature. Also, various damage
mechanisms such as fiber pullout, fiber fragmentation, delamination, matrix burning, matrix
cracking and subsurface damage lead to poor cut surface quality. Compared to the machining of
metals, studies on machining of composites are few and limited in number.

The first experimental work on cutting of unidirectional carbon fiber reinforced polymer (UD-
CFRP) composites was presented by Koplev, Lystrup and Vorm (1983). The machining
characteristics were considered for only parallel and perpendicular fiber orientations and results
were presented for chip size, cutting and thrust force variations with rake and relief angles.
Crack propagation ahead of the tool tip (Mode-I) was observed during machining of laminates
with 0° fiber whereas, compression induced rupture was noticed in machining of laminates with
90° fiber orientation. On the basis of experimental observations a combination of Mode-1 and
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Mode-II failure mechanism leading to chip formation was suggested by Caprino, Santo and
Iorio (1997). Bhatnagar, Ramakrishnan, Naik and Komanduri (1995) ascribed fiber breakage
due to axial tension as the cutting mechanism. Pwu and Hocheng (1998) suggested that the fiber
breaks when the bending stresses exceed the ultimate material strength. Very few researchers
have used numerical analysis to investigate the response during orthogonal machining of UD-
FRP composites (Arola and Ramulu 1997; Mahdi and Zhang 2001; Arola, Sultan and Ramulu
2002; Ali and Mohamed 2009; Carlos, Xavier and Maria 2010). Most of these research work
talk about the numerical simulations rather than experiments, mainly concentrated on cutting
forces, influence of fiber orientation, chip formation mechanism and machining induced
subsurface damage. Recently, Chinmaya and Yung (2012) presented a review article on
‘Modeling of machining of composite materials’. This article provides a comprehensive review
of the literature, mostly of the last 10-15 years, on modeling of machining of composite
materials with a focus on the process of turning. The paper discusses modeling of both fiber
reinforced and particle reinforced composites. The paper includes recent modeling work to
predict cutting forces, tool—particle interaction, cutting temperatures and machined sub-surface
damage.

The numerical models cited here use an equivalent homogeneous material (EHM) for modeling
of orthogonal machining operation and this is probably the prime source of deviation between
the experimental and numerical results, especially the thrust force. A multiphase orthogonal
machining simulation was conducted for unidirectional polymeric composite by Chinmaya and
Yung (2008), they simultaneous use of the Marigo brittle failure model and the cohesive zone
model to describe material behavior was successful in predicting damage during machining of
composites. However, there was a limitation in Chinmaya and Yung (2008) model; it does not
predict damage in the matrix in the form of cracking and matrix redistribution. Since the aim of
the study was to consider only fiber damage along with debonding. Nayak, Bhatnagar and
Mabhajan (2005) tried to correct this situation by using a model where the fiber and matrix were
separately modeled rather than as an EHM for UD-GFRP composites only. Rao, Puneet and
Naresh (2007) proposed a new two phase micro-mechanical FE model to estimate the chip
formation mechanism in UD-GFRP composites. Matrix failure, interfacial damage initiation and
propagation and also fiber failure were considered in the model.

The present article concentrates on material damage mechanism during the machining response
of unidirectional carbon fiber based composites (UD-CFRP) by both experiments and numerical
simulations. A new two-phase micro mechanical FE model was developed to estimate the
machining response of UD-CFRP. In the micro-mechanical model matrix, interface and fiber
failure are consider separately. The damage initiation and evolution in the matrix is
implemented based on the material yield strain and fracture energy respectively (Iannucci and
Ankersen 2006; Bahei-El-Din, Rajendran and Zikry 2004). Interface between the fiber and
matrix have been studied using cohesive zone model (CZM) (Camanho and Davila 2002). The
failure of the fiber was based on the maximum principal stress at the cutting tool-work material
interface. The micro-mechanical model looks at stresses in the fiber and matrix, their variation
with fiber orientation, possible fracture mechanisms of the fiber, damage in the matrix, and
interfacial debonding.

2. EXPERIMENTAL PROCEDURE AND OBSERVATIONS

UD-carbon fiber tapes, epoxy (LY 556) along with hardener (HY 951) are used to prepare
specimens by a lay-up procedure. The test specimens of 100 mm x 50 mm x 3+£0.2 mm thick
with 6 ply lay-up with desired fiber orientation (15°, 30°, 45°, 60°, 75° and 90°) were used for
orthogonal machining experiments. The fiber volume fraction of the specimen was found to be
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60% by the Ignition Loss Method (ASTM D 2584). Orthogonal machining experiments for UD-
CFRP laminates were performed on a vertical three axis CNC milling machine (Beaver Mill
NC-5) capable of executing linear motion along three mutually perpendicular axes and one
rotational motion about the vertical spindle. In the present study, solid tungsten carbide (Grade
K-10) material is chosen for the cutting tool. The cutting tool is ground at a constant edge radius
of 50 m and a constant relief angle of 6°. Three different rake angles were used. The tool
geometry and process parameters used in the study are listed in Table 1. The specimen vice
holder was mounted on a four-component piezoelectric dynamometer (KISTLER MODEL
9272), which in turn was clamped to the machine table. The longitudinal axis of the machine
bed was moved at a constant speed of 0.5 m/minute to ensure orthogonal cutting conditions.

Table 1. Material, tool geometry and process parameters.

Parameter

UD-CFRP composites | Specimen dimensions | 100 x 50 x 3+ 0.2 mm

Tool geometry Rake angle (y) 5°,10° and 15°
parameters Relief angle (o) 6°
Edge radius (r) 50 um
Process Depth of cut (t) 0.1, 0.15 and 0.2 mm
parameters Fiber orientation (8) | 15°, 30°, 45°, 60°, 75° and 90°

Cutting speed (V) 0.5 m/min

The chip formation mechanism was observed using a long-distance stereo zoom trinocular
optical microscope. The microscope along with a charge coupled device (CCD) camera was
attached in series and used to view the magnified images of the chip formation zone. Two strong
light sources were used to illuminate the surface of the chip formation area. The broken chips
released from the parent material were also collected and observed under a scanning electron
microscope (SEM) to inspect the nature of the fiber failure and matrix cracking. To understand
the material damage in the chip formation mechanism a number of successive frame images
captured at 30 frames/second were analyzed using Image-Pro analysis software. These images
were used to quantify the chip size and flow during the machining process. Fig. 1 shows the
complete experimental set-up for both the cutting and thrust force measurements and chip
formation observations.
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Fig. 1. Experimental set-up used for composite machining process.

3. SIMULATION PROCEDURE AND PREDICTIONS

In the present study, a new micro-mechanical finite element model was developed to estimate
the response of material damage in UD-FRP composite machining process and is discussed in
detail below. A parametric study by suitably varying the input variables such as tool geometry
and process parameters is also performed.

3.1 Micro-mechanical Finite element model. In the micro-mechanical model, portion of the
work material adjacent to the cutting tool is modelled using fiber and matrix separately,
whereas, portions away from the cutting tool are modelled as equivalent homogeneous material
(EHM). Two fibers, three matrix layers and two EHM regions as shown in Fig. 2 are considered
in the present study. Initially the FE model had twenty layers of fiber and matrix, but simulation
showed that the damage in the matrix material did not reach beyond the third matrix when the
first fiber failed completely. It was therefore decided to use FE models having two fiber and
three matrix layers close to the chip formation zone and the rest of the material was modelled as
an EHM. The tool is assumed to be in contact with the first fiber (f}) after the first matrix (m;)
has been removed. In the numerical model, to keep the problem tractable, only one region of the
work material close to chip formation zone is modelled (2000pm x 1000pm). All the fiber and
matrix regions are meshed with four-node quadrilateral elements with plane stress formulation.
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Cutting direction
Trim plane

Cutting
ool / W;eplh of cut

X u=u,=0

Fig. 2. Schematic view of fiber (f; and f), matrix (m;, m, and ms) and EHM (ehm; and
ehmy) region used in new micro-mechanical FE model for 45° fiber orientation, where ‘y’
is the rake angle and ‘o’ is the relief angle.

Mesh convergence studies were performed and finally all fiber and matrix domains were
modelled with approximately 1 pm x 1 pm element size. The EHM regions are modelled with
combination of both four-node quadrilateral and three-node triangular elements. The size of the
elements in the regions is 16 um x 16 um. The three-node triangular elements are used for the
mesh transition from fine to coarse mesh. The mechanical properties of fiber, matrix and
interface are taken from the available literature (Kawabata 1990; King, Blackketter, Walrath,
and Adams 1992; Kozey, Hao, Vinay, and Satish 1995; DiFrancia, Ward Thomas and Claus
Richard 1996; Meurs, Schrauwen, Schreurs and Peijs 1998; and Hobbiebrunken, Fiedler, Hojo,
Ochiai and Schulte 2005) and these properties are presented in Table 2. The mechanical
properties of the EHM zone are taken from Table 3 (i.e., macro-model properties). The
machining experiments show that the velocity of cutting marginally affects the cutting forces in
composites. It was therefore decided to consider the process as quasi-static and implement the
same FE code. The FE code has provision for implementing damage initiation and evolution in
the matrix and debonding at the interface of fiber and matrix using cohesive elements. Different
FE meshes were made for the different fiber orientations and depths of cut and each model has
been used with respective material properties to simulate the chip formation mechanism for each
fiber orientation.

The two-phase micro-mechanical FE model essentially includes three different material (matrix,
interface and fiber) failure concept, such as: i). The matrix material modelled as elastic-plastic,
the damage initiation and evolution is based on the matrix yield strength and fracture energy
respectively, ii). The interface between the fiber and matrix is modelled using CZM, where bi-
linear, zero thickness cohesive elements are introduced at the interface and damage initiation
and evolution at the fiber-matrix interface is taken into account based on the interfacial tractions
and fracture energies respectively, and iii). Fiber failure is based on the induced direct stress in
the fiber along or across its axis; this provides possible locations of fiber breakage due to
tensile/crushing failure during the simulation.
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Table 2. Mechanical properties (#) of fiber, matrix and interface used in analysis.

Material | Property
Elastic constants E,=235 GPa, E, = 14 GPa,
(Tension) G2 =28 GPa, v1,=0.2
Elastic constants E| =106 GPa, E; = 14 GPa,
Carbon (Compression) G12=28 GPa, v1,=0.2
fiber Tensile strength X¢=3.59 GPa, Y;=0.35 GPa
Compressive strength | X, = 1.8 GPa, Y, =2.73 GPa
Shear strength Sxy =0.38 GPa
Diameter d=10 pm
Elastic constant E =3.1 GPa, v;; =0.33
Yield strength oy =27.5 MPa
Epoxy . -
. Tensile strength ot =70.3 MPa
matrix 2
Fracture toughness K.=0.5 MPam
Fracture energy Gr=80.6 J/m?
) | Normal strength N=167.5 MPa
Fiber-Matrix| ¢, strength S=21MPa
Interface
Fracture energy Gic= Gue=50 N/m

*Sources: Kawabata (1990); King et al. (1992); Kozey et al. (1995); DiFrancia et al.
(1996); Meurs et al. (1998); and Hobbiebrunken et al. (2005) and presently
conducted experiments.

Table 3. Mechanical properties of UD-CFRP composite (EHM).

Stiffness properties Strength properties

E; E; G | X Xe | Yoo Y. Sxy
(GPa) | (GPa) | (GPa) | ~'2 | MPa MPa | MPa | MPa | MPa

1394 | 95 5.8 | 0.24 | 1951 | 1475 | 47.1 | 188.4 | 74.28

3.1.1 Matrix material failure by damage initiation and evolution. The epoxy matrix exhibits
elasto-plastic behavior (Hobbiebrunken et al. 2005). Young’s Modulus and Poisson’s ratio
characterize the linear elastic behaviour. The von Mises yield criterion and isotropic hardening
are used to define the plastic behaviour of the epoxy matrix. The yielding is followed by
hardening until a maximum strength is reached and subsequently the matrix fails by strain
softening due to onset of damage in the form of micro voids (or) micro cracks. In the elastic-
plastic matrix with isotropic hardening, the damage manifests itself in two forms: softening of
the yield stress and degradation of the elasticity. The damage is considered isotropic assuming
that the micro cracks are initiated and propagated uniformly in all the directions. The above
damage initiation and evolution model is available in ABAQUS™ FE code (Hibbit 2005).

3.1.2 Interfacial failure by cohesive zone modelling. Cohesive zone model (CZM) is a fracture
mechanics approach to study the interfacial effects of either dissimilar material or in the same
material when these are initially bonded together (Camanho and Davila 2002). The elements
based on CZM use failure criteria that combine aspects of strength based analysis to predict the
onset of the softening process at the interface and fracture mechanics to predict delamination
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propagation. The main advantage of the use of cohesive elements is the capability to predict
both onset and propagation of debonding without previous knowledge of the crack location and
propagation direction. For pure Mode-I and Mode-II loading the bi-linear softening constitutive
behaviour (Camanho and Davila 2002) is used. To predict the interfacial crack propagation
under the mixed mode loading, the following criterion is used in the present study.

(& (&)
GIC GIIC

Here Mode-I or Mode-II critical fracture energy required to cause failure is Gy, Gic
respectively. Gy and Gy are the fracture energy by the traction in normal and shear directions
respectively. CZM approach has been used for debonding at fiber-matrix interface during
orthogonal machining of UD-CFRP composites. The interfacial properties of the present
material system are taken from the literature (DiFrancia et al. 1996 and Meurs et al. 1998). Zero

thickness cohesive surface elements are introduced between boundaries of elements, at the
interface in a normal finite element mesh.

3.1.3 Fiber material failure by principal stress measure. The carbon fiber is assumed as an elastic
and transversely isotropic material. The elements in the fiber are considered failed once the
Tsai-Wu / Maximum principal stresses at the Gauss integration point reach a critical value. The
fiber element loses its loading carrying capacity and its stiffness is slowly reduced to zero once
the induced maximum principal stress reaches its failure strength of the fiber during the FE
simulation.

4. RESULTS AND DISCUSSION

The results are arranged in two sections, Section 4.1 Experimental observation and section 4.2
Simulation predictions. The material damage mechanism in chip formation during machining is
due to failure of the interface, matrix cracking and fiber breaking leading to discontinuous chip
formation. Experiments also show that the size and shape of the chip depends entirely on the
fiber orientation and depth of cut and to a lesser extent on the tool geometry.

4.1 Experimental observations. Experimental observations a typical flow of chip under an
optical microscope is presented in detail in Fig. 3. Different stages (I, II, III, IV, V and VI) of
chip blocks for 45° fiber orientation are marked in it. Each chip block consists of group of fibers
bonded with some portion of matrix material. The matrix probably also has many cracks and
debonding between the fiber and matrix also occurs but these are not clearly visible with the
existing magnification of the long range optical microscope. The cut portion of the chip always
flows over the rake face as shown in Fig. 3. The individual blocks of chip also slide relative to
each other along the fiber direction. Similar behaviour is observed in other fiber orientations
also. However, the formation mechanism of the blocky chip (it is a group of broken fiber and
matrix) is different for different fiber orientations. For the case of 90° fiber orientation the chip
has to rotate about 75° (for 15° rake angle) towards the cutting direction before releasing the
final block of chip from the parent material. The large rotation leads to high interfacial shear
leading to debonding between fiber and matrix and crushing of matrix into powder accompanied
with tensile and shear failure of the matrix. For the case of 15° fiber orientation the chip blocks
gets released from the parent material without rotation (for 15° rake angle). For lower chip block
rotation, pure shear failure of the matrix and interface is the mode of forming the chip blocks. It
is very difficult to see the cracks in the matrix and the nature of the fiber failure under the
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existing optical microscope online during the machining process. To overcome this difficulty,
the released chip was collected on a double adhesive tape during the machining process and was
observed under a scanning electron microscope (SEM).

These observations are presented in Fig. 4 and 5; from all these figures it can be observed that,
there are many cracks in the matrix material and also interfacial debonding between the fiber
and matrix. Fig. 4 shows the case of 75° fiber orientation at 0.15 mm depth of cut, 5° rake angle.
It shows that series of chip blocks are formed due to matrix failure and interfacial failure. Fig. 5
shows the rear surface (cut surface) of the chip for the case of 45° fiber orientation at 0.2 mm
depth of cut, 15° rake angle; it indicates that the discontinuous chips are usually formed in
discrete steps.

Fig. 3. Chip flow observed under the optical microscope during the machining of
composite for 45° fiber orientation. (I, II, III, IV, V, VI show the various stages of chip
flow).

Chip release !

Fig. 4. SEM image of released chip for 75° fiber orientation at 0.15 mm depth of cut, 5°
rake angle.
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Chip separation due
to interfacial failure

Chip separation due
to interfacial failure

Fig. 5. SEM image of the rear surface of chip for 45° fiber orientation, 0.2mm depth of
cut and 15° rake angle.

4.2 Simulation predictions.

4.2.1 Mechanism of matrix failure observations. Quantitative variation of damage in the matrix
was observed when discontinuous chips are formed during machining due to the fracture failure
of the fiber and matrix material. Experiments showed that the size and shape of the chip depends
mainly on the fiber orientation and depth of cut and to a lesser extent on the tool geometry.
During the experiments, the edge radius of the cutting tool was kept constant. The progress of
damage initiation and evolution in the matrix (m;) material for the case of the 75° fiber
orientation, 0.1 mm depth of cut is shown in Fig. 6. It shows the quantitative variation of
damage variable (d,) at different locations within the same matrix. It is observed that the
damage is maximum adjacent to the zone in fiber where the bending stresses are the highest.

Cutting tool

Fig. 6. Quantitative variation of damage variable at various locations in the matrix (m;)
for 75° fiber orientation (the fiber and EHM are deactivated from the original FE model
for clarity).
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4.2.2 Chip formation mechanism observations. The chip formation mechanism along with the
sequence in which the various types of failure occurs is presented in Fig. 7(a-c). First, the
interfacial damage between the fiber and matrix due to mixed mode fracture is observed at
various interfaces which are supporting the work of Koplev et al. (1983) and Caprino et al.
(1997). For the first interface (where the matrix has already been removed) the debonding
occurs beneath the trim plane, whereas, for other interfaces it occurs above the trim plane.
Subsequently, damage occurs in the matrix layer adjacent to the fiber being cut. The crushing at
the tool fiber interface is caused by indentation of the fiber by the tool whereas local bending of
the stiffer fiber supported by the softer matrix causes higher stresses and failure on the back side
of the fiber.

For lower fiber orientations the effect of local bending, as compared to crushing in the contact
region, is more significant which is also supported the earlier work of Bhatnagar et al. (1995);
Arola, et al. (2002); Pwu and Hocheng (1998); Chinmaya and Yung (2008); Ali, and Mohamed
(2009). Carlos, Xavier, and Maria (2010). The size of this damaged region is larger for the case
of 15° as compared to the 90° fiber orientation. Finally element failure in the first fiber is
observed. For a low orientation fiber, the failure initiates from the rear side and propagates
towards the tool-fiber contact zone untill the complete fracture of the fiber occurs. For 30° fiber
orientation at 0.2 mm depth of cut, this is seen in Fig. 7(c). The damage initiation occurs initially
on the rear side of this matrix (m;) layer and propagates towards the rear side of the first fiber
(f;) forming bands at approximately +45° to the fiber axis as shown for various orientations in
Fig. 8(a-f).
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Fig. 7. Damage at the interface, matrix and fiber for 30° fiber orientation, 0.2 mm depth
of cut. (a) Initial stage, (b) Intermediate stage, (c) Final stage.
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Fig. 8. Contours of Tsai-Wu stresses show the location of fiber failure for various
orientations (a) 15°, (b) 30°, (c) 45°, (d) 60°, (¢) 75° and (f) 90° at 0.1 mm depth of cut,
10° rake angle.

For 75° fiber orientation failure can be observed in the same fiber at both the front and rear
surfaces as shown in Fig. 9(b). For 75° fiber orientation the first fiber failure is due to
combination of crushing (front side) as well as tensile rupture (rear side). The crushing at the
tool fiber interface is caused by indentation of the fiber by the tool whereas local bending of the
stiffer fiber supported by the softer matrix causes higher stresses and failure on the back side of
the fiber a similar statement made by Pwu and Hocheng (1998); Chinmaya, and Yung (2008).
For lower fiber orientations the effect of local bending, as compared to crushing in the contact
region, is more significant. As seen in Fig. 9(b), the simulations also show that the surface of the
broken fiber is almost perpendicular to the fiber axis. This matched well with SEM image of the
surface of the broken fiber, a representative of which is shown in Fig. 9(a). Moreover, the size of
the broken fiber from both SEM image (Fig. 9(a)) and micro-mechanical FE model for 75° fiber
orientation (Fig. 9(b)) is compared in Fig. 10.

Fig. 9. Broken fiber in chip formation process, (a) SEM image, (b) Micro-mechanical FE
model for 75° fiber orientation.
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Fig. 10. Length of the broken fiber for various fiber orientations from both SEM and
micro-mechanical FE model.

The chip formation mechanism is quite different for different fiber orientations. During the
experiments the length of the broken fiber which is approximately equal to the chip length is
measured using SEM. Powder like chip was observed at higher fiber orientation, whereas, long
chip was observed at lower fiber orientation. This decrease in size with increase in fiber
orientation is also seen with simulations. Fig. 10 compares the results from experiments and
simulations. A good agreement between the two provides further validation of the new micro
mechanical FE model. The length of the chip is approximately equal to the length of the fiber
above the point where the tool first contacts the fiber. As seen from Fig. 8, for 90° fiber
orientation the tool contacts the fiber 50 um (which is the value of the tool radius) above the
trim plane whereas for 15° fiber orientation this height is only 6.5 pm. For 0.1 mm depth of cut,
the length of the fiber above the contact point is approximately 50 um for 90° fiber orientation
and is approximately 190 pum for 15° fiber orientation. During the simulations slipping between
fiber and tool is also observed, and the initial contact zone shifts before fiber fails completely.
The shifting of contact zone is more for the 15° fiber orientation, and almost negligible for the
case of 90° fiber orientation. This slipping also effects the final chip length, although not very
significantly.

4.2.3 Sub-surface damage (extent of damage below the trim plane). Matrix damage is the main

mode of sub-surface damage rather than the interfacial debonding. This section is focused on
only matrix damage rather than interfacial debonding. The depth of sub-surface damage below
the trim plane in matrix m;, m, and mj3 is given by ‘h;’, ‘h,” and ‘hs’ respectively. The variation
of ‘h;’, ‘hy” and ‘h;* with depth of cut is shown in Fig. 11. In the first matrix (m;) adjacent to the
front of the fiber being cut, the sub-surface damage is almost negligible for 15° fiber orientation
and is almost constant at 58 um for the remaining fiber orientations. The maximum damage is
observed in on second matrix (m;) next to the fiber being cut. The depth of damage in this
matrix varies between 60 pm to 115 pm. In the third matrix, the damage reaches a maximum at
30° fiber orientation and decreases thereafter to zero for 75° and 90° fiber orientations which is
supporting work of Chinmaya, and Yung (2008). In all the matrix elements m;, m,, and ms the
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sub-surface damage was found to be maximum for the case of 30° fiber. Similar trend is
observed for the remaining depths of cut also.

The sub-surface damage initiates in matrix (my) behind the fiber (f;) in contact with the tool
even before the tool touches the matrix. Subsequently, interfacial debonding occurs at the
interface between fiber (f;) and matrix (m;). Both modes of damage continue until the end of the
fiber (f) failure and extend well below the cutting plane. The sub-surface damage is maximum
in the matrix m, as compared to ‘m;” and ‘mj3’ as shown in Fig. 11.

—_
(=N}
S

T I
—o—— h

e h;}tzo.lomm

140 s h,
—>—— h,

o 3 ———o - - hz}t:O.ISmm
/, Lo R G h3
////’ \\\\\ o hl

//,/.u-\\\\\\ ---0-- hz}t:O.ZOmm
100 e RSN e h,

ol
(=}

=N
S
I
&
—
B

e
(=}

Extent of matrix damage below the trim plane ( um)
[
[=)

S
%

b b b b b b b

- B

15 30 45 60 75 90
Fiber orientation ( °)

Fig. 11. Extent of damage below the trim plane (sub-surface damage) in matrix for
various depths of cut and fiber orientation at 10° rake angle. where h;, h, and hs are the
damage depths measured from trim plane in the matrix m;, m, and mj respectively.

From these results, the damage in matrix m; decreases with depth of cut but increases in matrix
m; and m; as the depth of cut increases. For the lower fiber orientations the damage is more in
ms as compared to m; and is almost same in both the matrix regions at 45° fiber orientation. For
the higher fiber orientation, the damage in m; is almost constant but decreases when the
orientation changes from 30° to 75° and remains constant thereafter. The present study shows
that, matrix damage is the main mode of sub-surface damage. However, no
experiments/simulations are available at a micro scale in the literature to compare present study
and the following discussion is based on purely numerical simulations for which no
experimental evidence is made due to infrastructure limitations of micro damage investigations.

The sub-surface damage initially increases with fiber orientation up to 30° fiber orientation;
subsequently it reduces at 45° thereafter it is almost constant between 45° and 90° fiber
orientation in matrix (m; and m,). The damage in the third matrix (ms3) are quite low as shown in
Fig. 11, and the matrix (m3) is located away from the tool-fiber contact region and therefore
stresses induced during the simulation are low. From the micro-mechanical simulation, the sub-
surface damage is predominantly matrix failure as compared to the interfacial fracture and this
damage is more in the second matrix (my) as compared to the first and third matrix. The second
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matrix (my) directly supports the first fiber (f;) and the external loads (due to tool movement)
are directly supported on it. Sub-surface damages are more at 30° fiber orientation, which is
primarily due to the induced stresses in the matrix (m;) reaching failure before the first fiber (f;)
fails. For other fiber orientations, similar phenomenon is not observed. This is also true for all
the depths of cut and rake angles in Fig. 11. The magnitude of the sub-surface damage increases
with depth of cut. However, this is significant at 30° fiber orientation only, for other fiber
orientations this is just negligible. The magnitude of the sub-surface damage is almost
independent of rake angle for the lower fiber orientations (15°, 30°, 45°). However, there is a
slight effect of rake angle for higher fiber orientations (60°, 75°, 90°). This implies that even tool
rake angle may not contribute much in sub-surface damage and it is only the fiber orientation
which is the most important factor.

5. CONCLUSIONS

The experimental, new micro mechanical finite element simulations on orthogonal machining of
UD-CFRP composites are performed and presented in this article. The fiber breakage leads to
release of blocky chip from the parent material during the orthogonal machining of UD-CFRP
composites. For 90° fiber orientation both bending at fiber (fj)-matrix (m;) interface and
crushing at cutting tool-fiber (f;) interface cause first fiber failure. As the orientation changes
from 90° to 15° bending failure of the fiber becomes more significant. The chip formation
mechanism is dominated by a combination of crushing and tensile failure of the reinforcing
carbon fiber for the fiber orientation from 90° to 15°. Sub-surface damages are more at 30° fiber
orientation, which is primarily due to the induced stresses in the matrix (m,) reaching failure
before the first fiber (f}) fails. Interfacial failure/debonding were observed due to mixed mode
fracture failure.
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ABSTRACT

Although fiber reinforced composite materials are routinely used in numerous applications, in
many systems, the fiber-matrix interphase is the limiting factor in optimal design and use.
Carbon fiber reinforced vinyl ester composite offer many potential benefits such as ambient
pressure cure, low moisture absorption, and low viscosity resin transfer molding processing.
The fiber-matrix interphase that forms in these systems presents a challenge because of its low
adhesion. A practical solution requires not only a higher level of adhesion combined with
greater energy absorption equivalent to that attainable to a carbon fiber epoxy interphase, but
one which is robust and can be implemented in a manufacturing environment. This paper will
present an approach based on formation of an ‘engineered interphase’ with a goal to develop a
carbon fiber/vinyl ester interphase to increase interfacial adhesion based on a combination of
chemical/mechanical bonding, coating the carbon fiber with a compatible epoxy sizing, and
incorporation of nanoparticles. As part of this approach, the physical size of the resulting
interphase has to be optimized as well to have maximum beneficial effect on the fiber-matrix
interphase mechanical properties. The in-situ optimized CF-VE matrix adhesion and interphase
mechanical properties will be related to the composite laminate properties. A description and
guiding principles for this ‘engineered interphase’ concept will be presented.

1. INTRODUCTION

‘Lightweighting’ of static and dynamic structures in the aerospace, military, rail, truck, and
automotive industries has been identified as a very important global strategy for the
industrialized countries that has the potential for making reductions of 40%-50% in CO,
emissions from fossil fuels. Projections of the materials necessary to achieve these levels
indicate that by 2035, conventional steel usage in these structures will be reduced from 65% to
20%, while polymer composites will increase from ~5% to about 20%. The need for making
larger, more complex structures coupled with the desire for reducing the time required to
process and manufacture carbon fiber-epoxy composites has identified polymer systems that are
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alternatives to the high performance epoxy systems. One such system is vinyl ester which can
produce mechanical properties comparable to those of epoxy systems, but requiring only a low
temperature out-of-autoclave cure process. That allows larger integrated carbon fiber-vinyl ester
composite structures to be produced at a faster rate and with a lower capital investment in
manufacturing infrastructure. The underlying assumption is that the interaction between the
carbon fiber and the vinyl ester resin at the fiber-matrix interphase can be ‘engineered’ to
provide the requisite level of adhesion and overall mechanical and durability performance
competitive with carbon fiber-epoxy systems (Drzal, Sugiura and Hook 1997).

Vinyl ester matrices are based on diglycidyl ether of bisphenol-a backbone where the reactive
epoxy groups are replaced with a carbon-carbon bond. Styrene is added in concentrations from
30-50% as a reactive diluent as described by Li, Yu and Yang (2008). Small amounts of
peroxide initiators modified with promoters and accelerators can be added to control the
polymerization reaction. The net results is a cross-linked resin that has desirable mechanical
properties such as high fatigue and impact resistance, high strength per unit weight, excellent
electrical and thermal insulation properties, low moisture absorption, and corrosion resistance
making it suitable for most of the applications in which epoxy matrices have been used. One
major deficiency however is the low adhesion of vinyl esters to carbon fibers which has a
negative impact in the composite mechanical properties (Drzal and Madhukar 1993).

1.1 Factors Affecting Carbon Fiber-Vinyl Ester Adhesion. Several reasons have been identified
as being contributing factors to the low adhesion to carbon fibers, (Schultz and Nardin 1994).
They can be divided into chemical factors and physical factors. The chemical factors are related
to the surface chemistry of carbon fibers and their lack of interaction with the vinyl ester
constituents. Most carbon fibers are surface treated through an in-line anodization process
optimized for maximum interaction with epoxy resins. (Drzal, Rich and Lloyd 1983). The
surface treatment adds oxygen to the fiber surface and produces various chemical states
including carboxylic acids, hydroxides, ketones, etc. Their overall concentration is limited to
less than 15% of the carbon fiber surface area because of the morphology of the fiber surface.
Vinyl ester resins will not react with the oxygen groups on the carbon fiber surface
(Weitzsacker, Xie and Drzal 1997).

The surface chemistry of the carbon fiber also makes it a strong adsorbent for the constituents in
the vinyl ester resins. Studies have shown that typical initiators, promoters and accelerators
used in vinyl ester resins strongly adsorb on the carbon fiber surface. Likewise, styrene will
strongly adsorb. The net effect is that the resulting vinyl ester cross-linked resin structure near
the fiber surface after cure (i.e. in the interphase) can have properties that are quite different than
the stoichiometric mixture or in the bulk away from the fiber surface (Xu 2003).

Another contributing factor to low carbon fiber-vinyl ester adhesion is the large amount of cure
shrinkage than the vinyl ester resin undergoes with cure compared to an epoxy resin. Free
radical cured thermosetting vinyl ester resins, typically containing 35~50% of styrene monomer
as reactive diluents, have superior toughness and chemical resistance compared to unsaturated
polyester. But composites of carbon fibers and vinyl ester polymers possess unexpected low
mechanical properties due to low fiber-matrix adhesion _ (Paiva, Nardin, Bernardo and Schultz
1997). Upon cure, the volume shrinkage of vinyl ester resin is generally lower than that of
unsaturated polyester resin but higher than that of epoxy resin. Vinyl ester resin can undergo as
much as 5-10% volume shrinkage with cure depending on the molecular weight of the vinyl
ester monomer and the content of styrene (Xu and Drzal 2003). The cure volume shrinkage can
induce significant residual stresses in the fiber/matrix interphase before loading to produce a
radial tensile stress as high as 90 MPa at the fiber-matrix interface acting to reduce the overall
adhesion. This could be one of the most important factors that lowers the adhesion between
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carbon fiber and vinyl ester resin. Conventional epoxies are known to undergo a volumetric
shrinkage in the 3-5% range.

1.2 Solution: The Engineered Fiber-Matrix Interphase. Previous studies have shown that
physical interactions alone do not produce a high level of adhesion. Chemical bond formation at
the carbon fiber-polymer interface is necessary for good mechanical adhesion and durability.
Therefore the chemical nature of the carbon fiber surface needs to be altered or the chemical
nature of the vinyl ester must be changed to allow it to react with the surface treated carbon fiber
surface. Second, the vinyl ester matrix volumetric shrinkage is excessive and contributes to
lowering the adhesion through creating a high radial tensile force at the interface. Approaches
to reducing shrinkage without reducing the modulus of the vinyl ester through alteration of the
molecular structure will be required.

One of the strategies of this research is to use the low shrinkage DGEBA-T403 carbon fiber
sizing to isolate the carbon fibers from the vinyl ester resin to observe the influence of the cure
volume shrinkage on the fiber/matrix adhesion by comparing different vinyl ester matrices of
different volume shrinkage. Shanghai Fuchem Chemical Company has developed a new-type
epoxy vinyl ester resin which was claimed “free” of cure volume shrinkage (Xu 2003). One
goal of this study is to gain an understanding of the matrix cure volume shrinkage on the
adhesion between carbon fiber and vinyl ester matrix resin.

A constraint in adhesion improvements with carbon fibers is the adoption of new surface
treatment chemistry or technology. The solution is to build on the known reactivity between
epoxy and the current carbon fiber surface chemical groups (Drzal et al. 1983a). Since the
majority of carbon fibers are produced with a sizing, which is selected to be compatible with an
epoxy matrix, and the vinyl ester resin and DGEBA epoxy are mutually soluble, slight
adjustment in the carbon fiber surface chemistry coupled with a lightly cross-linked epoxy
sizing is a simple way to take advantage of carbon fiber surface chemistry and produce a surface
which would be compatible with the vinyl ester resin system. Under processing conditions,
some chemical binding would take place between the epoxy and the carbon fiber surface and a
small amount of cross-linking agent would be added to stabilize the sized fiber surface. Under
drying this thin sizing layer would vitrify and present a dry robust surface for composite prepreg
manufacturing. During prepreg processing, after impregnation with the vinyl ester resin, the
sizing layer will expand but not dissolve allowing the vinyl ester constituents to diffuse into and
interpenetrate the sizing layer (Drzal, Rich, Koenig, and Lloyd (1983b)). Upon curing an
interpenetrating network will be formed between the epoxy sizing and the vinyl ester matrix
allowing for mechanical integrity and effective stress transfer in the cured composite from fiber
to matrix and return (Vautard, Xu and Drzal 2010).

2. MATERIALS AND METHODS

2.1 Materials-Vinyl Ester Resin. The fibers used in this study are AS4 carbon fibers from
Hexcel, Inc. with their conventional surface treatment and without any sizing. The matrix resins
are Derakane 411-C50 epoxy vinyl ester resin (D411-C50) from Dow Chemical and Fuchem
891 epoxy vinyl ester resin (Fuchem891) from Shanghai Fuchem Chemicals Co., respectively.
CHP-5 (diluted cumene hydroperoxide) from Witco Chemical and MEKP (methyl ethylketone
peroxide) from Aldrich chemicals were used as the initiators. Both CoNap and DMA from
Aldrich Chemicals were used as promoters and accelerators, respectively. Diglycidyl ether of
bisphenol A (DGEBA epoxy) and Aliphatic Polyether Triamine (Jeffamine T403) were from
Shell and Huntsman, respectively. Figure 1 shows the molecular structures of the epoxy vinyl
ester resins, the sizing epoxy material and the cure catalysts. Molecular structure of D411-C50

19




Drzal

and Fuchem 891 are both bisphenol A epoxy based vinyl ester but different molecular weights,
about 900g/mol for D411-C50 and 1500~2000g/mol for Fuchem 891, respectively. The styrene
content of D411-C50 and Fuchem891 are 50% and 35%, respectively.
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Fig. 1. DGEBA Epoxy, vinyl ester, initiator, promoter, accelerator chemical formulae.

Fuchem 891 is also a mixture of DGEBA epoxy vinyl ester and styrene. The styrene content is
about 35%. Considering D411-C50 vinyl ester resin has large volume shrinkage with cure,
Fuchem 891 was use in this research to quantify the influence of the cure volume shrinkage to
the adhesion between carbon fiber and vinyl ester resin. The property comparison of the D411-
C50 and Fuchem 891 are listed in Table 1.

Table 1. Property comparison of D411-C50 to Fuchem 891 vinyl ester.

Properties D411-C50 Fuchem 891
DGEBA Vinyl Ester Molec Wt (g/mol) 907 1500-2000
Styrene Content 50% 35%
Tensile Modulus, E (GPa) 3.38 3.12
Tensile Strength (MPa) 79.3 75
Elongation % 5~6 4.0
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2.2 Nanoparticles. Both multiwall carbon nanotubes and graphene nanoplatelets were dispersed
in the sizing. The carbon nanotubes used in this study were a multi-wall carbon nanotubes
(MWNTs) with a purity of 90 %, average diameter of 10 nm and average length of 1.5 pm,
Nanocyl 3100 (Nanocyl S. A.). The graphene nanoplatelets (xGnP-5) were obtained from XG
Sciences, Inc. and were about 5 nm in thickness with an average diameter of 5 microns. Both
samples required the mixing with the use of an ultrasonic probe (Cole-Parmer 750-Watt
Ultrasonic Processor with 1 inch diameter tip) set to 100 W. The obtained suspensions were
very homogeneous and looked like black ink.

2.3 Volumetric Cure Shrinkage. A lab-made dilatometer was used to measure cure volume
shrinkage of vinyl ester resin from liquid resin to full cure (Xu 2003a). The cure processes were
the same for all samples: room temperature for 1 hour, 90°C for 1 hour and 125°C for 1.5 hours.
Two different systems were used with different initiators. One is CHP-5 and the other one is
MEKP. The CHP-5 cure system was based on the cure recipe for D411-C50 recommended by
the manufacturer and the MEKP cure system was based on the cure recipe for Fuchem 891
recommended by the manufacturer, shown in the gray columns of Table 2. For the same
initiator, the corresponding recipes, the white columns of Table 2, were calculated from the
recommended recipes, the gray columns, based on the concentration of the carbon-carbon
double bond, C=C.

Table 2. The catalyst recipe for the cure volume shrinkage study in vinyl ester matrices.

Initiator Fuchem 891 D411-C50
CHP-5 1.40% 2.00%

CHP-5 CoNap 0.21% 0.30%
MEKP 2.00% 2.85%

MEKP CoNap 0.10% 0.14%

2.4 Microindentation Test. In order to measure the interfacial shear strength (IFSS), the
microindentation method was used (Drzal and Herrera-Franco 1993). The test was run on
individually selected fibers on a polished cross-section of a composite, using a specially
designed device called the Interfacial Testing System (ITS). Composite specimens were
prepared by embedding a small piece of composite in a metallographic specimen, with the fibers
normal to the specimen surface. The surface was grinded with sandpaper, using an increasing
value of grit and then polished with 1 um and 0.05 pm alumina particles water solutions. A
diamond-tipped stylus mounted on the objective lens holder of a microscope was used to apply a
force to single fibers in their surrounding matrix. The value of the IFSS was calculated using an
empirical equation (1) based on a finite element analysis and adjusted by empirical data.

IFSS = AL2 0.875696 G 70.01862111&70‘026496 (1)
d/ E/ d/

In equation (1) f; is the load applied on the cross section of the selected fiber, Gy, is the shear

modulus of matrix, E¢ is the tensile modulus of the fiber, d, is the distance between the selected

fiber and the nearest fiber, d;is the diameter of the fiber and A is a conversion factor.

2.5 ThermoGravimetric Analysis (TGA). A High Resolution TGA Thermogravimetric
Analyzer (TA Instruments), controlled by Thermal Advantage software was used to measure
weight loss as a function of temperature. The ramp was 25 °C.min"' from room temperature to
650 °C, with a resolution of 4 °C. The data were analyzed using Universal Analysis 2000
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Software.

2.6 Dynamic Mechanical Thermal Analysis (DMTA). A DMTA 2980 Dynamic Mechanical

Analyzer (TA Instruments), controlled by Thermal Advantage software, was used to measure
the change in the loss and storage modulus as a function of temperature. The ramp was 10
°C.min”" from room temperature to 150 °C. The data were analyzed using Universal Analysis
2000 Software.

2.7 Environmental Scanning Electron Microscopy (SEM). A Philips Electroscan Environmental

Scanning Electron Microscope (SEM) was used for the observation of the quality of the carbon
fiber coating process and the fracture profile of composites. The acceleration voltage was 20 kV
and the current in the filament was set to 1.83 A. No conductive coating was deposited at the
surface of the samples.

2.8 Mechanical Property Tests. Unidirectional composites at fiber volume contents of 50%
were prepared with conventional VARTM prepregging using a closed mold. Single fiber
fragmentation tests, Interlaminar shear strength, 0° flexural tests and 90° flexural tests were
conducted following appropriate ASTM standards.

3. VINYL ESTER RESIN CURE VOLUMETRIC SHRINKAGE

The cure volume shrinkage depended on the resin and the type of initiator. With the same types
of initiator and thermal history, the cure volume shrinkage of Fuchem 891 was the lowest. It was
also much smaller with the use of MEKP at room temperature, in comparison to a cure with
CHP. The cure volume shrinkage was also related to the resin molecular weight of vinyl ester
monomer. The thermal history of the curing process also had an influence. For both resins, the
volumetric shrinkage was much higher when the resin was cured at high temperature in
comparison with a room temperature with the same composition (Table 3).

For systems cured at high temperature, the Young’s modulus was measured by microindentation
and the associated shear modulus was calculated. The shear modulus of samples was higher for
samples cured at high temperatures (Fig. 2).

Table 3. Cure volume shrinkage as a function of the composition of resin.

Type of Resin Fuchem 891 Derakane 411-C50
Composition CHP | 1.40 2.00 2.00
(Wt%) MEKP 2.00 2.85
CoNap | 0.21 0.10 0.30 0.30 0.10
1 hr 20°C + 1 hr 20°C + 1 hr 20°C +
Thermal Cure 1 hr 90°C + 20°C 1 hr 90°C + 20°C 1 hr 90°C +
1.5 hr 125°C 1.5 hr 125°C 1.5 hr 125°C
Cure volume
Shrinkage % 5.85 | 1.73 0.54 7.18 3.68 8.20
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Fig. 2. Shear modulus of vinyl ester resins in function of cure volume shrinkage.

The best interfacial adhesion with AS4 carbon fibers was obtained with Fuchem 891, which had
the lowest cure volume shrinkage (Fig. 2). For both resins, a trend showing that the interfacial
shear strength was decreasing with increasing cure volume shrinkage could be shown. The cure
volume shrinkage created some Von Mises effective stress that had a negative effect on
interfacial adhesion (Ho and Drzal 1996).

The cure volume shrinkage is a significant factor affecting interfacial adhesion in carbon fiber-
vinyl ester composites. That is why the composition of the resin, the choice of initiator, the
molecular weight of the vinyl ester monomer and the thermal program have to be optimized.
However, another way of improving interfacial adhesion can be done by inserting a third phase
between the fiber and the matrix. That phase has to be malleable enough to take the stress
created by the shrinkage of the matrix and not transfer it to the fiber surface. So, to counteract
the residual stress created by the high cure volume shrinkage of vinyl ester resins, a slightly
cross-linked epoxy coating was applied to the carbon fiber surface.

4. REACTIVE SIZING OF CARBON FIBER

4.1 Optimization of the coating process. A fiber sizing tower system was used to coat the
carbon fibers with an epoxy coating (Vautard et al. 2010). The epoxy coating was made of Epon
828 + Jeffamine-T403 (43 phr). The mix was left to cure for 30 min at room temperature before
being dissolved in acetone. A spool of surface treated and unsized AS4 carbon fibers was
unwound and the tow went through a bath of the epoxy coating dissolved in acetone and was
dried by successive exposure to two tower-shaped furnaces. The temperature inside the furnaces
was fixed at 60°C and the time spent by the fibers in the furnace was roughly 1 min. The
thickness of the coating was measured by TGA. The difference in mass of the coated carbon
fiber before and after the 600° C exposure corresponded to the mass of the epoxy coating, which
enabled the calculation of its thickness.

The thickness of the coating was directly proportional to the concentration of the sizing solution.

It was found that the time spent by the fibers in the bath, which was proportional to the rotation
of the winding device, did not have a major impact on the thickness of the coating (Fig. 3).
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Fig. 3. Thickness of the coating as a function of the sizing solution concentration and the

speed of rotation of the winding device.

The quality of the coating (uniformity, absence of resin bridges between single fibers) was
checked by SEM. When the concentration of the sizing solution was <1 wt%, the surface of the
fiber was not evenly coated, with some parts totally uncovered. A concentration of 3 wt% gave a
coating that appeared to be evenly spread, without creating bridges between single fibers (Fig.
4). It was also found that for a concentration higher than 4 wt% (that is to say a coating
thickness greater than 100 nm), significant bridging between fibers took place within the tow
producing a tow that was hard and could not be processed. The final composition of 2.5 wt%
sizing solution produced a coating of 80 nm.

Fig. 4. SEM picture of fibers coated with an epoxy coating (concentration of sizing
solution = 3 wt%).

4.2 Interactions between the epoxy coating and the components of the vinyl ester matrix. To
assess the influence of a variation of the matrix composition on interfacial adhesion, the
concentration of initiator (CHP), promoter (CoNap), and accelerator (DMA) were individually
altered but with the same compositions of matrix were used. The values of interfacial adhesion
were compared to the values obtained without the epoxy coating. The interfacial adhesion was
also investigated with pure styrene and pure vinyl ester monomer.
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4.2.1 Influence of the concentration of the initiator. A significant improvement of fiber-matrix
adhesion as measured by the IFSS was obtained with the insertion of the epoxy coating between
the carbon surface and the vinyl ester matrix (Fig. 5). There was a maximum of interfacial
adhesion for a concentration of initiator of 1.5 wt% with the use of an epoxy coating.
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Fig. 5: Influence of the concentration of initiator on interfacial adhesion with the use of
an epoxy coating.

4.2.2 Influence of the concentration of the promoter. A slight improvement of interfacial
adhesion with 0.1% to 0.3% of CoNapin combination with the epoxy coating (Fig. 6) was
detected however, no particular trend was noted as a function of the concentration of the
promoter.
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Fig. 6. Influence of the concentration of the promoter on interfacial adhesion with the use
of an epoxy coating.

4.2.3 Influence of the concentration of the accelerator. A consistent increase of IFSS was
found with the use of an epoxy coating (Fig. 7) but no particular trend was revealed as a
function of the concentration of the accelerator.
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Fig. 7. Influence of the accelerator concentration on interfacial adhesion with the use of
an epoxy coating.

All in all, an obvious improvement of interfacial adhesion was created by the insertion of an
epoxy coating between the carbon fiber surface and the vinyl ester matrix. A slight influence of
the concentration of the initiator was found but not for the promoter or accelerator. Differences
in the diffusion of those components into the epoxy coating was not deemed to be responsible
for the improvement.

4.2.4 Influence of monomers. Styrene and pure vinyl ester monomer were polymerized with
identical thermal profiles. The concentrations of initiator, promoter, and accelerator were
adjusted to be proportional to the content of carbon-carbon double bonds. The shear modulus of
styrene or pure vinyl ester was measured by the microindentation test. The shear modulus of
polymerized pure vinyl ester was higher than the shear modulus of polymerized styrene (Fig. 8).
The shear modulus of Derakane 411-C50 was not an average value of the pure styrene and pure
vinyl ester shear moduli, as it could be expected if the generalized law of mixtures was used, but
it was similar to the value of the shear modulus of polymerized styrene. A lower shear modulus
in the interphase could be the reason why the interfacial shear strength with AS4 carbon fibers
was lower in the case of polymerized styrene (Fig. 9). With epoxy coated fibers, the values of
the IFSS were ranked in a reverse order, pure styrene giving the highest value. The difference of
interfacial adhesion between vinyl ester monomer and styrene was significant. The value
corresponding to Derakane 411-C50 was intermediate, showing that styrene had a major
influence on interfacial adhesion of Derakane 411-C50 when an epoxy coating was spread at the
surface of the carbon fibers. The epoxy coating had a negative impact on the interfacial adhesion
with polymerized vinyl ester.
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Fig. 8. Shear modulus of polymerized styrene, vinyl ester and Derakane 411-C50.

The two monomers interacted totally differently with the epoxy coating. The vinyl ester
monomer did not diffuse into the epoxy coating, leading to a weak interface. On the contrary,
the styrene monomer easily diffused into the epoxy coating and upon polymerization enabled
the creation of an interpenetrated network, leading to a strong epoxy coating-matrix interphase.
The inter-diffusion between epoxy and styrene made the epoxy coating swell, which most
probably counteracted the cure volume shrinkage during the polymerization of styrene. The use
of an epoxy coating also increased the level of interfacial adhesion in the case of Derakane 411-
C50, which indicated that the styrene from the resin diffused preferentially in the epoxy coating
and counteracted the effect of the matrix shrinkage.
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Fig. 9. TIFSS of polymerized styrene, vinyl ester and Derakane 411-C50 with coated and
uncoated AS4 carbon fibers.

4.2.5. Influence of the cure volume shrinkage with the use of an epoxy coating. The impact of
the cure volume shrinkage on interfacial adhesion with carbon fibers was assessed in the case of
epoxy coated fibers as well. For samples coated with epoxy, the value of interfacial shear
strength measured by the microindentation test remained the same, while it decreased with an
increase of the cure volume shrinkage in the case of uncoated fibers (Fig. 10). The coating
counteracted the effect of the cure volume shrinkage. When styrene diffused in the epoxy
coating, the latter expanded, which annealed the residual stress induced by the cure volume
shrinkage. The chemistry and the mechanical properties of both vinyl ester resins being similar
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after curing, it was assumed that the physical interactions with the carbon fiber surface and with
the epoxy coating were similar. A general trend for the IFSS as a function of the cure volume
shrinkage could be identified for coated and uncoated samples (Fig. 11). The respective
contributions of cure volume shrinkage and the creation of covalent bonds with the carbon fiber
surface could be deduced. Indeed, the difference between coated and uncoated samples with
minimum shrinkage gave an assessment of the contribution of covalent bonds created between
the epoxy and the carbon fibers surface. Covalent bonds do not exist between carbon fibers and
vinyl ester resins. For a high volume shrinkage resin (Derakane 411-C50), the effect of residual
stress was responsible for more than 50 % of the lack of interfacial adhesion between coated and
uncoated fibers.
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Fig. 10. Influence of cure volume shrinkage on interfacial adhesion for coated and
uncoated fibers.
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Fig.11. Assessment of the respective contributions of cure volume shrinkage and of the
creation of covalent bonds at the interface on IFSS.
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Optimum fiber-matrix adhesion can be obtained by properly selecting an initiator and adjusting
its concentration. The initiator has indeed a direct influence on the mechanical properties and the
microstructure of the matrix. An application of a lightly cross-linked amine-cured epoxy
polymer on the carbon fiber surface creates a beneficial interphase between the carbon fiber and
the vinyl ester matrix, resulting in an increase of the interfacial adhesion.

4.2.6 Qualitative assessment of the use of an epoxy coating on the mechanical properties of a
carbon fiber-vinyl ester composite cured at high temperature. In order to confirm that low
interfacial adhesion in carbon fiber-vinyl ester composites was due to the residual stress induced
by the cure volume shrinkage and not by the preferential adsorption of the promoter or the
accelerator on the carbon fiber surface, only the initiator was added to the resin. Derakane
510A-40, a bromated DGEBA based vinyl ester resin, was mixed with 2 wt% of CHP and cured
for 2 hours at 150°C and 2 hours at 170°C. A coating of DGEBA mixed with Jeffamine T-403
(43 phr) was coated on the surface of AS4 carbon fibers. The thickness of the coating was 60 nm
and it was left for 10 hours at room temperature before making contact with the matrix.
Composites with a diameter of 6 mm and a fiber volume fraction of 50% were made with coated
and uncoated fibers. A microindentation test was made on each composite. An obvious
improvement of the IFSS was obtained with the epoxy coating (Fig. 12).

A three point flexural test was used to evaluate the composites, with a span of 30 mm between
the support noses and a vertical speed of 5 mm.min™ for the loading nose. The fracture profile
was observed by SEM. For composites made with uncoated fibers, the fracture profile was
typical of a low interfacial adhesion (Fig. 13). The surface had a brush appearance with long and
clean protruding fibers. Interface failure could be seen at high magnification.
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Fig. 12. Improvement of interfacial adhesion with the use of an epoxy coating for a
carbon fiber-vinyl ester composite cured at high temperature.
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Fig. 13. SEM pictures of the fracture profile of a composite with uncoated fibers.

The fracture profile obtained with epoxy coated fibers clearly showed improved interfacial
adhesion, with protruding fibers that were short and covered with pieces of matrix resin (Fig.
14). Nevertheless, some protruding fibers were still long and clean. The fracture mechanism
appeared to be a mixed mode of interfacial and matrix failures. The improvement of interfacial
adhesion through the use of this epoxy coating was responsible for that improvement.

Fig. 14. SEM pictures of the fracture of a composite with epoxy coated fibers.

4.3 Determination of the optimal thickness of the coating by a finite element analysis. Using an
epoxy coating improved the interfacial adhesion between carbon fibers and vinyl ester matrix
(Ho et al. 1996). It is important to optimize the properties of that coating in order to get the best
mechanical properties for the interphase and the composite. The influence of the coating
thickness on the value of the IFSS measured by a microindentation test was evaluated with the
aid of a finite element model. This finite element model was applicable when the fiber volume
fraction was between 0.3 and 0.5 (Ho et al. 1996). The microindentation specimen assembly was
modeled as a combination of four concentric cylindrical tubes representing the fiber, the
interphase, the matrix and the composite, as shown in Fig. 15. The indenter was modeled as a
rigid half-sphere. The finite element analysis of this cylindrical representative volume element
required only a two-dimensional axisymmetric modeling. Because of the symmetry, only half of
the cross-sectional plane was analyzed. Fixed boundary conditions were assumed at the sides of
the composite. Along the axisymmetric axis (z-axis) and the bottom boundary (r-axis), roller
constraints were applied. Interface elements were used between the indenter and the fiber to
prevent interpenetration of the two. Coulomb friction was assumed in the indenter-fiber contact
zone. A compressive load was applied to the top surface of the indenter. The boundary between
the fiber and the interphase, the boundary between the interphase and the matrix, and the
boundary between the matrix and the composite were all set to be continuous, which assumed
perfect bonds between materials side by side.
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Fig. 15. Finite element model based on a four phase cylinder.

All of the materials were assumed to be homogeneous, isotropic, and elastic and no residual
stress was considered. The width and length of the 2-dimensional model were 20 pm and 100
um, respectively. The matrix thickness, which corresponded to 36 % fiber volume fraction, was
0.16 um. The interphase was divided into 8 layers of 0.02 um. One layer of the interphase was
set to have the same properties as DGEBA. The other seven layers were set to have the same
properties as Derakane 411-C50. The thickness of the matrix was 2.33 pm.

The mechanical properties of the materials used in the models are listed in Table 4. The
composite properties were calculated based on the rule of mixture for a transversely isotropic
composite. The models were meshed using IDEAS software. Axisymmetric four-node elements
were used. The boundary conditions were set up using IDEAS software. Contact loading and
calculation were carried out using ABAQUS software.

Table 4. Material properties for the baseline model used in the finite element model.

Fiber | Interphase | Matrix | Composite
Tensile Modulus
E (GPa) 241 2.1 3.38 85
Shear Modulus
G (GPa) 96.5 0.92 1.24 32
Poisson Ratio v 0.250 0.356 0.356 0.318

The finite element model was a simulation of the real microindentation test. The simulated
values of IFSS showed that the optimal thickness for the epoxy coating was 80 nm (Fig. 16).
The IFSS decreased sharply for a coating thicker than 100 nm. The tensile moduli of the pure
epoxy sizing and vinyl ester matrix were 2.1 GPa and 3.38 GPa, respectively. The epoxy coating
was then softer than the vinyl ester matrix, therefore, as the sizing becomes thicker, the ability of
the interphase to transfer stress to the fiber was affected. This finite element analysis did not
take into account the inter-diffusion between the coating and the matrix, which would certainly
lead to a more efficient transfer of stress to the reinforcement. Experimental data to verify that
zone of interdiffusion was characterized by a nanoindentation scratch technique.
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Fig. 16. Simulated IFSS in function of the thickness of the epoxy coating.

4.4. Determination of the thickness of the interdiffusion zone by a nanoindentation scratch test.
The nanoindentation scratch test is a technique that determines the coefficient of friction (COF)
between a nanoindenter and a material. With the same vertical load applied to the indenter, the
harder the scratched material, the shallower the penetration of the indenter in that material, and
the lower the COF. This technique can identify the different phases of a multi-phase material,
each phase having a different COF. In the case of an interdiffusion of polymers, the value of the
COF changes continuously between the values corresponding to the COF of the pure polymers,
thereby highlighting the extent of the zone of interdiffusion. The thickness of the zone of
interdiffusion between the epoxy coating and the vinyl ester matrix was measured to be 2.5 um.

5. NANOPARTICLE MODIFICATION OF THE FIBER-MATRIX
INTERPHASE

Analysis of the interphase region shows that ultimately the adhesion between fiber and matrix is
dependent on the properties of the polymer (or polymer system) created in the interphase, in
particular the dependency on the square root of the shear modulus. Variation in thermoset
polymer modulus results from variation in the crosslink density. However, the crosslink density
and hence the polymer modulus can only be changed over a very small range. The recent
availability of nanomaterials has offered a new route to interphase modification by the
incorporation of nanoparticles. For example, carbon nanotubes (CNT) ~10 nm in diameter and
up to several microns in length, have been shown to have a modulus of ~ 1 TPa and a tensile
strength of greater than 50 GPa. Graphene nanoplatelets (GnP) consisting of the same sp’
graphene structure also have been shown to have similar properties. Since incorporation of these
nanoparticles in polymers follows the well-known rule of mixtures, it is possible to increase the
shear modulus of the interphase region by their dispersion in this region with a resulting increase
in adhesion and composite mechanical properties.

Building on the interphase engineering concept it is possible to add nanoparticles to the fiber-
matrix interphase. While this research is still underway, preliminary results have shown that
both CNTs and GnPs can be utilized to improve interfacial and composite properties (Kamae
and Drzal 2012). For example, in Fig. 17, composte data are shown for systems in which
multiwall CNTs were applied to a T700 carbon fiber during the fiber ‘sizing’ step. The sizing
thickness was held constant but the amount of CNT was varied. The interlaminar shear strength
measured in a 50 volume percent carbon fiber- amine cured epoxy composite increased as much
as 20% and the 90° transverse flexural strength over 10% with the addition of only 0.5 wt% of
MWCNT. Compressive strength and Mode I fracture toughness also increased 28% and 10%,
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respectively over the baseline system without nanoparticles.
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Fig. 17. Composite interlaminar shear strength (a), 90° transverse flexural strength (b), 0°
compressive strength (¢) and Mode I fracture toughness (d) for 50 weight % T700 carbon
fiber —epoxy composites with increasing amounts of MWCNTs applied to the fiber
surface.

The effect is not limited to the addition of fibrous nanoparticles. In a similar manner, GnP
graphene nanoplatelets of thicknesses of ~5 nm and average diameters of 1 micron were
also applied to AS4 carbon fibers in the same epoxy matrix. As shown in Fig. 18, even
larger increases were measured for a 60 weight % composite using a 2 weight %
application of GnP on the fiber surface. Short beam shear strength increased ~40% and 90°
transverse flexural strength increased ~20%.
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Fig. 18. Composite short beam shear strength (a) and 90° transverse flexural strength (b)
for 60 weight % AS4 carbon fiber —epoxy composites with 2 weight% of GnP applied to
the fiber surface.

6. CONCLUSIONS

The present study has identified the combination of causes responsible for poor adhesion
between a reinforcing fiber and the polymer matrix in composite materials. These factors
include: the lack of chemical bond formation between the fiber surface and the polymer; low
shear modulus of the polymer in the fiber-matrix interphase region; adsorption of reactive
components on the fiber surface resulting in a change in interphase polymer properties; and
polymerization shrinkage resulting in radial tensile stresses at the fiber-matrix interphase.
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Fig. 19. Schematic of the ‘Engineered Fiber-Matrix Interphase’ to optimize adhesion.
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As a result of an extensive study of the carbon fiber-vinyl ester interphase, an ‘engineered
interphase’ design strategy (Fig. 19) has been proposed to overcome these factors. The essential
elements of it are: i) chemical groups on the carbon fiber surface resulting from conventional
surface treatments can be reacted with epoxy groups in a epoxy sizing; ii) the sizing should
consist of epoxy with less than the stoichiometric amount of curing agent applied in a thickness
of 70-80 nm; iii) the epoxy-curing agent combination is allowed to vitrify at ambient conditions
giving a solid with lightly crosslinked polymer coating; iv) under composite prepregging
conditions, the sizing will swell and the vinyl ester will diffuse into the sizing resulting in an
interpenetrated network. The properties of this engineered interphase avoid segregation of
polymer reactant constituents to the carbon fiber surface; counteract the radial tensile stresses
resulting for high vinyl ester cure shrinkage; and provide increased fiber-matrix adhesion which
improves the interface dependent composite mechanical properties. The engineered interphase
also allow for incorporation of nanoparticles such as CNTs or GnPs which can further improve
interfacial and composite properties.
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ABSTRACT

The obtainable volumetric composition in composites is linked to the gravimetric composition,
and it is influenced by the conditions of the manufacturing process. A model for the volumetric
composition is presented, where the volume fractions of fibers, matrix and porosity are
calculated as a function of the fiber weight fraction, and where parameters are included for the
composite microstructure, and the fiber assembly compaction behavior. Based on experimental
data of composites manufactured with different process conditions, together with model
predictions, different types of process related effects are analyzed. The applied consolidation
pressure is found to have a marked effect on the volumetric composition. A power-law
relationship is found to well describe the found relations between the maximum obtainable fiber
volume fraction and the consolidation pressure. The degree of fiber/matrix compatibility and the
related amount of interface porosity is found to have a negligible effect on the volumetric
composition. Only for the extreme case where an interface gap of 250 nm is considered to exist
along the entire fiber perimeter, the porosity of the composites is noticeable above zero, but still
the fiber and matrix volume fractions are only slightly changed. Air entrapment in the matrix
due to non-ideal process conditions is found to have a marked effect on the volumetric
composition. For composites with such type of matrix porosity, the porosity content is decreased
when the fiber content is increased. Altogether, the model is demonstrated to be a valuable tool
for a quantitative analysis of the effect of process conditions. Based on the presented findings
and considerations, examples of future work are mentioned for the further improvement of the
model.

L. INTRODUCTION

The volumetric composition in composites, their fiber, matrix and porosity content, is a
fundamental characteristic for the materials performance. Micromechanical models are used to
link the volumetric composition to the (mechanical) property profile of the composites. The
obtainable volumetric composition of composites is however constrained by the applied
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manufacturing concept, and furthermore, it is influenced by the setting of process conditions.
Thus, the study of the relations between process conditions and volumetric composition in
composites is central to the goal of achieving maximum materials performance.

Typically, prior to the manufacturing process, model equations for weight and volume
relationships are used to convert the controlled gravimetric composition into a wanted
volumetric composition. These calculations are simple if assumptions of no porosity and
unlimited fiber packing ability are applied, but they become less simple for the realistic situation
of composites with porosity and limited fiber packing ability. The latter situation requires
however knowledge on the composite microstructure, and the compaction behavior of the fiber
assembly. These parameters are included in a model for the volumetric composition in
composites developed by Madsen, Thygesen and Lilholt (2007), which later on was integrated
in a micromechanical model for stiffness of composites (Madsen, Thygesen and Lilholt 2009).
The model has recently been used in the studies by Aslan, Mehmood and Madsen (2013) and
Dominguez and Madsen (2013).

The objective of the present study is to use the volumetric composition model for a
quantitative analysis of the effect of process conditions on the volumetric composition in
composites. Initially, the basic definitions of gravimetric and volumetric composition in
composites are presented, followed by a presentation of model concepts and key equations.
Based on experimental data of composites manufactured with different process conditions,
together with model predictions, three types of process related effects are analyzed: (i)
consolidation pressure, which is a typical variable process condition, (ii) fiber/matrix
compatibility, which is governed by e.g. the surface polarity of the two parts, and (iii) air
entrapment in matrix, which is due to e.g. generation of volatile by-products during curing
of a thermosetting resin matrix.

2. BASIC DEFINITIONS

Composite materials are typically composed of two materials parts, fibers and matrix, together
with a third part, porosity, which consists of air-filled cavities within the composites. The three
parts in composites are schematically illustrated in Fig. 1 showing them in their intermixed
configuration (left) or visualized as discrete slabs on top of each other (right).

Porosity

___— Matrix
———— Fibres

Fig. 1. Schematic illustration of the three parts in composites, fibers, matrix and porosity.
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On a weight basis, composites consist of fibers and matrix, and their weight fractions sum to
one:

mg

m

c

m, = m;+m, = 1 = +%:Wf+Wm @8
mc

where m is absolute mass, W is weight fraction, and the subscripts ¢, f and m are composite,
fibers, and matrix, respectively.

On a volume basis, composites consist of fibers, matrix and porosity, and their volume fractions
sum to one:
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where v is absolute volume, V is volume fraction, and the subscript p is porosity.

Accordingly, composites are characterized by having (i) a gravimetric composition (W¢ and
W), which typically can be directly controlled by the ingoing masses of fibers and matrix in the
manufacturing process, and (ii) a volumetric composition (Vi, Vi, and V), which is influenced
by the process conditions of the manufacturing process.

3. MODELS FOR VOLUMETRIC COMPOSITION

Equations for the weight/volume relations in composites are required to convert between the
controllable weight fractions and the resulting volume fractions, where the latter ones govern the
mechanical properties of the composites. Here follow presentations of two models for
volumetric composition in composites.

3.1 Traditional model for volumetric composition. For the case of composites with no porosity
(Vp = 0) and unlimited fiber packing ability (V¢ € [0; 1]), the governing equations can readily be
derived:

mg
V.=Vt _ P _ Wi Pm
' VetV My My W, pm+(l_Wf) Pr
pf‘ pm
m,
1-W
Vm* _ Vin — Pm — ( f)pf :]_Vf* (3’ 4’ 5)
Vf+vm &_‘_mm Wf pm+(1_Wf)pf
pf pm

Vo =1= (Ve + V) =0

where pr and py, are density of fibers and matrix, respectively. The asterisk (*) specifies the
situation of no porosity and unlimited fiber packing ability. These are the equations traditionally
shown in text books of composites.
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3.2 New model for volumetric composition. In the more realistic case of composites with
porosity (V, > 0) and limited fiber packing ability (Vi € [0; Vi max] Where Vi max < 1]), a model
has been developed by Madsen et al. (2007).

The model predicts two regions of composite volumetric composition: Region A and B, which
are separated by a transition point. Fig. 2 shows an example of predicted volume fractions of
fibers, matrix and porosity as a function of the fiber weight fraction. The figure shows also
schematized cross-sections of composites.

In Region A, where the fiber weight fraction is below a transition value, Wy yans, the fiber
assembly is not fully compacted (under the operating process conditions), and the volume of
matrix is sufficient to fill the free space between the fibers (see schematized composite cross-
sections in Fig. 2). In this situation, the volumetric composition (Vy, Vi, and V,) is governed by
the equations:

W p
V. = f m
' We P (1+Z‘1pf<i))+(1—wf) Pt (1+Zapm(i))
v (1-W;)p, 6,7, 8)

m - W P (1+Zapf®)+(1—wf) pf(1+2apm(i))
V,=1-(V; +V,)

where oy i) and opm () are so-called fiber and matrix correlated porosity factors, respectively,
which control the porosity content in the composites (see Section 3.3). It can be noted that if the
porosity factors are set equal to zero, then Egs. (6) - (8) become identical to Egs. (3) - (5)
representing the simple case of no porosity.

In Region B, where the fiber weight fraction is above the transition value, Wy yans, the fiber
assembly is fully compacted (under the operating process conditions), and the volume of matrix
is insufficient to fill the free space between the fibers (see schematized composite cross-sections
in Fig. 2). Since the fiber assembly is fully compacted to its minimum volume, it means that the
volumetric composition is constrained by a maximum obtainable fiber volume fraction, V¢ may.
In this situation, the volumetric composition (Vr, Vi, and V) is governed by the equations:

Vf = Vf max

Vm :meax % (9, 10, 11)
f Pm

V,=1-(V, +V,)

The transition point between Region A and B, as defined by W¢ uans, can be calculated by the
equation:

Vi max Pt (1 + z apm(i))

Vi max Pt (1+zapm(i))_ Vimax Pm (1+Za‘pf(i))+pm

Wf trans (1 2)
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Region A Transition Region B
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Fig. 2. Model diagram of the volumetric composition (Vy, Vi, and V}) in composites as a
function of the fiber weight fraction (Wy), together with schematized composite cross
sections. Color codes: red for fibers, blue for matrix, and green for porosity. (Aslan et al.
2013).

As shown in Fig. 2, at the transition point between Region A and B, the volumetric
composition is characterized by the best possibly combination of high V and low V,,, and
this typically results in composites with maximum mechanical properties (Madsen et al.
2009; Aslan et al. 2013). This is exemplified in Fig. 3 for unidirectional flax
fiber/polyethylene terephthalate composites showing both the volumetric composition, and
the stiffness of the composites as a function of the fiber weight fraction. The model lines
predict a transition fiber weight fraction of 0.61, at which V¢ is 0.53 and V,, is 0.07, and this
corresponds to a maximum obtainable stiffness of the composites on 35 GPa. Thus, it is
demonstrated that the transition point is valuable at giving the optimum parameters for
composite design.

In general, as shown in Fig. 3, and as will be shown later, there is a good agreement between
experimental data and predictions made by the developed new model for volumetric
composition in composites.
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Fig. 3. Experimental data and model predictions of (a) volumetric composition (Vy, Vi,
and V;) and (b) stiffness as a function of the fiber weight fraction (Wy) of unidirectional

flax fiber/ polyethylene terephthalate composites. Experimental data from Aslan et al.
(2013).

3.3 Identification and quantification of porosity types. In the above presented model for
volumetric composition in composites, the total porosity (V) can be divided into a number of
different types of porosity:

Vp = Z fo(i) +Z me(i) +Vps (13)

where Vi) are different types of fiber correlated porosity, Vpm (i) are different types of matrix
correlated porosity, and Vo is structural porosity.

The fiber and matrix correlated porosity fractions (Vpr i) and Vpm () are assumed to be linearly
related to the fiber and matrix volume fractions (Vyand V,,) via the fiber and matrix correlated
porosity factors (Ot iy and opm (i), respectively:

2 Vi =2, %0 Ve ; > Vot =2 %y Vi (14, 15)
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The porosity factors oy ) and om () are parameters in the volumetric composition model (see
Egs. (6) and (7)).

Three different types of fiber correlated porosities have been identified:
o Fiber porosity (Vpr(1y), which is identified as air-filled cavities inside the fibers, i.e. fibers
with a so-called lumen.
o Interface porosity (Vpr (2)), which is identified as air-filled cavities (gaps) at the
fiber/matrix interface.
e Impregnation porosity (Vyr(3)), which is identified as air-filled cavities in the interior of
fiber sub-assemblies (e.g. fiber bundles).

One type of fiber correlated porosity has been identified:
e Matrix porosity (Vem (1)), which is identified as air-filled cavities in the matrix (e.g.
entrapped air bubbles).

As indicated by Eqs. (14) and (15), each of the above-mentioned four types of porosities (Vpr (1),
Vot @) Vpr3), and Vpm (1)) 1s assigned a porosity factor (otpr (1), Opf (2), Opf (3)> and Olpm (1y). In the
study by Madsen et al. (2007), analytical equations were derived to determine three out of four
porosity factors:

o = ie. A% =a \'%
pf (1) pf (1) pf(h) "f
1- Vlumen
bpC 1
VLS A ie. V.o —a,., V (16,17, 18)
pf (2) pf (2) pf(2 "f ’ ’
A 1- Vlumcn
_ matrix porosity . _
Gomy Ty, L€ Vomm = %may YV

matrix porosity

where Viymen is the volume fraction of lumen in the fibers, b is the width of the interface gap, 8
is the interface debonding fraction of the fiber perimeter (B = 1 for fully debonded fibers), A is
the cross-sectional area of the fibers, C is the perimeter of the fiber cross-section, and Vpatix
porosity 18 the volume fraction of porosity in the matrix. It should be noted that each of these
parameters are physically meaningful, and they can in principle be directly measured from the
microstructure of composites.

An analytical equation has however not been derived for the impregnation porosity factor
(opr 3))- Instead, the value of this porosity factor can be found from the slope of a linear
regression line of the relation between experimental data of total porosity (V) and fiber volume
fraction (V) for composites with variable fiber content (for data in Region A of the model), and
by knowledge of the values of the other three porosity factors:

v o=t e T e T hma o Yem)

p

(19)

1+ a I+ a

pm (1) pm (1)

Structural porosity (Vps), the final part of the total porosity (see Eq. (13)), is formed due to the
situation in Region B where the available matrix volume is insufficient to fill the free space in
the fully compacted fiber assembly. This type of porosity is responsible for the considerable
increase of the total porosity in Region B as shown in Figs. 2 and 3.
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4. PROCESS CONDITIONS AND VOLUMETRIC COMPOSITION

Based on experimental data and model predictions, here follows an analysis of three types of
process related effects on the volumetric composition in composites.

4.1 Effect of consolidation pressure. The applied pressure used to consolidate composite
materials during manufacturing is the key important process condition used to control the
resulting fiber volume fraction. Furthermore, the consolidation pressure can also be linked to the
porosity content of the composites. In general, it can be expected that the higher the applied
consolidation pressure, the higher the resulting fiber volume fraction, and the lower the resulting
porosity content. These expected relations will be quantitatively analyzed.

In previous studies of different types of composites, series of composite plates have been
manufactured with variable consolidation pressures:
e 2D random oriented flax/polypropylene composites, autoclave consolidation with
pressures of 0.7 and 2.1 MPa (Toftegaard 2002; Madsen et al. 2007).
e Unidirectional flax/polyethylene terephthalate composites, press consolidation with
pressures of 1.7 and 4.2 MPa (Aslan et al. 2013).
e Biaxial (£ 45°) flax/epoxy composites, vacuum and autoclave consolidation with
pressures of 0.1 and 0.8 MPa (Markussen, Prabharakan, Toftegaard and Madsen 2013).
e Biaxial (£ 45°) glass/epoxy composites, vacuum and autoclave consolidation with
pressures of 0.1 and 0.8 MPa (Markussen et al. 2013).

The experimental data of volumetric composition as function of the fiber weight fraction for the
composites are shown in Figs. 4, 5, 6 and 7. Shown are also the predicted volumetric
compositions using the above presented model. For means of simplicity, and to make the
analysis easier to comprehend, only the results for V¢ and V,, are shown in the figures. The
results of the complimentary matrix volume fraction (Vi, = 1 - V¢ - V}) are not shown. The
determined model parameters used for the predictions are shown in Table 1.

For the 2D random oriented flax/PP composites (Fig. 4), there is a clear effect of the increased
consolidation pressure from 0.7 to 2.1 MPa. The maximum obtainable fiber volume fraction (V¢
max) 18 increased from 0.33 to 0.41, which corresponds to an increase of the transition fiber
weight fraction (W trans) from 0.52 to 0.58. In the study by Madsen et al. (2009), it is reported
that the corresponding maximum stiffness of the composites at We s is 5.8 and 6.3 GPa,
respectively. In Fig. 4, it can also be observed that in Region A (for W¢ below Wr yrans), the
porosity of the composites is markedly reduced when the consolidation pressure is increased,
and this is quantitatively described by a decrease of the impregnation porosity factor from 0.41
to 0.19 (see Table 1). Thus, the higher pressure leads to a more efficient impregnation of the flax
fiber bundles by the PP matrix.

For the unidirectional flax/PET composites (Fig. 5), the effect of the increased consolidation
pressure from 1.7 to 4.2 MPa is to increase V¢ max from 0.53 to 0.60, which corresponds to an
increase of Wr yans from 0.61 to 0.68. In addition, the impregnation porosity factor is decreased
from 0.12 to 0.09. Thus, these changes are comparable to the ones for the flax/PP composites,
although the flax/PET composites show a relatively smaller decrease of the impregnation
porosity which can be due to the already low porosity content of the low pressure composites.
At Werans, the maximum stiffness of the low and high pressure composites have been reported to
be 35 and 40 GPa, respectively (Aslan et al. 2013) (see also Fig. 3b).
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Table 1. Determined model parameters for different types of experimental composite materials
manufactured with different techniques. PET is polyethylene terephthalate, PP is polypropylene,
and FA is polyfurfuryl alcohol.

Type of composites
Flax/PP Flax/PET Flax/epoxy Glass/epoxy Glass/FA
Fiber orientation 2D random Unidirectional Biaxial Biaxial Biaxial
(£45° (£45°) (£45°)
Fiber/matrix mixing Film-stacking Filament- Vacuum Vacuum Hand-layup
technique winding infusion infusion
Consolidation technique Autoclave Press Vacuum and Vacuum and Vacuum
autoclave autoclave
Consolidation pressure
[MPa] 0.7 2.1 1.7 4.2 0.1 0.8 0.1 0.8 0.1
Maximum fiber volume a
. 0.33 0.41 0.53 0.60 028 | 038 | 0.51 0.64 0.51

fraction, V¢ max
Transition fiber weight 052 | 058 | 0.61 | 068 | 033 |045| 0.70 | 0.80 0.69
fraction, W ans
Impregnation porosity 041 | 019 | 0.2 | 0.09 0 0 0
factor, dyr(3)
Interface porosity factor, 0.01 0.01 0 0 0
Opf (2)
Fiber porosity factor , 0.03 0.01 0.01 0 0
Opt (1)
Matrix porosity factor, 0 001 001 0 0.10
Oth m _
Fiber density, 1.54 1.59 1.52 2.60 2.62
pr[g/cm’]
Matrix density, 0.91 1.36 115 115 1.36
P [g/cm’]
Reference Toftegaard Aslan et al. Markussen Markussen Dominguez

2002; Madsen et 2013 etal. 2013 etal. 2013 and Madsen

al. 2007 2013

* Assumed value based on the determined value for the related glass/epoxy composite.

The above presented two types of flax fiber composites are manufactured by an initial mixing of
fibers and matrix by film-stacking or filament-winding, followed by consolidation of the
fiber/matrix assembly by autoclave or press. These manufacturing techniques give a direct way
of varying the consolidation pressure to control the volumetric composition in the composites.
In contrast, this is not readily possible for the biaxial flax/epoxy and glass/epoxy composites
manufactured by the vacuum infusion technique. In this technique, the fiber assembly is initially
compacted to the consolidation level by a vacuum bag, and then the fibers are impregnated by
the infused matrix. Accordingly, by using the previously used terminology for the model,
composites manufactured by vacuum infusion will be exactly at the transition point where the
fiber assembly is fully compacted, and the volume of matrix is just sufficient to fill the free space
between the fibers, and consequently, W¢ equals Wy ans, and Ve equals Vemax. Thus, for the given
operating process conditions, in particular the applied vacuum pressure, the vacuum infusion
technique inevitably gives composites with the best possible combination of high fiber volume
fraction and low porosity content, leading to the best possible properties. This is the advantage
of the vacuum infusion technique, whereas the disadvantage is the involved practical difficulties
to further improve the volumetric composition, i.e. to increase the fiber volume fraction above
the (rather low) value given by the vacuum pressure.
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Fig. 4. Experimental data and model predictions of the volumetric composition in 2D
random oriented flax/polypropylene (PP) composites manufactured by film-stacking and
autoclave consolidation with low and high pressures: 0.7 MPa (open symbols, dotted
lines) and 2.1 MPa (filled symbols, full lines).

Unidirectional flax/PET composites
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Fig. 5. Experimental data and model predictions of the volumetric composition in
unidirectional flax/polyethylene terephthalate (PET) composites manufactured by
filament-winding and press consolidation with low and high pressures: 1.7 MPa (open
symbols, dotted lines) and 4.2 MPa (filled symbols, full lines). The results for the low
pressure composites are also shown in Fig. 3.
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Fig. 6. Experimental data and model predictions of the volumetric composition in biaxial

(+ 45°)

flax/epoxy composites manufactured by vacuum infusion with low and high

consolidation pressures: 0.1 MPa (open symbols, dotted lines) and 0.8 MPa (filled
symbols, full lines).
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Fig. 7. Experimental data and model predictions of the volumetric composition in biaxial

(+ 45°)

glass/epoxy composites manufactured by vacuum infusion with low and high

consolidation pressures: 0.1 MPa (open symbols, dotted lines) and 0.8 MPa (filled
symbols, full lines).
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In the study by Markussen et al. (2013) of the biaxial flax/epoxy and glass/epoxy composites,
the vacuum infusion technique was specially adapted to give composites with a different
volumetric composition than the one normally given by the vacuum pressure. Composites were
manufactured with (i) a lower V¢ than V¢, by enforcing an additional amount of matrix to the
vacuum bag, and (ii) with a higher V¢ than V¢, by applying an additional external pressure on
top of the vacuum pressure. The experimental data for the composites are shown in Figs. 6 and
7. The two groups of data points for low pressure are for composites consolidated by vacuum
pressure (= 0.1 MPa), and the one data point for high pressure is for a composite consolidated
by vacuum and external pressure (= 0.1 + 0.7 MPa). For both flax/epoxy and glass/epoxy
composites, the low and high pressure model curves for V¢ in Region A coincide, which means
that if the fiber volume fraction is lowered below the value at the transition point (i.e. by
enforcing an additional amount of matrix to the vacuum bag), then V¢ will follow the same curve
independently of the applied consolidation pressure. The increase of the consolidation pressure
from 0.1 to 0.8 MPa however clearly results in an increase of V¢ at the transition point (= V¢ max)
from 0.28 to 0.38 for the flax/epoxy composites, and from 0.51 to 0.64 for the glass/epoxy
composites.

It can be expected that the relation between the consolidation pressure and the maximum
obtainable fiber volume fraction in composites is governed by the compaction behavior of the
fibers. In the literature, several studies have addressed the development of suitable models for
compaction of fiber assembles (e.g. see Gutowski, Cai, Bauer, Boucher, Kingery and Wineman
1987; Simacek and Karbhari 1996; Toll 1998; Lomov and Verpoest 2000; Beil and Roberts
2002). Many of these are based on a power-law relationship:

V,=aP’ (20)

where P is the compaction pressure (MPa), and a and b are constants that can be related to the
configuration of the fiber assembly (e.g. orientation and length of fibers), and the mechanical
properties of the fibers (e.g. stiffness).

Fig. 8 presents the determined values of V¢ max as function of the consolidation pressure for the
four types of composites (2D random flax/PP, UD flax/PET, biaxial flax/epoxy, and biaxial
flax/epoxy). For each composite, a power-law relationship (Eq. (20)) has been fitted to the
experimental data points. It can be observed that the curves are resembling the typical
compaction curves measured for “dry” fiber assemblies, and moreover, they demonstrate the
typical observed trend that (i) the packing ability is higher for glass fibers than for flax fibers
(for assemblies with the same fiber orientation), and (ii) the packing ability is reduced when the
fiber orientation is lowered (i.e. from unidirectional fibers to 2D randomly oriented fibers)
(Madsen and Lilholt 2002).

For 2D random oriented fiber assemblies, it has been shown in theoretical studies by e.g. Toll
and Manson (1995) and Toll (1998), based on geometrical and micromechanical considerations,
that the exponent b in the power-law model will have a value of 1/5 (= 0.20). For unidirectional
fiber assemblies, the exponent b cannot readily be determined analytically, but it has been
evaluated from experimental data to be in the range 0.05 to 0.15 (Toll 1998; Madsen and Lilholt
2002). It can be observed in Fig. 8 that these theoretical values of b actually are close to the
values estimated in the present study. For the biaxial glass fiber composite, which basically
consists of unidirectional fiber assemblies on top of each other, the value of b is 0.11. For the
unidirectional flax fiber composite, and the biaxial flax fiber composite, the value of b is about
0.15. The larger value of b for the flax fiber composites made from unidirectional fiber
assemblies might be due to the twisted configuration of the flax fibers in the yarns, which means
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that the fiber orientation deviates from being fully unidirectional. For the 2D random flax fiber
composite, the value of b is 0.20, which is equal to the expected analytically determined value.
However, in other experimental studies (Madsen and Lilholt 2002), the value of b for 2D
random oriented fiber assemblies has been found to vary in the range 0.18 to 0.32. Based on
observations of cross-sections of fiber assemblies, it has been indicated that the fiber dispersion
(from single separated fibers to large fiber bundles) plays an important role for the measured
variation in compaction behavior of 2D randomly oriented fiber assemblies (Madsen and Lilholt
2002).

Further to the above considerations of the compaction behavior of “dry” fiber assemblies, the
compaction behavior of fiber assemblies during the composite consolidation process includes
new parameters to be taken into account, such as the viscosity of the matrix, the lubrication of
the fibers by the matrix, the elevated temperature, and the sustained pressure (creep). These
parameters need to be included in the future goal of establishment of a model to relate the
consolidation pressure with the maximum obtainable fiber volume fraction in composites.
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Fig. 8. Experimental data for the maximum obtainable fiber volume fraction, V¢ max, as
function of the consolidation pressure for different types of composites, together with
fitted model curves (power-law relationships) for the compaction behavior of the fiber
assemblies.

4.2 Effect of fiber/matrix compatibility. The compatibility between the fiber and matrix parts
controls how closely the two parts can be contacted by each other in the composites. This is
mainly governed by the surface polarity of the two parts. In the case of perfect fiber/matrix
compatibility, intimate contact (< 1 nm) can be established between the two parts and chemical
bonds (covalent, hydrogen, ionic or van der Waals) can be generated. This is the basis for
obtaining a strong fiber/matrix interface bonding, which typically is considered to be essential
for obtaining good mechanical properties of the composites. On the other hand, in the case of
non-perfect fiber/matrix compatibility, intimate contact between the fiber and matrix parts
cannot be established, and this can lead to air-filled cavities at the fiber/matrix interface regions.
This so-called interface porosity can be formed both during processing of the composites, and
during service of the materials due to external mechanical influences. In both cases, interface
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porosity can be related to the degree of fiber/matrix compatibility.

The above presented model of volumetric composition contains parameters for quantifying the
content of interface porosity in composites. In Eq. (17), the interface porosity factor (o (2)) is
related to the width of the gap at the fiber/matrix interface (b), and the interface debonding
fraction of the fiber perimeter (B) (where p=1 defines fully debonded fibers), in addition to
parameters for the cross-sectional dimensions of the fibers. Fig. 9 shows examples of model
predictions of the volumetric composition in glass fiber/epoxy composites with three realistic
levels of interface porosity:

e No interface porosity, opr2) =0 (B =0; b =250 nm).

e Medium interface porosity, o, 2) = 0.033 (B = 0.50; b = 250 nm).

e High interface porosity, opr2) = 0.067 (B = 1; b =250 nm).

An interface gap of 250 nm is considered to be a high, but still a realistic gap size. In the
calculations, a diameter of 15 pm is used for the assumed circular glass fibers. The three other
porosity factors (ot (1), Olpr (3), and Olpm (1)) are set equal to zero, which means that the composites
are considered to contain interface porosity only (in addition to structural porosity after the
transition point). In Fig. 9, schematized cross-sections of composites with the three levels of
interface porosity are shown.
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Fig. 9. Model predictions of the volumetric composition in glass fiber/epoxy composites
with three levels of interface porosity. Solid lines show no porosity, and dotted lines
show medium and high levels of porosity. Schematized cross-sections of the composites
are shown. See more details in the text.

As can be observed in Fig. 9, the existence of interface porosity in composites has only a
relatively small influence on the overall volumetric composition. Only for the case of the highest
level of interface porosity where the interface gap is considered to exist along the entire fiber
perimeter, the porosity of the composites is noticeable above zero (e.g. V, is equal to 0.035 at
the transition point), but still the curves for V¢ and Vy, are only slightly lowered.
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Accordingly, as might have been expected, and is quantitatively confirmed by the model, the
existence of interface porosity in composites will have a negligible effect on the volumetric
composition (although it might have a large effect on the mechanical properties). Thus, the
effect of changing the degree of fiber/matrix compatibility is not likely to be observed by
changes of the volumetric composition in the composites.

4.3 Effect of air entrapment in matrix. The avoidance of entrapped air bubbles in the matrix is a
well-known challenge in the processing of composites. The air bubbles are typically formed due
to non-ideal process conditions. For thermoplastic matrix composites, entrapped air bubbles can
be formed due to non-optimal settings (i.e. time, temperature, and pressure) of the melting,
consolidation, solidifying processes. For thermosetting matrix composites, entrapped air bubbles
can be formed due to (i) insufficient evacuation of the resin prior to fiber impregnation, (ii)
inclusion of air in the resin during fiber impregnation, e.g. by roller actions in hand-layup
methods, and by leakage in vacuum methods, and (iii) generation of volatile by-products, such
as water, during curing of the resin.

The above presented model of volumetric composition contains parameters for quantifying the
content of matrix porosity. In Eq. (18), the matrix porosity factor (ctpm (1)) is related to the
volume fraction of porosity in the matrix (Vmauix porosity) by @ simple relationship containing only
this parameter. A value for Viauix porosiy can be determined by composite cross-sectional
measurement of the content of air cavities in matrix-rich regions. Alternatively, a value for
Vmatrix porosity €@ be determined by fitting the model to experimental data.

In the study by Dominguez and Madsen (2013), a series of biaxial glass fiber/polyfurfuryl
alcohol (FA) resin composites was made by hand-layup followed by a double-vacuum bag
technique. FA is a newly developed biomass-based resin (Pohl et al. 2011; Dominguez, Grivel
and Madsen 2012). Water is used as solvent in the FA resin to lower the viscosity, and in
addition, water is generated as by-product in the condensation reactions taking place during
curing of the resin. Thus, specially adapted process conditions are required to ensure that water
is removed (e.g. by evaporation) from the FA resin before it becomes trapped in the cured resin
leading to air-filled cavities. The double-vacuum bag technique is specially developed for this
purpose (Hou and Jensen 2008).

In the study by Dominguez and Madsen (2013), the series of glass/FA composites was made
with variable amount of the impregnating FA resin. The volumetric composition in the
composites was measured, and the experimental data is shown in Fig. 10. It can be seen that the
composites contain a non-negligible content of porosity (V,, is in the range 0.03 to 0.08), which
indicate that the process conditions can be furthermore optimized. However, it can be observed
that the porosity tends to be decreased when the fiber content is increased, or expressed in
another way, the porosity tends to be increased when the matrix content is increased. This
tendency is interpreted as being a result of matrix porosity, which is known to be a special
concern for the FA resin, as described above.

In Fig. 10, the volumetric composition model has been fitted to the experimental data of the
glass/FA composites. The values of the model parameters are presented in Table 1. It is assumed
that the composites contain only matrix porosity, i.e. there is no fiber porosity due to the
massive nature of glass fibers, there is no interface porosity due to the high degree of
compatibility between glass fibers and FA resin, and there is no impregnation porosity due to
the low viscosity of the FA resin ensuring complete impregnation of the glass fiber bundles.
Thus, opr (1), Opr(2), and or (3) are assumed to be equal to zero. Based on the fitted model lines in
Fig. 10, the value of the matrix porosity factor, ol,m (1), is determined to be 0.10, leading to a
value of Viarix porosiy on 0.09 (Eq. (18)). Thus, in matrix-rich regions of the glass/FA
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composites, the content of porosity is 0.09. In other words, a sample of neat FA resin (made by
similar processing conditions) would have a porosity content of 0.09, which can be seen for the
model line for V;, in Fig. 10 at Wy = 0 (and V; = 0). This leads to a porosity content of the
composites on 0.04 at the transition point.

In Fig. 10, model lines are also calculated for the case of glass/FA composites with no matrix
porosity (0lpm (1) = 0). It can be observed that the no porosity lines of Vi and Vi, deviate
considerably from the lines of the glass/FA composites with matrix porosity. Especially, it can
be noted, as expected, that the (large) deviation between the lines for Vy, is getting larger when
the fiber content is decreased, whereas the (small) deviation between the lines for Vy is getter
smaller. In a more practically applied context, however, the model lines in Fig. 10 for the
glass/FA composites with no matrix porosity can be used to assess the potential improvement in
volumetric composition (and thereby mechanical properties) of the manufactured composites if
the processing conditions is furthermore optimized.

Altogether, it has been demonstrated that air entrapment in the matrix is likely to have a marked
effect on the volumetric composition in the composites, and the model can be used as a tool for
a quantitative analysis of the effect.

Volume fraction

0.0 0.1 0.2 0.3 0.4 0.5 08 0.7 0.8 0.9 1.C
Fiber weight fraction, W,

Fig. 10. Experimental data and model calculations of the volumetric composition in
biaxial (+ 45°) glass fiber/FA composites. Solid lines are predictions for composites with
no porosity, and dotted lines are fitted to the experimental data for composites with
matrix porosity. Schematized cross-sections of the composites are shown. See more
details in the text.
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5. CONCLUSIONS AND FUTURE WORK

A model for the volumetric composition in composites is presented, where the volume fractions
of fibers, matrix and porosity are calculated as a function of the fiber weight fraction. The model
includes the realistic case of composites with porosity, and limited fiber packing ability. The
porosity is addressed via a number of so-called porosity factors, which can be related to the
composite microstructure. The limited packing ability of the fiber assembly is addressed via the
so-called maximum obtainable fiber volume fraction, V¢ max.

The model defines two regions of composite volumetric composition, Region A and B,
separated by a transition fiber weight fraction, at which the composites show the best possible
combination of high fiber volume fraction and low porosity leading to composites with the best
possibly mechanical properties.

Based on experimental data of composites manufactured with different process conditions,
together with model predictions, a quantitative analysis is presented for three types of process
related effects on the volumetric composition in composites: (i) consolidation pressure, (ii)
fiber/matrix compatibility, and (iii) air entrapment in matrix.

The applied consolidation pressure used in the manufacturing process is found to have a marked
effect on the volumetric composition in composites. In general, the impregnation porosity is
slightly decreased, and V¢ max is considerably increased, when the consolidation pressure is
increased. As an example, for biaxial glass/epoxy composites manufactured by vacuum
infusion, V¢ max is increased from 0.51 to 0.64 when the consolidation pressure is increased from
0.1 to 0.8 MPa. A power-law relationship, similar to the one commonly used to describe the
compaction behavior of dry fiber assemblies, is found to well describe the relation between Ve
max 1N composites and the applied consolidation pressure.

The degree of fiber/matrix compatibility and the related amount of interface porosity is found to
have a negligible effect on the volumetric composition. Only for the case of a very high level of
interface porosity where an interface gap of 250 nm is considered to exist along the entire fiber
perimeter, the porosity of the composites is noticeable above zero, but still the fiber and matrix
volume fractions are only slightly changed. Thus, the effect of changing the degree of
fiber/matrix compatibility is not likely to be observed by changes of the volumetric composition.

Air entrapment in the matrix due to non-ideal process conditions is found to have a marked
effect on the volumetric composition in composites. For composites with such type of matrix
porosity, the porosity content is decreased when the fiber content is increased. As an example,
for biaxial glass/polyfurfuryl alcohol composites manufactured by a double vacuum bag
technique, the porosity content in the matrix-rich regions is determined to be 0.09. This is then
the porosity content of the neat resin at zero fiber content, leading to a porosity content of 0.04
for composites with a high fiber content at the transition point.

Altogether, it is demonstrated that the presented model of volumetric composition in composites
is a valuable tool for a quantitative analysis of the effect of process conditions.

Based on the findings and considerations in the present study, examples of future work can be
mentioned for the further improvement of the model:

e Development of analytical model for the content of impregnation porosity in composites.
This important type of porosity is related to the configuration of the fiber assembly (e.g.
fiber dispersion), in addition to the matrix flow behavior.

e Development of analytical model for the relationship between consolidation pressure and
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V¢ max In composites. Important parameters are the configuration of the fiber assembly
(e.g. fiber orientation and length), the fiber mechanical properties (e.g. stiffness), and the
special conditions of the composite manufacturing process (e.g. matrix viscosity,
lubrication, and creep).
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ABSTRACT

The article reviews quantitative methods for void prediction and elimination in Liquid
Composite Molding processes. Experimental observations related to void formation and
transport during processing are first summarized, drawing from the literature and from our own
work. The main physical phenomena governing multiphase fluid flow in porous media are then
presented, using a continuum mechanics approach. Strategies towards solving these equations
are then reviewed. Two main approaches are currently developed. One is a direct solution of the
multiphase flow equations, which requires dual knowledge of how permeability varies with
saturation, and how saturation varies with pressure. The other is an indirect method based on
solution of saturated flow with the introduction of sink terms, representing the dual scale of the
fibrous reinforcements, which requires knowledge of the flow kinetics within the tows. Even
though a complete tool to simulate LCM flow and predict the location and type of porosity is
still far from being available, several recent results have contributed to improve our physical
understanding of LCM processes leading to porosity reduction.

1. INTRODUCTION

During composite processing by Liquid Composite Molding (LCM) techniques, a fluid
precursor of the matrix phase (an uncured thermoset resin, a thermoplastic polymer or a pre-
polymer) is made to infiltrate the open pore space within a reinforcement preform. Upon
subsequent chemical reaction or solidification of the matrix precursor, a composite material is
produced. This technique is simple in its concept, and rather cost-effective since there is no need
to produce pre-impregnated materials. The infiltration process may be driven by vacuum only,
or under moderate pressure applied on the fluid phase at the entrance of the preform, in both
cases relieving the need for autoclaves or presses (Witik, Gaille, Teuscher, Ringwald, Michaud,
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Ménson, 2012). As a result, this family of techniques has gained importance in the last 20 years,
and is now routinely used in many industrial applications, ranging from aerospace secondary
structures (fans, propellers, brackets) to automotive, nautical, civil applications as well as wind
turbine blades. Many different types of LCM have been developed, which differ by the type of
mold (hard or a membrane), the resin delivery method (pressure pot or volumetric pump), the
degree of preform evacuation in the initial stages of the process, and other more subtle
differences described by Summerscales and Searle (2005). Underlying physical phenomena are
common to all variants of the process, as are related constitutive properties of the resin and
fabrics as concerns thermoset polymers, which represent the vast majority of fluids used in LCM
processes.

The industrial aim to manufacture sound and homogenous parts at the lowest possible cost has
driven the ambition to predict the kinetics of the process, as well as the local void and fiber
content distribution within the composite, or residual strain or stress fields that may have built
up in the final part. Prediction of global infiltration and curing kinetics, in turn helping to
optimize mold design, injection strategies, matrix precursor pot life and viscosity, is now easily
accessible with commercial numerical tools that solve the equations for flow of one fluid phase
in a rigid porous medium, possibly coupled with heat transfer (for example PAM-RTM from
ESI Group, or LIMS, from University of Delaware). None of the commercial tools handles void
prediction or elimination, despite the fact that voids are known to degrade matrix-dominated
properties of the composites, including the flexural, compressive and interlaminar shear
strength, as illustrated in Refs (Judd and Wright 1978, Yoshida, Ogasa and Hayashi 1986, Tang,
Lee and Springer, 1987, Madsen and Lilholt, 2003, Leclerc and Ruiz 2008). The identification
and prediction of void distribution in liquid composite molding processes thus remains a
challenge that is now extensively addressed in research (Park and Lee, 2011). We review here
experimental observations related to void formation, evolution, and transport during LCM
processes, and then present current modeling strategies aiming to address capillary effects,
causes of void formation and underlying physics of multiphase flow in porous media.

2. EXPERIMENTAL OBSERVATIONS OF VOID FORMATION AND
TRANSPORT IN LCM PROCESSING

A first general experimental observation is that it is difficult to reach very low porosity levels in
LCM without lengthy experimental process optimization, playing with the resin velocity
(through the applied pressure or flow rate), the resin initial viscosity, the placement and type of
consumables (in particular the distribution media or microporous membranes in infusion
processes). Once a process is stabilized, a change in fabric configuration or resin may require
another (often lengthy) period of further optimization. By contrast, it is much easier to reach a
very low porosity level in parts made from prepregs in an autoclave. Now, a main difference
between the two situations is in the fact that prepreg processing is a consolidation process:
pressure in an autoclave is applied on the entire fiber-matrix assembly, that has already been
combined; if the fiber/matrix ratio is low and resin bleeding is restrained, pressure is applied on
the resin phase all along the process. This helps collapse potential voids (Michaud, Sequeira-
Tavares, Sigg, Lavanchy and Manson, 2006). In LCM, since the initial closing pressure of the
mold or of the vacuum bag is applied on the dry fabric, the process is that of infiltration in a
constrained fabric, so potentially large pressure gradients form in the resin phase, between inlet
and outlet. These gradients remain until the part is filled, and may then equilibrate depending
on the post-filling stage (Simacek, Heider, Gillespie and Advani, 2009). The only way to
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increase the applied pressure is to use an injection-compression process, in which the resin
infiltrates a dry fabric placed in a partially closed mold that is later closed once infiltration has
occurred (e.g. Bickerton and Abdullah 2003, Merotte Simacek and Advani 2010); this, however,
requires more complex set-ups.

In LCM voids have been shown to arise from several sources:

- insufficient flow, leaving large uninfiltrated regions that have not been reached by the flow
path when filling the part,

- gas, humidity or volatiles species dissolved in the resin phase,
- gas initially present in the preform that is surrounded by flowing resin and remains trapped.

The first source of porosity is well known. It can be solved by proper design of the resin inlet
and outlet locations, and by careful placement of the preform to prevent "race-tracking", i.e. the
presence of preferential flow paths between the preform and the mold. Methods to reduce the
occurrence of these "dry-spots" are well developed: conventional flow software tools coupled to
active mold control have been designed to this end (Gokce and Advani, 2004, Matsuzaki,
Koyabashi, Tadoroki, Mizutani, 2013).

The second source of void formation, namely dissolved air or volatiles, is practically solved by
selecting resins with low amount of volatiles, and by carefully storing, mixing and degassing
them before use (Zingraff, Michaud, Bourban and Ménson, 2005).

Finally, there is trapping of air initially present in the preform. This is all the more likely to
happen that most reinforcements used in LCM processes are based on textile preforms, hence
are constituted of bundles of filaments, also called tows, that are woven, braided or knitted into a
fabric. This creates a porous material with a binary size distribution of pores, as schematically
shown in Fig. 1 (Michaud, 2012). The geometry of the textile unit cell is thus a crucial
parameter, and it is possible, depending on the capillary forces at play, that flow could lead or
lag in the fiber bundles, or that crossings between tows create zones of perturbed flow. Many
authors have reported on this effect and have pointed out the role of the textile geometric
features, and of the resin velocity on the formation and the location of voids (Patel 1995, Patel
and Lee 1996a,b, De Parseval, Pillai and Advani 1997, Breard, Henzel Trochu and Gauvin
2003, Park and Lee 2011, Leclerc and Ruiz 2008). In particular, non-woven mats have been
reported to behave as homogenous porous media, with low porosity, whereas woven fabrics
show deviations from saturated flow behavior (Tan, Roy and Pillai 2007).

For a given plate and resin/textile combination in a given part, gradients in void content are
found as a function of the position with respect to the resin inlet. In general, the void content
increases with the flow distance, and is higher near the resin outlet (Lundstrom and Gebart,
1994). Leclerc and Ruiz (2008) attributed this increase from 2 to 6% void volume fraction in a
glass fabric/epoxy material to a decrease in flow velocity with time. Others mention the positive
action of resin pressure increase and additional flow introducing bubble transport near the inlet
compared to the exit (Frishfeld Lundstrom, and Jakovics 2008, Lundstrom, Frishfeld and
Jakovics 2010). Use of a vacuum-assisted LCM, i.e., evacuating the preform before infiltration,
has been shown to greatly reduce the porosity (Lundstrom and Gebart, 1994). In parallel, for
vacuum resin infusion processes (with a soft vacuum bag and no hard top mold), the use of
micro-porous membranes laid over the top of the preform, that allow air but not resin to flow
out, has been shown to reproducibly decrease the void content in the final parts (Li, Krehl,
Gillespie, Heider, Endrulat, Hochrein, Dunham, and Dubois, 2004).
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Fig. 1. Schematic of the pore size distribution in a textile fabric, left, and of the fabric
architecture in the composite, right.

Regarding the amount of voids as a function of resin velocity, for a given resin/textile
combination, all authors seem to converge on the idea that there exists an optimal flow velocity.
This is generally expressed in terms of the (dimensionless) capillary number for the system at
hand:

Ca=1 (1)
y’ﬂ(l

where w; is the liquid velocity, y., is the surface tension between the matrix and the ambient
atmosphere and 7 is the resin viscosity. Other authors (Patel et al. 1996a and b, Rohatgi, Patel
and James Lee 1996) prefer to use a modified capillary number,

Ca¥ =M __ 2)
¥ 1a COSO

where 0 is the contact angle between the reinforcement and the resin, taken to be the equilibrium
contact angle measured in static mode (close to 30° for epoxy resins on sized reinforcements).
This was shown to collapse several data on a single master curve, for example for several model
fluids such as oil or Ethylene Gylcol; however, it has also been demonstrated that for viscous
systems, the relevant contact angle is for dynamic flow, with a value that strongly depends on
the advancing velocity, following Tanner's law (Kistler, 1993):

6 - 03 =c¢;.Ca 3)

where cr is a coefficient which needs to be experimentally determined and 6, is the contact
angle at thermodynamic equilibrium. Variations in contact angle that this dependence of
velocity introduces can be signifant: Verrey, Michaud and Ménson (2006) showed from indirect
measurements that an epoxy system infiltrating a carbon fiber preform shifts from wetting to
non-wetting behavior as the resin velocity, or in other words as Ca varies. As a result, use of Ca
instead of Ca* seems more appropriate, even though this may not lead to a generalized master
curve for all systems.

At low Ca values, capillary effects dominate. Flow within the more tightly packed fiber tows
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Fig. 2. Void content versus capillary number, from Zingraff et al. (2005)

therefore leads flow within wider regions (of lower capillary pressure drop) if the system is
wetting. As a result, voids may be entrapped in the matrix between fiber tows. At higher Ca
values, viscous effects dominate. This causes flow between the tows to lead ahead of flow
within the tows; then, voids may remain entrapped within the fiber tows, as presented in Figure
2. Between these two values, an optimal value, Ca,,;, exists. For an unsaturated polyester resin
infiltrating bi-directional stitched fiberglass mat, Patel (1996) found values of Ca,, on the order
of 10" to 10, A similar approach was applied to LC12 low viscosity reactive thermoplastic
matrices (Zingraff, Michaud Bourban and Manson 2005), with Ca, value around 0.004-0.006
in a strongly wetting system. Leclerc and Ruiz (2008) reported values of Ca,,~=0.008, but
previous work proposed values closer to 0.01 (Ruiz, Achim, Soukane Trochu and Bréard 2006).
Many of these results are gathered in the recent review article by Park and Lee (2011), who
conclude that the optimal capillary number Ca,,; is around 10~ in most cases, corresponding in
practice to a resin velocity around 0.1-1mm/s.

Fabric architecture exerts an influence. For random mats, UD fabrics, and 8H satin weave, it has
been shown that, at the optimal Ca value, the void content is almost nil provided the resin is
properly degassed (Patel et al. 1996 a,b, Mahale, Prud'homme and Rebenfeld 1992, Rohatgi et
al. 1996, Patel and James Lee, 1995, Zingraff et al. 2005). For bidirectional fabrics, higher
residual void contents are generally reported, possibly because the optimal flow depends also on
the tow orientation (Leclerc and Ruiz, 2008, Gourichon, Binetruy and Krawcak 2006). Ruiz and
coworkers (Ruiz, Achim, Soukane, Trochu and Bréard, 2006) used a saturated flow Finite
Element Model (FEM) for the prediction of infiltration kinetics, coupled with an optimization of
the injection conditions to obtain a constant flow velocity across the part during impregnation,
corresponding to Ca,. This practical solution allowed the use of traditional saturated flow FEM
tools towards simplified void prediction. In parallel, as fluid velocities tend to be higher than the
optimal value, for practical reasons, many authors have reported observations of porosity within
the fiber tows, and have proposed analyses based on the notion that impregnation of the tows is
delayed compared to impregnation of inter tow spaces.

Finally, it is important to mention that trapped voids can be transported by flow, and can grow
or collapse, depending on the local pressure around the pores, as well as the solubility and
diffusion kinetics of the entrapped gas within the resin (Babu and Pillai, 2004). Common
practice teaches that additional bleeding of resin, even if this is not optimal in terms of cost or
material usage, is a good practical method to reduce the void content. Lundstrom (1997)
performed extensive work to analyze this practice, and proposed methods to assess the diffusion
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and solubility parameters of air in a vinylester and epoxy resin. He showed that void dissolution
could be effectively predicted as a function of time and local pressure. Zingraff et al. (2005)
found similar results for the APLC12 monomer, a prepolymer of Polyamide 12, indicating that
30 seconds of bleeding already significantly reduced the void content in the system at hand,
thanks to high diffusivity of N, in the prepolymer. These analyses consider the gas in the pores
to behave as a perfect gas. Yamaleev and Mohan (2006) extended the analysis to a non-ideal gas
law; this led to modified void reduction kinetics. More recently, Lundstrom and Frishfeld (2006,
2008) analyzed bubble formation and motion in a Non-crimp Fabric using a 3D numerical
model, and confirmed the experimental findings that (i) motion of intra-tow bubbles is much
slower than motion of inter-tow bubbles, that (ii) vacuum at the outlet helps to reduce void
content, and that (iii) void content increases with distance from the inlet. An extension of this
model to deformable fabrics (Frishfelds and Lundstrom 2011) showed a tendency for intra-
bundle porosity to decrease when the fiber tows are deformed, and for the inter-bundle porosity
to increase.

Overall, experimental observations indicate that large dry-spots or high values of porosity,
above 10%, that arise from improper mold design or resin degassing are now well controlled.
Residual porosity of a few vol. % is still often reported, however, due to air trapped during flow.
This in turn is a function of the fabric geometrical features and of the flow front velocity, as
quantified through the capillary number. This observation is still difficult to predict, and requires
the need to consider multiphase flow in porous media.

3. MULTIPHASE FLOW THROUGH POROUS MEDIA

Modeling of flow kinetics and of the evolution of the liquid/air ratio distribution across the part
requires solving the equations for flow of liquid, gas and solid through the porous medium
constituted by the reinforcement preform. The physics of this process has been addressed for
many years in other branches of engineering such as soil science and petroleum recovery (Bear
1972, Marle, 1981). Since the fibers forming the reinforcement are small compared to the part
size, and the processes can often be considered as well described by considering average
properties within a unit cell comprising all phases, a continuum mechanics approach is most
often used. This rests on the definition of a Representative Volume Element (REV), large
enough to contain representative averages of all phases, solid, liquid and gas, yet small enough
to be considered as a differential element on the scale of the preform. Within the REV the model
assigns only average values of relevant process parameters such as temperature or pressure. Fig.
1b provides an example of REV for a reinforcement fabric. A REV contains in the most general
case what remains of the initial atmosphere, the fibers, and the liquid, in respective volume
fractions V,, Vj; V}, such that

V,+V, 4V, =1 “

By similarity with soil mechanics, the fluid phase saturation S is defined as:

v

1-V,

S= Q)

where (1-V}) is the initial, dry preform, open porosity; S varies from 0 to 1 between a dry and a
fully infiltrated (saturated) preform.

To describe the flow of liquid in a porous medium, averaged values of relevant parameters, such
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as velocity or volume fraction, are used to derive equations for conservation of mass and
momentum, all in a continuum mechanics approach. It is generally assumed that the densities of
liquid and solid phases are constant; in most cases of non-compressible liquid fluids, this is a
reasonable assumption. On the other hand this assumption loses legitimacy when infiltration by
a gas is considered, which complicates equations somewhat (Scheidegger, 1974); however, this
is generally not an issue in composite processing. We also assume in what follows that
infiltration takes place isothermally, with no heat exchange; this is often the case in practical
LCM processes, at least during the infiltration and before cure. Otherwise, one must add the
energy conservation equations, together with the temperature depence of relevant parameter
values. Mass conservation equations are written for the solid and the fluid phase, respectively,
as:

v
a_tf +V(V,u)=0 (6)

and:

A2 9@V, 5u)=0 ™)

where us is the average local velocity of the solid, and u; is the average local velocity of the
liquid within the REV.

The momentum equation is generally written using Darcy’s law (given the low values of pore-
level Reynold’s number):

(I-V)S(u, —u,)= —EVP ®)
n

where K (a function of S and V)) is the permeability of the porous medium in AV, n is the liquid
viscosity, and P is the pressure in the liquid. K, the permeability, is in general defined from
Eq.(8) as a tensorial quantity, with units : m*. Eq. (8) is written neglecting gravitational or other
potential body forces, and is only valid provided the relevant pore-level Reynolds number,
defined in relation to the average fluid velocity and the pore diameter, is less than about one:
this is most often the case for polymer composite processes because polymers have
comparatively high viscosity. The left-hand side of Eq. (8) is called the superficial velocity,
often also called the filtration velocity, which was initially defined by Darcy as the ratio of the
volumetric flow rate Q out of a porous medium, over the cross-section of this porous medium, 4
(Darcy, 1856). For fully saturated flow in a rigid porous medium, the filtration velocity is
generally simply written as:

A ©)

Finally, having neglected inertial and body forces in both solid and liquid, stress equilibrium is
written using an extension of the effective stress principle developed for partially saturated soils
(Wang, 2000):

Vo'-V(BSP)=0 (10)
where o' is the effective stress acting in the solid, counted as positive in compression and
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Fig. 3. Schematic of the pressure profile along the infiltration length, in black for slug-
flow approach, in red for a multiphase flow approach.

averaged over a surface area comprising both solid and liquid. Initial and boundary conditions
valid for each case complete the definition of the problem.

Four main characteristics of the fiber preform and the fluid thus need to be known for a solution
of the problem: these are the viscosity 7, the dependence of the saturation S on the local pressure
P, the stress-strain behavior of the preform, and the permeability K, itself also a function of
saturation S. We will focus the rest of the analysis to the case of a rigid preform; we can then
ignore Eq. (10) and set u,=0 in Egs (6) and (8) (given that the solid remains everywhere
immobile in a referencial fixed with the mold or preform). This is in first approximation valid
for many LCM processes, exception made for vacuum resin infusion of low volume fraction
preforms.

4. CAPILLARY EFFECTS

4.1- Saturated flow with a step boundary condition on pressure. S as defined in Eq. (5) varies
from 0 to a finite value, equal to or less than 1, the precise value varying from the infiltration
front to the resin inlet. Often, however, in analysis of infiltration processes the assumption is
made that the saturation versus distance curve is a step-function, equal to 0 in the non-infiltrated
region, and 1 in the infiltrated part. This is known as the slug-flow assumption in soil science
literature (Michaud and Mortensen, 2001). All capillarity-related issues are then reduced to
knowledge of the pressure boundary condition at the infiltration front, as schematically depicted
in Fig. 3. Capillary phenomena in composite processing can then be simply described based on a
thermodynamic analysis. The capillary pressure drop AP,, which is by definition the difference
between the pressure in the preform ahead of the infiltration front and the local pressure in the
fluid phase just behind the infiltration front, is then calculated from a simple energy balance as:

AP, =-S,y,,co0s0 (11)
where Sy is the area of matrix-fiber interface per unit volume of matrix. In Eq. (11), APy >0
indicates a non-wetting system whereas APy <0 indicates a wetting system. Similar equations
introducing shape factors are also found in the literature (Ahn, Seferis and Berg 1991). As
indicated earlier, since the contact angle varies with the fluid velocity, the capillary pressure
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drop is found to vary with Ca as follows (Verrey, et al., 2006), from a wetting to a non-wetting
characteristic, as represented in Fig.4 :

AP, =-Sy,, cos(%lcTCa +6; ) (12)

In the Liquid Composite Molding literature, capillary effects are generally neglected.
This is because the surface tension of most resins is very low, and applied pressures rather high.
Several methods have nonetheless been proposed to measure the capillary pressure drop
assuming fully saturated flow, for infiltration at constant flow rate or alernatively driven by a
constant applied pressure (Ahn, Seferis and Berg 1991, Verrey et al. 2006, Amico and Lekakou
2001, Li, Wang, Zhu, Gang, Li and Potter 2010); AP values reported all fall in the kPa range.
Although this value is small (in comparision with atmospheric pressures for example),
neglecting this may however lead to erroneous measurements of the permeability of fiber
preforms, if so-called "unsaturated permeability" measurements (where permeability is deduced
from the flow front position, and calculated neglecting the capillary pressure) are reported and
compared to measurement performed in saturated conditions (where permeability is deduced
from the flow rate out of a saturated preform, or where capillary effects are taken into account)
(Abter et al., 2011, Breard, et al. 2003, Kim and Daniel 2007). Breard (2003) reported that the
ratio R=Kunsa/ Ksat 18 often below 1. This is an indication that, where measurements were
conducted, the fluid de facto behaves as a non wetting fluid, since according to our slug-flow
assumption, Ry = 1- AP,/P;. Nonetheless, this assumption does not allow prediction of void
content, by definition (given that voids are absent from consideration). It can only be useful
when using an experimentally defined condition on optimal flow to assess void content, or to
assess when flow rates would correspond to 4P, =0.
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Fig.4: Capillary pressure drop as a function of the capillary number for epoxy infiltrating
a carbon non-crimp fabric (from Verrey et al, 2006)

4.2- Non-saturated flow. In the more general case of multiphase flow, the saturation
increases gradually. Deviations from slug-flow behavior are then observed, together with
non-linear pressure gradients along the preform infiltrated length. In LCM processing
research, many authors have observed several regions during infiltration: the dry fabric, a
transition zone where saturation is below unity, and then a saturated region near the flow
inlet; this is illustrated in Fig. 5 for infiltration of epoxy resin into a glass weave, in the
case where hydrodynamic forces lead the flow (Parnas, Howard, Luce and Advani, 1995,
Parseval, Pillai, Advani, 1997, Labat, Breard, Pillut and Bouquet, 2001, Labat, Grisel,
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Fig. 5. Flow front during infiltration of a glass woven fabric with epoxy under constant
flow rate, from Nordlund and Michaud (2012)

Breard and Bouquet, 2001, Slade, Pillai and Advani, 2001, Babu and Pillai, 2004, Nordlund and
Michaud, 2012). Several strategies have been followed to solve the equations for unsaturated
flow. These can be divided into two main methods. The first is to solve fully multiphase flow
equations; this requires knowing the permeability as a function of saturation, as well as the
saturation as a function of pressure. This is commonly done in soil science, and has been
achieved in modeling other composite processes (Bear, 1972, Michaud, Compton and
Mortensen, 1994, Dopler, Modaressi, Michaud, 2000, Wolfrath, Michaud, Modaressi and
Manson, 2006). The second approach is to take a dual scale view of the porous preforms, in
which delayed impregnation of the tows compared to the inter-tow spaces is accomplished by
introducing a sink term to account for tow impregnation within a model for fully saturated flow
between the bundles. Both approaches are reviewed briefly in what follows.

4.2.1 Solution of multiphase flow equations. This requires quantifying several additional
parameters. The permeability K, defined in Eq. (8), is a function of the preform volume fraction,
fiber arrangement and stress state, and also of the degree of fluid saturation in the preform, S.
Following the approach developed in soil science, K is generally separated into two terms, K=k;
K, where the saturated permeability, K, is the permeability tensor of the preform for fully
saturated flow, a function of the internal geometry of pores in the reinforcement only. The
relative permeability, 4, is a scalar ranging from O to 1, and is an increasing function of S. This
parameter, inherited from methods of multi-phase flow analysis in soil science or reservoir
engineering, represents the additional resistance to fluid flow created when the pore space
comprises a third phase, generally air or a gas. The relative permeability thus depends on the
fiber-matrix system, and is much more difficult to measure in the case of composite systems
since model fluids cannot be used, or to theoretically predict given the geometrical complexity
of non-saturated flow. Therefore, models are mainly semi-empirical. Several such models have
been proposed and validated experimentally in soil science, and often take the general form:

k=8 (13)

where 7 is an exponent typically between 1 and 3 for particle-based soils (Spitz and Moreno,
1996) while S is considered here as the saturation in non-wetting phase (for argument’s sake we
consider in this section that the resin is the non-wetting phase, but it is equally possible to
consider the inverse case). Alternative models introduce a parameter A (Brooks and Corey,
1964), named the pore size distribution index:
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k, =52(1-(1-S);] (14)

or additional parameters L, M and f (Van Genuchten, 1980) that are related to the shape of the
S(P) saturation curve :

k,=SL(1-(1—S)M) (15)

Breard, Henzel, Trochu and Gauvin (2003) also introduced a relative permeability law as
follows:

k=[1-R")s+R] (16)

where R, is the ratio of unsaturated over saturated permeability, and S a fitting parameter.

The approach also implies that the saturation curve S(P) be measured for the given
reinforcement/matrix system (Patel et al. 1996 a, b, Nordlund and Michaud 2012). Although this
approach is standard in multi-phase flow modeling for other branches of engineering (Bear
1972, Bear and Bachmat, 1990, Scheidegger, 1974, Greenkorn, 1983, Dullien, 1979, Marle,
1981), it has seldom been used towards composite process modeling. Examples can nonetheless
be found, which are either based on formulae derived from soil science (Markicevic and Djilali,
2006, Patel, 1996 a, b, Michaud, et al. 1994), have used inverse determination of S(P) from
experiment (Dopler et al. 2000, Nordlund and Michaud 2012) or have assumed a given form of
the permeability dependence (Breard, Henzel, Trochu and Gauvin, 2003, Garcia, Gaston,
Chinesta, Ruiz and Trochu, 2010 and Garcia, Gascon and Chinesta, 2010). This variety of
approaches is due to the difficulty in evaluating the necessary parameters with the actual matrix
phase used in making composites, and to the fact that most models developed in soil science
implicitly assume that capillary forces are independent of fluid velocity, which is an assumption
that can be violated when high-viscosity matrices are used (Verrey, et al. 2006, Nordlund and
Michaud 2012).
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Fig. 6. Saturation curves for 3 values of the Capillary number, for infiltration of a woven
glass fabric with epoxy (Nordlund and Michaud, 2012)
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Static methods currently used for the measurement of saturation curves with water or oil flow
may not describe these effects, since they assume that the saturation versus capillary pressure
relationship is independent of the melt flow velocity. To generate data specific to composite
processing, attempts have been made to dynamically measure the saturation during injection,
either using electrical conductivity measurements or image analysis (Labat et al, 2001 a,b,
Lawrence, Neascu and Advani 2009). Nordlund recently showed that the saturation curve for an
epoxy resin infiltrating a glass fabric is indeed a function of Ca, as shown in Fig. 6.

4.2.2 Dual-phase approach. A different and somewhat simpler approach that has been adopted
by researchers in the composites field is to separate the pore space into two populations: pores
between fibers and pores between fiber tows (see Fig. 1), and then consider fully saturated fluid
flow within a preform having a bulk permeability value characteristic of flow between the tow.
Flow into the tows is then accounted for by introducing a sink term, as fiber bundles are
gradually filled during impregnation. These sink terms, in turn, are evaluated using estimations
or measurements of the local bundle permeability, by accounting for the presence of a capillary
pressure drop boundary value at the local flow front inside the bundle, i.e. with a local slug flow
assumption. Ingress of the resin is thus treated as a double slug-flow phenomenon, where resin
infiltration is assumed to first take place in between the fabric bundles, with the resin only
penetrating later and more slowly into the bundles themselves, gradually behind the infiltration
front, as schematically shown in Fig. 7.

This implicitly assumes that the fluid does not wet the fabric, which as described earlier is
observed when the capillary number is rather high. Parnas (Parnas and Phelan, 1991, Parnas,
Salem, Sadiq, Wang and Advani 1994, Parnas 2000) was one of the first authors to introduce
this two-scale infiltration model in the LCM literature. Several authors then followed, with
variations in the exact solution type, or in the type of matrix material assumed (e.g., addressing
thermoplastic polymer infiltration), but using essentially the same approach. Adding such sink
or source terms into fully saturated flow models has been shown to give fairly good agreement
with experiment when adjusting appropriately the saturation rate for tow infiltration (Binetruy,
Hilaire and Pabiot 1997, 1998, Gourichon 2006, Acheson Simacek and Advani 2004, Zhou,
Kuentzer, Simacek, Advani and Walsh 2006, Kuentzer, Simacek Advani and Walsh 2006 and
2007, Lawrence, Neascu, Advani 2009, Bréard Henzel Trochu and Gauvin , 2003, Wolfrath et
al. 2006, Bayldon and Daniel, 2009, Park and Lee 2011, Frishfeld, et al. 2011).
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Fig. 7: Schematic of the dual scale flow, with delayed impregnation of the fiber bundles
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In some recent work, the need to resort to adjustable parameters was alleviated by calculating a
tow saturation rate using a local infiltration model, which can also be completed by simulating
heat transfer and curing kinetics at various scales (Tan and Pillai, 2012a,b). These models have
proven to be rather useful to describe the experimental observations cited in the first section of
this article. Some issues remain in the choice of the model parameters, in particular of the value
of capillary pressure drop within the bundles, the shape of the bundles, and also in the pressure
value within the pores, either kept at a fixed value (generally zero, corresponding to evacuated
preforms), or increasing with decreasing pore volume according to the perfect gas law, in turn
reducing the pressure gradient driving flow in the bundles.

Recently, DeValve and Pitchumani (2013) developed a model using a unit cell approach, taking
into account preform real geometrical features within a unit cell, the presence of a capillary
pressure drop at the infiltration front of the tow, and 2D or 3D flow calculations using a CFD
code; these simulations are not uncommon in the LCM processing field, but were so far rather
geared towards the prediction of a saturated permeability value based on a unit-cell that
represents the fabric architecture and its experimental variability (Verleye, Lomov, Long,
Verpoest and Roose 2010, Papathanasiou et al. 2002, Nordlund , Lundstrom, 2005, Nordlund,
Lundstrom, Frishfelds and Jakovics 2006, Koivu, Decain, Geindreau et al. 2010). The
calculations are quite CPU-intensive but remain manageable. DeValve and Pitchumani could
thus by modeling flow progression into the unit cell comprising tows, predict the saturation as a
function of time over the unit cell, for constant Ca and Re experiments, and predicted a steady-
state value for S after a given time, which implicitly arose from their choice of boundary
conditions on the unit cell: constant velocity on the inlet plane, and constant pressure on the
outlet plane. Predictions nonetheless successfully reproduced the experimental results of Leclerc
and Ruiz (2008), showing that the void content dependency in the steady-state region as a
function of Ca displays a minimum at an optimal Ca value of 0.0055. These authors could thus
propose an optimal process window expressed in terms of Re and Ca for the chosen system of
fabric and resin. Overall, the computational fluid dynamics approach seems promising as it
removes some limitations of the more macroscopic dual-scale methods mentioned above;
however, boundary conditions regarding the local wetting dynamics when fluid contacts the
filaments in the bundles, and regarding the magnitude of gas pressure within the potentially
entrapped voids in the bundles still remain difficult to estimate.

5. CONCLUSIONS

The presence of residual porosity in composite parts is a crucial issue that needs to be
understood and controlled before reliable production of parts with LCM processes can be
achieved. Most major causes are however now well controlled; these include the need to
properly prepare and degas the resin, as well as the need to design the flow path so as to
minimize dry-spots in the final composites. On the other hand the issue of air trapping during
flow, caused by the multiphase nature of flow and enhanced by the dual-scale nature of most
reinforcements, is still an active subject of research and a sensitive issue in engineering practice.
As shown in this review, a multiphase flow approach, either proposing a direct solution of the
flow equations knowing relevant saturation curves and relative permeability relations, or using a
dual-scale description of saturated flow within a unit cell, is necessary to reach a prediction of
the local saturation in the preform during flow. A multiphase flow approach enables to capture
the experimentally observed effect that the flow velocity has on the amount and location of
porosity during flow, and leads to predict an optimal flow rate, at which capillary and
hydrodynamic forces at play in the reinforcement tend to equilibrate. This however requires
knowledge of the variation of physical parameters, corresponding to the influence of saturation
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on the overall permeability, and the influence of local pressure on saturation for a given flow
regime, if the direct solution is chosen, or knowledge of the local preform architecture and tow
saturation kinetics for a given flow regime, if the dual-scale description is chosen, that are rather
difficult to quantify for a combination of resin and reinforcement. Further work is thus needed to
propose practical tools to predict saturation versus position and time, and to establish practical
and reliable measurement methods for the set of relevant physical parameters.

Once flow is terminated and the part is filled, other mechanisms may play a role: pores present
may be transported (mostly large pores present between fiber bundles) or may dissolve and
diffuse, a mechanism that is enhanced by a local pressure increase. Bleeding has been found to
exert a positive action, however it is costly and time consuming. Other solutions are to add a
zone of low permeability at the outlet of the preform, which slows down flow and reduces
pressure gradients within the part. Many possibilities are thus still open for investigation,
making investigations of physical mechanisms during flow, and the identification and
quantification of relevant parameters, fruitful venues for future research.
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ABSTRACT

Throughout the last decade, intense research has been carried out in the field of natural fibre-
reinforced plastics. The potential applications of natural fibre-reinforced composites (NFRC) are
found in industry sectors like automotive, sports or construction. Bast fibre-reinforced
composites can outperform other materials like aluminium, steel or glass fibre-reinforced
polymers regarding their density related stiffness properties. The use of natural fibres as
reinforcement for polymers has become increasingly important, and, owing to their different
properties, the common techniques for processing fibre-reinforced plastics have to be adjusted to
meet new and more demanding requirements. In the field of NFRC thermoset processing
techniques are available to produce high-quality composites. The same is valid for most
thermoplastic processing techniques. But the conventional compounding processes are not
optimised for NFRC leading to strong fibre damage during processing. Therefore a new
compounding concept for thermoplastic NFRC granules was developed: With the CMS-
compounder it was possible to produce granules from long hemp fibre bundles (length > 40
mm) with fibre mass fractions ranging between 20 and 40 % in a PLA-matrix. The prepared
composites have superior mechanical properties compared to conventional compounded and
injection moulded samples.

1. INTRODUCTION — WHY USING NATURAL FIBRES

Faruk, Bledzki, Fink and Sain (2012) identify a growing trend to use natural fibres in plastics
composites which can be explained by their flexibility during processing and high specific
stiffness. NFRC are gaining more and more acceptance in structural applications, too. Over the
last decades natural fibre reinforced composites have been undergoing a remarkable
transformation. The composite properties as well as the part complexity increased as new
fibre/polymer combinations and processes have been investigated, developed and applied to the
industry (Faruk et al., 2012).

In addition to their environmental benefits, the other advantages of natural fibres include a high
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stiffness and strength, with at the same time a low density (1.40 g/cm?®) compared to glass (2.55
g/cm?). Natural fibre-reinforced composites have good lightweight construction potential. In the
case of fracture the component breaks without rough edges and does not splinter. Disadvantages
are: moisture expansion, flammability, variable quality and fibre—matrix interaction, which
reduces the mechanical properties (Rowell, Sanadi, Caulfield and Jacobson, 1997; Pickering,
2008; Drzal, Mohanty, Wibowo, Misra, and Seiler, 2003; Graupner and Miissig, 2010).

The main target of a material selection process is to minimize cost while, at the same time,
maintaining the mechanical properties. A systematic material selection process becomes
complex if more than one criterion can be changed. With the focus on lightweight design the
Ashby concept (Ashby, 2004) can help to find a suitable solution to the problem. In Figure 1 the
concept for minimising the mass of two different structures for different types of loads is given.
A beam under tension should be optimized with regard to the mass at fixed geometrical
properties and constant load. This concept requires a material with high stiffness and low
density. The ratio of (E/p) needs to be maximised. A mass-reduced plate under bending at fixed
geometrical properties and constant load requires a material with high stiffness and a low
density. The ratio of (E"*/p) needs to be maximised.

(A) B -

Figure 1. Combination of properties for which the ratio of stiffness to density exceed
maximum values. (A) Beam under tension, maximise (E/p) to reduce the mass at fixed
mechanical and gemetrical properties; (B) Plate under bending, maximise (E"*/p) to
reduce the mass at fixed forces and geometrical properties. Adapted from Ashby et al.
(2007, p. 223). &: deflexion under load; E: Young’s Modulus; p: density; M: mass; F:
load; I: length; t: thickness; w: width.

To demonstrate the potential of NFRC for structural components the Ashby concept is applied
to flax fibre-reinforced composites compared to glass, carbon fibre-reinforced composites,
aluminium and steel. The following properties are used for the theoretical calculation (Verpoest,
2012):

Aluminium: Density (2.70 g/cm?®); Young’s modulus (70 GPa)
Carbon fibre: Density (1.80 g/cm?); Young’s modulus (230 GPa)
Flax fibre: Density (1.40 g/cm?®); Young’s modulus (65 GPa)
Glass fibre: Density (2.55 g/cm?); Young’s modulus (70 GPa)
Polypropylene: Density (1.00 g/cm?); Young’s modulus (1 GPa)
Steel: Density (7.80 g/cm?); Young’s modulus (210 GPa)
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The fibre volume dependent longitudinal specific stiffness values (E/p), calculated by the rule of
mixture, of composites compared to metals are illustrated in Figure 2.
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Figure 2. Fibre volume fraction dependent longitudinal specific stiffness (E/p) values

(calculated by the rule of mixture) of composites compared to metals for the load case

“beam under tension”. Adapted from Verpoest (2012) and Verpoest and Baets (2012).

It is obvious that the theoretical specific stiffness of the flax/PP composite is higher compared to
the value of the metals, as soon as the fibre volume exceeds 50 % (Verpoest, 2012). Flax
composites reach higher (E/p) values compared to glass/PP if the fibre volume fraction exceeds
values above 25 %. In Figure 3 the fibre volume fraction dependent longitudinal specific
stiffness values (E'"*/p) of composites compared to metals for the load case plate under bending
(area load) are illustrated.
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Figure 3. Fibre volume fraction dependent longitudinal specific stiffness (E'*/p) values
(calculated by the rule of mixture) of composites compared to metals for the load case
“plate under bending (area load)”. Adapted from Verpoest (2012) and Verpoest and Baets
(2012).

Through this theoretical approach of modelling, the superior properties of the carbon fibre-
reinforced composites are obvious. For the flax fibre-reinforced composites the advantages
become apparent especially in comparison to the glass fibre-reinforced composites (Verpoest,
2012).
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2. NFRC PROCESSING — A HISTORICAL REVIEW

In particular, in the last two decades numerous studies and projects have been carried out to
investigate the use of natural fibres as potential reinforcement for plastics. Although the use of
NFRC is not a new concept, Hénninen and Hughes (2010) discussed that the motivation for the
use of natural fibres has changed. The authors emphasise that before the introduction of man-
made fibres (for composites in particular glass fibre), natural fibres (plant as well as mineral
fibres) were the only reinforcement available for fibre-reinforced composites. Indeed, the
processing technique associated with NFRC was well advanced even as late as the 1940’s
(Brown, 1947). Technical performance was one of the main reasons for using natural fibres like
cotton or flax in these early composites. In view of current developments of NFRC two other
aspects need to be stressed: environmental concerns and cost (Hanninen and Hughes, 2010),
whereof the latter is more relevant for NFRC in the automotive industry.

Promper (2010) stressed the important role of the automotive industry in the field of bio-based
materials such as wool, cotton or leather which have been used for interior parts and seats since
the beginning of industrial automobile production. The author gives a detailed overview of the
development of NFRC for automotive interior applications between 1950 and 2008 in the
German automotive industry and it is worth to summarize the most important conclusions as
follows:

e  Wood chipboards were used as decorative covering parts in automotive interiors (Fibrit
process with acrylic-based resins). Since the late 1940s, these parts have become more
contoured by using new developed processing techniques.

e The development of NFRC based on wood for contoured interior parts started in the
early 1950s. Decorative door panels were manufactured with melamine resins.

e The development of thermosets such as phenolic or unsaturated polyester in the 1960s
led to the development of simple, contoured parts reinforced with wood or cotton fibres.

e Starting in the end of the 1980s, the development of airbag systems as a safety
component has changed the requirements of automotive interior NFRC parts from being
simply decorative to being structural parts with relevant safety features. This
development led to an adaptation of the NFRC components and the processing
techniques to the changing requirements. The use of longer fibres or fibre bundles with
higher mechanical properties was necessary. The type of resins changed, too. (Promper,
2010).

Figure 4 illustrates the main development steps of NFRC for automotive interior applications
between 1950 and 2008 in the German automotive industry.
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Figure 4. Timeline of NFRC between 1950 and 2008 from the viewpoint of a tier-one
supplier. Adapted from Promper (2010).

3.

NFRC PROCESSING — CURRENT DEVELOPMENTS

In the last few decades, considerable efforts are made in the field of fibre-reinforced plastics. As
such composites need different processes compared to unreinforced plastics the processing
techniques of fibre-reinforced polymers have undergone a strong development. The use of
NFRC has become increasingly important, and, owing to their different properties, the common
techniques to produce NFRC have to be adjusted to meet new and more demanding
requirements (Huber, Graupner and Miissig, 2010). The choice of appropriate processing
techniques depends on several influencing factors such as part geometry, complexity, size, the
properties of the used fibres and polymers, the fibre orientation, the quantity and quality of the
product and the fact that not all processing techniques are applicable to all kinds of materials

(Grove, 2006; Huber et al., 2010). Important influencing factors for choosing the adequate
process are shown in Figure 5.
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Figure 5. Important parameters for choosing the adequate process (Huber et al., 2010).
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In the field of natural fibre reinforced composites the most relevant thermoset processing
techniques are shown in Figure 6.
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Figure 6. A selection of processing concepts relevant for NFRC thermoset composites.

The automotive industry is using mainly press moulding techniques for the production of
thermoset NFRC. Other industry sectors like sports, design and construction industry are more
and more aware of the advantages of NFRC. Gomina (2012) gives a nice overview of
applications which are currently available on the market. All the techniques shown in Figure 6
are more or less used in these industry sectors. Some examples are as follows:

Surfboards from company NoTox, FR = Hand lay-up (with vacuum)

Road signs for bicycle traffic from company NPSP, NL = RTM and VARTM
Sections for window frames from company Innobat, FR = Pultrusion

Racing sailboats from company IDB marine, FR = Infusion moulding
Fishing rod from company Caperlan, FR = Wrapping technique

MAN passenger-bus body component (Miissig et al., 2006) = SMC

Thermoplastic NFRC production techniques differ from thermoset NFRC production
techniques, specifically by means of higher processing temperatures and higher viscosity of the
polymer. According to Ziegmann and Elsabbagh (2012) the advantages of thermoplastic NFRC
compared to thermoset NFRC are: (i) lower density, (ii) easier recycling, (iii) cleaner
processing, (iv) unlimited storage time, (v) formability without the need to manufacture a
preform, (vi) application of welding techniques and (vii) reduced preparation time (no need for
chemical reaction). Many different types of thermoplastic production techniques exist and the
most important for NFRC are shown in Figure 7.
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Figure 7. A selection of processing concepts relevant for NFRC thermoplastic
composites.

In the automotive industry compression moulding and one-step processing are widely used
production techniques. The direct long-fibre thermoplastic process (D-LFT) was used for an
innovative application of natural fibres with polypropylene in underfloor protection for a
passenger car (Mercedes A Class). The manufacturing process (compare Figure 8) has been
initiated by Rieter Automotive, DE (Scheriibl and Hintermann, 2005).
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Figure 8. Process design for the production of natural fibre-reinforced thermoplastic
components (LFT). Adapted from Huber et al. (2010).

Other processing techniques for thermoplastic NFRC are pultrusion (Friedrich, Evstatiev,
Angelov and Mennig, 2007) and extrusion. Regarding the latter, the most important extruded
NFRC material is WPC — wood plastic composite. The main application area for WPC is in
construction and since the 1990’s, the market for WPC has grown significantly, particularly in
applications where, compared to wood products, the low maintenance and high weather
resistance of WPCs are of real benefit (Hdanninen and Hughes, 2010). The tube moulding
technique is rarely used, but is a potentially suitable process to produce hollow tubes based, for
example, on natural fibre-reinforced PLA (Dentel, Miissig and Baumer, 2012). The continuous
NFRC plate production is a relatively unknown technique, but shows a high potential for
structural composite applications. The processing technique is shown in Figure 9, the further
processing of the thermoplastic prepreg to moulded NFRC part is illustrated in Figure 10.
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combined with polymer films from both sides under the influence of elevated
temperature. (B) a hybrid weave is produced by combining a natural fibre yarn with a
polyolefin yarn. The weave is transformed to a NFRC sheet. Adapted and adjusted from
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Figure 10. Thermoplastic NFRC press mould processing technique.

Moulded NFRG

Injection moulding for NFRC is often called a sleeping giant in terms of market size and market
potential. Based on a critical analysis there are still technical obstacles to be overcome before a
fast time-to-market is achieved.

4. NFRC COMPOUNDING — A CRITICAL REVIEW

A selection of approaches for the optimisation of injection moulded NFRC is given in Figure 11.
As illustrated in Figure 12, the compounding process of thermoplastic NFRC is probably the
greatest challenge to overcome. In conventional compounding processes, the main bottleneck is
related to the feeding of the fibres. The cut fibres can either be feed directly to the compounding
systems or pelletised fibres can be used. During the last years, several new approaches to
produce NFRC granules have been developed and described. Some of them will be briefly
described in the following.
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Figure 11. A selection of approaches for the optimisation of natural fibre-reinforced
plastics (Miissig, 2011).
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Figure 12. Process design for the production of natural fibre-reinforced thermoplastics
granules with a classical extrusion process. In conventional compounding processes, the
main bottleneck is related to the feeding of the fibres.

A compounding solution, which was developed for the production of regenerated cellulose
fibre-reinforced thermoplastics, is illustrated in Figure 13. The so called two-step pultrusion can
possibly be adapted to natural fibre yarns, but this concept demands a converting step of staple
fibres into yarns before compounding. The so called Pull-Drill process (Figure 14) starts with a
hybrid sliver, for example, based on flax fibre bundles and polypropylene fibres. The pulled
sliver will be heated and under a continuous torsion formed into a fibre reinforced polymer
strand. The strand will be chopped to granules at the end of the process. A possibility to
produce granules with no shear stresses is illustrated in Figure 15. This concept is very well
suited for the lab scale production of NFRC granules, and was patented by Beckmann (2001) for
an industrial compounding process.
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thermoplastics (two-step pultrusion). Adapted from Haag and Miissig (2012); cf. also the
process from Fraunhofer IAP, Fink, Ganster and Lehmann (2011).
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Figure 14. Process design for the production of natural fibre-reinforced thermoplastics
(Pull-Drill process). Adapted from Haag and Miissig (2012) ; cf. also the process from
TITK, Fink et al. (2011).
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Figure 15. Roller card to form hemp fibre bundles and PLA fibres to a multilayer web;
form pressing of PLA/hemp composites. Adapted from Miissig, Graupner, Oldemeyer
and Molleken (2011); cf. also the patent from Beckmann (2001).
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The thermo-kinetic mixing system is illustrated in Figure 16. The technique is effective in
dispersing natural fibres in thermoplastics. Addition of dispersion aids as well as coupling
agents further improved the efficiency of mixing. The high shear forces during the process in the
mixer decrease the lengths of fibres and fibre bundles in the final NFRC. However the improved
fibre dispersion often results in improved composite properties (Rowell et al., 1997). Longer
bast fibre bundles and fibre pellets are often very difficult to process with the thermo-kinetic
mixing system.
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Figure 16. Process design for the production of natural fibre-reinforced thermoplastics
(thermo-kinetic mixing).

Overall, it can be concluded that a universally applicable compounding method for all kinds and
morphologies of natural fibres is still missing. Within the field of NFRC compounding
techniques, one can identify the following as particularly important:

* Free-flowing fibres like chopped sisal with short lengths (< 3 mm) are suitable to be
processed with standard compounding techniques.

*  Most problems during compounding of NFRC occur because of the poor feedability of
longer natural fibres.

* Some special developments for compounding of NFRC exist but are not economically in
all cases, and the processes are often not flexible to use different length of fibres.

* Many standard fibre pellets are hard-pressed and cannot be separated completely during
the compounding process in most cases.

» Fibre damage during compounding of NFRC occurs because of the temperature and high
shear forces in most of the compounding systems.

5. A NEW COMPOUNDING CONCEPT — RESULTS & DISCUSSION

Based on the critical review on existing compounding processes, a new compounding concept
was developed and realised, and still is under development in ongoing research projects. In a
conventional compounding process, as illustrated in Figure 12, the main bottleneck is related to
the feeding of the fibres. One of the main targets of the new natural fibre compounding concept
was to solve this problem. In Figure 17 some specific targets that have already been achieved
under the development program of the continuous mixing system (CMS compounder) are
shown.
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Figure 17. Examples of specific targets that have already been achieved under the

development program of the CMS compounder.

With the CMS compounder granules were produced from long hemp fibre bundles (length > 40
mm) with fibre mass fractions ranging between 20 and 40 % in a PLA-matrix. Granules are
further processed into test specimens with an injection moulding process described in more
detail in Graupner, Ziegmann, Enzler and Miissig (2012). As reference sample neat PLA was
processed in the same manner. Produced test specimens were investigated for their impact (DIN
EN ISO 179) and tensile characteristics (DIN EN ISO 527). Two different types of raw hemp
fibre bundles varying in fineness (Hemp KGE-02 and HempAge card sliver), were used as
reinforcement. The distribution of the width of those types is shown in Figure 18.
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Figure 18. Box-and-whisker diagrams (black): Width of the raw hemp samples. Width
measurement (mean value, standard deviation in grey): FibreShape V5.1, IST AG, CH;
4000 dpi; MM: Langen-Breitenmessung Zoom_ 4000dpi NG (Miissig and Graupner,
2013).

Hemp KGE-02 displays a average width of 53 pm and hemp age card sliver has a significant
lower width of 26 pum. After injection moulding fibres were extracted from 1 g of the
composites via an extraction process and were again analysed for their width and length
distributions. As shown in Figure 19 the width of Hemp KGE-02 was significantly reduced to
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values ranging between 23 and 25 um due to the compounding and injection moulding process.
Large fibre bundles were splitted into smaller fibre bundles and single fibres. In contrast to this
the width of fibre bundles of HempAge card sliver was reduced only slightly to values of 21 —
22 pum. As shown in Figure 20, the fibres were shortened to similar lengths (178 — 211 pm)
during compounding and injection moulding regardless of the fibre type and fibre mass fraction.
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Figure 19. Box-and-whisker diagrams (black): Width extracted from the injection
moulded test specimens. Width measurement (mean value, standard deviation in grey):
FibreShape V5.1, IST AG, CH; 4000 dpi; MM: Langen-
Breitenmessung_Zoom 4000dpi NG (Miissig and Graupner, 2013).
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Figure 20. Box-and-whisker diagrams (black): Length of the hemp extracted from the
injection moulded test specimens. Length (mean value, standard dewiation in grey):
FibreShape V5.1, IST AG, CH; 4000 dpi; MM: Léangen-
Breitenmessung_Zoom_4000dpi NG (Miissig and Graupner, 2013).
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Tensile strength values of the neat PLA-matrix and composites reinforced with 20 and 30 mass-
% of both types of fibres are presented in Figure 21.
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Figure 21. Box-and-whisker diagrams (black): Tensile strength of the injection moulded
PLA/hemp composites (mean value, standard deviation in grey). DIN EN ISO 527;
Sample 1A; 1= 100 mm; Zwick Z020 /20 kN; 2 mm/min; Video extensiometer; n = 5
(Miissig and Graupner, 2013).

It can be seen that the use of both types of hemp resulted in a significant increase in tensile
strength as compared to the pure PLA matrix. An increasing fibre mass fraction also led to a
significant improvement in tensile strength. Significantly higher values were achieved for
composites reinforced with the stronger and stiffer hemp (HempAge card sliver). As shown in
Table 1 the tensile strength of hemp/PLA composites with a fibre mass fraction of 30 %
produced with the CMS compounding technique and injection moulding are clearly higher than
values of flax/PLA composites produced with a standard compounding and injection moulding
process. The table is not given to compare hemp with flax but to show the potential of the new
compounding technique. The influence of fibre mass fractions in the range between 20 and 40 %
was exemplarily investigated for composites produced with Hemp KGE-02 fibre bundles
(compare Figure 22). It could be observed that the tensile strength was significantly increased
with an increasing fibre content from 20 to 40 mass-%. There are only few studies that deal with
the processing of such high fibre mass fractions (40 %) in the injection moulding process. In
most cases, an increase in strength values is measured with an increasing fibre mass content
from 20 to 30 %, while a further increase of the fibre mass fraction up to 40 % leads to a
reduction of the strength values. A study by Han, Karevan, Bhuiyan, Park and Kalaitzidou
(2012) deals with the analysis of injection moulded bamboo fibre-reinforced PLA composites.
The authors investigated the flexural strength of the composites and determined an enhancement
of flexural strength from 108 to 112 MPa by an increase in fibre mass fraction from 20 to 30 %.
A fibre content of 40 mass-% led to a decrease in flexural strength to a value of 98 MPa. This is
lower than the value measured for the non-reinforced PLA matrix. A similar trend was observed
for regenerated cellulose fibre reinforced PLA composites. The tensile strength was enhanced
with an increasing fibre mass fraction from 20 to 30 % and was reduced at a fibre content of 40
% below the value of the pure matrix (Graupner et al., 2012). The increase of tensile strength of
hemp/PLA up to a fibre content of 40 mass-% shows the effectiveness that can be achieved by
using the CMS compounding technique.
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Table 1: Mechanical characteristics of composites produced from hemp/PLA via CMS
compounding and injection moulding compared to results of injection moulded flax/PLA
(results of neat PLA-matrix are given in brackets).

Composite Fibre mass Tensile Young's Unnotched Reference
fraction in strength in modulus in Charpy impact
% MPa GPa strength in kJ/m?
Hemp KGE-02/PLA 20 56 (49) 54(3.1) 9.4 (10.8) Miissig and
Graupner (2013)
Hemp Age/PLA 20 64 (49) 53@3.1) 11.1(10.8) Miissig and
Graupner (2013)
Flax/PLA 20 56 (60) 6.4 (3.6) Le Duigou et al.
(2008)
Flax/PLA 20 49 (44) 5.1(3.1) 10.5 (16) Bax and Miissig
(2008)
Hemp KGE-02/PLA 30 61 (49) 6.2(3.1) 9.4 (10.8) Miissig and
Graupner (2013)
Hemp Age/PLA 30 70 (49) 6.6 (3.1) 11.6 (10.8) Miissig and
Graupner (2013)
Flax/PLA 30 53 (60) 7.3 (3.6) Le Duigou et al.
(2008)
Flax/PLA 30 54 (44) 6.3 (3.1) 11.0 (16.0) Bax and Miissig
(2008)
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Figure 22. Box-and-whisker diagrams (black): Tensile strength of the PLA/hemp
composites (KGE-02) (mean value, standard deviation in grey). DIN EN ISO 527;
Sample 1A; 1= 100 mm; Zwick 2020 / 20 kN; 2 mm/min; Video extensiometer; n = 5
(Miissig and Graupner, 2013).
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The Young’s modulus was also significantly increased by the use of hemp fibres as compared to
the pure PLA matrix. In contrast to the tensile strength no significant differences between the
two different types of hemp fibres have been observed. However, the Young’s modulus was
increased substantially with an increasing fibre mass content from 20 to 30 % (see Figure 23).
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Figure 23. Box-and-whisker diagrams (black): Youngs’ modulus of the injection moulded
PLA/hemp composites (mean value, standard deviation in grey). DIN EN ISO 527,
Sample 1A; 1= 100 mm; Zwick 2020 / 20 kN; 2 mm/min; Video extensiometer; n = 5
(Miissig and Graupner, 2013).

The values are on a similar level to those of flax fibre reinforced PLA composites given in Table
1. The investigation of the influence of the fibre mass fraction (20 — 40 %) showed a significant
increase of the Young’s modulus compared to the PLA reference. A significant increase of the
modulus was obtained by increasing the fibre content from 20 to 30 mass-% but a further rise of
the fibre content to 40 % showed no improvement of the Young’s modulus (Figure 24).
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Figure 24. Box-and-whisker diagrams (black): Youngs’ modulus of the PLA/hemp
composites (KGE-02) (mean value, standard deviation in grey). DIN EN ISO 527;
Sample 1A; 1= 100 mm; Zwick Z020 / 20 kN; 2 mm/min; Video extensiometer: n =5
(Miissig and Graupner, 2013).
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As shown in Figure 25 the measurement of the unnotched Charpy impact strength showed no
improvement by the use of hemp as reinforcement compared to the unreinforced PLA.
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Figure 25. Box-and-whisker diagrams (black): Charpy impact (unnotched) of the
PLA/hemp composites (mean value, standard deviation in grey). DIN EN ISO 179;
Zwick type 5102; Pendulum: 1 = 225 mm; Pendulum size: 2 J; n =5 (Missig and
Graupner, 2013).

The utilization of Hemp KGE-02 lead to lower impact strength values and the use of HempAge
card sliver to an impact strength on the level of the pure PLA matrix. No significant differences
were determined due to the increasing fibre content. This effect is in good agreement with
values for NFCP processed with other compounding techniques. For example Bax and Miissig
(2008) measured a lower impact strength of flax fibre reinforced PLA (see Table 1). This effect
can be explained by the small elongation of bast fibres.

6. CONCLUSIONS

NFRC have the potential to be used as a structural material to replace technical polymers or
glass fibre-reinforced plastics. Depending on the processing technique and the used fibres or the
textile preforms composite properties can be adjusted within a wide range. Figure 26 shows the
performance playground for flax composites. The illustration contains values for flax
composites based on the different composite processing techniques. Flax fibre-reinforced
composites show a high potential for a broad range of applications from injection moulded parts
up to structural components. Based on the critical review on existing compounding processes, a
new compounding concept was developed and realised. In a conventional compounding process
the main bottleneck is related to the feeding of the fibres. With the new CMS-compounder this
main problem is solved and we are able to feed fibres into the system at any length without
special preparation. With the new compounding system it was possible to produce granules from
long hemp fibre bundles (length > 40 mm) with fibre mass fractions ranging between 20 and
40% in a PLA-matrix. In the comprehensive survey, it was shown that the CMS compounding
technique is very well suited for the compound production of long uncut fibres for further
processing in an injection moulding process. The prepared composites have excellent
mechanical properties, the tensile strength values are superior to samples which were produced
with conventional compounding and injection moulding techniques.
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Figure 26. The performance playground for flax composites. Adapted from Verpoest
(2012) and Verpoest and Baets (2012).
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ABSTRACT

The arthropod cuticle and the plant cell wall are examples of remarkable composite materials
that support survival in nature. Inspired by the elasticity of insects cuticle and the strength of
plants cell wall, we hypothesized that nanocellulose and resilin composites would display useful
mechanical properties featuring both strength and elasticity. E. coli was genetically engineered
to produce recombinant resilin fused to a cellulose binding domain (Resilin-CBD) and the
protein affinity to cellulose was shown. Heat and acid treatments applied on cellulose powder
enabled the production of Nano Crystalline Cellulose (NCC). Two alternative methods for
resilin-CBD/NCC composite production were demonstrated: The first involved resilin-CBD
infusion into preformed NCC foams. The second involved the mixing of resilin-CBD with NCC
suspensions that were subsequently processed into foams. Resilin-CBD/NCC composites
displayed 5 to 8-fold increase in Young's modulus compared to pure resilin structures.
Moreover, unlike pure NCC structures, the composites displayed a mechanical shape-memory
behavior, a feature that is well-known and was observed for the pure resilin structures. This
work demonstrates the advantage of the bio-inspired composite approach, which provides
materials that work in a synergistic manner originating at the molecular level, thus result in
enhanced mechanical properties when compared to the single polymer.
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1. INTRODUCTION

1.1 Insights from natural composite materials. In nature, biomaterials usually appear in the form
of composites that combine the properties of their constituents in a synergistic manner. There
are numerous of high performing natural composites that may serve for us as inspiration
(Lapidot, Meirovitch, Sharon, Heyman, and Shoseyov 2012). However, in order to unveil their
performances, one must understand the materials molecular structure and chemistry in relation
to the composite architecture arrangements. This work was inspired by two biomaterial systems:
Cellulose based composites (originated from the plant kingdom) and resilin (originating from
the arthropod kingdom).

1.2 Nanostructured cellulose composites. The impressive performance of natural cellulose based
composites, such as found in forest trees, has sparked the imagination of scientists towards the
development of new materials and applications. The basic structure of cellulose fibrils consists
of highly organized crystalline domains that are linked together by less crystalline “amorphous”
regions that are considered as the weak links in the fibers. Ranby (1949) was the first to show
that controlled acid hydrolysis of cellulose fibers result in the degradation of the amorphous
regions and the release of highly crystalline nanocellulose particles (NCC). NCC Young's
modulus and tensile strength were estimated to be ~150 GPa and ~10 GPa (respectively),
features that make it a promising reinforcing agent in composite systems (Sakurada, Nukushina
and Ito 1962). Further technological progress was achieved by Favier, Canova, Cavaille,
Chanzy, Dufresne and Gauthier (1995), who combined NCC as a reinforcing agent in latex
systems. These composites showed an increase of a three orders of magnitude in the shear
modulus of the latex rubbery state. Since then, several nanoscale cellulosic materials were
developed (Teeri, Brumer, Daniel and Gatenholm 2007; Hubbe, Rojas, Lucia and Sain 2008;
Berglund and Peijs 2010). H,SO4 derived NCC is of particular interest. During the hydrolysis
process, the NCC are charged with sulfate groups and form stable honey-like liquid crystal
suspensions that assist in the processing and manufacturing of nanostructured composites
(Samir, Alloin and Dufresne 2005; Siqueira, Bras and Dufresne 2010).

1.3 Cellulose Binding Modules (CBMs). A key issue to be considered while attempting to
generate biomimetic composites, is the ability to exploit the molecular recognition between the
components, which defines and stabilizes the structure. One of the important molecular
recognition mechanisms that evolved in nature is the presence of Carbohydrate Binding
Modules (CBMs) which bind structural proteins to polysaccharide scaffolds, such as cellulose in
the plant kingdom and chitin in the invertebrate kingdom. For instance: 70% of the proteins
isolated from insects cuticles contained the conserved Rebers and Riddiford consensus chitin
binding domain (Karouzou, Spyropoulos, Iconomidou, Cornman, Hamodrakas and Willis 2007),
displaying the importance of CBMs in interfacing between the fibrous polysaccharide scaffold
and the matrix proteins in the natural cuticle composite. With respect to cellulose: many
microorganisms developed an array of carbohydrate degrading enzymatic complexes, termed
“Cellulosome” (Bayer, Belaich, Shoham and Lamed 2004). Apart from the hydrolytic units,
these complexes usually contain Carbohydrate Binding Modules (CBMs) that anchor the
hydrolytic enzymatic complexes to the cellulose matrix. The first CBM that was cloned and
displayed independent binding affinity to cellulose is the Cellulose Binding Domain of
Clostridium cellulovorans bacteria (CBDclos) (Shoseyov and Doi 1990; Shoseyov, Takagi,
Goldstein and Doi 1992; Goldstein, Takagi, Hashida, Shoseyov, Doi, and Segel 1993). This
discovery laid the foundation for CBMs utilization in numerous biotechnological applications
aiming towards cellulose fiber modifications, immobilization of proteins to cellulose and for
production of cellulose-CBM fusion proteins composites (Shoseyov, Shani, and Levy 2006).
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1.4 Resilin. Resilin is a polymeric rubber-like protein secreted by insects to specialized cuticle
regions, in areas where high resilience and low stiffness are required for locomotion. Resilin has
been identified throughout the arthropod kingdom, located within structures with cyclic
locomotion where energy storage and long-range elasticity are needed, such as the flight system
of locusts (Weis-Fogh 1960), and the sound producing organ of cicadas (Young and Bennet-
Clark 1995). One of the most important roles of resilin is in insect jumping, and it was identified
in many jumping organs of insects, such as cat fleas (C. felis), cicadas, planthopper insects and
froghopper insects (Philaenus) (Bennet-Clark and Lucey 1967; Burrows, Shaw and Sutton
2008; Burrows 2009; Burrows 2010). Fleas for instance have resilin pads between the stiff
cuticular struts of the metathorax above the hind legs. The froghopper and plant hopper are the
champion jumpers of all insects. The jumping organ of these insect, the pleural arch, is a
composite structure containing approximately 80% chitinous cuticle and 20% resilin. Burrows et
al. (2008) showed that resilin by itself is not sufficient to store much energy and must act as
constituent of a composite with chitin for the purpose of jumping. The mechanism requires the
combination of the high elasticity of resilin with the strength of chitin in a composite manner.
Therefore, it enables insects to rapidly restore body shape as well as most of the energy required
for the next mechanical movement.

We have previously reported the efficient production, structural and mechanical characterization
of recombinant D. melangaster resilin proteins (Qin, Lapidot, Numata, Hu, Meirovitch, Dekel,
Podoler, Shoseyov, and Kaplan 2009). Moreover, we have demonstrated the specific chitin
binding property of resilin-fused to Chitin Binding Domain (resilin-ChBD) which is important
for achieving molecular interfaces between chitin and resilin. Recently, we showed that the
resilin monomers and in particular exon 1, are intrinsically elastic and resilient, at the
nanometric level. Moreover, we have developed novel crosslinking methods, such as citrate
modified photo-Fenton, that led to highly elastic resilin matrices (Qin, Rivkin, Lapidot, Hu,
Preis, Arinus, Dgany, Shoseyov and Kaplan 2011). In the current work we hypothesized that
resilin containing a CBD, instead of a ChBD, will form nanocomposites with cellulose that will
result in structures having enhanced mechanical properties.

2. MATERIALS AND METHODS

2.1 Production of NCC suspensions. NCC production was based on a method previously
described (Bondeson, Mathew and Oksman 2006). Micro Crystalline Cellulose powder (MCC,
Avicel®) was suspended in H,SO4 (62 wt. %) to reach 1:30 (MCC to acid weight ratio,
respectively). The suspension was brought to 60 °C and stirred for 30 min. followed by
centrifugation (10,000 rpm, 10 min.). Acidic supernatant was removed and the pellet was
resuspended in deionized water (DIW). Washing and resuspension cycles were repeated 4 to 5
times, until the supernatant coming out of the centrifuge was turbid (pH~2.5). Following the
final wash, NCC pellet was resuspended in DIW (to reach 2.5 wt. % final concentration) and
stored (4 °C) till used. Finally, the white-opaque suspension was sonicated (Misonix Ultrasonic
Processor XL 2015 probe sonicator 1500 V rms (max) 20 KHz (nom) (Misonix Incorporated,
NY, USA) mounted with 0.5” tip operated at 80% amplitude, until the NCC suspension became
optically clear.

2.2 Birefringence analysis of NCC suspensions. NCC containing vials were placed between two
cross-polarizers and a tungsten lamp was served as a light source.

2.3 Transmission Electron Microscopy (TEM) of NCC. NCC suspension at concentration of
0.2% (wt. %) was applied to glow-discharged, carbon-coated copper 400-mesh grids and stained

with uranyl acetate (2% w/v). The images were visualized on an FEI Tecnai-12 microscope.
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Images were recorded with a SIS Megaview III camera (Electron Microscopy Unit, Weizmann
Institute of Science, Rehovot, Israel).

2.4 Preparation of NCC foams. Clear NCC suspensions (2.5 wt. %) were cast into molds, frozen
(-70 °C) and finally freeze dried. Dry and porous NCC foams were released from the molds for
further analysis and treatments.

2.5 Scanning Electron Microscopy (SEM) of NCC foams. Foam samples were subjected to gold
spattering (12mA, 6min) using S150 sputter coater (Edwards) and finally analyzed with a JEOL
JEM 5410 LV microscope (Electron Microscopy Unit, Weizmann Institute of Science, Rehovot,
Israel).

2.6 Construction, expression and purification of His Tag-Resilin-CBD (6H-17res-CBD). The
17-res gene (previously described by Qin et al. 2009) was cloned by digesting pPGEM-T Easy-
17res plasmid with Ncol, BamH]I followed by cloning of the gene into pET3d (Novagen, EMD
Chemicals, Inc. CA) upstream to the CBD gene (previously described by Goldstein et al. 1993).
The chimeric /7res-CBD was then digested with Ncol, EcoRI and cloned into pHis-parallel3
vector. 6H-17res-CBD was expressed in E. coli strain BL21 (DE3) and purified by methods as
previously described for 17res purification (Qin et al. 2009). Pure 17res-CBD proteins were
lyophilized and stored (4°C) till used.

2.7 Western blot analysis to 6H-17res-CBD. Proteins were transferred to nitrocellulose
membranes using standard protocols. The proteins were detected using CBD primary antibody
and anti-rabbit alkaline-phosphates conjugated secondary antibodies. The membranes were
developed with BCIP/NBT (Sigma-Aldrich) reagent following standard protocols.

2.8 Analysis of cellulose binding activity of 17res-CBD. MCC dry powder was suspended in
phosphate buffered saline (PBS) followed by centrifugation. The supernatant was discharged
and the recovered wet MCC pellet was incubated with 17res-CBD (300:1 weight ratio,
respectively) in the presence of PBS (30 min. RT. gentle shaking) followed by centrifugation.
The supernatant (unbound 17res-CBD) was removed and the pellet (MCC bound 17res-CBD)
was washed (X3) with PBS. Finally, supernatant and washed pellet were Sodium Dodecyl
Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE) analyzed following standard
protocols.

2.9 Photo-polymerization of 17res-CBD. Photo- polymerization of 17res-CBD was based on a
method previously applied on recl-resilin (Elvin, Carr, Huson, Maxwell, Pearson, Vuocolo,
Liyou, Wong, Merritt, and Dixon 2005). Lyophilized 17res-CBD was dissolved in Sodium
phosphate buffer (20 mM, pH 7.5) to a desired concentration (50 to 200 mg/mL).
Polymerization was performed by mixing (in dark) 17res-CBD solutions with the photo initiator
Ru(bpy);Cl, (2 mM final) and ammonium persulfate (10 mM final), casting the solution into
Teflon molds followed by exposure to halogen light (5 min).

2.10 Carbodiimide/PEG-amine based polymerization of 17res-CBD. 8-arm amine-terminated
polyethylene glycol (PEG-amine), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and
N-hydroxysuccinimide (NHS) polymerization of 17res-CBD was based on a method previously
described (Ward, Kelly, Wang, Zeugolis and Pandit 2010). Lyophilized 17-res-CBD was
dissolved (200 mg/mL) in sodium phosphate (20 mM, pH 7.5). Protein solutions (200 pL) were
cast into ELISA plate wells (pre-treated with Sigmacote®, Sigma-Aldrich) that served as molds.
The solutions were frozen (-70 °C) followed by freeze drying (Overnight) and resulted in foam
formation. Foams were then infused (3 h. RT, dark) in iso-propanol (90% v/v) containing EDC
(50mM), NHS (6mM) followed by second freeze drying (Overnight). Next, foams were
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incubated in 8-arm amine-terminated PEG (10% w/v) in the presence of PBS (1 h. RT) followed
by two washings steps with DDW. Subsequently, the foams were infused again (3 h. RT dark)
with the iso-propanol (90% v/v) containing EDC (50mM) and NHS (6mM). Finally, the foams
were washed with DDW and were allowed to dry (RT) till constant weight.

2.11 Production of 17res-CBD/NCC composites. Composites were prepared by two alternative
methods termed: "mixed" and "infused". The “mixed” composites were prepared as follows:
NCC suspension was carefully titrated to pH 7 with NaOH (1N) prior to the final sonication
step. Subsequently, lyophilized 17res-CBD were dissolved (200 mg/mL) in the NCC (2.5 wt. %)
suspensions. The materials were mixed and cast (250 pL) into Eppendorf tube caps that served
as molds. The suspensions were frozen (-70 °C) followed by freeze drying (Appendix A. Fig Al,
b). Polymerization of the resulting 17res-CBD/NCC foams was performed as described above
(see 2.10). The “infused” composites were prepared as follows: NCC foams were initially
produced by casting (250 pL) neutralized NCC suspension (2.5 wt. %) into ELISA plate wells
followed by freezing (-70 °C) and freeze drying. Resulting cylindrical foams were rescued from
the well and stored (4 °C) till used. Lyophilized 17res-CBD was dissolved (200 mg/mL) in
sodium phosphate (20 mM, pH 7.5) followed by drop-wise addition to the NCC foams till fully
saturated (Appendix A. Fig Al, a). Subsequently, 17res-CBD/NCC wet foams were frozen (-70
°C) and freeze dried. The polymerization was performed as described above (see 2.10).

2.12 Compression tests. Mechanical compression tests to cylindrical samples were performed
using Mecmesin MultiTest 1-i computerized tensile tester (Mecmesin Ltd. Slinfold, UK) with
ILC load cell (10N) set on compression test mode (2 mm/min). Prior to compression tests,
samples were saturated (1 h. RT) in sodium phosphate (20 mM, pH 7.5) followed by vacuum
degassing (5 min) to ensure full saturation. In order to assess the property of structure elasticity,
each sample was consecutively compressed (three times) and initial lengths, Young's modulus
and extensibility were compared for each test within the same sample.

3. RESULTS

3.1 Production of NCC suspensions and foams. NCC was produced by H,SO4 hydrolysis of
200um MCC powder. The process involved MCC hydrolysis in controlled temperatures and
acid concentration, washing cycles in water followed by sonication. A clear and transparent
viscous NCC suspension (2.5 wt. %) was obtained (Fig 1a) that exhibited a liquid crystal optical
property of birefringence under cross polarized light (Figlb, right). TEM analysis to diluted
NCC suspensions revealed the "whiskers" rod-like nanoparticles structures with typical
dimensions of 200 nm in length and 15 nm in width (Fig 1¢). NCC foams produced by casting
the suspensions into molds followed by freezing and freeze drying resulted in highly porous
foams (Fig 1d). SEM analysis of the opened cell NCC foams revealed networks of smooth
nanopaper sheets, stacked upon each other showing highly ordered intra-structure (Fig le).

3.2 Cloning, expression and purification of recombinant 6H-17res-CBD. The chimeric 6H-
17res-CBD gene (Fig 2a) was composed of D. Melnogaster resilin exonl 17 elastic repeats (Qin

et al. 2009) C-terminal fused to C. Cellulovorans Cellulose Binding Domain (Goldstein et al
1993) and the gene authenticity was verified by DNA sequencing (Appendix B). SDS-PAGE
analysis of total bacteria showed high expression of 6H-17res-CBD following IPTG addition
(Fig 2b) and western blot analysis further confirmed the 6H-17res-CBD expression (Fig 2c).
Protein purification was carried out using chromatography methods (Qin et al. 2009) which
resulted in highly purified 17res-CBD as shown by SDS-PAGE analysis (Fig 2d, left lane T).
Protein final yields (analyzed via conventional colorimetric methods) were estimated to be ~100
mg purified res-CBD per 1L bacteria growth medium (Data not shown). Specific cellulose
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binding was evident for 17res-CBD (Fig 2d, left). In contrast, cellulose binding was not evident
for the 17res (that did not contain to CBD) and served as a negative control (Fig 2d, right).
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Fig. 1. Transparent NCC liquid crystal suspension (a) displays birefringence under cross
polarized light (b, right) and rod-like structure revealed by TEM (c). Light-weight NCC
foam (d) open cells internal order, sheet-like structure reviled by SEM (e). Red arrows
mark the NCC thin sheets and yellow arrows mark the order direction of the NCC sheets.
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Fig. 2. Scheme of the 6H-17res-CBD gene (a). SDS-PAGE analysis of total bacteria pre
and post IPTG addition that induced 6H-17res-CBD expression (b). Western blot analysis
of recombinant 17res-CBD protein against CBD primary antibody (c). SDS-PAGE
analysis of cellulose binding assay to purified 17res-CBD (d, left) and to purified 17res (d,
right). T; total and purified protein pre cellulose binding. B; cellulose bound proteins. UB;
Unbound proteins. Mark that almost all of the 17res-CBD was found in the bound fraction
showing specific binding property to cellulose (d, left, lane B) while the 17res variant
showed only minimal non-specific binding to cellulose (d, right, lane B).
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3.3 Production of 17res-CBD/NCC cross-linked composites. Composites were obtained using
two alternative methods. The first, termed "mixed" composites involved the dissolving of a
freeze dried 17res-CBD in NCC suspension followed by protein polymerization and foam
processing steps. The second, termed "infused" composites involved the infusion of 17res-CBD
solution in pre-formed NCC foam followed by protein polymerization and freeze drying steps.
Photo-polymerization of 17-res-CBD/NCC composites by the Ru/APS system resulted in highly
elastic structures (Fig 3 lower panel). However, in some cases the outer surface of the structure
turned opaque and blocked the penetration of light into the foam. As a result, only the outer
layer of the foam was polymerized while the inner parts remained in a solution state, resulting in
an undesirable “soufflé” like structures. Due to these drawbacks, alternative routes for
polymerization were sought for recombinant resilin.

Plastic behavior

Photo-polymerized

17res-CBD/NCC foam

. ¥

Fig. 3. Qualitative compression tests to pure NCC foams and 17res-CBD/NCC composites
foam. Control NCC foam displays plastic deformation and low elasticity when
compressed by spatula (Upper panel, a-d). In contrast, photo-polymerized 17res-
CBD/NCC foam displays high elasticity (Lower panel, a-d).

Elastic behavior

Based on the work of Ward et al. (2010), a chemical method was developed for the
polymerization of resilin and resilin/NCC composites. The method involved the activation of
resilin carboxy groups (in the form of EDC/NHS active esters) and subsequently reaction with
free primary amines (originated from the 8 arms PEG) to result in new amide bonds formation,
thus protein crosslinking. In contrast to the photo-polymerization approach, this technique was
light independent and enabled the production of highly repeatable and homogenous 17res-
CBD/NCC composite foams that were also highly elastic. The composites cylindrical structure
and dimensions are presented in Appendix A. Table Al. All the samples were tested for
compression after being saturated in sodium phosphate buffer (20 mM, pH 7.5). Polymerized
pure 17res-CBD, pure NCC foams and 17res (without the CBD)/NCC foams were also tested
and served as controls.

3.4 Mechanical compression tests. Typical stress/strain curves (Fig 4) were generated from the
recorded data and were used for calculation of the elastic modulus of the samples (Fig 5).
During the tests, a clear difference in the performance of the samples was observed.

The calculated Young's modulus values of the pure 17res-CBD polymerized by the
EDC/NHS/PEG-amine method were 6.9 kPa + 2.3 kPa, similar to the results presented
previously for the Ru-APS photo-polymerization of resl-resilin (Elvin et al. 2005). Moreover,
pure 17res-CBD samples showed high elasticity and resilience and immediately recovered to
their original shape following each of the three consecutive compressions. The calculated
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Young's modulus values of the pure NCC foams were 16 kPa + 4.5 kPa. However, these foams
exhibited a plastic behavior (for strains >10%) and did not recover to their original shape
following stress removal. (Fig 3, Fig 4; lower right corner present typical behavior under
compression stress). Hence, each of the pure NCC foam was compressed only once.

Compression to 17res-CBD/NCC composites, (either “mixed” or “infused”) resulted in similar
recovery and elastic behavior to the pure 17res-CBD (Fig 4). However, their calculated Young's
modules were significantly higher (5 to 8-fold) with values of 26.3 kPa +7.7 kPa for “mixed”
and 56.7 kPa + 21.4 kPa for “infused” (Fig 5). Moreover, 17res-CBD/NCC “mixed” composites
generated nearly perfect overlapping stress/strain curves, like in the case of pure 17res-CBD,
and the Young's modulus was insignificantly decreased. Interestingly, when 17res-CBD/NCC
“infused” composites were consecutively compressed a different phenomenon was observed
shown by a shift in the curves and the modulus decreased from the initial 56.7 kPa to values
about 27 kPa, similar to the “mixed” composite. As mentioned above (section 3.3) 17res
(without the CBD)/NCC foams were also tested for compression and served as control to the
17res-CBD/NCC composite foams. Like in the case of pure NCC foams, the 17res /NCC foams
displayed plastic behavior (for strains >15%) and did not recover to the original state when the
stress was removed (Fig 4, lower right corner present behavior under compression stress).
Hence, like in the case of pure NCC foams 17res/NCC foams were compressed only once.

Pure 17res-CBD 17res-CBD "mixed" composites
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Fig. 4. Stress/strain curves of three consecutive compression tests to polymerized 17res-
CBD, "mixed" and "infused" 17res-CBD/NCC polymerized composites. The blue, red and
curves represent the samples behavior at the first, second and third compression
(respectively). Comparison of typical stress/strain curves of pure NCC, 17res/NCC and
17res-CBD/NCC "mixed" composite foams is presented at the lower right corner.
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Fig. 5. Elastic modulus of the samples consecutively compressed three times. Pure NCC
foams could be compressed only once without recovery. 17res-CBD and 17res-CBD/NCC
“mixed” composites maintained modulus values with insignificant decrease whereas
following the first compression the modulus of “infused” 17res-CBD/NCC decreased to
the level of the “mixed” composites.

4. DISCUSSION

The chimeric protein 17res-CBD was successfully cloned and purified from E. coli and its
specific affinity to cellulose was shown (Fig 2 a, d).

The Ru/APS, a visible light-dependent system mediating di-tyrosine cross-links (Elvin et al.
2005), was initially chosen for the resilin polymerization. During our research, we found that
this method was not suitable for polymerizing resilin/NCC composites in the form of opaque
foams or transparent suspensions. The reason for that is probably because light penetration
(initiating the photo-sensitizing reaction) was possible mostly at the outer surface of the
composites. Moreover, in some cases where transparent suspensions of 17res-CBD/NCC were
illuminated, the outer surface became opaque and blocked the further penetration of light deeper
into the sample. Hence, both "mixed" and "infused" composites were resulted in having an outer
cured shell with an inner core of soluble non-cured resilin. Consequently, an alternate
crosslinking method that was not light or enzyme dependent was investigated. Initially we were
looking for di-tyrosine forming agents in order to emulate the natural polymerization of resilin.
Recently, Charati, Ifkovits, Burdick, Linhardt and Kiick (2009) produced recombinant resilin
like peptides (RLP) where the tyrosine amino acids were replaced with phenylalanine and
lysine. The RLP were cross-linked via [tris(hydroxymethyl)phosphino] propionic acid forming
covalent bounds with primary and secondary amines originated from RVP lysine amino acid
side chines. The resulted RLP cross-linked polymers were shown to be highly elastic.
Furthermore, we have previously showed by nanoindentation that resilin monomers have similar
values of resilience and modulus of elasticity to the cross-linked resilin (Qin et al. 2011; Qin et
al. 2009), suggesting that the resilin is intrinsically elastic at the nanometric level. Therefore, we
assumed that other (and non di-tyrosine based) crosslinking methods will potentially result in
highly elastic and resilient materials. Consequently, we polymerized 17res-CBD and 17res-
CBD/NCC composites into highly elastic structures using the EDC/NHS/PEG-amine system
(adopted from Ward et al. 2010). In this method, a multifunctional (8 arms) PEG-amine was
covalently conjugated to the resilin negatively charged amino acid side chains (mediated by
EDC/NHS-active esters formation).
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Previous reports on the elastic modulus of resilin proteins indicated values of 2.5 kPa for
recombinant resilin (Elvin et al. 2005) and 2 MPa for natural samples of dragonfly tendon
(Gosline, Lillie, Carrington, Guerette, Ortlepp and Savage 2002; Vincent and Wegst 2004). In
this work, 17res-CBD proteins, polymerized by EDC/NHS/PEG-amine, were calculated for
elastic modulus values of 7 kPa (Fig 5). Our results are closer to those reported by Elvin et al.
(2005). In addition, the fact that the elastic modulus of 17res-CBD was similar to those
previously reported for recombinant resilin suggests that the addition of CBD did not alter the
mechanical properties of the protein. We have previously described an alternative method for
photo-polymerization of resilin utilizing the citrate modified photo-Fenton (pF) reaction. In this
case, samples were shown to be highly resilient with elastic modulus values of 22.6 kPa (Qin et
al. 2011). As discussed in Qin et al. (2011), pF polymerization is propelled by hydroxyl radical
reaction and result in the formation of highly cross-linked complexes. Hence, may explain the
higher modulus value compared to those obtained by EDC/NHS/PEG-amine or Ru/APS
polymerization. A possible explanation for the significantly higher modulus of the natural resilin
samples is either the presence of residual cuticular chitin that increased stiffness or different
hydration levels of the tested samples. These results shed some light regarding the significantly
lower modulus values of recombinant resilin samples compared with the results obtained from
natural samples, but requires further investigation.

NCC liquid crystal suspensions were produced from MCC. The average dimensions of the
particles were 15 nm width and 200 nm length as viewed by TEM. NCC foams were produced
by suspension freezing followed by freeze drying (Fig 1, a-c). These foams were structured into
laminated planes. The sheet laminated planes are micrometer in size, while the individual sheets
within these features are 10-20 nm in size, about that of a single crystalline cellulose particle
(Fig 1 d). NCC tends to self-assemble into nematic planes, a structure maintained when the
water is removed (de Souza Lima and Borsali 2004) and under normal evaporation conditions
would result in film formation. However, when the suspension is frozen a cryo-concentration
affects occur, where the forming ice crystals push the cellulose nanoparticles toward each other,
forcing local aggregation of the NCC while preventing them from forming a film. Therefore, a
porous 3D network is formed.

Composites of NCC and recombinant 17res-CBD were produced by two routes. The first route
“mixed”) involved blending of NCC liquid crystal suspensions with concentrated protein
solutions that were further polymerized. The second route (“infused") involved the initial
formation of NCC 3D network foam followed by protein infusion and polymerization.
Production of composites in the latter manner was in part analogous to the natural assembly of
the resilin-chitin composites in nature, where the resilin is secreted and polymerized into the
pre-existing chitin scaffold (Vincent et al. 2004). As discussed above, a novel method for resilin
polymerization was developed, based on the EDC/NHS/PEG-amine system that enabled the
production of composites that combined high strength and elasticity in a similar manner to
natural resilin-chitin structure. 17res-CBD/NCC composites displayed a significant increase in
Young's modulus, between 5 to 8-fold, compared to pure resilin polymers while retaining the
high elasticity and the mechanical shape memory property (Fig 4 and 5). In contrast, samples
prepared by the 17res variant (which did not contain the CBD) exhibited plastic deformation
pattern when compression forces were applied to them. Moreover, these samples did not return
to their original shape when the stress was removed, as in the case of pure NCC foam, hence
could be compressed only once (Fig 4). Supported by the cellulose binding assay (Fig 2d, left),
we assume that the absent of the CBD fusion partner in the 17res variant resulted in poor affinity
to the NCC fibers. Hence, the 17res variant was not retained on the NCC sheets during cross-
linking procedure that involved several solvent immersions and washing steps. The mechanical
improvement of the 17res-CBD/NCC composites is therefore attributed to the high affinity and
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more intimate interface of CBD-fused resilin to the cellulose fibers. These results also
emphasize the importance of the ChBD in the assembly of the natural chitin-resilin composites
within arthropods.

Composites produced by the “mixed” and “infused” methods displayed different reactions to
compressive stress. The modulus of the “mixed” composites was around 26 kPa and was
conserved during repetitive compressions (Fig 5). “infused” composites, produced by casting of
17res-CBD solutions on pre-formed NCC foams, were calculated for an average elastic modulus
of 57 kPa (for the first compression) that was decreased to the same values as the “mixed”
composites (for the second and third compression). We suggest that when the NCC are
homogenously suspended in the resilin solution, as in the case of the “mixed” composites, they
form a relatively random network and act as standard nanoparticle reinforcements (Samir et al.
2005). On the other hand, the pre-formation of the highly ordered 3D NCC network in the
“infused” composites resulted in extra strengthening of the structure. When these structures
were compressed beyond a threshold, the 3D network partially failed and the modulus dropped,
although the NCC maintained some of the reinforcing affect and the composite maintained
elasticity and mechanical shape memory.

The prefabricated scaffold approach presented in the “infused” composites resembles that
presented by Capadona, Van Den Berg, Capadona, Schroeter, Rowan, Tyler and Weder (2007)
who prepared NCCl/ethylene oxide—epichlorohydrin copolymer by forming an initial NCC
scaffold that was embedded with the polymer resulting in improved mechanical properties. One
of the main goals of that research was to solve the problem of equal dispersion of NCC particles
in organic matrix. In the case of resilin, the hydrophilic nature of the protein enabled good
dispersion as shown in the "mixed” composites. In relation to the natural resilin/cuticle
composites, the results presented here emphasize the importance of the ChBD in the assembly of
the natural resilin/chitin composites within arthropods and show that the fabrication method
plays a major role in the final performance of the composites, as recently reviewed by Moutos
and Guilak (2008).

As discussed in the introduction, Burrows et al. (2008) showed that resilin by itself is not
sufficient to store the required energy for the jumping needs of insects, and must act as a
composite with the chitin. The biomimetic structures that were produced in the current work
demonstrate that such composites can combine high elasticity with high strength and load
transfer. Such composites could withstand significantly higher stresses as in the jumping
mechanism of insects compared with pure resilin. Further analysis should be performed in order
to study the different properties of the materials at all length scales to provide additional insight
into the performance of these materials in natural and artificial systems. Future research should
also focus on tailoring the mechanical properties of such composites according to required
applications, such as in biomedicine as well as in sports, automotive, construction and other
fields, and as a bio-based replacement for synthetic materials.
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APPENDIX A

E

Fig. Al. 17res-CBD/NCC composites produced by the EDC/NHS/PEG-amine procedure.
“infused” 17res-CBD/NCC cylinder-shaped composite after the immersion in 17res-CBD
solution (a). “mixed” 17res-CBD/NCC dry composite foams (b).

‘m

(a) (

Table Al. Samples prepared for compression tests.

Sample Diameter (mm) Height (mm) Number of repeats (n)
NCC 6.3+0.2 8.2+0.2 4
17res-CBD 6.9+0.5 6.6+0.8 4
NCC/17res-CBD “mixed” 8.8+0.3 5.1£0.3 3
NCC/17res-CBD “infused” 6.6+0.9 7.9%1.2 5
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APPENDIX B

tatgtcgtactaccatcaccatcaccatcacgattacgatatcccaacgaccgaaaac
M S Y Y H HH H H H D Y D I P T T E N
ctgtattttcagggcgccatgggaccggagccaccagttaactecgtatctacctecegtece
L vy F 9 G AM G P E P PV N S Y L P P S
gatagctatggagcaccgggtcagagtggtcccggecggcaggeccgtecggattecctatgga
D S Y GA P G Q S G P G G R P S D S Y G
gctcctggtggtggaaacggtggacggccctcagacagctatggegetceccaggecagggt
AP G G GNG GR P S D S Y G A P G Q G
caaggacagggacaaggacaaggtggatatgcaggcaagccctcagatacctatggagcet
O G 9 G 9 G Q GG Y A G K P S DT Y G A
cctggtggtggaaatggcaacggaggtcgtccatcgagcagectatggecgectecctggeggt
P G G G N G N G G R P S S S Y G A P G G
ggaaacggtggtcgtccttcggatacctacggtgctcctggtggeggaaatggtggacge
G N G G R P S DT Y G A P G G G N G G R
ccatcggacacttatggtgctcctggtggtggtggaaatggcaacggcggacgaccttca
P s D T Y G A P G G G G N G N G G R P S
agcagctatggagctcctggtcaaggacaaggcaacggaaatggcggtcgctcatcgage
s s Y G AP G QG QG NG N G G R S S S
agctatggtgctcctggcggtggaaacggcggtcgtcecttecggatacctacggtgcetcecee
s ' Yy G A P GGG NG G R P s DT Y G A P
ggtggtggaaacggtggtcgtccttcggatacttacggcgectecctggtggecggcaataat
G G G N G GUR P S DT Y GAU?PG G G N N
ggcggtcgtccctcaagcagectacggegetectggtggtggaaacggtggtecgtecatet
G G R P S S S Y GA P G G G N G G R P S
gacacctatggcgctcctggtggcggtaacggaaacggcagcggtggtegtecttcaage
D T ¥y G A P G G GN G NG S G G R P S S
agctatggagctcctggtcagggccaaggtggatttggtggtecgteccatcggactectat
s Y G A P G Q G QG G F G G R P S D s Y
ggtgctcctggtcagaaccaaaaaccatcagattcatatggcgeccecctggtagecggcaat
G A P G Q NQ K P S DS Y G A P G S G N
ggcaacggcggacgtccttcgagcagctatggagctccaggectcaggacctggtggecga
G N G G R P S S S Y G A P G S G P G G R
ccctccgactcecctacggacccccagettectggatcgggagcaggtggegetggaggcagt
p s D S Y G P P A S G S G A G _G A G G _ S
ggacccggcggcgctgactacgataacgatgaggggatccccgacceccggecatggcageg
G P G G A D Y DNUDEG I P D P G M_A A
acatcatcaatgtcagttgaattttacaactctaacaaatcagcacaaacaaactcaatt
I s s M S V E F Y N S N K S A QO T N S I
acaccaataatcaaaattactaacacatctgacagtgatttaaatttaaatgacgtaaaa
r. p I I K I T N T S D S D L N L N D V K
gttagatattattacacaagtgatggtacacaaggacaaactttctggtgtgaccatgcect
VR Y Y Y T s D G T O G O T F W C D H A
ggtgcattattaggaaatagctatgttgataacactagcaaagtgacagcaaacttcgtt
G A L L G N S Y V D N T S K V T A N F V
aaagaaacagcaagcccaacatcaacctatgatacatatgttgaatttggatttgcaagce
K E T A S P T S T Y D T Y V E F G F A S
ggacgagctactcttaaaaaaggacaatttataactattcaaggaagaataacaaaatca
G R A T L K K G O F I T I O G R I T K S
gactggtcaaactacactcaaacaaatgactattcatttgatgcaagtagttcaacacca
D W _S N Y T Q T N D Y S F D A S S S T P
gttgtaaatccaaaagttacaggatatataggtggagctaaagtacttggtacagcacca
v.Vv N P K V T G Y I G G A K V L G T A P
taggatcgatccagatgtac

*

DNA and protein sequence of 6H-17res-CBD. The His-tag is underlined. The wave
underline marks a spacer. The double underline marks the TEV protease cleavage
sequence, the cleavage site is between the grayed QG. Dashed line represents amino acids
added from the cloning process. Normal font represents the 17res sequence. The native
resilin linker is marked by the thick underline. The CBD is marked by bold underlined
with thick wave.
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ABSTRACT

The different elements of wind turbine blades have been analyzed for their main function,
performance requirements and drivers. Key drivers can be simplified to either performance or
cost. The use of prepreg and infusion to make these blade elements has then been compared and
shows, from a comparison of test laminates, that prepreg typically delivers higher mechanical
performance on both glass and carbon. One of the main process differences, cure temperature,
has been overcome with the introduction of M79 which cures at 70°-80°C. M79 combines this
low cure temperature with a much lower reaction enthalpy allowing shorter cure cycles. This
means that prepregs can now be cured in the same molds, at the same temperatures and with the
same foam as used in a conventional infusion process. Although prepreg and infusion are
usually used separately for making blade elements, they may also be used in combination: co-
infused and co-cured using prepregs for the hard to infuse unidirectional load-carrying elements
and infusion for the other elements. This can thus simplify the production process. The
conclusion is that unidirectional prepregs are ideally suited for the performance driven parts of
the blade such as in load carrying elements.

1. INTRODUCTION

The modern wind turbine blade comprises three main structural elements. Closest to the hub of
the rotor is the root end, a massive heavily loaded structure that links to the rest of the blade.
Attached to the root end is the central structural member which may be a spar or a pair of spar
caps connected together via a shear web and which act as an [-beam. Both the root end and the
spar caps can be many centimeters thick with the latter providing the main stiffness of the blade.
This assembly is then enclosed by an aerodynamic shell which is a thinner structure, consisting
of either a thin laminate or a sandwich panel construction. In addition, other elements include
lightning strike protection, leading edge protection, and possibly structural health monitoring.

These three main elements of root end, spar (cap) and shell are made out of fiber-reinforced
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laminate with additional use of foam as a core material for weight reduction and sandwich panel
construction. By far the commonest fiber reinforcement is standard E-glass, particularly for
shorter blades, while low cost large tow high strength (standard modulus) carbon fiber is
increasingly used for the spar caps of longer blades, especially for blades over about 50m.
Alternative high modulus glass fibers are used less often though some manufactures prefer their
use to carbon which has a significantly higher cost and has sometimes been in short supply.

The dominant matrix from which the laminate is made and which is used by most wind turbine
manufacturers is based on epoxy chemistry. In the case of prepreg systems, the chemistry has to
be fully formulated i.e. with hardeners and all other matrix modifiers included in the matrix.
Most infusion systems comprise a two part formulation with the epoxy resin in a first part and
with the remaining (hardener) components in a second part. These two parts must be premixed
before infusion is carried out. Polyester chemistry is also widely used.

The processes used for the construction of modern wind blades are either based on prepreg (i.e.
pre-impregnated reinforcements) or infusion (i.e. dry reinforcements that are infused during
manufacture) processes. Wet lamination is now much more rarely used than formerly. The fact
that both prepreg and infusion are in use today exemplifies the fact that manufacturers value the
attributes of each process differently.

This paper will examine some of the important characteristics of both prepreg and infusion
processes. The intention is to draw comparisons between the two processes and to highlight
some of the relative strengths and weaknesses of each. Some of this will be based on a
qualitative comparison, but the paper includes results from an earlier quantitative comparison
that was carried out in Hexcel based on both glass and carbon reinforcements.

One of the differences between prepreg and infusion systems is the cure temperature. In systems
for wind energy, prepregs are typically cured at 100-120°C while infusion systems are typically
cured at 60-80°C. This paper also includes some early results of a new prepreg system, M79 that
can cure at 70-80°C, thus effectively eliminating a key difference between prepreg and infusion.
Finally, opportunities will be described for a combination of prepreg and infusion technologies
in which both matrix types are co-cured in a process that Hexcel has described as co-infusion.

2. BLADE ELEMENTS AND PERFORMANCE DRIVERS

The previous section briefly summarized the main structural elements of a typical blade which
include the root end, the spar or spar caps with shear web, and the aerodynamic outer shell. The
purpose of this section is to highlight some of the main functions of these elements, to
understand their performance requirements, and thus the main drivers behind them.

2.1 Root end. The root of a wind blade is a heavy, thick-sectioned structure. It transfers the loads
from the whole blade into the hub and as such, is highly loaded. Major design drivers include
strength, stiffness and fatigue. The precise design of the root end varies between different blade
manufacturers and may be fully integrated, separately constructed and even segmented. The
range of designs reflects the tradeoff that is made between making the structure at low cost but
heavy compared with a lower weight structure that is more expensive. Some of the most elegant
designs are unfortunately the most expensive. The ideal solution is one that is of low cost but
also light weight. Construction materials can include unidirectional, biax and triax
reinforcements, resin and sometimes core materials.

The main practical issues with the root end reflect the critical nature of the structure and the size
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(thickness). High curvature (sometimes in two directions) makes fixation of reinforcements and
prepregs to the mould more difficult and deviations of fiber alignment more likely. The thick
laminate requires careful control of the exotherm during cure when the heat liberated must be
allowed to dissipate. The transition into the rest of the blade and especially into the load carrying
elements is critical, as is the in the integration of the bushings which may be co-moulded or
bonded in place.

2.2 Load-carrying elements. The main load-carrying elements include the spar caps and the
shear webs which in some designs can be fused into a box-like structure of a spar. As for the
root end, these structures are highly loaded and, especially near the root end, can be many
centimeters thick. Major design drivers include stiffness, strength especially in compression,
inter fiber failure and transverse tensile strength, and fatigue. Construction materials are
dominated by the use of unidirectional glass and, increasingly carbon though this is very much
dependent on the manufacturer, combined with resin. The use of carbon is much more common
in longer blades, especially over 40-50m. Glass biax is also widely used.

Performance is the major driver in load carrying elements, even at the expense of increasing
cost. This means that fiber alignment, wet out and porosity are critical. As for root ends, the
thick laminate requires careful control of the exotherm during cure with the heat liberated being
dissipated during dwells in the cure cycle. As the main structural elements of the blade,
mechanical performance, quality and reproducibility are critical and require careful process
control. Again the transition between the load carrying elements and the root end is critical.

The role of the shear webs is to create an I-beam like structure with the spar caps which stiffens
the blade, one side being in tension while the other is in compression. Major design drivers are
buckling, strength and fatigue. The structures tend to be light weight and low cost using biax
reinforcements combined with resin and foam or balsa cores.

2.3 Shell. The aerodynamic shell is essentially a light weight skin with the design drivers of
buckling and shear. Materials tend to be of the lowest possible cost combined with an efficient
manufacturing process and a minimum finishing time. Materials are multiaxial (especially biax
and triax but with some unidirectional) reinforcements, combined with resin and an extensive
use of core to create lightweight sandwich panel constructions.

2.4 Summary. This brief analysis of the main structures of wind blades highlights the
differences in function, performance and drivers that exist. Table 1 provides a summary of these
differences.
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Table 1. Summary of blade elements, functions, requirements and drivers.

Blade element Function Performance requirements Main Driver
a) Connect blade to hub a) Highly loaded
B Cost versus
Root b) Transfer loads from b) Provide space for
. performance
blade to hub bushings
a) Provide stiffness
Spar Cap Structural integrity of blade b) Carry loads Performance
¢) New materials
Shear web Transfer shear forces Low to moderate Cost
between shells
Shell Aerodynamic efficiency a) Surface qua.hty Cost
b) Aerodynamic surface

In blade manufacturing processes today, all parts of the blade are made using all types of
materials and chemistries, as summarized in the introduction. However, as blades become longer
and as manufacturers search for ever more efficient ways of making blades, it is clear that
materials and processes can be more selectively applied. Parts of the blade are strongly
performance driven while other parts are more cost driven.

3. EXPERIMENTATION

3.1 Comparison between prepreg and infusion technologies on glass and carbon reinforcements.
A study was initiated to compare the mechanical properties of closely matching laminates
prepared using infusion and prepreg technologies. The study was repeated on both glass and
carbon reinforcements. Panels were designed solely for mechanical testing.

3.1.1 Glass. Two typical glass prepregs were selected based on 1200 g/m* UD E-glass with the
reference description HexPly M9.6GLT/32%/1200 (+CV)/G. Some laminates were made with
pure UD, while others (‘+CV”) were made with an additional 50 g/m* non-woven glass fleece.

Infusion laminates were based on the nearest equivalent stitched UD reinforcement, LT1218
from Saertex. This reinforcement has to be stitched in order for it to have sufficient dimensional

stability for infusion. The construction is shown in table 2.

Table 2. Construction of infusion reinforcement LT1218.

Infusion and prepreg laminates were prepared as 1.35 m? panels with the following construction

Construction | Areal weight | Tolerance | Material
[g/m?] [£7%]
0° 1152 5 E-Glass
90° 54 5 E-Glass
Stitching 12 5 PES

which was subsequently cut up into test specimens as shown in figure 1.
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Fig. 1. Construction and layup of glass test laminates.

Infusion laminates were prepared using Epikote™ resin MGS RIM 135 from Momentive in the
following construction shown in figure 2 (the VAP membrane is a semi-permeable membrane
which allows the air to escape but not the resin).

! I'|I Bleed-oul
.

\ - film: P1

Feed line

- Vacuum line
Xerimp ——

Peed.ply ===

- Dry fabric
VAP membrane Bleeder

Fig. 2. Arrangement for the infusion of infusion laminates.

Prepreg laminates were prepared using the construction shown in figure 3.

""""'""'""'""'""""""""""""#: Bleeder
Bleed-out ittt |

filem: B3 III|' | ‘1—I'olll— Caul plote

P : I
Feoelply —=T -If i + Frepreg

[ _ t‘l"l

Fig. 3. Arrangement for the preparation of prepreg laminates.

Infusion and prepreg laminates were cured at 90 °C. In addition, some prepreg laminates were
prepared for an effective cure at 120 °C by curing initially at 80 °C and then at 120 °C. Cure
cycles are shown in figure 4.
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Fig. 4. Infusion and prepreg laminate cure cycles.

3.1.2 Carbon. A typical carbon prepreg was selected based on 600 g/m” unidirectional carbon
(Toray T620) with the reference description HexPly M9.6GLT/35%/600+2P/C.

Infusion laminates were based on the nearest equivalent unidirectional reinforcement which was
a plain weave 600 g/m2 plain weave fabric with a very small amount of low crimp weft
reinforcement, based on Toray T620 from Hexcel Reinforcements, Les Avenieres, France.

Infusion and prepreg laminates were prepared as 1.26 m* panels with the following construction
which was subsequently cut up into test specimens, as shown below in figure 5.

Top view: : '
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Panel: for
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245"

Fig. 5. Construction and layup of carbon laminates.

Other experimental details (layups, infusion resin, cure cycles) were the same as for the glass
study described in section 3.1.1.
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3.2 Case study comparison of co-infusion. A case study was carried out to demonstrate the
feasibility of co-infusion of a combined prepreg and infusion system in which the whole system
is infused and co-cured.

A typical glass prepreg was selected based on 1600 g/m’ unidirectional E-glass with the
reference description M9.6F/32%/1600+CV/G. For the infusion, an 831 g/m” +/- biax fabric
S22EX021-00820-01270-250000 from Saertex was selected. The infusion resin was Epikote™
MGS RIM 135 with hardener RIMH 137. Divinycell H was used as an example of a typical
foam.

A schematic of the layup is shown in figure 6. 20 plies of prepreg was used for the central core
region. The overall length was 4 m. Figure 7 shows the resin taken up during infusion as a
function of time. Infusion was complete within about 20 minutes with the consumption of about
35 kg of resin. The cure was carried out on a heated table using the cure cycle shown in figure 8,
with cure taking place at 90°C for 6 hours.
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Fig. 6. Schematic diagram of the co-infusion case study.
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Fig. 8. Example of the cure cycle used taken from one of the sets of thermocouples used
for the study.

Porosity of the final panel was assessed under an optical microscope of polished cross sections.
Image analysis software was used for the calculation of voids over 0.04x10° m” as a percentage
of the total laminate surface.

4. COMPARISON BETWEEN PREPREG AND INFUSION TECHNOLOGIES

The results for both glass and carbon laminates are given separately in the following sections.

4.1 Comparison on glass reinforcement. The purpose of this comparison was to establish the
broad differences between comparable prepreg and infusion systems, in the absence of any other
known (public) comparison. Glass laminates were prepared and cured according to the protocols
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described in the section on experimentation. Table 3 gives the mechanical test results for infused
laminates while table 4 gives the mechanical test results for prepreg laminates. In table 4, the
results columns are labeled with the temperature of cure, and whether the reinforcement
contains an additional fleece (+CV).

Table 3. Mechanical test data for infused laminates.

Test Standard | Infusion
Tensile 0° Strength (MPa) 989.6
Modulus (GPa) 46.8
1SO527
Tensile 90° Strength (MPa) 45.3
Modulus (GPa) 5.2
. > | Strength (MPa) 617.5
Compression 0° 1y 4 lus (GPa) 473
EN2850B
Compression 90° Strength (MPa) 138.8
Modulus (GPa) 15.4
Strength (MPa) 1190
o
Flexural 0 Modulus (GPa) ISO14125 282
ILSS 0° Strength (MPa) | ISO14130| 45.7
Strength (MPa) 35.1
IPS Modulus (GPa) 15014129 3.3

Normalized results (60% FVF) are shown in bold in the table.

Table 4. Mechanical test data for prepreg laminates.

90°C 90°C 120°C 120°C
Test Standard cure |cure+CV| cure | cure+CV
. Strength (MPa) 1125.6 | 1144.2 | 1105.5 1117.1
Tensile 0°
Modulus (GPa) 1SO527 47.1 45.6 47.7 45.8
Tensile 90° Strength (MPa) 36.6 25.3 36.3 31.2
Modulus (GPa) 11.5 8.9 10.7 12.2
Compression | Strength (MPa) 846.4 1032.6 | 1038.6 931.6
0° Modulus (GPa) 49.6 49 49 48.3
Compression | Strength (MPa) EN2850B 149.4 186.6 159.7 173.2
90° Modulus (GPa) 11.3 11 14.4 13.5
Strength (MPa) 1394 1320 1299 1341
(e}
Flexural 0° for s (GPay| D112 [ 351 32.5 32.9 31
ILSS 0°  |Strength (MPa)|ISO14130| 78.9 54.7 71.3 55.8
Strength (MPa) 41.2 36.5 40.9 36.3
1PS Modulus (GPa) 15014129 4.2 4.2 3.9 4.2

Normalized results (60% FVF) are shown in bold in the table.

It was not the purpose of this study to provide an exhaustive analysis of the differences between
the two sets of results comparing infusion and prepreg. It is acknowledged that the data set is
limited and further repeat testing would be desirable. However, there are some general
comments which can be made.

For 0° properties, prepreg systems provide higher mechanical properties by some 9-68%. A
likely explanation for this is the difference in reinforcement. In the case of prepreg, pure
unidirectional rovings are used. In the case of infusion, a stitched unidirectional fabric is used in
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order to provide stability to the dry fiber. Differences in mechanical properties are likely to
come from the stitching and associated crimp on the unidirectional fiber.

For 90° properties, tensile strength is higher in infusion systems. This may also be because of
differences in the reinforcement where stitching in this case strengthens 90° performance.
However, the opposite effect is seen on compression strength.

For ILSS and IPS, the overall matrix effects would be expected to be rather similar. Both
infusion and prepreg systems often use difunctional epoxies with amine-based curatives. The
effects from the reinforcement are complicated with pure unidirectional fabrics leading to higher
ILSS and IPS but the addition of a fleece seems to lead to lower strengths.

4.2 Comparison on carbon reinforcement. As in section 4.1, the purpose of this comparison was
to establish the broad differences between comparable prepreg and infusion systems in the
absence of any other known (public) comparison. Carbon laminates were prepared and cured
according to the protocols described in the section on experimentation. Table 5 gives the
mechanical test results for both infused and prepreg laminates.

Table 5. Mechanical test data for both infused and prepreg laminates on carbon.

Ply . |Prepreg|Prepreg
Test number Standard | Infusion 90°C 120°C
. Strength (MPa) 2176.1 | 2670.2 | 2819.8
O %
Tensile 0 Modulus (GPa)| > 150527 | 130 125 | 1284
Tensile 90° Strength (MPa) 4 33 37.9 42.9
Modulus (GPa) 8.4 8.2 7
. Strength (MPa) 902 | 1085 | 1148.2
o
Compression 0° Fyy G ilus (GPa)| ENogsop | 1285 | 1251 | 1198
Compression 9g° Strength (MPa) 148.6 | 1583 | 173.6
ompressio Modulus (GPa) 9 9.2 9.3
Strength (MPa) 1283 1626 1700
o
Flexural 0° - r itus (GPa)] & |1SOM25 40310 [ 103.6 | 114.6
ILSS 0°  |Strength (MPa)| 4 |ISOI4130] 60.6 | 66.7 | 67.6
Strength (MPa) 322 | 396 | 392
IPS Modulus (GPa)| > |PO1H29—45 4 3.9

Normalized results (60% FVF) are shown in bold in the table.

As before, it was not the purpose of this study to provide an exhaustive analysis of the
differences between the two sets of results from infusion and from prepreg. It is acknowledged
that the data set is limited and further repeat testing would be desirable. However there are some
general comments which can be made.

For 0° properties, prepreg systems provide higher mechanical properties by about 20-30%. As
for glass systems, a likely explanation is in the differences between the reinforcements. In the
case of prepreg, pure unidirectional carbon was used. In the case of infusion, a lightly woven
fabric was used. Although the crimping effect had not been thought to be as severe as for a
stitched fabric, there does seem to be a significant difference from the unwoven unidirectional
reinforcement used in prepreg.

For 90° properties, ILSS and IPS, prepreg systems consistently deliver higher properties. In
these cases when compared with the glass comparison, there seems to be no enhancement of
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infused systems from the 90° fiber; there is no added 50 g/m? fleece; and the matrix systems are
also of a comparable type.

S. A NEW MATRIX FOR LOW TEMPERATURE CURE

Prepreg has a number of advantages when compared with infusion. In wind energy applications,
one of the main disadvantages is that while infusion materials are typically cured at 70-80°C,
prepreg materials are more normally cured at 110°-120°C although they can be cured at other
temperatures as well. This temperature difference can in turn lead to specific requirements for
foam core, mold design, and cure cycle control. The range of temperatures at which the different
materials can cure is given below in figure 9. The figure compares several generations of Hexcel
prepreg matrix systems with the year of their introduction, as well as the associated reaction
enthalpies. The opportunity exists for a lower temperature curing prepreg material, preferably
curing at 70°-80°C which thereby eliminates this difference from infusion systems.

Wind Energy Matrix Exotherm as Function of Cure
Temperature

l 1895
1958

200

450
400
350

300

5

=

Exotharm Jig
L)

20

(=]

2005

150 I

1o -
610 70

B0 a0 100 110 120 130 140
Cure termp"C

Fig. 9. Comparison of infusion and prepreg systems: cure temperature ranges and
expected reaction enthalpies.

In 2013, Hexcel introduced a new low temperature curing prepreg called M79 which cures at
70°-80°C (as well as at higher temperatures) and which retains the long outlife of other wind
energy prepregs. This matrix is also included in figure 9. For the first time, this new matrix
eliminates the cure temperature difference between infusion and prepreg materials. First details
were published in May 2013 (Shennan 2013) and a short summary of the main characteristics is
given in table 6.
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Table 6. Summary of the main properties of M79.

Property Value
Cure time at 70°C 10 hours
Cure time at 80°C 6 hours
Outlife >2 months
Reaction enthalpy 100-120 J/g
Static mechanical properties | Similar to current M9 family
Product form Same as current M9 family
Manufacturing process Same as current M9 family

The reaction enthalpy of M79 at 100-120 J/g is unusually low for prepreg matrices, and is
exceptionally low when compared with infusion matrices which are commonly over 300 J/g.
The significance of this is seen most clearly when having to cure thick laminate sections such as
in the spar cap or root end of a wind blade or in any other large heavyweight composite section.
In such thick sections, the cure cycle must be carefully managed to control the temperature
growth during cure which is a function that includes the rate of heating, chemistry type and
exotherm (reaction enthalpy) in what are virtually adiabatic conditions. Lower reaction
enthalpies lead to shorter optimized cure cycles which are important for higher productivity of
the large structures being made. Figure 10 shows how reaction enthalpies have reduced in the
last 18 years.
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Fig. 10. Reduction in reaction enthalpies for wind energy prepreg matrices between 1995
and 2013.

6. CO-INFUSION: COMBINATIONS OF PREPREG AND INFUSION

Prepreg and infusion have different and sometimes complementary strengths. Instead of the
choice having to be ‘either/or’, a third option is to combine the materials in a common structure
and in a process which can be described as ‘co-infusion’. In such a structure, prepreg should
typically be used as the major unidirectional/ load carrying element which is often thicker,
harder to infuse and with the higher mechanical properties. Infusion of dry reinforcements can
then be used for the remaining structure.
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An excellent example of a structure than is suitable for co-infusion is the combination of a spar
cap and shell of a wind turbine blade. The reinforcement of the spar cap can be either glass or
carbon, while the shell reinforcement is usually a combination of multiaxial fabrics, typically
600 g/m” +/-45° biax (BB600) and 1200 g/m* 0,+/-45° triax (LBB1200).

This concept was tested on a 4x2 m scale using a unidirectional glass prepreg for the simulated
spar cap while using an 831 g/m® dry reinforcement for the simulation of the rest of the
structure. Full details of the protocol are described in the section on experimentation.

The infusion was completed very quickly, in about 20 minutes, and consumed about 30 kg of
resin. The fast infusion was not surprising given that the unidirectional fiber had been pre-
impregnated as prepreg. After curing, the panel was de-moulded and is shown below in figure
11.

Fig. 11. Co-infusion panel after cure and demoulding.

Laminate quality was assessed and showed a low level of porosity with glass transition
temperatures (Tg) that reflected the base resin chemistry used for the respective parts of the
panel (typically, prepregs yield higher glass transition temperatures than infusion systems). A
summary is given in Table 7.

Table 7. Summary of laminate quality from co-infusion panel.

Fiber Volume (%) >0
Side | 0,7

. 0 ?
Porosity (%) Middle | 1,5
Tg (OC) Middle | 120
Bottom | 75

The conclusion from this case study is that prepregs can be co-infused with dry reinforcements
very successfully, achieving acceptable levels of porosity and glass transition temperature. A
fuller evaluation of the mechanical properties was carried out at a later date on test laminates
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(Hexcel internal work). This showed that, depending on the laminate structure, results were
typically between those expected from infusion and prepreg systems.

A prerequisite for successful co-infusion is that both infusion and prepreg materials must be
cured at the same temperature. Either infusion materials can be cured at higher than normal
temperatures with standard prepregs, for instance at 90+°C, or prepregs can be used that have
been developed to cure at the lower temperatures of cure of infusion materials i.e. 70°-80°C. It
is in this context that the introduction of M79 is very timely because it enables cure at 70°-80°C
as has been mentioned in the previous section.

6. FURTHER DISCUSSION AND CONCLUSIONS

The analysis of blade materials and processes identified that all parts of the blade can be made
using several types of materials and chemistries. However, as blades become longer and as
manufacturers search for ever more efficient ways of making blades, materials and processes
can be more selectively applied. Parts of the blade are strongly performance driven while other
parts are more cost driven.

The comparison between prepreg and infusion technologies showed that prepreg seems to give
significantly higher mechanical properties overall when compared with infusion, on glass and on
carbon reinforcements. The most obvious explanation for this lies in the differences in
unidirectional reinforcement used. In unidirectional prepreg, pure rovings or bobbins of fiber are
used. In the case of glass materials for infusion, they are stitched, and thereby crimped. In the
case of carbon reported in this paper, a low crimp woven reinforcement was used but again, this
has some crimp and seems to lead to a qualitatively similar difference between prepreg and
infusion. As was stated earlier, it was not the purpose of the study to provide an exhaustive
analysis of the differences, and it is acknowledged that the data set is limited.

In wind energy applications, one of the main disadvantages of prepreg is that while infusion
materials are typically cured at 70-80°C, prepreg materials are more normally cured at 110°-
120°C although they can be cured over a wider temperature range. This can in turn lead to
specific requirements for foam core, mold design, and cure cycle control. M79 has recently been
introduced as a material for large structures such as wind blades and which cures at 70°-80°C. It
also has a much lower reaction enthalpy than from infusion systems, thereby enabling shorter
cure cycles. Mechanical properties compare favorably with conventional prepreg systems. M79
thus eliminates the difference in cure temperatures in the range of 70°-80°C.

There are also other differences between prepregs and infusion materials. Unidirectional prepreg
is very cost competitive because the cost of manufacture is offset by the additional cost of
unidirectional reinforcements used for infusion. However, the same cost of manufacture makes
multiaxial prepregs more expensive in terms of pure product cost.

Infusion of multiaxial materials, particularly of glass, is straightforward because the open
structure of the reinforcement assists the flow of resin. However infusion of carbon is harder. It
is very difficult to obtain consistent and complete infusion of thick unidirectional carbon
sections. Prepregs are by definition pre-impregnated and so can deliver a higher quality much
more reliably in these sections.

This suggests that prepreg is ideally suited to those parts of the blade that are most driven by

performance which includes both the root end and the load carrying elements such as the spar
caps or spar. For those parts of the blade that are most heavily cost but not performance driven,
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infusion can be the more efficient process- except, for instance, where cure cycle is an issue
because of exotherm control.

In some parts of the structure, the process can be further simplified by using combinations of
prepreg and infusion in a process termed co-infusion. This enables prepreg and dry
reinforcements to be laid up in a single process step, followed by co-infusion and co-cure. An
excellent example of where this could be used is with pure unidirectional prepreg for a spar cap
being laid up in a shell of infused multiaxial reinforcement.

Different manufacturers will doubtless continue to have their preferred processes for the
manufacture of wind blades. But the differences between infusion and prepreg processes have
narrowed. There are now M79 prepregs available that cure in the same mould constructions,
with the same foams, and at the same cure temperatures as used for infusion while combinations
of prepregs and infusion can be used in the same process of co-infusion and co-cure.
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ABSTRACT

Assemblies of parallel fibres for the reinforcement of composite materials are strongly an-
isotropic and display a complex variety of responses in different directions, ranging from
simple elasticity to granular flow depending on the orientation and mode of deformation. To
describe this behaviour, in a single consistent theory, we propose a new constitutive structure
which combines a hyperelastic response based on a strain energy potential, for the volumetric
mode and extension in the fibre direction, with a hypoplastic response based on a stress
energy potential, for the transverse and longitudinal shear modes. The resulting constitutive
equation is objective and thermodynamically consistent. All parameters involved have a
simple physical meaning and are measurable and estimable. Examples are provided to
illustrate the response in shear, compression and their combinations.

1. INTRODUCTION

In the continuum modelling of composites forming, one deals with a fibre preform that is
either dry or fully or partially impregnated with resin. In either case a constitutive model
of the preform is needed. Several types of preform structure, such as a prepreg stack or
non-crimp fabric, can be represented by combination of layers of a unidirectional fibrous
medium, henceforth called a fibre bed. Such a material, illustrated in Figure 1, has, at best,
a transversely isotropic symmetry about the fibre axis n.

In many cases, the preform is mainly being compressed. Thus much of the past research
focused on volumetric response. Elastic models were proposed by Curiskis and Carnaby
(1985), Cai and Gutowski (1992), Chen, Cheng and Chou (2001), and others. One of the
simplest results is the power law, obtained by analogy with random fibre networks (Toll
1998),

p=kEY, (1)

where p is pressure, F is the fibre elastic modulus, ¢ is the fibre volume fraction and k and
[ are constitutive parameters.
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To model more complicated processes, involving 3D forming, such as pre-forming operations
or press forming, one needs a full tensorial constitutive equation including in-plane defor-
mations, shear modes and anisotropy. Cai and Gutowski (1992) proposed a transversely
isotropic model for an aligned fibre bed, treating the axial and transverse deformations as
elastic and the shear mode as Newtonian. Their model is, however, not easily formulated
as a tensorial constitutive equation, due to its combination of viscous and elastic responses.
Wysocki, Toll, Larsson and Asp. (2010) proposed a hyperelastic model, which is simplistic,
but has the advantage of a simple form:

o= —kE¢T+G(b—1)+20EH(e)enn, (2)

where o is the Cauchy stress tensor, n is the fibre director (see figure 1), e is the longitudinal
strain!, b is the Finger tensor, and H is the Heaviside step function (in practice a continuous
approximation). I express this in an Eulerian frame because it will be appropriate later on.
The first term above is the power law volumetric response (1), the second term is an isotropic
Neo-Hookean contribution, heuristically introduced to model the shear response, and the
last term is a linear elastic response to fibre elongation. The rationale of the last term is
that if the fibres are nearly straight and parallel, the tensile response should be given by the
tensile properties of the fibres themselves, and the compressive axial response is considered
negligible, due to fibre buckling.

Figure 1: Unidirectional fibre bed with director n.

Elasticity is, however, not usually enough. Somashekar, Bickerton and Bhattachayya (2012)
showed that cyclic compression leads after a few cycles to a repeatable state, characterised
by a stationary hysteresis loop. Recently Cheng, Kelly and Bickerton (2012) used rate
independent elastoplasticity to construct an 8-parameter model and managed to capture
the uniaxial cyclic compression response of various fibreglass fabrics. The latter is probably
the most useful model so far.

A limitation of all those approaches is their simplistic description of the shear response.
Shearing, more than any other mode, activates the mechanism of frictional slip, and thus
exposes a behaviour best described as granular flow. Granular solids are known for a
peculiar type of path dependent elasticity, cf. Norris and Johnson (1997) or, in the context
of random fibrous materials, Alkhagen and Toll (2007), and a plasticity behaviour which
cannot, be described by standard conservative elastoplasticity. The state-of-the-art theory
for modelling such behaviour is hypoplasticity, introduced and developed in geomechanics
(Kolymbas 2000).

Standard hypoplasticity is isotropic and strain-rate independent, leading to an evolution
equation of the form (Lanier, Caillerie, Chambon, Viggiani, Bésuelle and Desrues 2004),

6=L(o):d—N{(o)|d|| +wo — ow, (3)

le=A—1withA2=n-b'n
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where I and N are isotropic functions of the stress, d and w are the symmetric and skew
parts of the spatial velocity gradient and ||d|| = vtrd? is the Euclidean norm of d. Equation
(3) is rate independent because it is homogeneous of degree 1 in the velocity gradient. A
shortcoming of this formulation is that, due to the absence of energy potential, there is no
guarrantee of non-negative dissipation. Ounly recently, Toll (2011) derived the full class of
thermodynamically consistent hypoplasticity, by introducing a stress energy potential.

The purpose of the present paper is to provide a thermodynamically consistent theory for
the complete space of deformation modes and introduce the most adequate models for each
deformation mode—linear elasticity for axial elongation, power-law hyperelasticity for the
volumetric mode and hypoplasticity for the shear modes. Restriction is made to transversely
isotropic symmetry and rate independence.

2. GENERAL CONSTITUTIVE STRUCTURE

In its unloaded state, the material is assumed to have transversely isotropic symmetry about
the fibre axis n. The material is further assumed to be elastic under purely volumetric
deformation, as well as under axial stretching in the fibre direction. Any shear deformation,
however, will be governed by frictional interaction of a granular-solids nature. To allow for
these fundamentally different responses, we split the Cauchy stress tensor o into two partial
stress tensors: a hyperelastic stress o, and a hypoplastic stress o,:

o=0,+0.. (4)

The hyperelastic stress is due to transverse compression and longitudinal extension of the
fibre bed, and is therefore linked directly to the volume fraction ¢ and fibre stretch A,

o, =F(p,\,n). (5)

The hypoplastic stress is due to frictional shear forces within the fibre bed, and will be
described in the spirit of granular solids (cf. Kolymbas 2000), by means of a differential law:

6. =G (¢,0.,1nl) +wo, —o.w, (6)

where 1 is the velocity gradient, with symmetric and skew symmetric parts d and w. The
material spin w, should naturally follow the rotation of the fibre axis, such that

wn = n. (1)
Axially, any objective rotation is admissible, and a sensible choice is the simple co-rotation,
n-e:w=n-e:w. (8)
Combining these features leads to the total spin
w =w +dnn — ndn. 9)
The resulting objectivity of the evolution law (6) may be verified in the usual way.

The hyperelastic stress consists of the longitudinal normal stress nn : o, and the transverse
mean stress % (I —nn) : o,, while the hypoplastic stress is the shear stress along and across
n. Thus

1
Oo=05: |5 (I-nn)®(I-nn) + nnnn (10)
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and
o,:nn =0, o.:I1=0. (11)

We finally introduce a free energy per unit volume as follows:

772):12)0 (O’O,l’l) +’J}* (O'*,Il), (12)

where each of the contributions v, and v, is positive definite. Because of the relation (5)
the hyperelastic energy 1, may just as well be written as a strain energy function. Thus

b =1, (6, A) + b, (¢, 3, Ja) (13)

where j3 and j, are two of the physical joint invariants of o, and n (cf. Spencer 1992):
js = m-oln, (14)
jia = %traf —n-o’n, (15)

where j; measures the longitudinal shear stress and j4 the transverse shear stress. A full de-
scription should include, an additional invariant measuring the relative orientation between
the planes of longitudinal and transverse shear stress,

1
j5 = gtrai, (16)

which is ommitted here for simplicity.

3. DISSIPATION INEQUALITY

The rate of free energy may now be developed as

N asz gf‘;v aqi ai g
() e S s o

The spin-dependent last two terms of (17)s cancel identically, which is seen by developing
the fifth term and using the identity (7):

012}* 8’¢) 0721* 2. 812)* o
9. (wo, — o.wWw) (8]3 9, n-on on (18)
The dissipation inequality,
o:d—¢trd — 1) >0, (19)
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becomes
81/10 2 a{po 5 . 8/(/} 817}* .
0'0—20)\2)\ <8¢¢—1/)O> I] :d+o,: ( 9 > T 5. :G>0. (20)

The square bracketed term must vanish because it is independent of .. We thus obtain
the hyperelastic response function F as well as a dissipation condition for G:

. 0 817)0 a¢o 2
F = <1/)O 96 ) I+ 26/\2)\ nn, (21)
4, 0y, .

To develop a specific constitutive law, we must now specify the free energy functions b,
and 1, and the evolution law G.

4. STRAIN ENERGY FUNCTION

For the hyperelastic response we adopt the strain energy function of Wysocki et al. (2010),
which is Hookean in positive axial extension and power-law elastic in the volumetric mode:

. _ kB 5 1 7
D (0:3) = 57507 + J0BZ (A= 1), (23)
where
Z(z) = zH () (24)

and H (x) is the Heaviside step function. Thus the Z-function is equal to its argument if the
latter is positive and zero otherwise. Differentiation of this energy function into equation
(21) yields the response function

F(p,\n) = —kE;¢°1+ ¢F;Z (A — 1) nn. (25)

5. STRESS ENERGY FUNCTION

At sufficiently small isochoric strains we expect the fibre bed to be linear elastic with
longitudinal and transverse shear moduli Gy, and G that scale with the bulk modulus, i.e.,

Gr = G¢’, (26)
Gr = Grd’, (27)

where the constants G'yr and Gy, should be of the same order as the intrinsic fibre modulus
Ey. Let us thus consider a simple stress energy function that is locally linear elastic:

y o 1/(Js | Ja ) 1 ( J Ja )

b (0y3,Ja) = = | ==+ 5| = +=—. 28

1/ (¢ ]3 ]4) 2 (GL GT 2¢B GfL GfT ( )
This energy function possesses some rather attractive properties. By differentiation of (28)
and application of the chain rule, we obtain the relation

8@* . _ aw* . 1/* _ 1 J3 j4 07
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and, similarly,

9, B (jg L
GfL GfT

o= ) =i (30

6. EVOLUTION LAW
Now consider an evolution law of the hypoplastic form
G(¢.0.n1) =L(¢,n):d —0.R (¢,0,.d,n). (31)

where the linear operator L (¢, n) is a transversely isotropic tensor and R (¢, 0,d, n) is a
scalar dissipation function. We shall require that L.: d be non-dissipative, so that a purely
elastic shear response is at all possible. This implies the condition

o
d—=—"—%L:d=0. 32
9. (32)
As a consequence, introducing (31) into (22) and using (32), the total dissipation becomes
%1/;* ol - d+ gii co.R(¢,0,,d,n) -1, trd > 0. (33)

Due to the properties of the stress energy function (29) and (30), and t», > 0, the dissipation
condition (33) reduces to

R> % (B+1)trd. (34)

This result can be understood as follows. A decrease in stiffness gives an increase in energy,
for a given stress state So when [ is positive, i.e. the material stiffens on compression, some
shear stress must be relaxed upon expansion, or negative dissipation would occur. Physically
such stress relaxation occurs through slip at contacts as the contact pressure is released.
A perhaps unphysical feature of the present formulation is that repeated compression and
expansion will eventually dissipate all of the stress (cf. the numerical examples below). This
behaviour is a consequence of the limited state space chosen, and could be remedied by
introducing history dependent state variables in the stress energy function. Now inequality
(34) implies that, while shear dissipation is “optional”, dilational dissipation is mandatory,
regardless of what dissipative mechanisms are considered. Equations (32) and (34) will form
a solid basis for constructing L and R, respectively.

7. LINEAR OPERATOR

Equation (32) implies that the linear operator is defined by the stress energy potential ),
through the relation
o,
o,
along with the transversely isotropic symmetry and the form of o,. Being transversely
isotropic, I must have the form?

L(¢,n) = A(IRI+IRI)+ BI®l+ C(Ionn + nn®l) (36)
+D(I&nn + I@nn + nn®I + nn®I) + Ennnn,

L=o,. (35)

2The open products are defined asa®@b = a;jbrieiejere;, a®b = ajpbyieiejere;, a®b = azbjreejere;.
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where the coefficients A, B, C, D, E are functions of ¢. Due to (11) L must also have the
properties

m:L=0 and I:L=0, (37)
which yields
A=C=-B, E=-(3A+4D). (38)
Thereby (36) reduces to
L(¢,n) = A[(IRI+1IxI) —IxI+ (I®nn+ nnxI)] (39)

+D (I&nn + I@nn + nn®I + nn®I) — (34 + 4D)nnnn.
Using the proposed energy function we have

O Lo (Gt (G5 - G (o s mom]. (0

Introducing (39) and (40) into the condition (35) yields

A = Grd”, (41)
D = (G, —Gyr)d, (42)

and the linear operator is found to be

L(¢,n) = ¢° [Gsr (IR1+ 121 — 101+ I®nn + nn®l) (43)
+ (G —Gyr) (I&nn + I@nn + nn®I + nn®I)
— (4G, —Gyr)nnnn] .

8. CONSISTENT DISSIPATION FUNCTION

Contact slip may occur either by raising the tangential force or by lowering the normal force.
On the continuum scale we associate tangential forces with shear stress and normal forces
with pressure, and thus distinguish between plastic dissipation (due to shear overload) and
decompression dissipation (due to pressure release). For the decompression dissipation we
simply use the necessary dissipation given by the inequality (34). For the plastic dissipation
we associate the tangential forces with shear stress invariants j3 and j4, and the normal forces
with the pressure kF fqﬁﬁ and introduce a slip stress function,

C = C(¢7j37j47j5) ) (44)

such that
R=7Z(V(:L:d), (45)

where V( = 9¢/0o, and the Z-function is defined in equation (24). The argument of the
Z-function is the rate of increase of the slip stress function ¢ due to the elastic stress rate.
The resulting dissipation function becomes

R:%(ﬁ+1)Z(trd)+Z(V§:L:d). (46)

This form is homogeneous of order 1, which implies that the constitutive model will be rate
independent.
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The specification of the slip stress function may be done in any number of ways. Here we
shall consider a simple Coulomb-type behaviour,

1 J3 . Ja
(= ELANREES 47
kEso”\| 13 13 47

Then

0¢ 0js ~ O0C Oja
_ 9 a 4
Ve = 5500, " 8j, 0. (48)

1 A AN A T 1
= 3 (‘]Z + J‘;) [(2 - 2> (o.nn +no.n) + —o.
2kEp” \ M3 M3 H3 My Hy

From equation (43), using tro, = o,: nn = 0, we obtain

L:d = ¢’[Gjr(2d+I®nn:d— (I—nn)trd) (49)

+ 2 (G, — Gyr) (dnn + ndn) — (4G, — Gyr)nnnn : d],
o.:L:d = ¢’{2G;r0.:d+4(G;—Gyr)n-o.dn}, (50)
(g.nn+no.n):L:d = 4¢°Gyn-o.dn. (51)

Combining (48) with (50) and (51) yields

1 (js  ga\ [ (G G G
V{:]L:d—(Jer‘]z) [2(’;—};T>n~a*dn+f2Ta'*:d . (52)
kEf \p3 — pi H3 Ha Ha
9. NUMERICAL EXAMPLES

The constitutive equations developed above may be summarised as follows:

~kE;¢’1+ ¢FE;Z (A — 1) nn, (53)

O,
1
6, = L:d-o. 5(5+1)Z(trd)+Z(VC:L:d)
+2sym (wo, — o.dnn + o,.ndn) , (54)

with L: d given by equation (49) and V(: L : d by equation (52). Numerical integration
of equation (54) was performed using the simple quadratic algorithm

Oni1 = 0,1+ 20,At, (55)

where At is the timestep. Reasonable elastic parameters for carbon fibre roving were chosen
as follows: Based on literature data (Kim, McCarthy and Fanucci 1991; Toll 1998): kE; =
500, 8 = 14.5. The intrinsic elastic modulus is taken to be E; = 2 x 10°MPa and the
intrinsic shear moduli were set to Gy, = 0.1E; and G = 0.01E}. The friction coefficients
where set to p13 = 0.5 (longitudinal) and u, = 0.1 (transverse). All examples use a constant
strain step of ||d|| At = 10%, which is quite sufficient for convergence.

Figure 2 plots the transverse pressure —os33 (= —092), vs volume fraction, ¢, in biaxial
cyclic compression. Being hyperelastic, this response is completely reversible with no sign
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Figure 5: Relaxation of shear stress on decompression. Upper o13; lower o33.
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of hysteresis. Figure 3 shows the same thing for uniaxial compression. Two cycles are shown
for a compression strain of 10%, starting at ¢ = 0.57, the process is stationary already after
two cycles, so all further cycles coincide with the second cycle. The hysteresis is due to the
shear component involved in the uniaxial compression mode. Figure 4 plots the shear stress
response in longitudinal and transverse shear. Two cycles are shown for a shear strain of
10% at ¢ = 0.6. Again the process is already stationary after two cycles. Figure 5 shows
the relaxation of a shear stress, o153 (upper curve), originally at 1 MPa, during 5 cycles of
3% biaxial transverse compression and decompression starting at ¢ = 0.6. The lower curve
shows the compression stress, o33 (= 022). Notice that no shear stress relaxation takes place
during the compression cycles, because of the positive compression rate and the absence of
any shear rate. It may be worth recalling that this theory is rate-independent, so all the
curves are invariant under any change of timescale.

10. CONCLUDING REMARKS

The present theory is intended as a structure and a framework for future modelling, rather
than a model ready for use. We know at least two additional phenomena that will need to
be introduced in order to accurately represent true behaviour: (1) Rate dependence, due to
the lubricating effect of resin and sizing, can be introduced by making the response function
G (¢, 0., n,]) inhomogeneous in 1, for example by adding one or more terms of other degrees
in 1. (2) Volumetric inelasticity may be introduced by making the hypoplastic stress o,
non-deviatoric and introducing a suitable volumetric contribution into the linear operator
L. Both of those effects are thus readily accomodated within the structure, and it is the
intention of the author to do so in future work.

Another important limitation of the present theory is that the slip function as well as the
stress energy function is indifferent to the orientation of longitudinal shear stress (i.e., the
angle of the plane of longitudinal shear stress relative to the principal directions of the
transverse shear stress). This implies, for example, that slip due to a longitudinal shear
stress under, say, uniaxial compression occurs at the same stress level regardless of whether
the plane of longitudinal shear is parallel or perpendicular to the compression axis. This can
be solved by including an additional stress invariant, j5, but at the expence of considerable
added complexity.

The axial spin, equation (8), was chosen here as a simple Jaumann-type co-rotation. It
is well known that this spin yields oscillating stress response at steady flow (cf. Zhou and
Tamma 2003). More sophisticated spins, such as the logarithmic spin (Xiao, Bruhns and
Meyers 1997), can of course be used if requried. The Jaumann spin has, however, the
advantage of simplicity. Notice, however, that the non-axial part of the spin is dictated by
the rotation of the fibre axes, which must be affine due to the continuity of the fibres.

The separation made here between hyperelastic and hypoplastic parts of the response is
not necessary—the evolution law (6) is general enough to describe the full response. The
benefit of this separation is that we retain the familiar structure of nonlinear elasticity for
that part of the response which is elastic, while introducing a differential structure only
where it is needed.
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ABSTRACT

We propose a new fastener system which consists of a simple pin and washer made of Fe-based
shape memory alloy (Fe-SMA). This fastener system creates the clamping force and seals a
fastener hole due to the reverse martensite to austenite phase transformation of Fe-SMA. In
order to estimate the stress at the boundary between the proposed pin and a fastener hole, we
constructed an analytical model using Eshelby’s theory. In addition, three point bending test on
aluminum plates and carbon fiber composite plates, which were clamped by the proposed
fastener system, was conducted to verify the effectiveness of the proposed new fastener method.

1. INTRODUCTION

Advanced composites have been used increasingly in the modern airplane and other energy
infrastructures such as wind turbine blades. Those composite parts of the airplane structures
must be jointed together either by bonding or fasteners. Bolted joints are widely used as
fasteners because of low cost and mature technology. Although aerospace engineers already
ensure that fastened joints do not reduce the efficiency on the structure, the problem could be
more severe with composite materials than with conventional metals because composites are
relatively brittle and have very little capacity to redistribute loads. Great efforts have been done
on many special designs of fasteners for composites, like HUCK-TITE (Niu 2010). One of the
common yet important aspects of using those fasteners is to use very small hole size clearance
or even interference fit. Some fasteners include sleeves for interference fit to prevent damage of
composite during assembly. This is because loose fits result in poor fatigue life of composite
joints (Niu 2010). Hesse et al. (2004) developed NiTi SMA based clamping-force actuator in a
bolted joint. This actuator has the advantage to re-tighten the joint and to prevent structure
failure in loosed bolted joints, however, it cannot fill the clearance hole which is very important
for the polymeric composite structure. Furthermore, the cost of NiTi actuators can be high.
Instead of using complex fasteners possible with sleeves to create the interference fit, we
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propose using simple design and low cost of joint made of iron based shape memory alloy (Fe-
SMA, e.g. Fe-Mn-Si) as a replacement. Fe-SMAs have been developed in decades since Sato et
al. (1982) found martensitic transformation fcc(y) <> hep(e) in Fe-30Mn-1Si alloy. A great
review of various Fe-SMAs was also reported (Sato et al. 2006). Although Fe-SMAs have about
4% recovery-strain and wide transformation temperature ranges, where the shape memory
properties are not suitable for two-way operations as NiTi SMA, Fe-SMAs became very
important recently in many practical applications such as pipe joints, fishplate for crane rail, and
so on (Sato et al. 2006). In addition, Fe-SMAs have advantages in commercial production due to
their inexpensive constituent elements and availability of the mass-production facilities that are
readily used for the production of stainless steels. Further improvement has been made to add
other elements in Fe-Mn-Si SMAs to improve material properties and shape recovery strain
(Kajiwara et al. 2001;Watanabe et al. 2002). It was found that Fe-SMAs become high
corrosion-resistant by adding Cr and Ni (Jiang et al. 1995; Otsuka et al. 1990), which is very
important if Fe-SMAs are used for joints in harsh environment.

In this paper, we will discuss about the property of Fe-SMA based on experiments focusing on
their strain recovery. Due to its unique property, we designed a new Fe-SMA fastener system.
This joining method has advantages over conventional bolts and nuts fastener system while
increasing its fatigue life. To measure the effectiveness of the new joint design, we conducted
three point bending test on both aluminum plates and carbon fiber composite plates which were
clamped by Fe-SMA pins and washers. Also, an analytical model based on Eshelby’s theory is
developed to estimate the stress around a fastener hole.

2. ANALYTICAL MODEL FOR NEW FE-SMA JOINT

The Fe-SMA joint is composed of a pin and a washer as illustrated in Fig.1. When the Fe-SMA
pin and washer are heated over the austenite start temperature, the pin shortens in length while
expand in diameter and the washer shrinks in diameter due to the martensite to austenite reverse
phase transformation. Therefore, the Fe-SMA joint creates the clamping force and provides
additional benefits to seal the hole in radial direction, strengthen the laminate structure, reduce
slippage of lamination during external loading, and importantly increase fatigue life of the
jointed composites. It is noted here that the surface of the proposed pins and washers are
smooth, i.e., without any teeth, thus, its fatigue life is much better than the traditional bolts and
nuts which have teeth.

Cross-sectional view Pin shrinks in axial direction,

Fe-SMA pin . and expands in radial direction simultancously
Eastencr

hole

=
m) 5
|
E
Hezating :
; (11
e-SMA washer Washer shrinks in radial direction

Fig. 1. Schematic illustration of Fe-SMA pin and washer joining method.
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An analytical model based on the Eshelby’s inhomogeneity inclusion problem (Fig.2) is
developed to estimate the stresses due to swelling of the Fe-SMA pin in the laminated structure.
Compared with Fig.1, the inhomogeneity Q in Fig.2 represents the Fe-SMA pin while the matrix
D-Qrepresents the laminated structure such as aluminum or polymeric composite plates.

Entire Domain, D Matrix Domain, (D-Q)

Inside Domain, 2

P . . .
e; (prescribed eigenstrain)
Uk, (ﬁber)

C (matrix)

Fig. 2. Analytical model based on Eshelby’s inhomogeneity inclusion problem with the
prescribed eigenstrain &’ (Taya, 2005).

As shown in Fig.2, the inhomogeneity Q has a given uniformly prescribed eigenstrain ¢’ and the
stress in the fiber is (Mura 1982):

f —_of () pY\_cm (,f *
Oy = Cijk/ (ek/ —€u ) = C[jkl (ek/ - eu) (1)

*

el =S,me ()

kimn™ mn

where C, S and e are stiffness, Eshelby’s tensor and strain tensor, respectively. The
superscripted f and m mean fiber and matrix, respectively. The stiffness tensor C which is
assumed to be isotropic for simplicity, can be expressed as

Cypy = 28,8, + 646, +,8,) 3)

where A4 and « are Lame constants, and & is Kronecker delta. By substituting Eq. (2) and (3)
into (1), and setting £ = 1, it yields

ﬂ’ 5 ( /(Amn mn ekk)+21u (Symn :1/1 ) ﬂ’mé‘t( ijmn mn ekk)+2lu (Sljmﬂ mn - ) (4)
In Eq.(4), only e* is unknown. Because the pin embedded in the laminated structure is

transverse isotropic, el*1 =e;2. By assigning ij = 1,1 and 3,3 to Eq.(4), two equations are
formed as

C]le]*l + C126;3 =F Q)

CZlel*l + sze; =G (6)
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where

Cll = (Sllll + S2211 + S3311 + SllZZ + S2222 + S13322)(j’f - 1'”)

(7
+ (S + S ) (20 = 24" )+ 247 + 20"
Cp= (S|133 + 805 + Sis )(Af A" )+ Siim (2”/ —2u" )+ A" (®)
Cyr = (i1 + Sy +Ssst + S + Sy + Sy ) (AT = A"
21 1111 2211 3311 1122 2222 13322 (9)
+(S331| +S3322)(2// _2/1m) +24"
Car = (S1133 + o3 + Sass )(’1/ A" )“' S35 (Zﬂf —2u" )"’ 2u"+ A" (10)
F:ﬂ,f(el"1 +el, +e3"3)+2,ufel"1 (11
G=2 el +el) +eb)+2u’ e (12)
Hence, the fictitious eigenstrains (el* . and e;;) can be solved from Eq.(5) and (6) as
. C,F-C,G
€= 2 2 (13)
C11C22 _C12C21
« -C,F+C,G (13)

€33 =
Cnczz _C12C21

The inhomogeneity Q is assumed as the elliptical cylinder. Therefore, the Eshelby’s tensor, S
can be determined where a, = a, and a; = (Mura 1982), for example,

1 a2 +2aa a 5—4v
S = 2y (1-2v, ) —2— | = - 15
! 2(1—vm)[(al+az)2 + V’”’(aﬁaz)] §(1-v,) (4

e? is known due to the thermal expansion,

[1/2]
1/2
_er| 7! (16)
0
0

0

Therefore, Eq. (7) to (12) can be further simplified as

f_gqm f_,m
c =LAk +2(u + A7) (17)
l-v, I-v

m
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[ gqm fo_,m
Clzzvm(i ﬂ’ )+Vm(lu :u )+/1m (18)
-V, 1-v,
I gm
C,, A A g (19)
I-v,
S gm
Cp=n ~2 ) W -4 )+2,u’" A (20)
l1-v,
F=y'e Q1)
G=-2u'e’ (22)

The close form solution of fictitious eigenstrain can be derived from Eq. (13) to (22),

v o CaF-CyG _ (347 +2u' v, +(327 +2/1'")(1—2Vm)ﬂ/_ep )
B ” C,C,, —C,G,, Zﬂm(1+vn;)(ﬂm +,u/ +/1f)

e (e o
» Cnczz - C12C2] 2,u'" (1 + Vm)(y'" + ’u/ + ﬂ/)

The above strain components can be transformed to the polar coordinates (r, 9, z). Equations
(23) and (24) coincide with the results by Mikata and Taya (1985) who used the mismatch strain
due to the difference of thermal expansion coefficients between the fiber and matrix, while ¢’ in
the case of Fe-SMA pin is prescribed eigenstrain. Furthermore, from Eq.(1), the stresses in the
fiber are

et~ (A7 + /Y3 +2/4”)(1—2ym)_1 e o5)
11 2 2;1'"(1+Vm)(,um +qu +lf)

s B 2umNi-2v,)
0% =5 m W NDY;
20" (1, Nt + 1" + 2

)+2J,ufep (26)

Again, Egs. (25) and (26) coincide with the results by Mikata and Taya (1985).
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ey
(ln)

Fig. 3. Analytical model base on Walpole-Hill-Mura Jump Condition.

Next, the stress just outside the fiber can be estimated by Walpole-Hill-Mura jump condition,
Fig.3 (Mura 1982; Mikata and Taya 1985),

o = +C;;mn( Crzeynn, (/1'" +2ﬂ;m)5(/;1mm_+(/21';: ju'” )"k”m +eZ,,,) 27)

where n is the unit outer-normal vector on the inclusion surface. Therefore, stresses, o™

(out) __

(ol =04y ) and ¢, just outside the fiber are

(out) __

(in)
Oy

S v" v . 1 .
=0, -2u meﬁ +me,/n‘n/ +(_—Vm)eﬁ”1”1 +2e,nn, *m%”z”/” My ey

(28)

)u/) (in)

vt . 1 .
=0y —2u" (—) (—)eun,nl +(m)e”n3n3 +2ey,n5m; —meun,nln Sy —eyy

(29)

For the case of the Fe-SMA pin as the elliptical cylinder, n only points out in the radial direction
(x1 and x»), therefore, by assigning n = (1,0,0) Eqgs.(28) and (29) yield

(out) __

oy =ay’ (30)

R ey oD

The coordinate system can be easily transformed into the polar one (7, €, z). By substituting
Egs. (23) ~ (26) into Egs. (28) ~ (29), the stresses just outside the fiber can be solved
numerically.

The case studies of the above analytical model are performed by using Al 6061 as the matrix and
Fe-Mn-Si SMA as the fiber, where the input material properties are listed in Tablel. The
prescribed eigenstrain, ¢”, of 3.5% is used. Table 2 shows the numerical results from the
analytical model, and we compared them with the results obtained from the finite element
analysis(FEA) focusing on the components of stresses in the » and 6 directions. The results of
the induced stresses in Fe-SMA pin and just outside the pin prediected by the Eshelby’s model
agree well with the FEM analysis.
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Table 1. Isotropic material properties for matrix and fiber at room temperature.

. Fiber (Fe-Mn-Si
Matrix (Al-6061) SMA)
Young’s Modulus (GPa) 70 167.5
Poisson’s Ratio 0.33 0.359
Shear Modulus (GPa) 26.3 62.3
Lame constant, A 51.1x10° 157%10°
Lame constant, p 26.3x10° 61.6x10°
Table 2. Results.
o e | oi-ok |or-op
Eshelby | 3.5% | 3.35% —230MPa —230MPa
FEA |3.5% - —297MPa —297MPa

3. EXPERIMENT

3.1 Material properties of Fe-based shape memory alloys. The shape memory effect of Fe-SMAs
can be further improved when the alloys experience the applied strain and heat treatment several
times, which is called the training process (Sato et al. 2006). We applied 6% strain to the dog-
bone shape (rectangular cross-section) plate specimen followed by heat treatment in which the
specimen was heated at 600°C for 10 minutes, and this process was repeated four times. Fig.4(a)
shows the results of the tensile test in which the tensile specimen (Fe-28Mn-6Si-5Cr)
experienced four-times training. The specimen exhibits about 3.5% recovery strain when heated
from room temperature to 350°C after the training process.

600, 0.5

] 0.0
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™\

0.5

<-10 N
' \

2.0 \

25

-3.0 N
3.5 W

54 5 6 7 ~40550 100 150200 250 300 350 400
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(a) (b)
Fig. 4. (a) Stress-strain curve of Fe-28Mn-6Si-5Cr alloys after the training process, (b)

followed by applying heat under stress free conditions and observe the strain recovery
during heating.
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The martensite transformation and reverse transformation is observed in different temperature
range under different constant applied stress. If the Fe-SMA phase transformation is
characterized, it will provide four phase transformation temperatures: M, , M;(martensite start
and finish ) and 4, , Ar(austenite start and finish). For austenite phase to martensite phase:
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E=l-exp[d" (M,~T)+b"c] (32)
e In(0.01)
MMS M (33)
a
bM :C_M

For martensite phase to austenite phase:

E=l-exp[a" (4,-T)+b'c] (34)
i _In(0.01)
A=A (35)
A
a
bA —F

where Cj and C are the slope of the M, and 4, lines in the o-T diagram, respectively. By using

the above constitutive equations, one can calculate the volume fraction of martensite & from
€q.(32) or (34), then the Young’s modulus of the Fe-SMA with such & can be calculated from
the following simple rule of mixtures formula:

E=(1-¢)E, +¢E, (36)

where E4 and E), are the Young’s modulus of the Fe-SMA with 100% austenite phase and 100%
martensite phase, respectively.

3.2 Fe-SMA pin and washer fastener applied to laminated plates. To verify the effectiveness of
Fe-SMA pins and washers, three-point bending experiments were conducted. Both aluminum
and carbon fiber composite plates were used. As shown in Fig.5, two Fe-SMA pins (14mm in
diameter) were inserted into holes (150mm apart) of two aluminum plates (400 x 64 x 12mm).
The plates were clamped by heating Fe-SMA pins and washers over 350°C where the training
process was applied to both pins and washers. When the applied force reached about 20kN, the
aluminum plates were under the plastic deformation as shown in Fig.5(b). When 25kN was
applied, both Fe-SMA joints were still intact and held the laminated plates very well, even
though the aluminum plates were bent permanently.
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Fig. 5. (a) Three pint bending experiment on aluminium plates, and (b) the test results.
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The similar test was done on the case of carbon fiber composite plates (composite layup; 0°,
+45°, 90°, —45°, —45°, 90°, +45°, 0°) as shown in Fig.6(a). Two Fe-SMA pins (6mm in
diameter) were 80mm apart in the composite plates (308x45x5.7mm). During the three-point
test, the carbon fiber composite plates start to break when the external force is about 4.5kN. The
maximum tensile bending stress on the composite plate is estimated by the finite element
analysis about 740MPa when the displacement is 26mm, which corresponds to the first sudden
loss of force in Fig.6(b). However, both Fe-SMA joints were also intact without any separation
between pins and washers.
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Fig.6. (a) Three point bending test on carbon fiber composite plates, and (b) its test
results.

4. DISCUSSION

Wada et al. (2006) examined the behavior of Fe-Mn-Si based shape memory alloy under
constant stress, and the relationship between the applied constant stress and the shape recovery
temperature. The martensite transformation or reverse transformation is triggered when certain
energy (4G) is applied to SMA (Fig.7). Under the constant stress applied to oppose the reverse
transformation, SMA requires not only 4G but also energy of applied stress AE for the reverse
transformation, which shifts 4; temperature to 4’;. By using the analytical model based on the
Eshelby’s inclusion problem, the stresses around the pin and the fastener hole can be estimated.
These stresses and the phase diagram can be used as the key parameters to design the Fe-SMA
joints.
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Fig. 7. Schematic illustration of phase transformation under applied stress (Wada et al.
2006)

It is noted in Fig. 4(b) that the heating of the Fe-SMA pin and washer up to 250 C is adequate in
securing the recovery strain of up to 3.5%. where the heating could be done by applying Joule
heating for a relatively short time, thus, this would not damage the polymeric composite next to
the hole. Therefore, high recovery strain at even lower temperature than 250 C is preferable and

this could be done by changing the material compositions and the training process (Sato et al.
2006).

5. CONCLUSIONS

We proposed a new simple fastener system by using Fe-based shape memory alloys, which
consists of simple pins and washers and is secured by applying heat. The effectiveness of the
proposed fastener system is demonstrated by three-point bending tests on both aluminum and
polymeric composite laminated plates. The advantage of this system is that the Fe-SMA pin
will swell in diameter to fill the gap of the clearance holes, therefore it does not damage the
fastener hole during the assembly and it can be effective to enhance the fatigue life of the
composite structure. Furthermore, the cost of the Fe-SMA is modest due to their inexpensive
constituent elements and availability of the mass-production facilities as compared with NiTi
SMA.
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ABSTRACT

Cellulose nanofibres are found in all plants and have the potential to provide a sustainable
biobased material source. These nanofibres can be used for reinforcing polymers and thus as
structural materials. Very promising results have been reported for different nanocomposites but
to compete with existing materials, it is important to understand what progress has been made
towards structural materials using nanocellulose. To do this the reinforcing efficiency of the
stiffness and strength of nanocellulose in different nanocomposites has been calculated for a
number of reported nanocellulose fibre based composites. For the stiffness this is done by back-
calculating a reinforcing efficiency factor from a Halpin-Tsai model and laminate theory. For
the strength efficiency, two models are used: a classic short fibre composite model and a
network model. The results show that orientation is key to the stiffness efficiency, as shown by
the high efficiency of aligned natural fibres. The stiffness efficiency is, as expected, high in soft
matrices but in stiff matrices, the network effect of the nanofibres is possibly limiting their
reinforcing potential. The strength efficiency results show that in all the nanocomposites
evaluated the network model is closer to predicting strength than the short fibre composite
model. The correlation between the network strength and the composite strength suggest that
much of the stress transfer is from fibre to fibre and strong nanocomposites depend heavily on
having a strong network. Also noted is that in composite processing a good impregnation of the
nanofibers is also seen as an important factor in the efficiency of both strength and stiffness.

1. INTRODUCTION

Cellulose nanofibres have been shown to have good reinforcing effect in polymers as shown in a
number of reviews of the subject (Hubbe, Rojas, Lucia, and Sain (2008), Siro and Plankett
(2010), Siqueira, Bras and Dufresne (2010)) This is particularly noteworthy in composites at
temperatures beyond the glass transition temperature of the polymer even with concentrations as
low as 6%. These biobased nanofibres can be extracted from agricultural waste and other
cellulose by-products, and if their properties can be exploited in materials such as biobased
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composites, they can provide an excellent alternative to petroleum-based materials. A large
number of different combinations of matrix and nanocellulose fibres at different fibre volume
concentrations have been tested and the number of publications on these nanocomposites has
increased exponential over the last decade (see Fig. 1). Comparison between the different
nanocomposites is difficult due to the range of different matrices used and the differences in
their fibre volume fractions.
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Fig. 1 Publications in the field of cellulose nanocomposites based on result returned from
the Web of Science database in April 2012 with the Boolean search string ‘Cellulos™
AND (nanocompos* OR nanofib* OR nanowhis* OR nanocrystals*)’.

In this paper, the aim is to provide a tool for comparing different nanocomposites by calculating
the reinforcing efficiency of the stiffness and strength. The model used here for stiffness
efficiency is based on composite models both Halpin-Tsai and rule of mixtures. The strength
efficiency has been calculated both using a short-fibre composite model and a network model.

2. THEORY

2.1 Stiffness Efficiency

The stiffness efficiency is calculated based on the use of composite laminar theory (CLT) with
the stiffness of each layer calculated based on the Halpin-Tsai equation or the rule of mixtures
equation.

The stiffness of the unidirectional ply, E;, is calculated from Halpin-Tsai equation such that

1+<nV
£ =E, (1)
=7V,

where

E % 4
=g @
f + é’
k.
and where Eis the elastic modulus of the fibre, E,, is the elastic modulus of the matrix, Vyis the
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fibre volume fraction and ( is the efficiency of the reinforcement. Once this is calculated, it is
used in the CLT for a quasi-isotropic material with the layup [45/-45/0/90]. The other
independent material constants required for the calculation are the transverse modulus of the
unidirectional ply, E>, its shear modulus, G, and its Poisson’s ratio, v;,.The equations used for
these constants are given in the appendix.

Rather than fixing the { to a shape factor and setting it to twice the aspect ratio, as is usually
done for short fibre composites, in this case, { is used as an efficiency parameter. This
efficiency, { is back-calculated from the experimentally measured stiffness of the composite. A
high value for {"is obtained when the composite approaches a Voigt’s model of behaviour where
the strain is constant and when the stiffness is dominated by the stiffness of the fibres. This
typically occurs in laminates with unidirectional continuous fibres. Short-fibre composites can
also achieve high efficiency and the longer the fibres the higher the efficiency, asymptotically
approaching the continuous fibre limit. However in short-fibre composites, the efficiency will
also depend on the interface between the fibre and the matrix.

The back-calculation is done by using a search function. A value of { in the Halpin-Tsai model
is initially set, the stiffness of the unidirectional sheet is calculated, and then the CLT is used to
calculate the stiffness of the composite. The value of { is changed until the value of the quasi-
isotropic composite model equals the experimental measured Young’s modulus of the
composite.

The general values for the elastic parameters used to back-calculate ¢ are shown in Table 1. The
specific values used for calculating the efficiencies from selected cellulose nanocomposites
reported in the literature are shown in Table 2. The search algorithm used is a Matlab
implementation of the optimisation route described by Forsythe, Malcolm and Moler (1976).

Table 1: Material constant values used in the all the calculation of reinforcing efficiency and
fibre efficiency for the cellulose nanocomposites.

Property Symbol Value
Longitudinal Young’s modulus of the E 138 GPa
nanofibre
Transverse Young’s modulus of the Ep 25 GPa
nanofibre
Poisson ratio of the nanofibre \ 0.3
Shear modulus of the nanofibre Gy 1.7 GPa
Poisson ratio of the matrix polymer Vi 0.3
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Table 2: Specific material properties from selected cellulose nanofibre and fibre mats used in the
calculation of reinforcing efficiency and fibre efficiency. In the table GF stands for glass fibres,
CNF for cellulose nanofibres from plants and BC for cellulose nanofibres from bacteria.

Matrix Fibre type E, Ve Reference Key
(GPa) %
Epoxy Flax (uni) 3.1 42 Oksman (2001) 1
Epoxy GF [0/90] 2.9 60 | Nystrom and Aitoméki (2012) 2
Epoxy GF [+45/-45] 2.9 60 | Nystrom and Aitomaiki (2012) 2
Svagan, Samir and Berglund
Starch CNF 0.0016 | ol (2007) 3
Chitosan CNF 14 17 Hassan, Hassan, and Oksman 4
(2011)
Yano, Sugiyama, Nakagaito,
Epoxy BC 2.8 43 Nogi, Matsuura, Hikita, and 5
Handa (2005)
Polyurethane Juntaro, Ummartyotin, Sain,
(PU) BC 0.19 43 and Manuspiya (2012) 6
Hydroxethyl Sehaqui, Zhou, and Berglund
Cellulose (HEC) CNF 0.95 62 (2011) 7
Lee, Tammelin, Schulfter,
Epoxy BC 2.98 49 Kiiskinen, Samela, and 8
Bismarck (2012)
Melamine Henriksson and Berglund
Formaldehyde (MF) CNF 8.3 7 (2007) 0
Polylactic acid Tingaut, Eyholzer, and
(PLA) CNF 2 15 Zimmermann (2011) 10

The parameter, ¢, gives a measure of efficiency of the fibres in a particular matrix. It is also
useful to be able to measure the efficiency of the fibres themselves and this can be done by
using the rule of mixtures equation.

The stiffness of a composite based on the rule of mixtures is given by:

E, :U/'E/'Vf +(1_Vj )E, 3

where 7 is the fibre efficiency. This efficiency, 7, can be back calculated using a similar
procedure as for . For this an initial estimate of the 7, is made and the stiffness of the
unidirectional layer calculated from Eq. 3. This unidirectional laminate stiffness E; is then used
to calculate the stiffness of the composite using CLT. As with {, the value of 7 is changed until
the calculated value of the stiffness of the composite matches that of the experimentally
measured stiffness.

2.2 Strength Efficiency
The strength of the composite, o, is calculated from a rule of mixture equation given by Fu and
Lauke (1996) such that

O, =10V, +(1=V;)o,, “4)
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where
w =0 (%
and where oy is the fibre strength, 77, is the fibre length efficiency factor and 7, is the

orientation factor.

In the application of this model to nanocomposites we assume that the fibres are orientated in
the 2D plane, and as such 77,,=3/8. In the case of the flax and glass fibre, for unidirectional
fibres, 17,s=1, for [0 90], 7,s=1/2 and for [-45 +45] 1,=1/2.

From Kelly and Tyson (1965) we have that 7, is dependent on a critical length, which is used to
take into account the end effects of short fibres. Hence

1-1./211 > 1,
— c c 6
T {IC/ZICZ>ZC ©)
where
o.d
I, ==L 7
T (7

Here, / and d are the length and diameter of the fibre and 7 is the interface shear strength,
(IESS).

In nanocomposites, direct measurements of the interface shear strength are currently not
possible. To be able to make some approximation of the critical length and subsequently the
strength of the composite, we assume that there is a perfect interface between the fibre and the
matrix. Hence we let 7=1,, where 7, is the shear strength of the matrix. However, the shear
stress of the matrix in the nanocomposites discussed here are rarely reported hence we assume
that 7=ag,,, where o, is the matrix tensile strength of the matrix. This provides an upper limit to
the value of 7,, and thus a lower limit to the value of /.. Hence, we can say that the critical length
must be at least this value.

The strength efficiency is calculated differently to the stiffness efficiency. Here the measured
strength, reported in different studies, is simply compared to the theoretical strength, as
calculated from Eqs. 4-7. The strength efficiency is the fraction the measured strength is of the
theoretical strength. In the calculation of the strength the parameter values set out in Table 2
were used. Included in the table is the measured strength, oy,. In all cases, the fibre strength, oy
was set as 2000 MPa. This is estimated as the lowest possible strength of cellulose nanofibres
and is based on the strength from single fibre tests of flax fibres, which are made up of bundles
of aligned CNFs. These fibres have maximum values of 1800 MPa (Anderson, Sparnis, Joffe
and Wallstrom, (2005)). The flax fibres have an alignment angle of 6-10° (Morton and Hearle,
(1993)) hence the strength was increase to 2000 MPa to compensate for this.

An alternative method for obtaining a theoretical value of the cellulose nanofibre composite
strength is to use a rule of mixtures equation based on network strength. Hence

o.=oV,+(1-V))o,, 8)
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where o, is the strength of the network. The other parameters have been previously described.

Table 3: Values for parameters used for cellulose nanofibre composites

Nanofibre
Matrix type Omf / d l/d I Ouy Ve
(MP
a) | (um) | (um) (um) | (MPa) %
Starch CNF 0 3 0.03 100 85.7 160 61
Chitosan CNF 20 3 0.01 300 5.7 193 17
Epoxy BC 41 3 0.03 100 1.5 325 43
PU BC 3 3 0.03 100 1.9 151 43
HEC CNF 14 3 0.03 100 0.7 181 59
Epoxy BC 43 3 0.03 100 0.4 102 49
MF CNF 120 3 0.03 100 1.0 108 79
PVA CNF 29 3 0.03 100 3.8 10 15
3. RESULTS

The theoretical stiffness and strength efficiency were calculated for selected bionanocomposite
reported in the literature. To provide a reference for these values the stiffness and strength
efficiencies were also calculated for a natural fibre composite and glass fibre composites with
different layups and are shown in Fig. 2. The number in front of the composite names matches
that in Table 2 so the details and references for these composites can be identified.
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Fig. 2 Plot of the reinforcing efficiency of a natural fibre reinforced composite and two
glass fibre composites with different layups. The green bars represent the values of the log
of the reinforcing efficiency {"and the red bars are the fibre reinforcing efficiency 7. To
identify the composites and where they are reported, the key number is set in front of the
material names and matches those set out in Table 2.
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In the plot of reinforcing efficiency, the logarithm of { is plotted. The reason is that as the
behaviour of the composite approaches that of the Voigt model, { — . This exponential
increase as the limit is approached is therefore better represented by log({). The rule of mixtures
efficiency has a linear behaviour and hence no additional function is applied. The plot shows
that the fibre efficiency and the reinforcing efficiency are both high for the unidirectional flax
fibres. The high fibre efficiency means that the stiffness in the composite approximately equals
the product of fibre volume concentration and fibre stiffness. The high reinforcing efficiency
means the composite is approaching a state of constant strain in the composite, and the strain in
the matrix is restricted by the fibres. In fact a maximum value of 77y and { means the composite
behaves according to the Voigt model. Very low fibre efficiency, as 77-— 0 indicates a very poor
interface between the matrix and the fibres resulting in the matrix bearing the load. Hence in the
worst case the fibres act as voids instead of reinforcing fibres. Low reinforcing efficiency
however is where the composite behaves according to the Reuss model. This means that the
fibres and matrix undergo equal stress and hence the strain is dominated by the matrix strain.

The effect on the reinforcing efficiency of the fibres not being aligned with the load can be
clearly seen in Fig. 2. Hence despite the fact that the decomposition of forces is taken into
account by the CLT, the misalignment means that the fibres do not restrict the matrix in the
same way and the reinforcing efficiency is lower for the [+45/-45] than the [0/90] layup. It is to
be expected then that randomly orientated fibres, such as those in the bionanocomposites will
have a lower fibre efficiency and reinforcing efficiency than GF composites with a [0/90] layup
i.e. below 73%. This is because of the fibre direction and because the interface between the
epoxy and the glass fibres of the composite whose stiffness is shown in Fig 2. is very good since
the glass fibre sizing has been particularly developed for this composite.

Fig. 3 shows the fibre efficiency and reinforcing efficiency calculated for selected
nanocomposites. Here it can be seen that the fibre reinforcing efficiency is below 73% for the
all nanocomposites except one, the epoxy and BC bionanocomposite produced and tested by
Yano et al. (2005). This result is unexpectedly high especially since the nanofibre stiffness is
overestimated at 138 GPa. A possible explanation of this is that volume fraction is
underestimated possibly combined with a preferred orientation to the network formed by the
BC. It also suggests that the way in which the crystalline cellulose in the BC nanofibres is
arranged is such that the stiffness of the crystalline cellulose dominates the nanofibre stiffness.
It can also be seen that two of the three BC based composites have higher fibre efficiencies than
the CNF based composites. Comparing the processes used in the BC/epoxy composite from
Yano et al. (2005) and that prepared by Lee et al. (2012), it can be seen that care was taken to
preserve the BC network laid down by the bacteria in the study by Yano et al. (2005). However,
Lee et al. (2011) used bacteria cellulose that was crushed and mixed, and hence the original BC
network was disordered and therefore is more similar to the CNF network. This suggestion is
supported by a study by Nakagaito et al. (2005) who found when the BC network is disrupted
the resulting network is similar in morphology and mechanical properties to CNF networks. In
addition, Lee et al. (2012) used vacuum infusion of the dry BC network over the period of up to
2 hours to manufacture the composite whereas Yano et al. (2005) impregnated the BC network
over a period of 12 hours.

The results for the reinforcing efficiency in Fig. 3 show that composites with starch and
polyurethane (PU), both of which are soft matrices, give high values. At the other end of the
scale, the stiffest matrix studied, melamine formaldehyde (MF), gave a negative result for the
reinforcing efficiency. This is most likely explained by the fact that the fibres form bonds to
form a network hence rather than a combination of the stiffness of the fibres and the matrix, the
stiffness of the composite is dominated by the stiffness of the fibres network. As the network

155



Aitoméki and Oksman

stiffness is greater than the starch/nanofibre combination, the efficiency appears high. In
contrast, in the case of the MF/nanofibre, the network stiffness is lower than this combination of
matrix and fibre and as a result the reinforcing efficiency is low. It is also interesting to note that
the reinforcing efficiency of the majority of CNF bionanocomposites with matrices stiffer than
the HEC do not reach the efficiency of short fibre composites. This can be found from the fact
that { has been empirically established as twice the aspect ratio for short fibre composites
(Halpin and Kardos, (1976)). If we assume a minimum aspect ratio of 100, as is commonly
expected of nanofibres (width 30 nm, length 3000 nm), then {=2//d=2-100. Plotting the log of
this gives us a line at a reinforcing efficiency of 2.3, which is the reinforcing efficiency that
would be expected of a short fibre composite. It can also been seen here that the BC based
composites by Yano et al. (2005) and by Juntaro et al. (2012) have higher reinforcing efficiency
than the CNF based composites with the exception of the starch based composite, whose high
efficiency has already been explained. These high values are partially due to the increase in fibre
efficiency but it could also be due to the greater porosity in BC, compared to the CNF network,
which would allow a better impregnation of the network.
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Fig. 3 Plot of the reinforcing efficiency of selected bionanocomposites reported in the literature.
The green bars represent the values of the log of the reinforcing efficiency {"and the red bars are
the fibre reinforcing efficiency 7. The blue line is where ('is log(2//d) and //d is the aspect ratio
of nanofibres.
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Fig. 4 Plot of the strength efficiency based on the composite model and the network model
calculated for selected bionanocomposites reported in the literature.

The strength efficiency results for the same nanocomposites used for the calculation of the
stiffness efficiency are shown in Fig. 4. The inaccuracy of the theoretical efficiency is clearly
seen for the composites with weak matrices. The model depends on the value of /. that is
calculated from the value of the interlaminar shear strength of the matrix,t. Where the ratio of
the fibre strength oy to 7is very high, as is the case with weak matrices then the critical length is
very high. This means the first condition of equation 6 is not met and the model predicts a very
low strength. It is possible that 7 is much higher than the rough estimate used here, which was
based on the strength of the matrix. These higher values could be due to the molecular
interaction between the nanofibres and the polymer chains. Unfortunately, 7 is very difficult to
measure.

The network model although based on a very simple rule of mixtures of the matrix and the
network strength, it seems to be a better prediction of the strength of these nanofibre composites.
This suggests that the strength of the nanocomposites is heavily dependent on the strength of the
dry network. This also implies that the stress transfer is through the network and not through the
matrix in high volume fraction cellulose nanofibre composites. The disadvantage with the
network model is that low volume fraction network cannot be measured hence there are no
values available for the polylactic acid (PLA) based composite or the chitosan based composite.
Comparing the nanocellulose composites using the network model, we can see that the addition
of the matrix has had a positive effect on the strength for all but the MF based composite and the
epoxy /BC composite from Lee et al. (2012). The MF based composite is neutrally affected and
no strength is lost, however the composite by Lee et al. (2012) appears to underperform. This is
possibly due to a lack of good impregnation of the composite.

4. CONCLUSIONS

The reinforcing efficiency and fibre efficiency provides a tool to compare the stiffness
efficiency of different nanocellulose composites. It shows that the network effect appears to be
advantageous to soft matrices but the results suggest that composites with stiffer matrices do not
benefit as much from this network effect. The results also show that the composites based on
bacterial cellulose exploits the both the fibre properties and the matrix properties in terms of
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stiffness and strength, if processing conditions allow good impregnation and if the original
network is not destroyed. This is thought to be because the BC forms a porous network that can
be more easily impregnated than the CNF networks and due to the structure of the network
produced by the bacteria. It appears however, that CNF based composites do not exploit the
fibre properties as well as these BC composites. Orientation is a key to high efficiency in fibre
composites and the isotropic nature of the nanofibre composites will reduce their efficiency.

The strength efficiency calculations show that the current implementation of the composite
model does not capture the behaviour of the strength of cellulose nanocomposites. The
correlation between the network strength and the composite strength suggest that much of the
stress transfer is from fibre to fibre and strong nanocomposites depend heavily on having a
strong network, at least for composites with high fibre volume fractions. In most cases the
matrix had a positive effect on the network strength. However, the results indicate that good
impregnation is required.
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APPENDIX

The other independent material constants required for the CLT are the transverse modulus of the
unidirectional ply, E», its shear modulus, G;, and its Poisson’s ratio, vi,. The following
calculations are used for these constants.

1+<SnV
£ -E, (A.1)
1=nV;

B,/
Eﬂl
2/ +1
Em

and where £ is the transverse fibre Young’s modulus. The values for the parameters are given
in the text.

where

Similarly,

G,=G (A3)

where
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Gy 1
Em
=gl (A4)
12/ +1
E)ﬂ

and since the matrix is isotropic G,,=E,/(2(1+w,)). Here, G,z is the shear modulus of the fibre
and v, 1s the Poisson’s ratio of the matrix.

Poisson’s ratio, v;, was simply set to 0.3 as both the Poisson’s ratio of the fibre and matrix was
set to 0.3.
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ABSTRACT

The geometrical changes of the processed material (process induced distortions) are a critical
issue in pultrusion, since they affect the process dynamics (mainly the pull force), as well as the
mechanical properties and geometrical precision of the final product. Hence, a detailed
understanding of the mechanical behavior generating the distortions during the process is
eventually required. In the present study, two different modelling approaches are implemented
and compared to calculate the development of the distortions during the pultrusion of a
graphite/epoxy composite rod. In both cases, the temperature and the degree of cure
distributions are obtained from the thermo-chemical analysis, using a finite element and a finite
volume approach, respectively. Process induced distortions have been computed solving a
sequential stress-strain finite element model, in the former case. In the latter, the transient
distortions are inferred adopting a semi-analytical procedure, i.e. post processing numerical
results by means of analytical methods. The predictions of the process induced distortion
development using the aforementioned methods are found to be qualitatively close to each other.
Furthermore, the location of the detachment between the heating die and the part due to
shrinkage is also investigated.

1. INTRODUCTION

Pultrusion is a continuous manufacturing process used to realize constant cross sectional
composite profiles. In recent years, the pultrusion process experienced a remarkable growing
within the composite industry, due to its cost-effectiveness, automation and quality of products.
Nowadays the process is widely used to manufacture highly strengthened structures such as
wind turbine blades, window profiles, door panels, and reinforcement beams for concrete. In a
pultrusion process, the fibers/mats are first impregnated by the (thermoset or thermoplastic)
matrix material by means of a resin bath or employing a resin injection chamber. The wet out
reinforcements then enter the forming and curing die where the heat activates the exothermic
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reaction process. The cured profile is continuously advanced via a pulling system to the cut-off
saw and finally is cut to the desired length. A schematic view of the pultrusion process is
depicted in Fig. 1.

ke Fiber Guides Pulling Direction
“ihers ;

\ Heatng Die Puller Saw

&

Resin Bath

Fig. 1. Schematic view of the pultrusion domain for the composite rod.

Process induced shape distortions may be important for pultruded products such as window
frames and fencing panels due to their desired high geometrical precision. Hence, one of the
challenges in a pultrusion process is avoiding or reducing the development of process induced
distortions. The transient distortions during process arise due to several mechanisms [Svanberg
and Holmberg (2001), Wisnom, Gigliotti, Ersoy, Campbell and Potter (2006), Bogetti and
Gillespie Jr (1992), Johnston (1997)]: (i) the mismatch in the coefficient of thermal expansion
(CTE) of the matrix material and the fibers, (ii) the chemical shrinkage of the matrix material,
(iii) the tool-part interaction and (iv) the temperature and the degree of cure gradients through
the composite thickness due to non-uniform curing. Several numerical models have been
presented in the literature, in order to achieve a better understanding of the pultrusion process
[Baran, Tutum, and Hattel (2012a), Baran, Tutum, and Hattel (2012b), Baran, Tutum, and Hattel
(2012¢), Baran, Tutum, and Hattel (2013a), Baran, Tutum, and Hattel (2013b), Baran, Tutum,
Nielsen and Hattel (2013), Carlone, Palazzo and Pasquino (2006), Carlone and Palazzo (2007),
Carlone and Palazzo (2008), Joshi and Lam (2001), Joshi, Lam and Win Tun (2003), Liu,
Crouch, and Lam (2000), Tutum, Baran and Hattel (2013), Valliappan, Roux, Vaughan, and
Arafat (1996)].

In the present paper, two different approaches to the computational simulation of the pultrusion
process have been proposed, compared and discussed. The aim of both models is to predict
thermo-chemical aspects as well as process induced transient distortions in a conventional
pultrusion process of a graphite/epoxy rod. The first model (Model-1) is based on the sequential
coupling of a 3D Eulerian thermo-chemical model together with a 2D quasi-static plane strain
mechanical analysis. The resin elastic modulus development is calculated by means of the cure
hardening instantaneous linear elastic (CHILE) approach [Johnston (1997)], which is a valid
pseudo-viscoelastic approximation of the linear viscoelasticity. A finite element scheme has
been used to solve both boundary value problems. The second model (Model-2) is based on a
semi-analytical procedure: a computational fluid dynamics (CFD) finite volume approach is
employed to derive the 3D distribution of temperature and degree of cure into the processing
material, while the process induced distortion are inferred post-processing numerical results by
means of analytical methods. The paper is structured as follows: in Section 2 the theoretical
formulation and the adopted solution strategies for the thermo-chemical boundary value problem
are exposed, while in Section 3 the implemented procedure for distortion computing are
detailed. Numerical outcomes are reported, compared and discussed in Section 4, briefly
highlighting the most relevant conclusions in Section 5.
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2. THERMO-CHEMICAL MODEL

Even if pultrusion is conceptually a very simple process, its dynamics are affected by several
important aspects, such as heat and mass transfer, resin reaction and phase changes, voids
growth or dissolution, interaction between the processing material and the heating die and
stress-strain development. All the aforementioned issues are strictly related to thermo-chemical
phenomena, which, from a modelling point of view, can be formulated in terms of energy and
species balances. In more detail, the temperature distribution into the processing material can be
inferred solving the following form of the energy equations:

2 2 2
pCp(Z—:+uaT)=k S Ry Vi (1)

dx3 *1 9x2 *2 9x2 *3 9x2

where 7 is the temperature, ¢ is the time, u is the pulling speed (along the x; direction), p is the
density, C, is the specific heat and k., k., and k,; are the thermal conductivities along x;, x, and x;
directions, respectively. Lumped material properties are used and assumed to be constant
throughout the process.

The generative term ¢ at the second member of Eq. 1 is related to the internal heat generation
due to the exothermic resin reaction or conversion, i.e. the crosslinking of polymeric chains,
quantified by means of the degree of cure a. Rigorously speaking, o is defined as the ratio
between the reacted species and the total reactive species at the beginning of the process,
however, for convenience, it is commonly quantified considering some reaction dependent
parameter, such as the released heat. Following this assumption, the degree of cure can be
written as the ratio between the amount of heat H,, evolved up to the time ¢, to the total heat of
reaction H, (for & = 1). As a consequence, considering that the reinforcing fibers do not
contribute to the generative term and indicating the reaction rate (first derivative of the degree of
cure with respect to time) as R, it follows:

q= (1 - Vf)ertTRT’ 2
where Vyis the fiber volume fraction and p, is the resin density.

Several kinetics models have been proposed and discussed in the inherent literature to describe
the evolution of the cure reaction. In the present investigation the well-established n-order
model has been adopted [Valliappan et al. (1996)], assuming an Arrhenius type dependence on
the absolute temperature:

) 1 dH(t)
R.(a,T) = a—': = Koexp(

-2 a-an 3)
The above equations have been solved using a finite element scheme in Model-1. The evaluation
of degree of cure and reaction rate has been obtained by means of iterative in-house developed
routines implemented into the commercial software ABAQUS (version 6.11, 2011), until the
matching of a temperature and degree of cure tolerance. In Model-2 a finite volume approach
has been employed, defining the degree of cure as an additional volumetric scalar variable,
whose transport equation, in the aforementioned hypothesis, can be written as:

(G +uzs) =Ry )

Ox3

Egs. (1-4) have been solved by means of the commercial package ANSYS-CFX for Model-2.
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3. CALCULATION OF THE DISTORTIONS

Model-1. The evolutions of the process induced displacements in transverse directions are
predicted using a 2D plane-strain model [Baran et al. (2013)]. In this model, the cross section of
the part is assumed to move along the pulling direction of the process while tracking the
corresponding temperature and degree of cure profiles calculated in the 3D thermo-chemical
simulation. In other words, a 3D Eulerian thermo-chemical model is coupled with a 2D plane
strain Lagrangian mechanical model. The corresponding transient distortions are calculated
based on the temperature and the cure distributions together with the corresponding glass
transition temperature (7,) of the cross section by using the quadratic plane-strain elements in
ABAQUS. The instantaneous resin elastic modulus (E,) development during the process is
calculated using the CHILE approach [Johnston (1997)], as follows:

0
Er* T < TCl
E, = E,Q + ﬂ(E;}O — ES) for T¢i < T" <T¢,, ®)
Tc2-Tca *
r

where E, and E,, are the uncured and fully cured resin moduli, respectively. 7¢; and T, are the
critical temperatures at the onset and completion of the glass transition, respectively, I™
represents the difference between the instantaneous resin glass transition temperature (7;) and
the resin temperature, i.e. T = T; — T [Johnston (1997)]. The evolution of the 7 is given by:

T*=T,—T = (T) + arg - a). (6)

The effective mechanical properties of the composite are calculated by using the self-consisting
field micromechanics (SCFM) approach which is a well-known technique in the literature
[Bogetti and Gillespie Jr (1992)]. User-subroutines in ABAQUS are used for the calculation of
the transient distortions as used in [Baran et al. (2013)].

Model-2. The basic assumption of this model is that the section of the processing material varies
along the pultrusion die, preserving the position of its axis of gravity (barycenter), following the
approach proposed in [Joshi and Lam (2001)]. The virtual dimension (radial in this case) of i-th
control volume can be computed multiplying its initial value times the correction factor:

§C,i = Vr(gr',i + Vf(sf,i’ (7)

being &,; and dy; the variation of a unit dimension of the i-th volume entirely filled respectively
with resin or fiber materials:

\1/3
8ri=(1+&(T—Tp)- (1 B %) ’ v

8ri = (14T, = To)). ©

In the above equation ¢ represents the thermal expansion coefficient and v, is the percentage
volumetric shrinkage of the fully cured (o = 1) resin. Repeating the calculation one finally has:

Apy=1(8 — 1). (10)

The total displacement 4, can be evaluated extending Eq. 10 to the whole radius. In particular, if
the virtual section of the processing composite results greater than the internal die section, i.e.
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the pultruded is compressed into the die, perfect thermal contact is assumed. When the
shrinkage effect prevails, inducing the detachment of the material from the die, an additional
thermal contact resistance (TCR) is induced between the die and the composite. An iterative
procedure connecting the thermochemical model with the dimensional change model has been
used, until a temperature criterion is satisfied.

4. RESULTS AND DISCUSSIONS

The 3D thermo-chemical simulation of the pultrusion of a UD graphite/epoxy composite rod is
carried out. Only a quarter of the pultrusion domain, seen in Fig. 2, is modelled due to
symmetry. Instead of using the die and the heaters in the numerical model, the measured die
wall temperature [Valliappan et al. (1996)] is applied to the outer surface of the rod for the
length between 0-915 mm (i.e. inside the die). At the symmetry surfaces adiabatic boundaries
are defined in which no heat flow is allowed across the boundaries. At the post die region, the
exterior surface of the pultruded rod is exposed to ambient temperature (27 °C) assuming a
temperature dependent convective heat transfer coefficient. The length of the post die region
(Lpost-dic in Fig. 2) is determined to be approximately 1370 mm [Valliappan et al. (1996)].
Material properties and the resin kinetic parameters are listed in Table 1 and Table 2,
respectively. The parameters used in the CHILE approach for Model-1 are given in Table 3. The
pulling speed is set to 5 mm/s. The inlet temperature of the composite part is assumed to be the
resin bath temperature of 38 °C [Valliappan et al. (1996)] and the matrix material at the die inlet
is assumed to be uncured (o = 0). In the present study, the total volumetric shrinkage of the
epoxy resin is assumed to be 4% [Joshi and Lam (2001)].

Pulling diresction

Heating Convective cooling

X \ A

) . . -, s
‘. ' ¥ J ' . v o o o Yop )

475 Compaosite l ) D

v 1 5 Y 2 Jr— -3 X,

- a4 N .

Ly, =915 Lpcarae = 1370 .
* Cennering
(Symmaetric BC)

Fig. 2. Schematic view of the pultrusion domain for the composite rod. All dimensions are in
mm.

Table 1. Material physical properties and concentration

: 3 c ky Kyix2 o1 Vol.
Material ~ p [kg m™] i kg'P K'l W ot Kl Wm'K'] & [°C] fraction
Resin 1260 1255 0.2 0.2 4.5E-5 0.378
Fiber 1790 712 66 11.6 7.2E-6 0.622

Table 2. Resin kinetics and rheological parameters

Ko[s']  E[Jmol] n H, [T kg
19.14 E+4  60.5 E+3 1.69 323.7 E+3
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Table 3. Parameters used in the CHILE model (Eq. 5) [Baran et al. (2013)].

E’[MPa] E~*[MPa] Tc[°Cl Te[°Cl  T.[°C) arg

3.447 3.447E+3 165 215 0 380

The calculated centreline temperature and degree of cure profiles are shown in Fig. 3. It is seen
that the predicted results match quite well with the available experimental data in [Valliappan et
al. (1996)]. This shows that the present numerical schemes in Model-1 and Model-2 are stable
and converged to a reliable solution. The temperature of the composite part becomes higher than
the die wall temperature after approximately 380 mm from the die inlet due to the internal heat
generation of the epoxy resin. At that point the peak increase rate of degree of cure is obtained.
The maximum composite temperature is calculated approximately as 205 °C. At the post die
region, the degree of cure is increased slightly which indicates that the curing still takes place
after the die exit. This fact was also observed in [Valliappan et al. (1996)]. The centerline degree
of cure is increased from 0.838 (at the die exit) to 0.867 (at the end of the process) which
corresponds to a percentage increase of approximately 3.3%.

220 (1§:} - - -
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200+ Modelk-1 ae o
Model-2 # Model1
180 — O il [11] e 07 ,r'r Model-2
515{' alliappan ot al [11] | duﬁ.- / | & Valsppan et al [11] |
= B |
= 140~ % f
s 08 f —= Dig exit
B izl e £ [
z =04 | .
goor ) - E1 :
= ¥ - + .
2w ) - T B ! R N
L3 F I e G g3l i
o g H . = | o2 ,
J —= Die exit | L"-'-:
40 i ) o1
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i) - |'_\|-\..-....-’
o 0.5 1 1.5 b 25 [ 0.5 1 1.5 2 25
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Fig. 3. The centerline temperature (/eft) and degree of cure (right) distributions.

The transient distortions are calculated using the obtained temperature and degree of cure
distributions in Model-1 (2D plane strain FE model) and Model-2 (1D semi analytical model).
The results are depicted in Fig. 4 for the displacement evolution of the outer surface of the
composite rod, i.e. the top point in Fig. 4. It is seen that the mechanical assumptions in the semi-
analytical model (Model-2) with access to the calculated temperature and degree of cure
developments are sufficient to obtain a trend for the transient distortions similar to the ones
calculated by the finite element method (FEM) (Model-1) for the circular composite part.
However, there is a significant deviation between the calculated displacements especially at the
post die region in Model-1 and Model-2. As aforementioned, the SCFM approach is used in
Model-1 which calculates the effective composite mechanical properties. This approach captures
the mechanical response of the composite quite well [Bogetti and Gillespie Jr (1992)] such that
the fibers dominate the longitudinal properties, on the other hand the transverse properties is
controlled by the matrix material. For instance, the longitudinal and the transverse moduli at the
end of the process are found to be approximately 130 GPa and 10 GPa, respectively in Model-1,
which agrees well with typical values given in [Zenkert and Battley (2009)] for a UD
carbon/epoxy with a fiber volume fraction of 60%. For the virtual displacement calculation in
the transverse direction in Model-2, homogenization of the fibers and the epoxy resin variations
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is considered (Eq. 7) in terms of fiber volume fraction. Hence, the transient displacement levels
are calculated relatively smaller in Model-2 if compared to Model-1. The stiffness of the epoxy
resin is changed after vitrification according to the CHILE approach (see Eq. 5), hence this may
cause a larger deviation in the displacement evolution at the post-die region as compared to the
inside of the heating die. Inside the heating die, the simplified 1D model (Model-2) is able to
predict the transient distortions with reasonable accuracy. The virtual detachment point at the
die-part interface, which can be defined as the “zero” displacement during the process, is seen
from Fig. 4. The detachment is found to be approximately 540 mm in Model-1 and 580 mm in
Model-2 which is a good agreement between the two models. The residual displacement of the
top point in Fig. 4 is calculated approximately as -0.025 mm and -0.017 mm for Model-1 and
Model-2, respectively.

155 10 .
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Fig. 4. The process induced transient displacements in the x,-direction.

5. CONCLUSIONS

In the present work, the transient distortions were predicted using a 2D plane strain FE model
(Model-1) and a 1D semi-analytical model (Model-2). The temperature and the degree of cure
distributions are first calculated at steady state and good agreement was found between the two
models. Using these temperature and degree of cure profiles, the transverse displacement
evolution of the composite surface was predicted. A similar trend of development was obtained
using the two models since the process induced variations were defined based on the thermal
expansion and chemical shrinkage. The displacement levels in Model-2 were found to be close
to the ones obtained in Model-1 inside the heating die. For the post die region, the deviation
between the two results has become larger since the effect of the matrix material on the
distortion behavior in the transverse direction is more pronounced in Model-1 as compared to
Model-2.
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ABSTRACT

In the present study, a 3D Eulerian thermo-chemical analysis is sequentially coupled with a 3D
Lagrangian quasi static mechanical analysis of the pultrusion process. The temperature and
degree of cure profiles at the steady state are first calculated in the thermo-chemical analysis. In
the mechanical analysis, the developments of the process induced stresses and distortions during
the process are predicted using the already obtained temperature and degree of cure profiles
together with the glass transition temperature. The predictions of the transverse transient stresses
and distortions are found to be similar as compared to the available data in the literature. Using
the proposed 3D mechanical analysis, different mechanical behaviour is obtained for the
longitudinal stress development as distinct from the stress development in the transverse
directions. Even though the matrix material is in a liquid state before entering the die (the degree
of cure is zero), it is found that there exists longitudinal stresses at the mid-section which
indicates that the already pulled material has an effect on the longitudinal stress evolution even
before entering the die.

1. INTRODUCTION

Pultrusion is one of the cost efficient composite manufacturing processes in which constant
cross sectional continuous fiber reinforced plastic (FRP) profiles are produced. Recently,
pultruded structures are foreseen to have potential for the replacement of conventional materials
used in the construction industry. More specifically, the application of pultruded composite rods
is significantly increasing for reinforcements of concrete elements in the construction industry.
This has lead to an increased need for a detailed understanding of the mechanical behavior as
well as the failure mechanism of the profile. A schematic view of the pultrusion process is
depicted in Fig. 1.
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Resin Bath

Fig. 1. Schematic view of the pultrusion domain for the composite rod. Fibers/mats and
resin matrix are pulled together in the pultrusion direction by pullers through the heated
die and then the cured composite is cut by a saw system.

Process induced residual stresses and shape distortions may be important for pultruded products
such as reinforcement profiles in the construction industry, stiffeners for wind turbine blades,
window frames and fencing panels. Hence, the process induced variations should be controlled
or avoided during process which may arise due to the certain mechanisms [Svanberg and
Holmberg (2001), Wisnom, Gigliotti, Ersoy, Campbell and Potter (2006), Bogetti and Gillespie
Jr (1992), Johnston (1997)]: (i) the mismatch in the coefficient of thermal expansion (CTE) of
the matrix material and the reinforcement material (fibers, mats etc.), (ii) the chemical shrinkage
of the matrix material, (iii) the tool-part interaction and (iv) the temperature and the degree of
cure gradients through the composite thickness due to non-uniform curing. In order to have a
better understanding of the pultrusion process, several numerical models have been developed in
the literature [Baran, Tutum, and Hattel (2012a), Baran, Tutum, and Hattel (2012b), Baran,
Tutum, and Hattel (2012c), Baran, Tutum, and Hattel (2013a), Baran, Tutum, and Hattel
(2013b), Baran, Tutum, Nielsen and Hattel (2013c), Chachad, Roux, Vaughan, and Arafat
(1995), Carlone, Palazzo and Pasquino (2006), Carlone and Palazzo (2007), Carlone and
Palazzo (2008), Joshi, Lam and Win Tun (2003), Liu, Crouch, and Lam (2000), Tutum, Baran
and Hattel (2013)].

In the present work, the 3D process induced transverse stresses and distortions are predicted
using the finite element method (FEM) for the pultrusion of a glass/epoxy square beam. The
temperature and the cure degree distributions are calculated in the 3D thermo-chemical
simulation. By using these distributions, the 3D transient stresses and distortions are calculated
by means of the cure hardening instantaneous linear elastic (CHILE) approach [Johnston
(1997)], which is a valid pseudo-viscoelastic approximation of the linear viscoelasticity.

2. THERMO-CHEMICAL MODEL

2.1 Numerical Implementation. In the thermo-chemical model, the energy equations for the
square composite beam and the die block domains given in Eq. 1 and Eq. 2, respectively, are
solved in order to calculate the temperature field.

oT oT o'T 0T 0T
Cp| —+u—|=k —+k +k + 1
pc pc[ at a}(}j X,C axlz X ,C ax22 X3,C ax32 q ( )
oT 0T 0T 0T
Cp,—=k ,——+k, — 2
PP, o x.d axlz %y 6x22 xyud 6x32 )

where T is the temperature, ¢ is the time, u is the pulling speed, p is the density, Cp is the
specific heat and £y, ky> and k,; are the thermal conductivities along the x;, x; and x; directions,
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respectively. The subscriptions ¢ and d correspond to composite and die, respectively. Lumped
material properties are used and assumed to be constant throughout the process. The internal
heat generation (¢) [W/m’] due to the exothermic reaction of the epoxy resin can be expressed
as [Chachad et al. (1995), Baran et al. (2013¢)]:

q=(1-V)pH,[R.(a)], §

where V7 is the fiber volume fraction and H, is the total heat of reaction, p, is the density of
epoxy resin, « is the degree of cure and [R,(a)]. is the effective cure rate, i.e. do/dt, expressed as
[Chachad et al. (1995), Baran et al. (2013c¢)]

[R.(2)], =K, eXP(—%)(l —a)"- f(a.T) (4)

where K, is the pre-exponential constant, £ is the activation energy, R is the universal gas
constant and 7 is the order of the reaction (kinetic exponent). K,, £, H,- and n can be obtained by
a curve fitting procedure applied to the experimental data evaluated using differential scanning
calorimetry DSC [Chachad et al. (1995)]. f{a,T) is the diffusion factor which accounts for the
glass transition effect defined as [Johnston (1997)]:

1
AC I+exp[C(a —(ac, +acT))] i

where C is a diffusion constant, oy is the critical degree of cure at 7= 0 K and acris a constant
for the increase in critical a with 7 [Johnston (1997)]. The relation of the effective resin kinetics
equation can be expressed as [Baran et al. (2013c¢)]

ox

ox
e r@] -t ©

where it is the expression in Eq. 6 which is used in the numerical model.

For the 3D thermo-chemical simulation of the pultrusion process, user defined sub-routines in a
commercial finite element software ABAQUS (version 6.11, 2011) are used in order to obtain
the temperature and degree of cure fields.

2.2 Model description. The 3D thermo-chemical simulation of the pultrusion of a UD
glass/epoxy based square beam is carried out. Only a quarter of the pultrusion domain is
modelled due to symmetry. The details of the model geometry and the dimensions are given in
Fig. 2. Material properties are listed in Table 1. The resin kinetic parameters are [Chachad et al.
(1995), Baran et al. (2013¢)]: H, = 324 (kJ/kg), Ky = 192000 (1/s), E = 60 (kJ/mol), n=1.69, C =
30, acp = -1.5 and acr = 0.0055 (1/K). At the symmetry surfaces adiabatic boundaries are
defined in which no heat flow is allowed across the boundaries. The remaining exterior surfaces
of the die are exposed to ambient temperature (27 °C) with a convective heat transfer coefficient
of 10 W/(m? K) except for the surfaces located at the heating regions. Similarly, at the post die
region, convective boundaries are defined for the exterior surfaces of the pultruded profile. The
length of the post die region (Lcony in Fig. 2) is determined to be approximately 13.7 m [Baran et
al. (2013c¢)] which results in a total length of approximately 14.6 m (LgictLcony, Fig. 2) for the
composite part.
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Fig. 2. Schematic view of the pultrusion domain for the square beam. All dimensions are
in mm.

Table 1. Material Properties [Chachad et al. (1995)].

Y% Cp kx3 kx, ’ kxz
(kg/m’)  (J/kgK) (WmK) (W/mK)
Composite (V;=63.9%) 2090.7 79727  0.9053  0.5592
Die (steel) 7833 460 40 40

Material

3. THERMO-CHEMICAL-MECHANICAL MODEL

3.1 Numerical implementation. The effective mechanical properties of the composite are
calculated by using the self consistent field micromechanics (SCFM) approach which is a well
known technique in the literature [Bogetti and Gillespie Jr (1992)]. The instantaneous resin
elastic modulus development during the process is calculated using the CHILE approach. The
glass transition temperature (7,) is calculated using Di Benedetto equation [Johnston (1997)].
An incremental linear elastic approach is implemented utilizing user-subroutines in ABAQUS
for the calculation of the residual stresses and distortions as used in. In the present study, the
total volumetric shrinkage of the epoxy resin is assumed to be 6% [Baran et al. (2013c¢)].

3.2 Model description. The developments of the 3D process induced stresses and distortions are
predicted using a 3D thermo-chemical-mechanical model. In this model, the 3D composite part
defined in Section 2 is assumed to move along the pulling direction of the process while
tracking the corresponding temperature and degree of cure profiles already calculated in the 3D
thermo-chemical simulation. In other words, a 3D Eulerian thermo-chemical model is coupled
with a 3D quasi-static Lagrangian mechanical model. The die surfaces are not included in the
proposed 3D mechanical model. A mechanical symmetry boundary condition (BC) is applied at
the symmetry surfaces (see Fig. 2) in the x; and x,-directions.There is no applied mechanical BC
at the ends of the composite part in the x;-direction, i.e. a free-free BC is applied at the end
surfaces in the x;-direction. The corresponding stresses and distortions are calculated based on
the temperature and the cure distributions together with the corresponding glass transition
temperature (7;) of the composite part by using the 3D quadratic elements in ABAQUS.
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4. RESULTS AND DISCUSSIONS

In order to reflect the 3D thermo-chemical-mechanical behavior of the process more precisely
and correctly, the mid-section of the composite part is considered since the pultrusion is a
continuous process, i.e. there is always material inside the heating die during the process. The
details of the mid-section are shown in Fig. 3 in which a schematic view of the movement of the
part in the pulling direction is depicted. It should be noted that the tracking of the mid-section
starts at x; =~ -7.3 m and ends at x; = 7.3 m. The pulling speed is set to 20 cm/minute.

*
Mowingpipaulling dinsciion

Die

Fig. 3. Schematic view of the movement of the part in the pulling direction and the
positioning of the mid-section. The sizes of the die and the part are not scaled.

The transient temperature and degree of cure distributions at the mid-section are shown in Fig. 4
for the inner region (point A) and the outer region (point B). It is seen that until the mid-section
enters the heating die, the temperature remains constant as the resin bath temperature of 30°C
and the degree of cure remains uncured, i.e. @ = 0. The non-uniform temperature and degree of
cure profiles are obtained especially inside the die, such that the point B cures earlier than the
point A since it is closer to the die having heaters on top of it. This shows that the internal heat
generation of the matrix material plays a more important role for the inner region (point A). The
maximum temperature and degree of cure value obtained inside the composite are
approximately 217°C and 0.97, respectively (for point A).

250
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Nl e Pt —
200¢ 5 08 :
S . gost - .
= - - -
: :
£ 100 gos
=
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50 (= 1 1 02 Die irlot . PR
-
o L L . 1 L L . o L " L
E- £l 4 -2 a 2 4 =] a E-} L -4 B3 L] 2 4 41 8
Auodal distance, x, jm] Audal distance, x, jmj

Fig. 4. The temperature (left) and degree of cure (right) distributions at the mid-section for
point A and point B.
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The non-uniform temperature and degree of cure distributions promote the process induced
residual stresses and distortions [Bogetti and Gillespie Jr (1992)]. The evolutions of the transient
stresses at the mid-section (Fig. 3) are given in Fig. 5 for point A and point B. In Fig. 5, S11,
S22 and S33 are the normal stresses in the x;-direction (horizontal, transverse), the x,-direction
(vertical, transverse) and the x;-direction (longitudinal), respectively. It is seen that until the
mid-section enters the die, there are almost no transverse stresses, i.e. S11 and S22 (Fig. 5a,b).
This shows that the already pulled material (e.g. the front end of the product) has no effect on
the stress development at the mid-section. Inside the die, the stress levels are relatively small
because the matrix material has not enough stiffness to build up the stresses. The outer regions
closest to the die cure first which make them a little constrained by the inner region during
shrinkage. Due to this, a residual compression is found in these regions [Baran et al. (2013c)].
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Fig. 5. The transverse transient stress S11 (a), S22 (b) and the longitudinal stress S33 (c)
evolutions at the mid-section for point A and point B.

Regarding the longitudinal stress development (S33) in the pulling or fiber direction, different
mechanical behaviour is obtained as distinct from the stress development in the transverse
directions (S11 and S22). Even though the matrix material is in a liquid state before entering the
die (the degree of cure is zero), it is found that there exists longitudinal stresses at the mid-
section which can be seen in Fig. 5c. This indicates that the already pulled material has an effect
on the longitudinal stress evolution at the mid-section even before entering the die. However, as
mentioned before, this 3D effect is not pronounced in the transverse directions. It is important
that the 3D effect in the longitudinal direction is only captured by using the full 3D mechanical
model. The longitudinal stress levels calculated for S33 (Fig. 5) are found to be relatively small
as compared to S11 and S22 because the process induced strains in the longitudinal direction are
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smaller than the ones in the transverse directions. The fibers in the pulling directions restrict the
process induced strain built-up in the longitudinal direction; hence, this provides lower process
induced stresses in the longitudinal direction (S33).

The evolution of the displacement profile at the mid-section for point B in the x,-direction (U2)
is shown in Fig. 6. It is seen that the part starts expanding while entering the die owing to the
increase in temperature and the exclusion of the die surfaces in the present 3D mechanical
model. It should be noted that the initial pressure condition of the part before entering the
heating die is not taken into account which may affect the stress and displacement field. It is
seen from Fig. 6 that the cure shrinkage takes place after approximately 0.5 m from the die inlet
which results in a decrease in the displacement value. After that point, the point B shrinks until
the end of the process due to cure together with convective cooling at the post die region.

%107

Do indgy < 1

Displacement, U2 [m]
&

% 6 4 2 0 2 a4 & 8
Aoial distance. x, Imi

Fig. 6. Displacement of the point B in x,-direction (U2) for the mid-section of the part

5. CONCLUSIONS

In the present work, a 3D Eulerian thermo-chemical model was sequentially coupled with a 3D
quasi-static Lagrangian mechanical model for the pultrusion process simulation of a square UD
glass/epoxy composite beam. The CHILE approach was implemented for the calculation of the
instantaneous resin modulus development. The effective mechanical properties of the composite
are calculated using the SCFM method. The transient stress and displacement evolutions are
predicted incorporating the temperature and degree of cure profiles. The trend of the transverse
stress development was found to be similar as predicted in [Baran et al. (2013c)]. Regarding the
longitudinal stress prediction, the effect of the already pulled material on the stress development
at the mid-section was investigated in the 3D mechanical model. Longitudinal process induced
stresses were found to exist before entering the heating die due to the 3D effect. This is one of
the important aspects of the proposed 3D mechanical model which would be very useful for the
calculation of the pulling as well as frictional forces during the process. Apart from the transient
stresses, the displacement evolution of the product was predicted which would be crucial for
pultruded products such as window frames and fencing panels due to their desired high
geometrical precision. Hence, the proposed 3D thermo-chemical-mechanical model has the
potential for controlling or avoiding the development of process induced shape distortions.
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ABSTRACT

In hybrid fibre composites, the intermixing of the two types of fibres imposes challenges to
obtain materials with a well-defined and uniform microstructure. In the present paper, the
composition and the microstructural uniformity of hybrid glass/carbon fibre composites mixed
at the fibre bundle level are investigated. The different levels of compositions in the composites
are defined and experimentally determined. The composite volume fractions are determined
using an image analysis based procedure. The global fibre volume fractions are determined
using a gravimetrical based method. The local fibre volume fractions are determined using
volumetric calculations. A model is presented to predict the interrelation of volume fractions in
hybrid fibre composites. The microstructural uniformity of the composites is analysed by the
determined variation in composite volume fractions. Two analytical methods, a standard
deviation based method and a fast Fourier transform method, are used to quantify the difference
in microstructural uniformity between composites, and to detect and quantify any repeating
pattern in the composite microstructure.

1. INTRODUCTION

Hybrid fibre composites consisting of two types of fibres (e.g. glass and carbon fibres) are
attracting scientific and industrial interest due to the potential synergistic effect of having
reinforcement fibres with different properties. The so-called “hybrid effect” is explored on a
mechanical basis (e.g. to have longer fatigue life, and larger compression strength), and, equally
important, it is explored for economic reasons to improve the materials cost-performance.
Earlier work has addressed hybrid fibre composites by analysing the difference in failure strain
and dimensions between the two reinforcement fibres with respect to improved composite
strength (Aveston and Kelly 1980). Later on, in the 1990’ies, within an EU Framework
Programme (JOULE) with participation from Risg National Laboratory, Denmark, studies were
performed on the manufacturing and testing of hybrid composites for wind turbine rotor blades.
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Recently, the hybrid fibre concept has been addressed in a number scientific studies (e.g.
Hermann et al. 2006, Hillermeier 2009, Zhang et al. 2012), forming also a central element in a
current Danish technology project (Blade King).

By their nature, composites are heterogeneous materials due to the dispersion of discrete fibres
in a continuous matrix. For conventional composites consisting of a single type of fibres,
fibre/matrix preforms and composite manufacturing techniques have been developed to produce
materials with a well-defined and uniform microstructure. Hence, this allows for the use of
representative geometrical models of the microstructure (so-called representative volume
elements) for the analysis and modelling of the (mechanical) properties of the composites. This
supports the use of composites in highly demanding structural applications, such as rotor blades
for wind turbines. However, in the case of hybrid fibre composites consisting of two fibre types,
the intermixing of the two fibres will impose challenges to obtain a similar high degree of
microstructural uniformity to allow reliable analysis and modelling of properties. Different fibre
intermixing levels can be defined: fibre-fibre, bundle-bundle and ply-ply, and each level bring
forward specific microstructural characteristics.

In the present paper, based on experimental data from a number of manufactured hybrid
glass/carbon fibre composites, the microstructure of the composites is studied by two aspects.
The first one is related to the composition of the composites, i.e. volume fractions of the two
composite phases, the two fibre types and the matrix, and with focus on establishing a model for
their interrelations. The second one is related to the microstructural uniformity of the
composites, and with focus on the variation in volume fractions of the two composite phases.

2. MATERIALS AND METHODS

Plates of hybrid and non-hybrid fibre composites were made with the same type of glass fibre
roving (Hybon2026 - PPG FibreGlass, 2447 tex) and the same type of carbon fibre roving
(PANEX35 - Zoltek, 3645 tex). One type of preform was used, uniaxial fibre assemblies made
by filament-winding, and with variable number of glass and carbon rovings to have composites
with different composition and microstructure. The composite plates were made with vacuum
infusion using epoxy (DowAirstone) as matrix, and the plates had dimensions of 450 mm x 475
mm x thickness of the plate (see Table 1). Fig. 1 shows the cross section of the eight
manufactured composite plates, and Table 1 summarizes their specifications. In the table, f is
the hybrid fibre weight mixing ratio:

Mf carbon
B = __ “fcarbon (1)

M§ carbont Mf glass

where my is the mass of fibres. Likewise, a hybrid fibre volume mixing ratio y can be defined,
and the relation between  and y can be established:

Vf carbon (2)

Vf carbon™ Vf glass

y:

— Pfglass- B (3)
Pf glass - B+ Pf carbon (1— 15

where vt is the volume of fibres, and py is the density of fibres. The calculated values of y
shown in Table 1 are based on a glass fibre density of 2.58 g/cm’, and a carbon fibre density of
1.83 g/cm’, which were measured by pycnometry.
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CXG-01
CXG-06
CXG-03
CXG-02

CXG-07

CXG-10

CXG-05

CXG-04

Fig. 1. Cross sections of the hybrid and non-hybrid glass/carbon fibre composites.

Table 1. Specifications of the manufactured hybrid and non-hybrid
glass/carbon fibre composites.

Composite | Number of Plate Hybrid fibre Hybrid fibre
plate code | preform thickness | weight mixing | volume mixing
layers [mml] ratio, p ratio, y

CXG-01 10 3.0 0.00 0.00
CXG-06 3 34 0.21 0.27
CXG-03 3 3.1 0.28 0.35
CXG-02 3 3.2 0.28 0.35
CXG-07 6 5.8 0.28 0.35
CXG-10 6 6.1 0.28 0.35
CXG-05 4 3.1 0.44 0.53
CXG-04 6 35 1.00 1.00

2.1 Determination of composition. In the present paper, three levels of compositions in the
hybrid fibre composites are defined and determined. In Fig. 2a, a hybrid composite composed of
glass and carbon fibres is schematically represented, and used to illustrate the definitions:

e Composite volume fraction V,, which is exemplified in Fig. 2b with the volume of the
carbon fibre composite region in black, in relation to the total volume of the hybrid
composite framed in red. V. will be assessed by an image analysis procedure.

e Global fibre volume fractions Vg, which is exemplified in Fig. 2c with the volume of the
carbon fibres in black in relation to the total volume of the hybrid composite framed in red.

V¢ will be measured with the conventionally applied gravimetrical based method.

e Local fibre volume fractions V¢, which is exemplified in Fig. 2d with the volume of the
carbon fibres in black in relation to the volume of the carbon fibre composite framed in red.
V¢ will be calculated with Eq. (7) detailed hereafter.
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a) b) ©) d)

Fig. 2. The three levels of compositions in hybrid fibre composites: a) general view of
hybrid composite with glass fibres (white) and carbon fibres (black) in a common matrix
(grey), b) composite volume fraction, c) global fibre volume fraction, and d) local fibre
volume fraction. The volumes (or areas) framed in red indicate the reference volumes.
The three compositions are exemplified by the carbon fibres.

The definitions of the above-mentioned three levels of compositions in hybrid composites, and
their relationship are given here (exemplified by carbon fibres):

V¢ carbon

Ve carbon = (composite volume fraction) 4

V¢ carbont Ve glass
v .

V carbon = f carbon (global fibre volume fraction) (5)

Vf carbont Vf glass + Vmatrix
v .

V{ carbon = fcarban (local fibre volume fraction) (6)
Vf carbont Vmatrix

Vf carbon = Vf*carbon * Ve carbon (7

where the asterisk (*) defines the local non-hybrid composite region in the hybrid fibre
composite (see Fig. 2d). In these definitions, the porosity content in the composites is assumed
to be zero.

Here follows descriptions of the experimental methods used to determine V, and V; in the
manufactured hybrid fibre composites.

To determine the composite volume fractions ( V), samples with widths in the range 20 - 50
mm, transverse to the fibre direction, were cut from the composite plates, and the cross sections
were grinded and polished in several steps in order to get a smooth surface.

Grayscale images of the samples were taken using an optical microscope with a motorized XY
stage. The software DeltaPix was used to calculate how many images were needed to cover the
cross sectional area of the samples, and the stage was automatically moved by the software. In
addition, the stitching of the captured images was performed automatically by the software.

The grayscale images were then prepared for image analysis with the procedure illustrated in
Fig. 3. The grayscale image of the hybrid composite, as exemplified in Fig. 3a, is composed of
dark grey regions which are the carbon fibre composite phase, and light grey regions which are
the glass fibre composite phase. The first step in the procedure is to adjust the contrast, see Fig.
3b. Then, the regions of glass fibre composite are selected using the Quick selection tool in
Adobe Photoshop. This tool is an interactive segmentation tool, which will partition the image
based on user provided input, texture information (colours) and/or edge information (contrast).
In the Quick selection tool, the users input is provided through a brush stroke tool that enables in
the present case to select the glass fibre composite regions, see Fig. 3c. Finally, the contrast is
adjusted to get a binary image, see Fig. 3d. An example is given in Fig. 4 with the composite
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plate CXG-07.

In the obtained binary images, the number of pixels having a value of 1 was counted using a
routine in Mathematica. This number is divided with the total number of pixels in the image to
give area fractions, which are assumed to be equal to volume fractions, because of the uniaxial
nature of the composites, i.e. it is assumed that each observed unit in the transverse cross section
is extending continuously in the longitudinal direction.

d)

Fig. 3. Image preparation: a) original grayscale image of hybrid fibre composite, where
the red box shows: b) the adjustment in contrast, ¢) the selection process with Photoshop,
and d) the final binary image.

10 mm

Fig. 4. Hybrid glass/carbon fibre composite with B = 0.28 and y = 0.35 (CXG-07):
original grayscale image (top), and resulting binary image (bottom).

The global fibre volume fractions (V) in the composites were determined using a gravimetrical
based method. This method consists of weighing of samples in successive steps. The composite
samples are first dried and weighed in air. Then, the samples are sealed and weighed in water.
The epoxy matrix is then removed by burning at 450 C in a nitrogen environment. The resulting
assembly of carbon and glass fibres are weighed. Finally, the carbon fibres are removed by
burning at 625 'C in air, and the remaining glass fibres are weighed.

Finally, the local fibre volume fractions ( V) in the composites were calculated using Eq. (7)
with the experimentally determined values of V; and V.

In principle, the local fibre volume fractions could also be determined directly by image
analysis. However, this method presents one major difficulty, which is the selection of
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representative local areas. Fig. 5 shows examples of three selected areas in a glass fibre
composite region. The local glass fibre volume fractions are found to vary from about 0.40 to
0.60.

ﬂ},ﬁp“ S
FaE

a) Vf*glass =0.42 b) Vf*glass =0.54 C) Vf*glass = 063

Fig. 5. Examples of determined local glass fibre volume fractions in three areas of a glass
fibre composite region.

2.2. Determination of microstructural uniformity. As indicated by the images in Fig. 1, the
composition of the hybrid fibre composites will be varying depending on the location and size of
the selected cross sectional area. As an example, the composite CXG-06 shows large areas of
glass composite rich regions, which means that at certain cross sectional areas of the composite,
the glass fibre composite volume fraction is very high (approaching 1.0).

To describe the variation in composition of the composites, V. is determined in rectangular cross
sectional areas, i.e. windows, with a width of 0.1 mm, and with a height equal to the height of
the image, i.e. from one edge to the other edge of the sample. V. is determined in windows
successively moved from one end (left side) to the other end (right side) of the image. This
result in a curve showing V. as a function of the position across the sample (see example in Fig.
10).

In order to quantify the microstructural uniformity of the composites, the determined variation
in V. is then analysed using two different methods: a standard deviation based method, and a
fast Fourier transform method. The two methods will be explained in details later on.

3. COMPOSITION OF HYBRID COMPOSITES

3.1. Composite volume fractions and global fibre volume fractions. The obtained binary images
of the hybrid glass/carbon fibre composites are shown in Fig. 6, and the determined values of
Ve and V; are summarized in Table 2.

Table 2. Determined composite volume fractions and global fibre volume fractions
in the manufactured hybrid and non-hybrid glass/carbon fibre composites.

;:;) al::'lepé) 5 :lt ee ﬂ Vc carbon Vc glass Vf carbon Vf glass
CXG-01 0.00 0.00 1.00 0.00 0.59
CXG-06 0.21 0.30 0.70 0.15 0.41
CXG-03 0.28 0.36 0.64 0.20 0.38
CXG-02 0.28 0.35 0.65 0.20 0.37
CXG-07 0.28 0.39 0.61 0.21 0.38
CXG-10 0.28 0.39 0.61 0.21 0.38
CXG-05 0.44 0.54 0.46 0.28 0.31
CXG-04 1.00 1.00 0.00 0.53 0.00
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i=0.21 CXG 06

B=028 CXG03-CXG02-CXGO07-CXG10
TR TN R - o

e S
e

é =044 CXGO05

10 mm

Fig. 6. Binary images of the hybrid glass/carbon fibre composites.

The variation in the results due to the sensitivity of the applied image analysis procedure was
tested. The main source of error in the procedure to determine V. comes from the objectivity of
the operator when the Quick selection tool is used to manually detect the border between the two
composite regions. This effect was tested by repeating three times the procedure on the same
image. The results are shown in Fig. 7, and it can be observed that the difference between the
determined values of V. is negligible.

-
Ve carbon= 0.341 =

g
~senl. -y

N

Ve carbon= 0.342

Imm
Original grayscale image ==
Ve carbon= 0.342

i

Fig. 7. Results obtained for the sensitivity testing of the image analysis procedure. The
procedure was repeated three times on the same image to determine V.
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3.2. Local fibre volume fractions. From Eq. (7), the local carbon and glass fibre volume
fractions, V¢ cqrpon and V5 giqss are calculated based on the experimental data in Table 2. The
results are summarized in Table 3.

Table 3. Calculated local glass and carbon fibre volume fraction
in the manufactured hybrid glass/carbon fibre composites.

Composite N "
plate code Vf carbon Vf glass
CXG-06 0.50 0.59
CXG-03 0.56 0.59
CXG-02 0.57 0.57
CXG-07 0.54 0.62
CXG-10 0.54 0.62
CXG-05 0.56 0.62
Average 0.54 0.60

It can be realized that the fibre volume fractions determined with the gravimetric method for the
non-hybrid composites, CXG-04, containing only carbon fibres, and CXG-01, containing only
glass fibres (see Table 2), can be compared to the calculated local carbon and glass fibre volume
fractions in the hybrid composites.

The fibre volume fraction of CXG-04 is 0.53, and this compares well to the mean value on 0.54
for the calculated local carbon fibre volume fractions. Similarly, the fibre volume fraction of
CXG-01 is 0.59 and this compares well to the mean value on 0.60 for the calculated local glass
fibre volume fractions.

Thus, the local fibre volume fractions in the hybrid composites can be closely approximated by
the fibre volume fractions determined in the related non-hybrid composites. In other words, it is
demonstrated that the values of the local fibre volume fractions in hybrid composites can be
determined a priori by manufacturing of the two non-hybrid fibre composites, and by
determining the fibre volume fractions in these composites.

4. MODEL FOR COMPOSITION OF HYBRID COMPOSITES

Hereafter follows the derivation of model equations for the interrelation of volume fractions in
hybrid composites. The equations can be used to calculate the global fibre volume fractions (V)
and composite volume fractions (V) as a function of the hybrid fibre volume mixing ratio (y),
and with the local fibre volume fractions ( V') as input parameters.

To derive the model equations, some useful support equations can be established on beforehand:

Vf carbon 1

. Y = =
Vf carbont Vf glass _fglass

+1
Vf carbon

Vfglass __

1 1-
1=
Vf carbon Y Y

Vf carbon _ Vfglass

. 1—)/= 1-—

Vf carbont Vf glass ~ Vf carbont Vf glass
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The equation for the global carbon fibre volume fraction is derived as follows:

V. Vf carbon __ Vf carbon _ 1 _ 1
f carbon Ve Ve glass + Vc carbon cglass_ | Vccarbon ~ ’fglass E } L

Vfcarbon Vfcarbon Vfglass Vfcarbon V¥ carbon

1

Vf carbon — 1 iy 1 ®

= Lt
Viglass ¥ Vfcarbon

The equation for the global glass fibre volume fraction is derived in the same way:

V. . _ Vrglass _ Vf glass _ 1 _ 1
ass — - P - v
fg ve Ve glass + Ve carbon cglass | Vccarbon . ES— {carban 1
Vfglass Vfglass Vf glass Vf carbon Vf glass
1
Vf glass™ 1 1 (9)

Y
¥ T
Vf glass Vf carbon 17V

The porosity content is assumed to be 0, and the global matrix volume fraction is therefore
calculated as follows:

Vmatrix =1- Vf carbon — Vf glass (10)

The equations for the carbon and glass composite volume fractions are derived as follows:

v _ Vccarbon __ V¢ carbon _ 1 _ 1
= = = = -
c carbon ve Ve glass+ Ve carbon cglass "1 it Vf glass Vf carbon
I _J glass _Jcarbon
c carbon V}glass Vf carbon
1
Ve carbon = % (11)
1+ f carbon 1-y
_J carbon 17y
Vf glass 14
v _ Vcglass __ V¢ glass _ 1 _ 1
= = > = -
¢ glass Ve Ve glasst Ve carbon 1+ %ﬂmn 1 Vf carbon_Vf glass
c glass 5 :
g Vf carbon f glass
1
Ve glass = Vsl v (12)
14 12458 ¥
Vf carbon 7Y

In the equations (8) - (12), y is used as the independent variable. It is however more appropriate
to use S as the independent variable, since the two fibre types most typically is mixed by their
weights in the hybrid fibre preforms. Thus, f is typically accurately controlled, and known for a
given preform. The relation between y and £ is given by Eq. (3).

In Figs. 8 and 9, the model equations (8) — (12) are plotted for the hybrid glass/carbon fibre
composites. The used values of local carbon and glass fibre volume fractions are 0.53 and 0.59,
respectively, which are the values determined from the non-hybrid composites (CXG-04 and
CXG-01). The experimental data of the hybrid composites (Table 2) is shown together with the
model lines.

185



Beauson, Markussen and Madsen

1.0 -
@ ——Vf carbon
.2 09 —Vf glass
S
e —\Vm
= 0.8 _
o X Vfcarbon - experimental
g 0.7 - X Vfglass - experimental
g X Vm - experimental
X 0.6 -
S
=
©
g 0.5 A
2
© 0.4 - X
()
S
&= 03 A
3
° 0.2 -
(G]
0.1 -
0.0 T T T T T T ‘ T "

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Hybrid fibre weight mixing ratio, B

Fig. 8. Global fibre and matrix volume fractions in hybrid glass/carbon fibre composites
as function of the hybrid fibre weight mixing ratio (B), model predictions and
experimental data.
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Fig. 9. Composite volume fractions in hybrid glass/carbon fibre composites as function of
the hybrid fibre weight mixing ratio (), model predictions and experimental data.
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As can be observed in Figs. 8 and 9, there is generally a good agreement between the model
lines, and the experimental data points. Thus, it is demonstrated that the model equations are
useful for the prediction of the composition in hybrid fibre composites, and thereby for the
design of hybrid composites with wanted property profiles.

5. MICROSTRUCTURAL UNIFORMITY OF HYBRID COMPOSITES

For the analysis of the microstructural uniformity, the two composites CXG-05 and CXG-10
were selected since they have a marked difference in their microstructure (see Fig. 6). CXG-05
has a bundle-bundle structure, and CXG-10 has a ply-ply structure. The image of CXG-10 is
about half the width of the image of CXG-05 (about 20 vs. 40 mm), and it was therefore
prolonged by stitching together twice the same image.

The first step in the quantification of the microstructural uniformity is to present the variation in
the composite composition from one end of the composite sample to the other.

The results of the determined V. 455 for every 0.1 mm of the two composites are shown in Fig.
10, where the composition is plotted against the position across the sample (or image). The
dashed straight lines in Fig. 10 show the average V. 1455 values (which are similar to the ones in
Table 2):

Ve glass bundle—bundle ~ 046 and V; glass ply—ply = 0.61

The bundle-bundle curve is oscillating from about 0.2 to about 0.8, and the ply-ply curve is
oscillating from about 0.5 to about 0.7. In each case, the difference between the two extreme
values gives an indication of the dispersion of V. giqs5, Which reflects how constant the
composition is across the composite. It is therefore clear that the ply-ply composite has a
roughly constant composition compared to the bundle-bundle composite.

Other indications given in Fig. 10 for the bundle-bundle composite are the presences of glass
composite rich regions (V; giqss > 0.8) and carbon composite rich regions (V; giqss < 0.2). The
distance between these consecutive regions can roughly be estimated to 4 mm. Thus, one can
say that the bundle-bundle composite is varying between two very different composite
compositions within few millimetres across the sample.
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Bundle-bundle — — — Bundle-bundle - Average Vc glass
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Fig. 10. Glass composite volume fraction (V. guss) as function of position across the
composite sample for composites with a bundle-bundle structure (CXG-05) and with a
ply-ply structure (CXG-10). Shown are also average values.

In order to analyse the observed variation in V., and thereby to be able to quantify the
microstructural uniformity, two methods are presented.

It can be realized that the variation in the determined values of V. (see Fig. 10) depends on the
width of the cross sectional windows used to determine V.. It can be expected that the smaller
the width of the cross sectional windows, the larger the variation of the determined values of V...
This qualitative expectation will be quantified by a standard deviation based method, where a
parameter D is calculated for a given width of the cross sectional windows (k) to represent the
deviation in V. from the overall (true) value of V..

(13)

where X; are the determined values of V. for all possible locations of a cross sectional window
with a width of & (in mm) across the composite sample, X is the overall V, determined for the
entire sample (or image), i.e. X is equal to the average values shown in Fig. 10. The parameter 7
is the number of all possible locations of a cross sectional window with a width of k across the
composite sample (or image). The parameter D is named characteristic deviation to designate
that the parameter is not used in the normal statistical meaning of a standard deviation.

The parameter k£ and the width of the composite sample (or image) have to be a multiple of 0.1
mm, and the parameter n can then be calculated:

n = width of composite sample ‘10— k-10 +1 (14)

The presented method can be exemplified on the image in Fig. 6 of the hybrid composite with
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the bundle-bundle structure (CXG-05), where the width of the image is 44.5 mm, and the overall
V. for the glass fibre composite phase is determined to be 0.46.

e For a cross sectional window width of 0.1 mm (k£ = 0.1 mm), there will be n = 445
possible locations of the window. On each of these n locations, V. is determined, and
then D is calculated by Eq. (13) to be 0.27. Thus, for a window width of 0.1 mm, the
characteristic deviation of ¥V, can be stated to be 0.46 = 0.27.

e For a cross sectional window width of 4.0 mm (k£ = 4.0 mm), there will be n = 406
possible locations of the window. On each of these n locations, V. is determined, and
then D is calculated by Eq. (13) to be 0.18. Thus, for a window width of 4.0 mm, the
characteristic deviation of V. can be stated to be 0.46 + 0.18.

By varying k stepwise from the minimum window width (= 0.1 mm) to the maximum window
width (= width of the image — 0.1mm, where n = 2), a curve can be established showing D as a
function of £.

In Fig. 11, the curves for D as a function of & are shown for the bundle-bundle composite and
the ply-ply composite (CXG05 and CXG10). Firstly, it can be observed that the deviations in V.
are smaller for the ply-ply composite. As an example, for a window width of 4 mm, the
characteristic deviations of V, are 0.46 + 0.18 and 0.61 £ 0.02 for the bundle-bundle composite
and the ply-ply composite, respectively. Accordingly, V. will therefore vary from about 0.28 to
0.64 for the bundle-bundle composite depending on the location of the 4 mm cross sectional
window, whereas V, will only vary from about 0.59 to 0.63 for the ply-ply composite.

From this first observation, one can say that the presented method is able to quantify the
difference in microstructural uniformity between composites.

Secondly, it can be observed in Fig. 11 that for the bundle-bundle composite, the curve is clearly
oscillating, whereas for the ply-ply composite, the curve is more flat. This indicates that the
bundle-bundle composite contain a repeating pattern in the microstructure, whereas the ply-ply
composite does not contain such a pattern.

In Fig. 11, the bundle-bundle curve shows a first minimum at a width of 8.9 mm, and the
following minimum values are roughly at a multiple of this value, located at 17.1 mm and 25.7
mm. These values are easily and precisely determined. Thus, at every about 9 mm, the
composition of the composite has gone through a glass composite rich region, and a carbon
composite rich region. The same observation can be made from the results in Fig. 10. It can be
realised that for samples with widths equal to a multiple of the width of the repeating pattern,
the variation in V. is at a minimum. In contrast, for samples with widths equal to a multiple of
half the width of the repeating pattern, the variation in V7 is at a maximum.

From this second observation, one can say that the presented method is able to detect and
quantify any repeating pattern in the microstructure of composites.
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Fig. 11. Characteristic deviation of V. as a function of width of the cross sectional
window, obtained by the standard deviation based method. Results are shown for a
composite with a bundle-bundle structure, and for a composite with a ply-ply structure.

In order to analyse further the observed variation behaviour in Fig. 10, a second method was
used, a fast Fourier transform method. For that method, the two curves in Fig. 10 were
considered as oscillating signals from which fundamental frequencies could be determined, and
the Fourier transforms were calculated using the fast Fourier transform function in Excel.

The results obtained by this method are presented in Fig. 12, and show the frequency magnitude
as a function of frequency range. It can be observed that the bundle-bundle curve shows a clear
first peak at a frequency of 0.117 mm’™', which correspond to a period of 8.5 mm. The ply-ply
curve does not show any noteworthy peak. The period found for the bundle-bundle curve
corresponds well to the results obtained by the standard deviation based method.
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Fig. 12. Frequency magnitude as a function of frequency range obtained by the fast
Fourier transform method. Results are shown for a composite with a bundle-bundle
structure, and for a composite with a ply-ply structure.
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6. CONCLUSIONS

The three levels of compositions in hybrid fibre composites were defined, experimentally
determined and analysed. A model for the volume fractions in hybrid composites was presented,
and used for the analysis of the experimental data. Good agreement between model predictions
and experimental data was observed. Two quantification methods were implemented to analyse
the microstructural uniformity of the composites. The methods were demonstrated to be well
suitable to quantify the difference in microstructural uniformity between composites, and to
detect and quantify any repeating pattern in the composite microstructure.
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ABSTRACT

Over the recent decades biomaterials have been marketed successfully supported by the
common perception that biomaterials and environmental sustainability de facto represents two
sides of the same coin. The development of sustainable composite materials such as blades for
small-scale wind turbines have thus partially been focused on the substitution of conventional
fiber materials with bio-fibers. The major question is if this material substitution actually, is
environmental sustainable. In order to assess a wide pallet of environmental impacts and taking
into account positive and negative environmental trade-offs over the entire life-span of
composite materials, life cycle assessment (LCA) can be applied. In the present case study, four
different types of fibers (carbon, glass, flax and carbon/flax mixture) are compared in terms of
environmental sustainability and cost. Applying one of the most recent life cycle impact
assessment methods, it is demonstrated that the environmental sustainability of the mixed
carbon/flax fiber based composite material is better than that of the flax fibers alone. This
observation may be contra-intuitive, but is mainly caused by the fact that the bio-material resin
demand is by far exceeding the resin demand of the conventional fibers, and since the
environmental burden of the resin is comparable to that of the fibers, resin demand is in terms of
environmental sustainability important. On the other hand is the energy demand and associated
environmental impacts in relation to the production of the carbon and glass fibers considerable
compared to the impacts resulting from resin production. The ideal fiber solution, in terms of
environmental sustainability, is ence the fiber composition having the lowest resin demand and
lowest overall energy demand. The optimum environmental solution hence turns out to be a
70:30 flax:carbon mix, thereby minimizing the use of carbon fibers and resin. On top of the
environmental sustainability assessment, a cost assessment of the four fiber solutions was
carried out. The results of the economical assessment which turns out to not complement the
environmental sustainability, pin-point that glass fibers are the most effective fiber material.
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1. INTRODUCTION

The purpose of the present case study is to perform a screening LCA facilitating benchmarking
of four different wind turbine blade types, with the aim of illuminating the environmental
sustainability performance of bio-composites such as flax based composites and bio-based resin
relative to conventional composites such as carbon and glass fiber epoxy based composites.

The dominating industrial and scientific focus on bio-based composite materials (Miissig 2010;
Pickering 2008; Mohanty, Misra, Lawrence 2005) are mainly concerned with the technical
performance of the materials, but the sustainability of these new materials needs to be addressed
as well. The study at hand addresses the environmental issues by presenting the results of a
quantitative comparative sustainability assessment of four prototype small-scale wind turbine
blades differing only in type and amount of fiber reinforcement material, i.e. conventional and
bio-based and/or in the type of resin, a conventional epoxy resin and a bio-based epoxy resin.
All blades were designed for being used in a wind turbine car concept (Gaunaa, Qye, Mikkelsen
2009).

Quite a number of LCAs on wind power technology have been published over the last two
decades. LCAs of wind power technologies found in the existing literature most often focuses
on the comparison of the environmental burdens of different life cycle stages of a wind turbines
and/or comparison of complete turbines of various sizes (Davidsson, H66k, Wall 2012). Many
of these studies highlight the fact that blades are one of the most environmental burdensome
parts of a wind turbine. Still LCAs on wind turbine blades are rare.

A few publications involving comparative LCAs of various blade types or bio-based composites
for blades have been identified. One of the most recent publications addressing LCA of
materials for blades focuses on the application of nano-carbon for reinforcement (Mergula,
Lowrie, Khana, Bakshi 2010). A further “grey” literature publication focuses on the application
of bamboo for the blades (Xu, Qin, Zhang 2009). These two publications are as far as we know
the only publications assessing the environmental performance of wind turbine blades applying
LCA.

As conventional reinforcement, a typical carbon fiber fabric was selected, and as bio-based
reinforcement, a commercial flax fiber fabric was selected. Both fiber fabrics were impregnated
with a bio-based epoxy resin with “typical” mechanical properties, but sourced from bio-waste.
In a previous study, a full technical documentation was done of the mechanical properties of the
three composite materials combinations: carbon/epoxy, flax/epoxy and hybrid carbon/flax/epoxy
composites (Bottoli, Pignatti 2011). From this, finite element models were constructed to
dimension the small-scale wind turbine blades. Manufacturing was done using vacuum infusion
to ensure high quality and reproducibility corresponding to industrial standards.

Initially a comparative LCA was carried out (Markussen, Birkved, Madsen 2013) and based on
this assessment it was concluded that further analysis and inclusion of glass fiber reinforcement
(currently the most used reinforcement for wind turbine blades) was needed in order to evaluate
the environmental trade-offs between carbon and flax fiber reinforcement in the hybrid blade.
To assess these scenarios a mechanical modeling approach was applied.

2. METHODS

The product system model was set-up in GaBi 4.4 (PE 2011a), and built based on readily
available commercial unit processes from either the GaBi professional database (PE 2011b) or
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the Ecoinvent database (Swiss Centre for LCI 2011). The parameterized model is illustrated in
Fig. 1. The product system model covers all relevant life cycle stages of the blade’s life cycle
from extraction of raw materials, such as crude oil for the epoxy resin, to fuels for waste
disposal (here incineration with energy recovery) of the blades. The experimental input for the
model are the material quantities consumed during manufacture of the blade prototypes.
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Fig. 1: Product system model.

Due to lack of experimental data, a sequence of assumptions had to be made in order to quantify
the composition of both the resin and the hardener. Further explanation of these assumptions and
the allocations needed to develop the product system model are presented in Markussen et al.
(2013). All estimation work relating to model construction and model parameterization is by the
authors considered to reflect the actual conditions as well as possible, and hence are the
uncertainties relating to the estimation work and assumptions as low as possible. It is important
to keep in mind that the uncertainties relating to the estimation work are approximately equally
large for all blade type scenarios, and hence are the overall ratios between the impact potentials
of the blade types therefore considered to have a considerable lower uncertainty than the
absolute impact potentials (i.e. many of the uncertainties being the same for all blade types, will
equal out by the comparison).

In a comparative LCA the same functional unit is used. In the present case study, all the blades
have to meet the same stiffness requirements. For the first three scenarios (carbon, flax and
hybrid 50/50) a full mechanical analysis of the blades was performed (Bottoli, Pignatti 2011);
however, for the glass and the hybrid blades with mixing ratios different than 50:50, no
mechanical analyses have been performed.

To obtain the same stiffness of the blades, the Ashby’s methodology was used (Ashby 2011).
This material selection methodology allows varying the material of an object maintaining the
design requirements. In this case, the blade was compared to a beam in order to have a
deflection less than the maximal deflection constrain and minimizing the mass. These design
requirements are the same as those used to perform the mechanical analysis. The resulting
masses serve as inputs for the product system model.

1/2

e

In this case, the Ashby’s material index is: 7=
P

Hence to obtain the mass of a glass fiber blade with the same flexural stiffness as the other
blades, the following equation was used.
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E 1/2
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8
where E (GPa) is the elastic modulus of the material, p (g/cm’) is the density and m (g) is the
mass of the blade. The subscript r is referring to the reference material, while g is referring to
the glass composite blade. The calculation has been performed with both carbon and flax blades
as reference material. The results are presented in Table 1. In order to evaluate the accuracy of
the applied mechanical model, the 50:50 carbon:flax blade scenario is evaluated to avoid that
large errors are introduced due to the applied mechanical performance assessment approach.

Table 1: Mechanical performance evaluation results of the “pure” composite materials
(materials with only one fiber type).

Material E (GPa) | p(g/cm®) | Mass, real (g) Mass, calculated (g)
Glass 38 1.88 495 () 500 (¢)
Carbon 100 1.50 246 243

Flax 20 1.25 454 458

The results obtained for the flax and the carbon blade indicate that no large error is introduced
using this simple mechanical performance assessment approach. To obtain the mass of the glass
fiber needed on the inside of the composite, the law of mixture was used, assuming a fiber
volume fraction (V¢) of 0.50.

The same approach was applied to calculate the weight of the hybrid composite blades with
different flax fiber contents (Table 2).

Table 2: Weight of the hybrid blades, and weight of the fiber and resin demands.

% of flax fiber | Blade mass (g) | Carbon fiber mass (g) | Flax fiber mass (g) | Epoxy mass (g)
0% 246 155 0 91
10 % 257 139 15 103
20 % 270 124 31 115
30 % 283 109 47 128
40 % 299 94 63 142
50 % 316 80 80 157
60% 337 65 98 174
70% 361 51 118 193
80 % 389 35 140 214
90 % 424 18 166 240
100 % 453 0 191 263

For the assessment of the environmental impacts induced by the different blade designs, the
ReCiPe Life Cycle Impacts Assessment (LCIA) methodology was applied (Goedkopp et al.
2013). ReCiPe is within the LCA community considered to be one of the most recent and
complete LCIA methodologies (Markussen et al. 2013). In the present case study, the
Hierarchical assessment perspective is used, since it is the assessment perspective representing
an “average political orientation”.

This ReCiPe methodology allows for assessment both on midpoint and endpoint level. In this
study, the results are presented at endpoint level or as aggregated endpoints in the form of single
score combining all the endpoint categories.
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3. RESULTS

The product system model assessment results are presented in Figs. 2 and 3.

Flax Carbon
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Fig. 2: Impact assessment results at endpoint level for all blade types obtained applying
the ReCiPe impact assessment methodology on each blade alternative, applying the
Hierarchist result assessment perspective, presented according to product system activity
ED = Ecosystem damage, HH = Human Health damage, RA=Resource depletion damage.
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Fig. 3: Impact assessment results on endpoint level for all blade types obtained applying
the ReCiPe impact assessment methodology on each blade alternative, applying the
Hierarchist result assessment perspective.

In order to illustrate the differences between the bio-based blades and the glass fiber blade, in
terms of their contributions to the specific endpoint or single score, the results are also presented
in A-LCA result form. According to the A-LCA result interpretation approach, only the
differences in impacts are highlighted, by calculating the differences in contributions to impact
categories as:

AIP, = IP (flax/hybrid ), — IP (glass ),

where AIP; is the difference of the specific endpoint impact category, and /P; is the endpoint
impact category of the specific blade scenario.

The results of the A-LCA between bio-based and glass fiber blades are presented in Fig. 4. For
further in-depth information about the A-LCA and the carbon and flax blades, see Markussen et
al. 2013.

A-LCA

FLAX-GLASS HYBRID-GLASS CARBON-GLASS

1.0E-04

= 0.0E+00

-1.0E-04 W Resources [PEEU2000]

B Human health [PEEU2000]

-2.0E-04
B Ecosystems [PEEU2000]

-3.0E-04

ReCiPe single score

-4.0E-04

-5.0E-04

Fig. 4: Impact assessment result difference on endpoint level for all blade types obtained
applying the ReCiPe methodology on each blade alternative, applying the Hierarchist
result assessment perspective.
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The environmental performance of the hybrid blade varies according to the amount of flax fibers
applied. The results on the hybrid blade assessment are presented in Fig. 5.
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Fig. 5: Impact assessment result for the hybrid blade applying different flax contents on
midpoint level obtained applying the ReCiPe impact assessment methodology on each
blade alternative, applying the Hierarchist result assessment perspective.

The impacts from different fiber ratios of the hybrid blade are presented in Fig. 6.
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Fig. 6: Impact assessment result for the hybrid blade applying different flax contents on
single score level obtained applying the ReCiPe impact assessment methodology on each
blade alternative, applying the Hierarchist result assessment perspective.
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In Fig. 7, the prices/costs of the hybrid blades are presented applying different fiber ratios. The
material prices originate from Bottoli and Pignatti (2012), and are related to the prototype scale.
Although the prices do not represent the true price in an industrial massive scale production, the
prices are considered representative on a relative scale.

Blade cost
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30,0 /A
_—
A _—— /
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26,0
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% FLAX

Fig. 7: Hybrid blade cost in Euros as a function of the ratio of flax applied.

In Fig. 8, the results are shown for A-LCA comparing a flax blade made with bio-based resin
and one with conventional epoxy resin.
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Fig. 8: Impact assessment results on both endpoint level comparing the impact of a flax
blade with conventional resin and bio-resin.
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4. DISCUSSION

A general view on the LCA results on the four different materials as presented in Figs. 1-3
clearly indicate that the hybrid blade has the best environmental performance. This observation
is in accordance with the fact that the hybrid blade combines the low non-renewable resource
depletion related with the flax fibers, the high specific stiffness of this blade type, and the low
resin uptake of the carbon fibers.

On the other hand, the glass fiber blade has the worst environmental performance (see Figs. 1-
3). This is because the production process for glass fibers in general is more environmentally
burdensome than the one for flax fibers, and comparable burdensome to the one for carbon
fibers. Additionally the glass fibers itself has poor specific stiffness, necessitating a higher mass
in order to obtain the same flexural stiffness as the other alternative. The high mass of the glass
fiber blade type further increases the environmental burden of the transport phase. For a detailed
analysis of the carbon, flax, and hybrid 50-50 scenario, see Markussen et al. (2013).

Focusing on the A-LCA results (Fig. 4) it is observed that all the other materials perform better
than the glass blade. Compared to the flax blade, the glass blade has higher a contribution to
Resource Depletion. This is caused by the production process and the transport process (flax
fibers are assumed produced in Europe, while carbon and glass fibers are produced in China).

In Fig. 4, the hybrid/glass blade comparison reflects the same issues; however in addition there
is a higher contribution to Human Health damage for the glass fiber blade mainly caused by the
difference in mass between the two blade types, which causes an increase in the emissions
related to the transport stages. This pattern is also observed for the carbon/glass blade
comparison.

The carbon/glass blade comparison reveals no large differences in terms of Resource Depletion
since both of the fiber production forms require considerable amounts of energy.

The single score results on the hybrid blade covering different flax:carbon ratios indicate that
there is a minimum for the single score, as presented in Fig. 6. The optimal solution is a ratio of
70% of flax fibers and 30% of carbon fibers.

As presented in Fig. 5, by increasing the amount of flax fibers leads to a decrease in the
Resource Depletion; however, on the other hand, since flax fibers have a low volume fraction,
the more flax fibers require more resin. Increasing the amount of resin implies that Human
Health damage is increasing since Human toxicity is mainly related to the production and use of
the epoxy resin.

As observed in Fig. 7, there is a minimum cost of the hybrid composites. This minimum cost
solution seems to have the same flexural performance as the other alternatives, and it takes place
at approx. 20% flax fibers and 80% carbon fibers. The price of flax fibers is high because there
is only a small demand for this product. Carbon fibers on the other hand have over the last
decade shown a remarkable decrease in price mainly caused by the high demand for this
product.

As presented in Fig. 8, the application of a bio-based resin reduces the overall environmental
burden of a blade. Flax blades however have the highest resin uptake among all the blade
alternatives compared in the present case study.
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S. CONCLUSIONS

In the study at hand, it has been demonstrated that the optimum material in terms of
environmental sustainability performance, is a hybrid solution consisting of 70% flax fibers and
30% carbon fibers. This ratio is however not the cheapest hybrid alternative.

At the same time, it has been demonstrated that in terms of cost, the optimum solution is a 20%
flax and 80% carbon hybrid solution.

Despite the fact that the optimum solutions in terms of environmental performance and cost are
different, the data uncertainty related to the assessment does not allow for judgment of whether
the two optima are different or not.

The use of a bio-based epoxy resin shows an increase in the environmental performance. This is
an interesting observation, since despite being of “bio” origin these materials still have a
considerable environmental burden.

REFERENCES

Ashby, M. (2011). Materials selection in mechanical design. 4th edition. Elsevier, Oxford, UK.

Bottoli, F. and Pignatti, L. (2011). Design and processing of structural components in
biocomposites materials - case study: rotor blades for wind turbine cars. Master thesis,
Technical University of Denmark.

Davidsson, S., H60k, M. and Wall, G. (2012). A review of life cycle assessments on wind
energy systems. The International Journal of Life Cycle Assessment, 17(6), 729—742.

Gaunaa, M., Qye, S. and Mikkelsen, R.(2009). Theory and design of flow driven vehicles using
rotors for energy conversion. To be published.

Markussen, C.M., Birkved, M. and Madsen, B. (2013). Quantitative sustainability assessment of
conventional and bio-based composite materials: a case study of a small-scale wind turbine
blade. Submitted to Wind Energy.

Mergula, L.-A., Lowrie, G.W., Khana, V. and Bakshi, B.R. (2010). Comparative life cycle
assessment: Reinforcing wind turbine blades with carbon nanofibers. IEEE International
Symposium on Sustainable Systems and Technology (ISSST).

Mohanty, A., Misra, M. and Lawrence, D.T. (2005). Natural fibers, biopolymers and
biocomposites. Florida: CRC Press.

Miissig, J. (2010). Industrial applications of natural fibres - structure, properties and technical
applications. United Kingdom: Wiley.

PE (2011a). GaBi 4.4. Compilation 4.4.131.1. Stuttgart, Germany: PE International - Software-
System and Databases for Life Cycle Engineering.

PE (2011b). Professional Database version 4.131. Stuttgart, Germany: PE International -
Software-System and Databases for Life Cycle Engineering.

Pickering, K. (2008). Properties and performance of natural fibre composites. Cambridge,
England: Woodhead Publishing Limited.

Swiss Centre for LCI (2011). Ecoinvent v. 2.2. St-Gallen, Switzerland: Swiss Centre for Life
Cycle Inventories.

Xu, J., Qin, Y. and Zhang, Y. (2009). Bamboo as a potential material used for windmill turbine
blades. Master thesis, Roskilde University, Denmark.

202



Proceedings of the 34" Risg International Symposium on Materials Science:
Processing of fibre composites — challenges for maximum materials performance
Editors: B. Madsen, H. Lilholt, Y. Kusano, S. Faester and B. Ralph

Department of Wind Energy, Risg Campus

Technical University of Denmark, 2013

INTERPHASE STUDIES IN NATURAL FIBRE COMPOSITES
H. Brodowsky and E. Méder

Leibniz-Institut fiir Polymerforschung Dresden eV, Hohe Str. 6,
D- 01069 Dresden, Germany

ABSTRACT

Natural fibres are a valuable reinforcement material because of their low density and attractive
specific properties at low price, combined with recycleability and renewability. Studies of
natural fibres as reinforcement for polylactic acid or an epoxy resin matrix are presented,
focusing on interphase strength improvement. This study focuses on the investigation of
interphases, as natural fibres such as jute, flax, or hemp in composites have poor compatibility
towards a hydrophobic polymer matrix, resulting in weak interfaces and poor mechanical
properties of the composites. This may in part be overcome by the use of surface modification,
or in the case of reinforced polypropylene matrix by additional maleation of the matrix. Hereby,
the mechanical properties of the resulting materials have been significantly improved.

1. INTRODUCTION

Technological progress demands ever more efficient materials. In recent years, sustainability
issues have gained more attention. Natural fibre reinforced composites are ideal materials to
meet these two requirements simultaneously. Natural fibres combine low density and attractive
specific properties at low price with recycleability and renewability.

Plant based fibres may be derived from the stem or bast (e.g. flax, hemp), the flower (cotton) or
the leaf (abaca, sisal) of the plants. The fibre properties depend not only on the fibre type but
also on the growing conditions of the plant, the site of extraction, the retting process, leading to
a scatter in the fibre properties. The load bearing components of the fibre are cellulose
microfibrils, fibres also contain lower molecular hemicellulose or pectins.

For a maximum performance of natural fibre reinforced composites, a significant drawback of
natural fibres must be overcome: The interphase between the hydrophilic fibre and the
hydrophobic polymer matrix is often weak. This needs to be modified in order to obtain a strong
interphase. The fibre needs to be tailored according to the matrix in mind. As the cellulose
exposes OH-moieties on the surface, many of the chemical modifications known from glass
fibre reinforcement should also be appropriate. For glass fibers, the processing routes are well
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known for many polymer matrix materials and may be adopted to natural fibres. One difference
is that in the industrial process, glass surface modification is performed via sizing the glass
fibres online during the production process immediately after leaving the bushing. Naturals
fibres need to be stripped of their low molecular parts e.g. by hydroxide treatments or
mercerization in order to enable modification.

As a polymer matrix, Polylactic acid (PLA) derived from corn starch was chosen. For this
matrix, known modifications lead to improvements but cannot lead to interphase strengths
comparable to those of polypropylene (PP) or polyamide (PA) matrix systems. In combination
with the natural fibres, this leads to an all-bio composite.

2. MATERIALS AND METHODS

Composites are prepared by various processing routes. Bamboo is obtained as powder made up
of typically 400 pm x 50 um pieces from Bamboo Fibre Technologies (France). Variations of
treated powder are compounded with PLA (Ingeo2003D, NatureWorks LLC) and injection
moulded into plates or test specimens. The surface modifications include de-waxing of fibres by
soaking in 1wt% NaOH for 2 h followed by washing and neutralizing, sizing the fibres with an
aqueous solution containing coupling agents such as silanes (3-aminopropyltriethoxysilane, APS
or 3-glycidoxypropyltrimeth-oxysilane, GPS) or maleic acid, or film formers such as chitosan or
epoxy dispersion. The PLA is compounded with dicumyl peroxide (DCP) for improved
bonding. Jute yarn / epoxy microcomposites with differently treated fibres (treatment: NaOH,
silanes as described for bamboo) are made on an institute-built embedding device.

The influence of modified interphases in natural fibre composites is studied in compression
shear tests and transverse tension tests as well as Charpy impact test. Besides, the interfacial
adhesion strength of single fibre composites is evaluated by a pull out test. It is carried out on a
self-made pull-out device with a force accuracy of 1 mN, and a loading rate of 0.01 pm/s. The
maximum force required for pulling the fibre out of the matrix and the embedded length were
determined from the force-displacement curves. The adhesion bond strength between the fibre
and the matrix is characterized by the values of the apparent interfacial shear strength (tapp). The
fracture surfaces of the fibres after pull-out are studied by scanning electron microscopy (SEM)
and atomic force microscopy (AFM).

3. RESULTS AND DISCUSSION

The single fibre pull-out test was used to determine the quality of interfacial bonding between
differently treated or conditioned jute fibres and the epoxy matrix. This micro-mechanical test is
very sensitive to variations of interfacial adhesion. For untreated fibres, the apparent interfacial
shear strength between the jute fibre and the epoxy matrix was determined as tap, =43 £ 9 MPa.
An AFM study of the fracture surface (Fig. 1a) shows compact structures as of a waxy surface.
The fracture is expected to occur within the weakly cohesive cementing layer, which covers the
untreated fibre and consists of low molecular weight fats, lignin, pectin and hemicellulose.
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Fig. 1. AFM images of fracture surfaces of jute fibres pulled out of an epoxy matrix. The
fibres were untreated (a) treated with NaOH (b) or NaOH treated followed by sizing with
APS (c).

Alkaline treatment of the fibre increases the apparent shear strength ., by 40% to 61 + 12 MPa
(Doan et al. 2012). The AFM surface image (Fig. 1b) shows an agglomeration of 30 nm and 200
nm structures which are randomly arranged. A high surface roughness often corresponds to
higher fracture energies. Removing the said cementing layer is the aim of the NaOH fibre
treatments. It also provides a rougher fibre surface and improves the wettability (Doan et al.
2012). This enhances the interfacial shear strengths of jute / epoxy model micro-composites
significantly as compared to untreated fibre micro-composite.
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Fig. 3. Tensile strength of PLA and bamboo powder reinforced PLA with different surface
modifications

Silane treatments enhance the adhesion strength further. The apparent interfacial shear strength
of the epoxy composite based on NaOH/APS treated fibres was increased by 49%, as compared
to untreated fibres. This compares well to jute / epoxy composites where fibres with the same
treatments were arrayed by stitching and then embedded in an epoxy matrix (Doan et al. 2012).
NaOH treated jute fibre exhibits a porous structure on the fibre surface, the sizing components
such as coupling agents can penetrate into the pores and form a mechanically interlocked
coating on the fibre surfaces. In the AFM micrographs, the fracture surface reveals a cross-
hatched structure of the crystalline cellulose exposed after peeling-off the surface layer (Fig. 1c).
The bonding must therefore be strong enough to induce cohesive fracture within the jute fibre in
contrast to the adhesive fracture seen in the interface of the NaOH treated fibre composites

206



Interphase studies in natural fibre composites

(Doan et al. 2012, Doan et al. 2007).

In jute / PP single fibre model composites, the interfacial shear strength can be doubled via the
maleation of the matrix (Doan et al, 2006). Such a matrix modification is technologically
convenient. For PLA, no appropriate polymeric modifier is commercially available. So the
fibres were modified and treated with various bonding agents. As fibre, bamboo powder with
400 pm length was used, corresponding roughly to a typical fibre length of injection moulded
glass fibre reinforced thermoplastics.

Bamboo powder was surface treated with NaOH and then with bonding agents (maleic acid,
GPS). It is compounded into PLA in a twin screw extruder (ZSE 27 MAXX, Leistritz,
Germany), DCP peroxide is added together with the PLA, the modified fibres are added
downstream to reduce fibre shorteing. Reinforcing the PLA with 30 wt% bamboo powder
almost doubles the Youngs modulus (Fig. 2). As the Young’s modulus is determined at strains
so low that local failure should not occur, the adhesion strength of the interphase does not play a
role: the moduli are independent of the surface treatment. However, they influence the tensile
strength. Adding DCP, a peroxide with a reaction temperature of 160°C, to the neat PLA leads
to an increased tensile strength of the injection moulded specimens by 10% (Fig. 3). Adding
unmodified bamboo powder does not improve the tensile strength, unless the powder is alkali
treated first. A silane treatment slightly improves the tensile strength further whereas a treatment
with maleic acid decreases the tensile strength of bamboo powder composites, the decrease is
less pronounced if silane is present.

Compounding peroxide into the PLA increases the toughness due to random chain length and
cross linking reactions. As expected, the toughness decreases upon addition of the bamboo
powder. Here, the treatments of the powder have a large effect: as in the tensile strength, best
results are optained for alkali/silane treated bamboo composites, the improvement is less
pronounced in maleic acid treated powder composites (Fig. 4).

30

:illllh

neat LA PLA + DCUP PLA +DCUP PLA +DCUP PLA +DCUP PLA +DCUP PLA + DCUP
+ Bamboo + Bamboo + Bamboo + Bamboo + Bamboo
NaOH NaOHMA  NaOH Silane  NaOH MA
Silane

N
o

acu [kd/m?]

Fig. 4. Charpy impact toughness (a.,) of PLA and bamboo powder reinforced PLA with
different surface modifications

207



Brodowsky and Méader

4. CONCLUSIONS

Natural fibre surface treatments alter the fibre properties in terms of morphology, topography,
adhesion as well as of bonding ability towards a specific matrix and thereby affect the interphase
properties. Especially the presence of silane coupling agents leads to improved adhesion in the
interphase, through chemical bonds between, on the one hand, the fibre and silane coupling
agent/film former and, on the other hand, the coupling agent/film former and the matrix.

As well known, a similar effect is obtained by maleating the matrix in PP / jute composites: This
is a technologically easy way to enable the formation of a covalent bond between fibre and
matrix. In thermoplastic matrix materials made from sustainable resources, the aim is to form as
strong an interphase as that resulting from the maleated PP. Generally, the interphase needs to
be tailored according to the matrix. When trying to make composites out of bio-products such as
natural fibre reinforced PLA, the specific interphase formation needs further improvement.
Although the interphase material makes up only a relatively small fraction of the total mass,
these functional interphases influence the composite properties significantly.
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ABSTRACT

The determination of the gel point of a resin is a key in order to design and optimize the
manufacturing process of composite materials. In this work, the gel point of a biobased
polyfurfuryl alcohol (FA) resin has been determined by rheological isothermal tests at different
curing temperatures. The obtained gel times using three different amounts of catalyst (2, 4 and 6
% wt.) were correlated to temperature by the Macosko model; to predict the gel time at any
temperature within the studied range. Furthermore, the evolution of the complex viscosity of the
FA resin after its gel point has been studied as a function of the amount of catalyst and
temperature. The rate of viscosity change was compared to the rate of viscosity change during
the pre-gel stage, and a clear reduction was observed. Thus, the two different curing stages (pre-
gel and post-gel) can be clearly identified by the rheological behavior of the resin system. The
evolution of the viscosity has been modeled using widely used rheokinetic models. Finally,
since rheological properties such as viscosity and complex modulus (G") are highly sensitive to
the molecular weight of a polymeric system, and they can be used as indicators of the degree-of-
cure of a resin, the measured complex modulus of the FA resin has been used to determine
degree-of-cure profiles for FA resins with different amounts of catalyst, and at a range of
temperatures.

1. INTRODUCTION

The preparation of composite materials to achieve both an optimization of the manufacturing
process and the final properties of the composites depending on the application requires basic
knowledge of the properties of the constituent materials. Thus, the study of polymers and fibers
employed as matrix and reinforcements of composite materials is of great importance. In the
case of thermosetting polymers, the analysis of its kinetics of curing, and the evolution of its
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properties during crosslinking of the polymer, and the transitions that may occur, gelling and
vitrification, are crucial.

The gel point of a resin is defined as the point at which the behavior of the resin is more similar
to a solid than to a liquid, i.e. its flow behavior is changed, and it is considered that all the
polymer chains are linked together forming a polymeric network. At this point, the kinetics of
the curing reactions are commonly changed compared with the pre-gel stage; e.g. the curing rate
is typically reduced. The gel times of a resin under different conditions (e.g. amount of catalyst
and temperature) can be obtained through rheological tests. The five criteria normally used in
the literature to detect the gel point by a rheological technique are: (i) the cross-over point of the
elastic modulus (G’) and the viscous modulus (G’’) (Tung and Dynes, 1982), (ii) the point at
which tan(d) becomes independent of the frequency (Winter, 1987), (iii) the maximum of tan(d)
(Cadenato et al., 1997), (iv) the crossing point between the tangent line of the elastic modulus
curve and the baseline G’=0 (Martin et al., 2000), and finally (v) the onset of decrease in the rate
of growth of the viscous modulus during the polymer cure (Harran and Laudouard, 1985).

In the present work, a study of the curing process of a biobased polyfurfuryl alcohol (FA) resin
was carried out using rheology as the analysis technique. The study includes determining the gel
point of the resin, using the above-mentioned first two criteria, in addition to determining the gel
time dependence with amount of catalyst and temperature. Furthermore, profiles of the degree-
of-cure of the resin vs. time were obtained through a rheological variable such as the complex
modulus, and the rheokinetics for the post-gel stage were determined.

2. EXPERIMENTAL PROCEDURE

Rheological runs were performed using an AR Rheometer 2000 (TA Instruments®) with a 25
mm diameter upper plate and a peltier lower plate. Normal force was zeroed and fixed during
the tests to prevent contact loss between the sample and plates. Five isothermal curing runs of
the FA resin in the three temperature ranges 65 — 85 °C, 55 — 75 °C and 50 — 70 °C (using a 5 °C
increment) for 2, 4 and 6 % wt. amounts of catalyst, respectively, were carried out for 60 min.
The frequencies employed were from 1 to 10 Hz (6 frequencies equally separated on a logarithm
scale), and with a 0.1 % strain. For the isothermal curing runs, a 20 °C.min™" heating ramp from
a starting temperature of 20 °C was programmed in order to reach the various curing
temperatures. The samples were first stabilized at 20 °C for 2 min before the heating ramp was
started. All rheological measurements were performed within the linear viscosity region of the
FA resin. Three replicates were used for each experimental setting.

3. RESULTS AND DISCUSSION

The gel point of the FA resin was obtained by applying the criterion of the cross-over point of
the elastic modulus (G’) and the viscous modulus (G’’) at a single frequency (1Hz), and the
criterion of the point at which tan(d) becomes independent of the frequency, i.e. when the value
of the tangent is equal for all the tested frequencies. An example of this is shown in Figure 1.
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Fig. 1. Determination of gel time using the cross-over point of the elastic and storage
modulus (at 1 Hz), and the point at which tan(d) becomes independent of the frequency
for a FA resin with 2 % wt. amount of catalyst and at a temperature of 75 °C.

In the case of the second criterion, i.e. when tan(8) becomes independent of the frequency, it
was observed that at high temperatures and high amounts of catalyst, the values of gel time
obtained for the three different replicates showed large variation. This second criterion was
therefore rejected, and the cross-over of the moduli was taken as the most reliable criterion.

The average value of the gel time obtained for the FA resin at the tested temperatures and
amounts of catalyst were determined (Table 1). The natural logarithm of the inverse of the gel
times is plotted vs. the inverse of the absolute temperature in Figure 2.

Table 1. Gel times for FA resin for different amounts of catalyst and
temperatures determined using the two criteria: cross-over of the moduli and
independent value of tan(d).

Amount of Temperature toel (5) teel (S)

catalyst (°C) Cross-over tan(d)
65 2544 £253 2641 £75
70 1425 +£8 1461 £28

2 % wt. 75 1056 £226 936 £21
80 657 £44 666 £ 5
85 448 + 103 457+ 6
55 1875 £126 2004 +134
60 1204 £21 1235 £27

4 % wt. 65 744 +£18 754 £8
70 452 +£25 455+3
75 297 +1 —
50 1579 £191 —
55 911 £63 —

6 % wt. 60 555 £33 —
65 347 £ 56 —
70 230 +13 —
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Fig. 2. Logarithm of the inverse of the gel time vs. inverse of the temperature for FA
resins with the three amounts of catalyst, together with fitted model lines according to the
Macosko model.

The Macosko model (Mussatti and Macosko, 1973), as described by Eq. (1), which relates the
gel time to the temperature, was fitted to the results as shown in Figure 2.

1/t =C exp(-AE /R-T) (1)

The activation energy of the process (Ex) together with the frequency factor (In(C)) were
obtained for the different amounts of catalyst. Both parameters consistently increased as the
amount of catalyst was increased, as shown in Table 2.

Table 2. Calculated parameters of the Macosko model.

Amount of catalyst Ln (O) AEy (kJ.mol'l) R? c
2 % wt. 21.1+2.1 81.0£5.9 0.984 1.058
4 % wt. 254+0.2 90.0+£ 0.5 1.000 0.549
6 % wt. 27.8+1.1 94.8+2.9 0.995 1.133

In the case of the determined values of the activation energy, there is a clear difference when
using the low 2 % wt. amount of catalyst (AE; = 81 kJ.mol™") compared to the higher 4 and 6 %
wt. amounts of catalyst (AE, about 92 kJ.mol™). This same tendency was also found for the
curing activation energies obtained by DSC by the Belichmeier method — also a single point
method — in previous work by the authors (Dominguez and Madsen, 2011). The smaller
difference found between 4 and 6 % wt. amounts of catalyst suggests that a maximum of the
curing rate is approached. Altogether, as demonstrated by the quality of the fits shown in Figure
2, it is proven that the Macosko model is quite suitable to be used to predict the gel time of the
FA resin at the temperatures commonly used in the manufacturing of FA resin composite
materials (Dominguez and Madsen, 2013).

Once the dependence of the gel point of the FA resin on temperature for each of the used
amounts of catalyst was determined, the evolution of the degree-of-cure during the post-gel
stage was estimated by monitoring a rheological variable such as the complex modulus (G")
using Equation (2).
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(- 102G ) -1oe(C'(¢,.,)

= 2
log(G'(t,_,)~log(G'(¢,,)) ?
This model is one of the different models proposed in the literature for the estimation of the
degree-of-cure (Dominguez et al., 2010). The degree-of-cure is related to the increase in the
logarithm of the complex modulus throughout the curing process, i.e. from the modulus
measured for the uncured resin to the modulus measured for the fully cured resin. In the present
study, if the FA resin was not fully cured at the end of the test, the complex modulus of the fully
cured resin was estimated by Eq. (2) using the determined complex modulus at the gel-point
(G*(tgel)) and the previously determined degree-of-cure at the gel point (cu(tgr)) on 0.50 for the
FA resin (Dominguez et al., 2012; Guigo et al., 2007). The complex modulus used to calculate
the obtained degree-of-cure of the FA resin corresponds to a frequency of 1 Hz, which is the
same frequency employed in the gel point determination. The evolution of the degree-of-cure of

the FA resin is shown in Figure 3 for the three amounts of catalyst, and at a temperature of 65
°C.
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Fig. 3. Evolution of the degree-of cure of the FA resin at 65 °C.
The degree-of-cure of the FA resin reached at the end of the performed experiments, i.e. after an
hour of curing (3600 seconds, see Figure 3) under isothermal conditions, for each of the

temperatures and amounts of catalyst is shown in Table 3. For those trials in which the resin has
been fully cured, the average time required to reach final cure has also been determined.

Table 3. Reached degree-of-cure of the FA resin at different temperatures and amounts of

catalyst.

Temperature Amounts of catalysts
[°C] 2 % wt. 4 % wt. 6 % wt.
50 — — 0.727 £ 0.020
55 — 0.710 £0.018 1.000 (3382 + 160)"
60 — 0.832£0.010 1.000 (2238 + 168)"
65 0.661 £0.035 0.908 £0.030 1.000 (1478 + 142)°
70 0.809 £ 0.068 1.000 (2243 + 4)" 1.000 (950 + 122)"
75 0.862 +0.012 1.000 (1586 + 1)" —
80 0.882 +£0.023 — —
85 0.972 £ 0.050 — —

" Time (s) required to fully cure the FA resin.
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All the obtained degree-of-cure profiles of the FA resin, as exemplified in Figure 3, show a
marked change in the slope at a given time interval, and this is due to a change in the kinetics of
the curing process. This change occurs once the FA resin exceeds the degree-of-cure at the gel
point, which is determined in previous studies to be approximately 0.50 (Dominguez et al.,
2012; Guigo et al., 2007), and this is in good agreement with the results shown in Figure 3. The
observed reduction of the curing rate after the gel point is in agreement with previously results
showing a tendency for the activation energy to be reduced in the proximity of the gel point
(Dominguez et al., 2012). Thus, it is shown that in the case of FA resins, the study of curing
kinetics must be split in two stages, pre-gel and post-gel, applying for each stage the most
suitable models for the determination of the curing kinetic parameters.

The cure kinetics models applied to the complex viscosity measured beyond the gel point of the
FA resin are the four- and six-parameter Arrhenius models, which are described by Equations
(3) and (4), respectively:

4 -t oo ®

(AE A

AE ) J @

Ln(n*(t,T))=Ln(n1)+R'% n_l-Ln(1+(n—l) t-k,

where 1 is the complex viscosity at absolute temperature T, 1", is the reference Viscosity at
“infinite temperature”, AE,, is the Arrhenius activation energy for v1scosny, t is the curing time,

R is the universal gas constant, k., is the kinetic constant analogue of 1 «, and AEy is the kinetic

activation energy analogue to AE, ¢ is a proportionality factor (¢) and n is the reaction order.

The curing parameters of the FA resin for its post-gel stage were calculated by applying a
minimization algorithm of residual sum of squares (RSS) using Matlab. The obtained results for
the Arrhenius four- and six-parameter models are shown in Table 4, together with the calculated
total error (including all three replicates) of the model for all the temperatures tested.

Table 4. Determined values for the parameters of the four and six-parameter Arrhenius

models.
-AE, s
Model Catalyst (kJ/mol) Ln(ks) ¢ n MSE
, 2% — — — — —

4A"he“‘“s 4% 62.1 16.51 _ — | osos
p- 6 % 58.9 15.95 — _ 0.695
Arrhent 2% 104.4 32.79 0.62 140 | 0.897
p entus 4% 79.9 23.96 0.88 127 0.180
p- 6 % 60.5 17.23 0.92 117 | o0.136

"Mean Square Error.

As expected, the Arrhenius four-parameter model cannot predict correctly the behavior of the
complex viscosity of the FA resin since this model is only valid for linear increasing viscosity
behavior. This is revealed by the high total error evaluated through the MSE values calculated
for the 4 and 6 % wt. amounts of catalyst. In the case of the 2 % wt. amount of catalyst, the
model was applied to the data but the curing parameters provided by the model were
meaningless, and they are therefore not shown in Table 4. A clearly curved evolution of the
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logarithm of the complex viscosity of the FA resin was found, as exhibited in Figure 4, and
therefore a more sophisticated version of the Arrhenius model was required to obtain suitable
predictions, namely the Arrhenius six-parameter model.

o0 2% wt Catalyst
O 4 % wt Catalyst
A 6 % wt Catalyst

0 500 1000 1500 2000 2500 3000
time (s)

Fig. 4. Post-gel evolution of the logarithm of the complex viscosity of the FA resin at
65°C. Experimental data (symbols) and model predictions by the Arrhenius six-parameter
model (lines).

The Arrhenius six-parameter model can predict the behavior of the complex viscosity of the FA
resin during the post-gel curing stage quite correctly, as shown in Figure 4. In particularly, good
predictions are found for the 4 and 6 % wt. amounts of catalyst as shown by the low MSE values
(Table 4). In contrast, the MSE value for the 2 % wt. amount of catalyst is higher, and close to
the values obtained for the four-parameter model. This is expectedly due to the scattered values
of the complex viscosity found for high temperatures (80-85 °C) when a 2 % wt. amount of
catalyst was used. These scattered values can be explained by the possible small gradients of the
catalyst in the resin (i.e. non-perfect mixing), and the effect of these gradients becomes more
significant at high temperatures, and thereby at high curing rates.

4. CONCLUSIONS
The following conclusions can be extracted from the present study:

e The gel time of a FA resin with different amounts of catalyst was measured at different
temperatures by a rheological technique. The Macosko model was successfully applied
to the experimental data. The model allows predicting gel times of the FA resin when
using any of the tested amounts of catalyst, and within the range of the tested
temperatures.

e The evolution of the degree-of-cure of the FA resin was estimated under isothermal
conditions by a rheological analysis of its curing process, and by monitoring only
rheological variables. Two curing stages were found, and they were clearly marked by
the gelation of the resin, i.e. pre- and post-gel stages. This confirms the results found in a
previous study of the curing process of the FA resin.

e The rheokinetic parameters of the FA resin curing process were calculated for two of the
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three amounts of catalyst used, 4 and 6 % wt., by the Arrhenius six-parameter model,
which was found to be the most suitable model. The modeling of the curing process
when a 2 % wt. catalyst was used could not be conducted satisfactorily.
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ABSTRACT

The mechanical properties of basalt fibres were studied by single fibre tensile tests in the initial
state and after heat treatment. The Young’s modulus and tensile strength of basalt fibres are
compared to those of glass and carbon fibres. The topic of fibre sizing is discussed adapted to
fibre type and matrix compatibility. Furthermore, the strengthening effect due to tailored sizings
and properties of basalt fibres after heat treatment are presented.

1. INTRODUCTION

Besides the size and design of rotor blades, growing interests in types of applied reinforcement
fibres are in discussion driven predominantly by the efficiency of wind turbines. Attractive are
high performance fibres having a moderate price level. Growing high technology fields, such as
wind power and automotive manufacturing, have initiated new approaches in the development
of fibreizable glass compositions as well as alternative yarns or fibre manufacturing
technologies. Forming continuous fibres from basalt-like rock material belongs to the latter one
and could be a potential substitute to glass fibres in the process chain of rotor blade
manufacturing.

Basalt is a volcanic rock, which offers the possibility to manufacture reinforcement fibres
analogously to glass fibre manufacturing by well-known melt spinning process. Basalt fibres are
sometimes discussed as natural fibres due to their raw material sources. However, the quality of
fibres strongly depends on the processing technology. According to Novitskii and Efremov
(2011) two techniques are available: modular and multioperator technology, which differ in the
size of the bath furnace and number of spinneret feeders. Nevertheless, fibreizing itself is a
complex process, which is affected by multiple factors. Challenging research tasks exist in fields
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of processing as well as fundamental works of tailored interphase design. Especially, the fibre
design due to a wittingly raw material selection of basalt constituents becomes a key technology.

As early as 1963, Andreevskaya and Plisko (1963) investigated Young’s modulus of model
basalt fibres by frequency method. The experimentally determined values of 13-18 pm model
basalt fibres were about 9230 kg/mm? (91 GPa). Subramanian and Austin reported values of
moduli, varying between 78 to 90 GPa, measured by thin-line ultrasonics (Subramanian and
Austin 1978; Subramanian and Austin 1980). The authors pointed out that the modulus of basalt
fibres is higher than the obtained value of E-glass fibres. Today, basalt fibre manufacturer’s data
differ between 84 and 110 GPa. The density of basalt fibres is reported in the range of 2.6 to 2.8
g/cm?,

2. EXPERIMENTAL

Single fibre tensile tests were conducted under air-conditioning (temperature 23°C, rel. humidity
50 %) by using a Favigraph semi-automatic testing device (Textechno, Mdnchengladbach,
Germany) equipped with a 1 N load cell. The cross head velocity was 25 mm/minute and the
gauge length was 50 mm. The fineness of each selected fibre was determined by using the
vibroscope method in accordance with ASTM D 1577. 50 single fibres were tested for the
determination of the average values. The density of fibres was not experimentally determined.
Thus, 1.8 g/cm? for carbon fibres, 2.5 g/cm? for glass fibres and 2.8 g/cm? for basalt fibres are
taken as a basis for tensile tests (Fig. 1).

Heat treatment was managed by storing fibres in an oven (L5/11 Nabatherm) for 5h at 500°C
and 600°C, respectively, in air.

Young’s moduli of fibres at a strain range of 0.5-1.0 % were determined by single fibre tensile
tests at different gauge lengths 