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ABSTRACT
The adhesion between reinforcing fibres and matrix material is crucial for the performance of
composite structures. In this study we treated foam formed cellulose fibre sheets with plasma and
atomic layer deposition (ALD) treatments to achieve better adhesion between cellulose fibres and
epoxy matrix. Plasma treatment was done using 8 kW and 12 kW outputs and ALD cycles with Ti 2O
and Al2O3. Surface treated foam formed sheets were laminated into composite structure with epoxy
resin using vacuum assisted resin infusion. Complete laminated composites were water jet cut and
interlaminar shear strength was measured. Effect of plasma treatment to adhesion was minimal and
ALD treatment had minimal or no effect at all. Reason for low ILSS values can be explained with high
void content of samples caused by processing aids in foam forming process.
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INTRODUCTION

The performance and structure of fiber reinforced composites depends on the properties of the
individual components such as matrix, fibers and their compatibility, adhesion and bonding [1][2].
Reinforcing fibers can be synthetic or natural; regardless of the origin of fibers the adhesion between
fibers and matrix is crucial for performance of the composite structure.
The trend in the composite research and development is to produce eco-friendly composites.
Cellulose fibers are used with both thermoplastic and thermosetting polymer matrix materials. The low
thermal stability of natural fibers narrows the possible matrix material selection, since the processing
temperature of thermoplastics and the curing temperature of thermosetting materials have to be less
than 200 oC. Above this temperature natural fibers lose their mechanical properties and start to
degrade [3][4].
Epoxy resins are the most typical thermosetting matrices in cellulose fiber reinforced composite
structures. Some mechanical properties of the epoxy (EP) matrix are reported to increase after the
addition of cellulose fibers, but limited compatibility between cellulose fibers and the epoxy matrix
restrict wider usage [5].
Natural fibers have many possible characteristics for many engineering applications due to the low
cost, non-toxic, very high strength to weight ratio, light weight, renewability, biodegradability and low
wear to processing equipment. One major concern is the polarity of cellulose and high density of
hydrogen bonds. This hydrophilicity causes high moisture absorption and weak adhesion to the
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hydrophobic polymer matrices [6][4]. To improve adhesion between natural fibers and polymeric
matrices many physical and chemical treatments are used to overcome this incompatibility [7][5].
Chemical treatments have been used to enhance the interfacial adhesion between composite
components but problem is that the treatments are costly, time consuming and chemicals have to be
disposed safely afterwards. [1]
In this study, cost effective, clean and dry continuous process and relatively stable and uniform
outcome were the reasons for selecting atmospheric plasma treatment to enhance the compatibility of
cellulose fibers to the matrix [1]. For reference to plasma treatment we selected atomic layer
deposition (ALD) which can be used for modification of surface properties of cellulosic fibers [8].

Plasma treatment is an extremely versatile technique for surface modification of various materials,
such as rubbers, papers, fabrics, nonwovens, metals and especially polymer coatings. The advantage of
this technique is that plasma treatment changes only the utmost atomic layers of material surface
without modifying the bulk properties. Plasma contains activated species, including electrons, ions,
excited radicals, atoms and UV-radiation, which are able to initiate chemical and physical
modifications at the treated surface, and consequently improve e.g. wettability, adhesion, printability,
biocompatibility, friction and heat resistance of surfaces [9][10]. The plasma-solid interactions at
different surfaces can be classified to surface cleaning, etching or ablation, chemical modification and
crosslinking [11]. It has been reported that plasma treatment improves the cellulose fiber-matrix
adhesion by mechanical interlocking [12]. All interactions are contributing to plasma process at some
degree, but the substrate, plasma gas, equipment design and operating parameters are defining which
of the interactions is dominating the plasma process [9][10][11]. Low temperature plasma treatment is
suitable even for heat-sensitive materials such as cellulose and polymer films. The effects of plasma
treatment on the surface properties of polymeric surfaces have been quite extensively studied [11,1319]. We have, for example, observed that plasma treatments can be used for surface treatment of
cellulosic textiles: plasma activation or hydrophilization and plasma deposition (siloxane) for
hydrophobization of textile surfaces [20]. However, not so many plasma studies exist on cellulose
reinforcement materials and none for foam formed nonwoven reinforcements.
Atomic layer deposition (ALD) is a surface controlled layer-by-layer coating method. ALD is
based on self-limiting gas-solid reactions leading to coatings with low impurity content. ALD allows
the preparation of dense and pinhole-free inorganic films that are uniform in thickness even deep
inside pores, trenches, and cavities of various dimensions, and is thus suitable coating method for
porous materials and high aspect ratio structures. We have shown process penetrates nonwoven like
structures and coatings can be formed also on fibers within the structure [21][22].ALD has become an
important technique for depositing inorganic and hybrid thin films for a variety of materials for variety
of applications. In our earlier work low temperature ALD process has been proven suitable for coating
of various polymeric surfaces [23][24][25][26]. We have demonstrated that low-temperature atomic
layer deposition (ALD) can also be used as a tool to adjust surface properties such as wetting
characteristics of polymeric surfaces. Just a few ALD cycles of Ti 2O and Al2O3 affected the surface
characteristics of the nonwoven material [8]. Therefore we assume that we can also affect fiber to
matrix adhesion with ALD.

Foam is an advanced suspending medium that can be applied in several industrial-scale
applications. Foams have been utilized conventionally in long-fibre based nonwoven industry [27].
Typical product applications are specialty papers, filter materials and different kind of technical
textiles. In the paper industry, foam-laid forming technology has been demonstrated in the 1970 in a
pilot scale based using the so called Radfoam process [28]. Radfoam process was found to enhance
significant product properties and especially formation in nonwoven and paper applications [29]. The
air content of foam forming process was typically in the range of 60 – 70%.
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The object of our research was to improve cellulose fibres surface properties by air plasma and
ALD treatment for a better adhesion between foam formed cellulose reinforcement sheets and epoxy
resin.

2 MATERIALS AND METHODS
2.1 Materials
The present long-fibre foam forming studies were carried out both in laboratory and in the semipilot scale. The target was to produce either viscose fibre sheets or a viscose fibre based reel utilizing
foam forming technology, which can be further used in converting studies. Kelheim viscose fibres of
the length 6, 12 and 24 mm were used. The foam structure and rheology effectively prevents longfibre entanglement and the build-up of unwanted yarns in the process. In particular, the flocculation
tendency of the fibres is much smaller for the foam-laid process than for the water-laid process. We
were able to make very homogeneous nonwoven up to 24 mm viscose fibres using a laboratory foam
forming process (see Figure 1). The consistency used in this procedure was clearly higher than in
typical water laying processes for nonwovens. The shear rate of the flow was tuned suitable when
mixing the fibre suspension and the foam together [30]. The shear rate had to be high enough to break
the fibre bundles, and at the same time not too high to cause intensive interactions between the fibres.
The produced sheets from long-fibre foam forming studies were taken further to the converting trials.
Generally, foam forming process is suitable for producing a wide range of tailored nonwoven
materials based on cellulose raw materials. Foam properties and pre-processing and forming
procedures have a central role for the flocking tendency and the homogeneity of the final structure.
With suitable foam structure and viscosity, fibre flocking leading to structural non-uniformity can be
largely avoided.

Figure 1: Foam-formed laboratory sheets obtained with viscose fibres. The homogeneity of the
structure is preserved for the varied fibre lengths (6, 12 and 24 mm).
The laboratory sheets were made with 100% viscose fibers ordered from Kelheim, whose
mass/length ratio was 1.7 dtex. The fibers were delivered in the form of aligned small bundles at 50%
moisture content. The wet foams were produced with the ionic surfactant sodium dodecyl sulphate
(SDS, Sigma-Aldrich) with 90% purity. After making the foam, latex (Celanese Co., Mowilith TE 157
S) was added in the wet fiber foam in order to increase the strength of the formed structure. Complete
nonwoven foam formed sheets had weight 50+50 grams per square meter.
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2.2 Plasma treatment
Atmospheric plasma treatment was used to modify foam formed nonwoven sheets at the pilot line
of Tampere University of Technology (TUT)/Paper Converting and Packaging Technology (Figure 2).
This unique pilot line has possibilities for (co)extrusion coating and lamination, cast film production
and dispersion coating. Furthermore, several surface modification technologies are available including
corona, flame and atmospheric plasma.

Figure 2: Extrusion coating and lamination pilot line at Tampere University of Technology. Maximum
line speed at the pilot line is ~ 400 m/min and maximum web width 550 mm.
In this study we used plasma system PlasMatrix® from AFS, which can be used for surface
activation and fine cleaning of various materials (Figure 3). PlasMatrix ® is a multi-jet plasma system
with controlled arc discharges in air. The plasma is produced by passing air through a high-voltage
field, where it is blown out of the unit, producing a potential-free energy source which is used for
surface modification [17]. It has been reported that increase of plasma treatments output from 0,5 kW
to 1 kW do not have noticeable effect on the contact angle but increasing the number of cycles from 10
to 50 has pronounced effect on wettability [4].
Foam formed cellulose sheets, reference and sample, were divided to half (50 g/m 2) and paper
taped from edges to board filmstrip. Reason for taping the reference sample was that equal amount of
pressure compared to samples is also affecting the reference sample. For surface activation of foam
formed cellulose fiber reinforcement, two different outputs were used 8 kW and 12 kW, while line
speed was kept constant (100 m/min).

Figure 3: PlasMatrix® from AFS.
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2.3 ALD treatment
In this study we used ALD produced thin films in order to increase hydrophobicity of cellulose fiber
surface in order to improve fiber-matrix adhesion in composite structure. Foam formed samples
(50+50 g/m2) were ALD coated (SUNALE R200 ALD reactor, Picosun Oy) with ten cycles of Al 2O3
or TiO2 at 100°C. Reactants for TiO2 and Al2O3 were TiCl4 and water and trimethyl aluminium (TMA)
and water, respectively.
2.4 Manufacture of composite structure
Composite structures with thermosetting matrix and natural based fibers are commonly
manufactured using manufacturing methods such as wet lay-up, resin transfer molding, compression
molding and vacuum assisted resin infusion [7]. I.W. Low et al. [31] noted that method of mixing the
fibers with resins is usually based on mechanical blending or stirring. Drawbacks of these methods are
not allowing incorporating large quantities of fibers that high fiber volume fraction can be achieved
and has a tendency to cause fiber damage, agglomeration and generate unwanted air bubbles to the
composite structure. In this study laminated composite structures were manufactured using vacuum
assisted resin infusion to maximize fiber content, better mixing between the matrix and fibers and
more precise fiber spacing with uniform thickness in final laminated cellulose-epoxy composite
structure [4].
Six layers of ALD treated and respectively 12 layers of plasma treated foam formed cellulose
sheets were stacked and introduced with resin via infusion (Figure 4). Used resin was Epikote MGS
RIMR 135 epoxy resin with Epikure curing agent MGS RIMH 137, mixing ratio 100:30 by weight.
This epoxy system is specially designed for infusion processes and used for example in sports
equipment [32]. After infusion samples were post cured 24h @ RT and 6h @ 80 oC.

Figure 4: On the left vacuum assisted resin infusion of the sample. On the right is ready laminate
sample 13 x 10 cm.
During the infusion process it was noted that the surfactants used in the foam forming process are
present in fibres surfaces and caused large quantities of gas/air bubbles in the injected epoxy resin. To
minimize the amount of bubbles in composite structure and voids in final composite structure, some
epoxy resin was infused through injection area with the purpose to move bubbles from cellulose
reinforcement to the resin trap.
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2.5 Interlaminar shear test (ILSS)
The interlaminar shear strength (ILSS) was determined to estimate the interfacial adhesion strength
of the composite structures. The ILSS tests were conducted according to ASTM D 2344 standard at
crosshead speed of 1mm/min and span to thickness ratio of 4 (Figure 5).

Figure 5: ILSS test configuration
The ILSS was calculated using equation 1:
(1)
Where Pb is maximum load (N), b is the width of the specimen (mm) and d is the thickness of the
specimen (mm). A minimum of 8 specimens per treatment were water jet cut and tested.
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RESULTS

The ILSS values were used to determine whether the surface treatments improve the fiber-matrix
adhesion in the studied cellulose epoxy composites. The ILSS results of all six composite laminates
with standard deviation are shown in Figure 6.
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Figure 6: The ILSS results for the plasma and ALD treated samples and corresponding untreated
reference samples.
In blue columns, the effect of plasma treatment can be seen. Due to relatively high standard
deviation of the plasma treated composite results, it is not clear if the plasma treatments increased the
adhesion between epoxy resin and cellulose fibers. In average, 8 kW plasma treatments had a positive
effect on adhesion and increased the ILSS values but also large standard deviation has to be noted.
In green columns, the effect of ALD treatments can be seen. On average, a positive effect can be
seen in Al2O3 treated samples but TiO2 ALD treatment seems to have a negative effect on the ILSS
values of the composite structure.
Comparison to epoxy manufactures glass fiber- epoxy and carbon fiber- epoxy structures ILSS
values 42-55 N/mm2 it is noted that our results are ten times smaller [28]. Reason for low ILSS values
in our study can be explained with microscope pictures. In Figure 7 and 8 it can be seen that celluloseepoxy structure contains large quantities of voids. These voids are formed in the infusion process
when epoxy resin started to bubble. In all samples (ref, plasma and ALD) relatively large voids can be
seen.

Figure 7: Microscope pictures of plasma treated samples and reference. Scale bar is 500 µm
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Figure 8: Microscope pictures of ALD treated samples and reference. Scale bar is 500 µm
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CONCLUSIONS

The adhesion promotion treatments of nonwoven foam formed cellulose sheets have been carried
out using plasma (8 kW and 12 kW) and ALD treatment with TiO2 and Al2O3.
Surface treatment is crucial step when manufacturing composites reinforced with cellulose fibres, it
is essential to reduce the hydrophilicity of fibres and therefore increase adhesion between matrix and
gain better mechanical properties in the composite structure.
In our study, we used one cycle plasma treatment with the outputs of 8 kW and 12 kW. Plasma
treatments effect on adhesion is debatable because of large quantities of voids in the composite
structure. Same negative effect of voids can be seen in ALD treated samples.
Binder latex in foam formed nonwoven cellulose sheets can also affect the adhesion. One solution
is to change the current binder to compatible binder material for example epoxy powder or unsaturated
polyester powder.
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