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Abstract

There is a global surge in the application of redtfiber reinforced polymer composites in
various industries. Polymer reinforced compositesfaced with dimensional instability
during their service life, the reason being thatmalistic environment of application has
got frequency and temperature variables. Thereior@der to pinpoint the dimensional
stability of the composites, creep tests are ugwaliried out. In this investigation, for the
first time, alkali, enzyme, and plasma treated blatk reinforced epoxy laminar
composites were investigated using dynamic mechhaialysis for the creep behavior
between the temperature range ofG36 106C. The results show that creep is affected by
the layering pattern of the laminar composites wheralkali treatment leads to a higher

creep resistance of the composites.
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1. Introduction



The global impact of the consequences of climassmgh due to an increase in
greenhouse gas emissions are visible. Synthegcsfilwvhose main feedstock is petroleum,
contribute to environmental degradation due tadheity of the fumes emitted,
demanding energy for production and their non-bjpdeability. Various regional, national
and international legislations have led to a worttb\push for reduction in green house gas
emissions in transportation and manufacturing itréessthrough utilization of sustainable
and renewable materials [1-3]. Lignocellulosiefdbon the other hand have various
advantages such as: biodegradabilility, high spesifength, low energy demands and are
readily available [4—7]. Barkcloth is a lignocetislc nonwoven fabric majorly made up of
cellulose (69%) and produced from the barkmics natalensis andAntiaristoxicaria
trees which are widely grown in Central Uganda [8]. Rash elsewhere showed that
barkcloth can be used as a reinforcement of polyroeposites and the fabric also has
robust sound absorption properties at higher freges [9,10]. Treatment of barkcloth
fabrics with enzyme and plasma had a positive efiache properties of the fabrics.
Enzyme treatment had a positive effect in dissgiahplant material, hemicelluloses and
lignin; consequently leading to enzyme treateditatoeing thermally stable whereas
treatment with plasma led to the excitation ofrimective sites of cellulose [11]. Alkali
treatment dissolved hemicelluloses, lignin and fphaaterial leading to an increase in the
strength of barkcloth; Alkali-treated fabrics werged to reinforce commercially available
green epoxy polymer; the produced composites hadgimstrength for interior automotive

panels [12].

In the recent years, fiber reinforced polymer cosiigs from renewable resources

have found applications in various industries, hasvebecause polymers and polymer
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composites are viscoelastic in nature among the pesformed to ascertain the
dimensional stability of the developed materialsreep [13]. Creep is the time dependent
behavior of a material whereby a constant streappdied to a material and the resulting
strain is characterized. The study of polymer cositps necessitates the evaluation of the
viscoelastic behavior of the composites at varfoeguencies and temperature. The
viscoelastic behavior is best demonstrated usiegpcand stress relaxation tests; one such
tool that can be used is in the evaluation of tieeg behavior of polymer composites is the

Dynamic Mechanical Analysis [14].

Synthetic fiber reinforced polymer composites aediin the construction industry
for rehabilitation of structures [15]. Mancusi étstudied carbon and glass laminar
composites retrofitted PC beams whereby carborglass fiber composite laminates were
bonded by adhesives on to the beams and the seacubjected to creep experimental
tests at room temperature. The retrofitted strestuvere creep resistant at low stress levels
whereas at high stress levels, there was changechanical response of the structures
which was due to the localized stresses in thesadhenaterials [16]. Furthermore, various
models aimed at creep analysis of rehabilitated engineering structures have been

reported [17,18].

Previous investigation on the creep of naturabfitsr reinforced composites shows
that creep is dependent on the temperature, tyfpeatoix, filler pre-treatment and the

filler type and size [19-21].

There are limited studies of the creep behavidravkcloth reinforced composites;

therefore a detailed critical analysis of creepatfkcloth composites is of practical



importance. The objectives of this study are treeef(1) investigate the short-term creep
behavior of barkcloth reinforced laminar epoxy casifes. (2) Understand the effect of
fabric pre-treatment with enzyme, plasma and alialihe creep behavior. (3) Study the

effect of advanced layering architecture on thegfgehavior of barkcloth composites.

2. Experimental

2.1. Materials

Barkcloth fromFicus natalensis was extracted using the method described by Rwaatire
al. [12]. An overview of barkcloth material and rhaaical properties is shown in Table 1
[8,22,23] and Table 2 [8,12]. Two commercially dabie enzymes “Texazym DLG”,
“Texazym BFE”, and anti-foaming agent “Texawet DAdtipplied by inoTEX spol. s.r.o,
Czech Republic were utilized as described elsewidie Two sets of epoxy resin were
utilized: Synthetic Epoxy resin LG285 and aminedeaer HG 285 supplied by GRM
systems, Czech Republic; Green epoxy CHS-Epoxy @B2¢h is a biodegradable low
molecular weight basic liquid epoxy resin contaghimo modifiers, certified by the
International Environmental Product Declaration Satium (IEC). The green epoxy was

utilized for the production of biocomposites (gremmposites).

2.2. Fabric Surface M odification

Enzyme treatment

DLG enzyme was used together with BFE to form atmnex The enzyme solution and
fabric weight ratio was all throughout maintainéd 80. 0.3g of DLG and 0.6g of BFE

were were added in 900ml of distilled water. 0.2¢/Texawet DAF which is an anti-



foaming agent was added and the mixture was coneiti at 58C ensuring a neutral pH
for 90 minutes. Another bath was prepared using BifEyme with the same bath ratio
above of 1:30. 0.6g of the enzyme was mixed wighathti foaming agent and the bath

maintained at 5% with for 90 minutes. An alkali was added so asebthe pH to 9.

Caution was taken such that both enzymes are abédhevith a direct heat source.
Plasma Treatment

Barkcloth fabrics were treated with Dielectric BariDischarge (DBD) plasma using
laboratory device, Universal Plasma Reactor 100W4ehFB-460, Class 2.5 from Czech
Republic. The barkcloth fabric samples were puhereactor for the duration of 30s and
60s respectively.

Alkali Treatment

Barkcloth fabrics were subjected to alkali treatin&rb% NaOH solution. The barkcloth
fabrics were soaked in an alkaline solution at réemperature for one hour thereafter
thoroughly cleaned using distilled water to remtwe alkali together with other impurities
and then dried in an oven at’80

2.3. Composite fabrication
Synthetic Epoxy Composite

Vacuum Assisted Resin Transfer Molding (VARTM) wesed to prepare the Barkcloth
Fabric Reinforced Plastic Composites (BFRP). Tlsenrto hardener ratio was 100:40 as
per the manufacturer’s specifications. The compsgiroduced with VARTM had a 40%

fiber volume fraction. Four barkcloth plies wereedgor the composite sample preparation



for each set of composites (Fig.1). After the resfasion, the composite was left to cure at

room temperature for 72 hours.

Layered Composites

Laminar hierarchical architecture was utilized wititreated (BFRP) and Biocomposites
(green composites). Optimization of the fiber pmips was achieved through varying the
fiber angles through the hierarchical architectufrthe barkcloth layers. The layering
pattern of the barkcloth fabrics used for the pagpof the study of the effect of layering

pattern is as shown in Fig. 2 as reported elsew@gre

Green Epoxy Composite

The biocomposite specimens were prepared usinigathe lay-up due to the fact that the
viscosity of the green epoxy polymer was high [T2]Je mould was treated with a mould
release agent and thereafter Teflon sheets weliedpp aid the fast removal of cured

composite specimens.

2.5. Characterization Methods

2.5.1. Morphology

The surface morphologies were investigated usif§%130 Vega-Tescan scanning
electron microscope with accelerating voltage d€\20The samples were sputtered with

gold using a plasma sputtering device.

2.5.2. Fiber Orientation Distribution



In order to effectively determine the barkclothrialhierarchical architecture, a Hough

Transform image analysis code was utilized.
2.5.3. Creep

The Creep behavior of BRPC was investigated usiadttiree point bending (3PB) mode
utilizing a Texas Instruments Q800 Dynamic Mechahfmnalysis (Q800 DMA) (Fig. 3).
The short term creep tests were carried out ivigeelastic region of the composites
below the glass transition temperature. Synthgtioxy Composites (Untreated; Enzyme
and Plasma Composites) were tested in the tempenatnge 50-61C whereas green
epoxy polymer reinforced composites were testatiértemperature range 50°80below
the glass transition temperature. The samplesleitith and width dimensions of
60x12mm and thickness ranging from 2-3mm were dyatked for 5 minutes at the set
temperature; thereafter a static stress of 2MPaappked in three point bending mode for
a period of 30min. The strain was measured usimglaresolution linear optical encoder
with a resolution of 1 nanometer that allows meiagudisplacements of very small
amplitudes [24].

3. Results and discussion

3.1. Fiber Orientation Distribution

Image processing techniques are used in the migobste investigation of nonwoven
fabrics so as to understand fiber orientation ithistron and fiber diameter. The Fourier
Transform (FT), Hough Transform (HT) and Direct dkimg are the methods used in the
estimation of the fiber orientation distributionnonwoven materials [25]. Unlike other

methods, the HT method obtains the fiber distrdoutn the nonwoven directly and the



actual orientation of the straight lines is plottedthe image with minimal computational
power. Using a digital camera image as shown in4&ig’s observed that the bonded
barkcloth microfiber bundles are nearly alignedratingle of +4%to the horizontal. These
fiber bundles are held together through fiber egitament. That notwithstanding, a robust
technique utilizing the HT was further used to istigate the microfiber bundle orientation
distribution (Fig. 5). While using the HT, the inmemagnification affects the results
obtained, elsewhere, Ghassemieh [26] showed thaigaification of 30X and 50X
produced the best representative image of the neemya@onsequently, the results were
favorable compared to higher magnifications.

The 50X SEM image magnification was therefore zgii for image processing in matlab
(Fig. 5A). In order for the HT to function optimglithe image was binarized (Fig. 5B);
therefore the HT algorithm identifies points in theage which fall on to the straight lines.
The lines are thereafter plotted on the originagm Fig. 5C shows the orientation of the
most microfiber bundles in the barkcloth. The agagion of the HT further justifies the
barkcloth microfiber bundle orientation of £45

3.2. Fabric M or phology

In our earlier research elsewhere, we extensiwgpnted on the morphology of barkcloth
[11,12,22,23]. It was shown that the fabric morplgylis made up of a dense network of
naturally bonded microfibers that are oval in shajih diameters 10-20um. The
microfiber bundles appeared to be aligned at angtesnter-fiber bond structure is
responsible for the strength of the load bearingrofibers and damage is a result of the
separation of the individual microfiber bundlesotingh the failure of the inter-fiber bond

and thence fracture. The transverse section dbthrec was typically characterized by air
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cavities and microfibers surrounded by plant matgli’'s the air cavities that are
responsible for the thermal insulation and soursbgiiion properties of the fabric [10].

The morphology of enzyme and plasma treated failiskown in Fig. 6. Plasmas are used
for the surface activation of fibrous network ahdrefore depending on the treatment time,
the material can have structural changes [27].Gagand 6b are the SEM images of plasma
treated fabrics for 30s and 60s respectively. & wlaserved that oxygen plasma had a slight
effect on the surface of the barlcloth microfib@rse plant materials on the surface are
vividly visible. Fig. 6¢ and 6d show the effectsBFE enzyme treated fabrics whereas 6e
and 6f are for DLG enzyme treated fabrics. Treatroébarkcloth with commercial

enzyme BFE led to ridges and grooves along theafilbgrs surfaces (Fig. 6d). At 100X
magnification, it wasn’t possible to see the defece of enzyme treated barkcloth surfaces
(Fig. 6¢ and 6e); that notwithstanding, an increzfsmaagnification showed that the
performance of BFE enzyme in dissolving plant matevas better than DLG enzyme and
the surfaces are fairly cleaner compared to the Bh&/me (Fig. 6f).

Fig. 7 shows the X-Ray Diffraction pattern of bddth. The untreated barkcloth showed
main D diffraction peaks between 22.8nd 23.2 which correspond (002) crystallographic
planes of cellulose | [28]. The peak at P53due to 001 crystallographic plane of cellulose

I [29]. The crystalline index was calculated usihg expression by [30] shown below:

C] = Hjz55—Higs (1)

Hz 55

WhereH,, 5 is the height of the XRD peak2f = 22.55°which is responsible for both
amorphous and the crystalline fractions whereasrhed| peak at 260 = 18.5°
corresponds to the amorphous fraction. The caledletystallinity index was 79% higher

than sisal (71%), jute (71%), Sansevieria cylintef fibers (60%) [31]. A higher value of
9



Cl shows that barkcloth crystallites are orderlyature. Having orderly cellulose polymer
crystallites aides in the resistance of the magbditthe cellulose polymer chains as
temperature increases therefore making the reiafoent efficient.

3.3. Thermal behavior of biocomposites

The composites’ thermal behavior as characterized3C is shown in Fig. 8.
Incorporation of barkcloth into the amine hardenepoxy polymer resin system had an
effect on the crystallization behavior of semi-tajiine synthetic epoxy polymer. The
barkcloth reinforced epoxy laminar composites elgmeed endothermic and exothermic
phase transformation. The first endothermic peak@ind 55-61°C corresponds to the
glass transition temperatureg{ Whereas a broad exothermic peak at around 133150
represents the cold crystallization temperatugg ¢Tthe epoxy polymer chains [32]. As
the temperature is increased, a second endothperalcis observed at around 200-220°C.
This peak signifies the melting temperature)(®f Epoxy polymer. Table 3 shows the
effect of surface modification of barkcloth on the Tc and T,. Addition of reinforcement
generally increased the glass transition tempezatuystallization temperature as well as
the melting temperature of the composites becaddiéi@n of reinforcement limits the
mobility of the polymer chains and therefore, aifpes effect on the glass transition
temperature [33]. In comparison to enzyme treatnasma treated barkcloth had a

higher glass transition temperature.

3.4. Dynamic mechanical properties

In order to evaluate the effect of the surface fncation, the mechanical damping factor

(Tano) was utilized to show the efficiency of the suganodified filler-matrix adhesion. A
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high damping factor indicates a weak filler-mathesion, whereas a low damping factor
indicates good filler-matrix adhesion that doestiow free movement of polymer
molecules. It's therefore observed that plasmaeateeomposites for 60s and enzyme
treated composites had good fiber-to-matrix admeagcan be observed by the lower Tan
o (Table 4). The glass transition temperature igioktd at the level at which the damping
factor and loss modulus attain maximum dampinges([34]. Table 4 shows the three
temperature ranges of glass transition obtainethubkie loss modulus curve; peak of
damping factor and by DSC respectively. The glesssition obtained using tans

usually higher; therefore, a more conservativegieansition temperature obtained by the

loss modulus is usually taken into consideration.

Creep behavior is characterized by three stagesedsing strain rate, stable strain rate and
an increasing strain rate [21]. The creep resigtaest results were obtained from the Texas
Instruments Q800 Dynamic Mechanical Analyzer amddata of barkcloth fabric

reinforced composites in the temperature rang®efB8°C was plotted as shown in Fig. 9,
10, 11 and 12 respectively. The composites wergtillin the stable strain rate at the end
of the tests. Overall, it was observed that theaatéd composites had low instantaneous
deformation and the lowest creep rate at bothehgeratures which were studied. The
instantaneous deformation of the untreated falgradually increased with increase in
temperature. The lowest resistance to creep wasdswith DLG enzyme treated fabric
composites at both temperatures of the test. Thecteep resistance is due to the action of
enzymes which dissolved the plant material and eeed the fabric inter-fiber bonds
therefore leading to weaker composite structuresvever, that notwithstanding, despite

the fact that overall enzyme treated compositesth@dhighest creep rate, an increase in
11



temperature from 3C to 50C had little effect on the creep behavior of BFEyene

treated fabric reinforced composites. The effedagéring pattern on the creep of
Barkcloth Fabric Reinforced Plastic Composites (BFRas investigated as shown in Fig.
11 and 12. It's observed that layering pattern BHRTAd a low instantaneous deformation
and higher creep resistance at both the testederamopes being closely followed by BFRP
IV. This behavior is consistent with the resultsadted for the flexural and dynamic
mechanical properties reported elsewhere thergfoneg proof that advanced hierarchical
ply arrangement BFRP Il and 1V being ideal for lwdokh composite laminate design [8].
The green composites utilized layering sequenceBRR at 30C the composites creep
behavior is almost the same with synthetic compesitith the same ply arrangement,
however, as the temperature increases 6 %Big. 12), the green composites’ creep
resistance wasn't affected by temperature chargrefttre showing the green epoxy
polymer’s creep resistance being higher than théhgyic composites with the same
layering pattern. This result was due to the ¢féédreatment of the fabrics with alkali
which increased the crystalline nature of the mitihg fabric and also to the crystallinity
of the green epoxy polymer. However, that notwahsing at a higher temperature of
100°C, the green composites exhibited a very low cresjstance which would render the
optimum temperature of application of the green posites with barkcloth reinforcement
lower than 108C. In order to harness the best composite mecHanioperties, barkcloth
fabrics, layering sequence BFRP Il and IV are ttoeeerecommended to be used, whereas

alkali treatment is preferred and yields bettetic&nd dynamic mechanical properties.

4. Conclusion
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We investigated the short-term creep behavior diddath reinforced laminar epoxy
composites; the effect of fabric pre-treatment witzyme, plasma and alkali on the creep
behavior and finally the effect of advanced laygranchitecture on the creep behavior of
barkcloth composites was studied. Untreated battk@ddomposites have a very low
instantaneous deformation. Enzyme treated fabimdéaeed fabrics had a very low creep
resistance however an exception was seen with BEn@e treated composites which
were not affected by temperature change. The effdelyering on the creep behavior
showed that layering sequence Il (Barkcloth FaBemforced Plastic Composites, BFRP
II) had the lowest creep rate as well as havinddhest instantaneous deformation.
Treatment with alkali not only improves the mecleahproperties but it also renders the
alkali treated composites resistant to creep withén30-56C temperature range. The

optimum temperature of operation of the green caitgs should be below 1%D.
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Figure Captions

Fig. 1. Barkcloth plies and experimental loading.

Fig. 2. Barkcloth Fabric Reinforced Plastic Composites (BlFRwyering sequence.

Fig. 4. Barkcloth ply angles.

Fig. 5. Barkcloth Fiber Orientation Distribution.

Fig. 6. Enzyme and Plasma Treated Barkcloth Fabric Mormol(a) Plasma 30s; (b)
Plasma 60s; (c) BFE enzyme treated surface vidatwoics; (d) BFE enzyme treated
microfiber surface view (e) DLG enzyme treated acefview of fabrics (f) DLG enzyme
treated microfiber surface view.

Fig. 7. X-Ray Diffraction of Barkcloth

Fig. 8. Differential Scanning Calorimetry (DSC) behaviorcoimposites reinforced with
enzyme
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Fig. 9. Creep behavior of Enzyme treated Composites %.30

Fig. 10. Creep behavior of Enzyme and Plasma treated CotepdsC.

Fig. 11. Effect of layering pattern on Creep behavior of tBgtic and green composites at
30°C.

Fig. 12. Effect of layering pattern on Creep behavior of tBgtic and green composites at

50°C and 106cC.
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Table 1. Overview of Barkcloth Material Properties[8,18,19].

Property Unit Value
Physical and Mechanical

Properties

Areal Weight (Alkali Treated) g/m? 142
Areal Weight (Untreated) g/m? 327
Average Thickness mm 112
Fabric Strength

Microfiber bundle Direction N 101.7
Transverse N 235
Chemical Composition

a-Cellulose % 68.69
Hemicellulose % 15.07
Lignin % 15.24
Thermo-physiological properties

Thermal conductivity coefficient W/m.K 0.0357
Thermal absorptivity Ws"4m?K 0.197
Thermal Resistance m?K/W 81.4
Thermal Diffusivity m’s* 0.034
Peak heat flow density [Wm?] x107 0.234
Relative Water Vapor Permeability % 66
Evaporation resistance Pa.m? 4.4




Table 2. Summary of the Barkcloth Composite Mechanical Properties[8,12].

Laminar Ultimate  Tensle Flexure  Flexural Elongation
Composites/ Tensile  Modulus M odulus
Property Strength [GPa] [MPa] [GPa] [%]
[MPa]

Untreated 25-31 3.2-3.3 40-142 1621 15
Plasma Treated 30s 28-30 2.1-3.9 87-94 2.5-2.7 131
Plasma Treated 60s 25-35 3.2-4.7 97-105 2.0-2.3 12-1.3
Enzyme Treated 15-18 0.58-2.5 37-49 1.6-1.9 0.9
(DLG)
Enzyme Treated 17-18 25-2.7 49-62 2.2-2.7 0.9
(BFE)
BFRP I 18-26 3.7-5.3 85-87 18-23 12-15
BFRPII 21-25 3.2-35 189-195 1824 13
BFRPIII 19-28 41-4.2 103-136 2.3-3.7 0.6-1.5
BFRP IV 24-27 3.2-4.9 130-175 2.3-35 0.8-2.1
Green Composites 30-38 2.4-3 189-227 11-1.8 2.1-25

Table 3. DSC of BFRP,

Composites T, [°C] T.[°C] Tm [°C]
Untreated 59 141 220
Virgin epoxy 56 133 200
BFE Composites 55 140 210
DLG Composites 56 137 206
Plasma 30s Composites 61 146 213

Plasma 60s Composites 61 150 215




Table 4. Dynamical mechanical properties of composites.

Composites Storage T4 [°C] Tq[°C] T4 [°C] Peak
Modulus (Peak of Loss (Peak of Tand (DSC) valueof
[GPa] Tan &
Modulus curve)
curve)

Untreated 8.04 59.4 66.4 59 0.54
DLG Composites 7.20 57.5 61.8 56 0.49
BFE Composites 3.38 53.7 59.7 55 0.50
Plasma 60s 8.54 54.9 62.2 61 0.51

Plasma 30s 8.04 57.2 69.0 61 0.54
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Lavering Sequence

Composites _ Ply amrangement [°]
BFRP I 45, 45,0, 90
BFRP II 45, 45,90, 0
BFRP 111 0,90, 45, -5

BFRP IV 90, 0, -45, 45
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Highlights

* Investigated the short-term creep behavior of barkcloth reinforced laminar epoxy
composites.
* Presented the effect of fabric pre-treatment with enzyme, plasmaand alkali on the creep

behavior.
« Studied the effect of advanced layering architecture on the creep behavior of barkcloth

composites.



