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Abstract Chemical treatments are widely employed to

improve the fiber-matrix adhesion in composites based on

eco-friendly fibers such as flax. To better understand the

influence of these treatments on processing behavior, this

study characterized the surface chemistry and morphology

of woven flax fabrics treated by acetone, alkaline, silane

and diluted epoxy. Flax/epoxy composites were then

manufactured by resin infusion and the flow front and

preform thickness evolution was monitored. The alkaline

treatment was shown to result in a 50 % increase in

equivalent permeability due to an increase in porosity

which led to a decrease in flexural properties. The pro-

cessing results were found to be in good agreement with

predictions of a 1-dimensional model. This study suggests

that infusion times are not considerably affected by the

observed changes in surface energy. However, other im-

plications of the treatments such as an increase in fibrilla-

tion can alter the infusion times significantly.

Keywords Flax � Surface treatments � Permeability �
Consolidation

Introduction

Flax as well as other bast fibers (which are derived from the

stems of certain plant species) has shown good potential in

the reinforcement of polymers to produce a class of eco-

friendly composite materials [1]. A major drawback of flax

fiber-reinforced composites is their limited strength. Part of

this limitation arises from the poor adhesion of flax fibers

to many common resin systems. Fiber/matrix adhesion is

critical in composite materials to distribute load amongst

the reinforcement fibers and maximize strength. Of the

several methods proposed to improve adhesion, chemical

treatment of the fibers is the most commonly used [1, 2].

Although much attention has been given to the influence of

these treatments on mechanical properties, little is known

about their influence on processing behavior such as per-

meability and compaction response. These properties are

equally as important for cellulose-based fibers as they are

for synthetic fibers.

Permeability is a property of porous materials that rep-

resents their resistance to fluid flow through them. Conse-

quently, it has a great influence on processing times and

flow patterns. Several factors have been shown to influence

the permeability of cellulose-based reinforcements, in-

cluding fiber modification such as chemical treatment [3]

as well as reinforcement architecture such as yarn length

and diameter [4]. This class of fibers has also been ob-

served to exhibit complex behavior such as swelling and

sink effects [5]. These phenomenon are beginning to be

understood and a recently proposed model by Masoodi

et al. [6] helps to describe these issues. In general, the

reported in-plane permeability values for bast fiber rein-

forcements are much lower for a given fiber volume frac-

tion (Vf) when compared with conventional fibers [7, 8].

There is evidence that suggests that the use of chemical
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treatments can change the measured permeability of cel-

lulose-based fabrics due to physical and chemical changes

[3]. This in turn alters the flow kinetics of a class of

composite manufacturing processes known as liquid com-

posite moulding (LCM) processes. This flow behavior has

been shown to be dual-scale in nature and comprise of both

macro-flow in the inter-tow region as well as micro-flow in

the intra-tow region [9, 10]. The micro-flow largely de-

pends on the capillary pressure (especially in low pressure

processes such as resin infusion) whereas the macro-flow is

affected to a much lesser extent [11]. Due to changes in

surface energy, the use of chemical treatments will inher-

ently result in changes in capillary pressure and conse-

quently injection time. This has been observed for the case

of glass/polyester composites [12]. For the case of bast

fiber-composites, Rodriguez et al. [3] studied the effect of

alkaline treatment on the mechanical properties and pro-

cess kinetics of jute/vinyl ester composites. They deter-

mined that the alkali treatment collapsed the hollow center

of jute fibers (known as the lumen) and consequently

limited the micro-flow and increased the overall process

time. Furthermore, it was found that the permeability de-

creased for a constant fiber Vf due to an increase in fiber

roughening.

Along with permeability, the compaction behavior (i.e.

the response of the fiber bed to consolidation pressure) plays

a crucial role in LCM processes due to its direct influence

on permeability. Many variables have been reported to play

a role in the compaction behavior of cellulose-based fabrics

including the fiber mechanical properties, fabric architec-

ture, loading rate and lubricating effects [13]. For the case

of cellulose-based fabrics, it has generally been observed

that higher mould clamping forces are required to attain

similar fiber Vf to that of conventional reinforcements

[14–16]. In addition, changes in the fiber structure have

been observed such as the collapse of the lumen [15].

Taking all of the above into account, it is clear that the

above issues must be addressed in order for these eco-

friendly reinforcements to become more desirable in terms

of processing. Furthering the understanding of the impli-

cations of chemical treatments is one step in potentially

improving the process-ability of this class of fibers. To

date, few studies have considered the implications of these

treatments in the resin infusion process. Resin infusion is

an LCM process that makes use of a one-sided tool and

flexible vacuum bag. The flexible nature of the vacuum bag

results in the coupling of the permeability and compaction

behavior of the fiber bed which makes the process par-

ticularly sensitive to changes in fiber and fabric properties.

A schematic of the main steps involved in this process is

presented in Fig. 1.

The process begins with the preform placement onto the

tool surface along with a layer of peel ply (a permeable

release film). This is sometimes accompanied by a distri-

bution media which is an optional layer that speeds up the

process when the permeability of the preform is low. Spiral

tubing is then often incorporated in the bagging arrange-

ment to act as the resin inlet and vent. The layup is then

covered with a vacuum bag and vacuum is drawn on the

dry preform, initiating the ‘pre-filling’ stage. The inlet tube

is then opened which initiates the flow of resin and the

‘filling’ stage. Following saturation of the preform, the

inlet tubing is typically clamped and the ‘post-filling’ stage

commences. After the system reaches equilibrium, the

curing of the resin is carried out after which the part is

removed from the tool.

The current study aims to understand the implications of

common chemical treatments on the process kinetics and

mechanical properties of woven flax/epoxy manufactured

by resin infusion. This paper begins with a description of

the fiber treatment methods as well as a characterization of

the treated fibers by fourier transform infrared spectroscopy

(FTIR), scanning electron microscopy (SEM) and ad-

vancing contact angle analysis. This is followed by a de-

scription of experiments where the kinetics of the resin

infusion process was monitored during the manufacturing

of flax/epoxy laminates. The evolution in flow front is

compared to predictions of a 1-dimensional resin infusion

process model for which the saturated permeability and wet

unloading behavior of the fabric is quantified. Finally, a

mechanical characterization is presented on the cured

laminates and some insight is given into the implications of

the studied chemical treatments on the processing of flax

fiber reinforcements.

Materials

Woven flax fabrics (2 9 2 twill weave) with an areal

weight of 550 g/m2 were kindly supplied by Libeco-La-

gae� (Meulebeke, Belgium). An epoxy resin system with

low viscosity and long pot life was selected for the sample

manufacturing, namely Huntsman Araldite LY1564 and

Aradur 3486 (Sacramento, California, USA). For the

saturated permeability and wet unloading experiments,

Dow Corning� Fluid 200 silicone oil (Midland, Michigan,

USA) was employed. The viscosity of both fluids was

determined in the temperature range of interest (24–27 �C)
with a TA AR2000 rheometer equipped with a 2� cone and
40 mm diameter plate geometry. A flow test employing a

frequency sweep from 10 to 500 Hz was carried out and

the viscosity was taken to be that measured at 500 Hz. The

viscosity (l) in Pa�s over the given temperature range was

then fit using an Arrhenius model of the form:

l ¼ l0e
� E

RT ð1Þ
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where T is the absolute temperature (K), l0 is a constant

(Pa s), R is the universal gas constant (8.314 J/K/mol) and

E is the activation energy (J/mol). For the epoxy resin, the

constant and activation energy were determined to be

7.268 9 10-10 Pa�s and -5.001 9 104 J/mol respectively.

For the silicone oil, they were determined to be

5.013 9 10-4 Pa�s and -1.292 9 104 J/mol respectively.

Fabric Characterization

Following the material selection, the fabrics were subjected

to chemical treatments and characterized by FTIR, SEM

and advancing contact angle analysis. The results from

these tests are described in the following subsections.

Chemical Treatment

Four chemical treatments were selected based on the work

of Van de Weyenberg et al. [2] and are summarized in

Table 1. The first solution was acetone which was intended

to remove potential impurities from the as supplied fabrics.

The second was a 4 % NaOH aqueous solution (alkaline

treatment). This treatment was followed by washing with

distilled water until a balanced pH level was measured by

litmus paper. The third treatment was a 1 % silane of type

gamma-glycidoxypropyltrimethoxysilane in a solution of

60 % ethanol and 40 % distilled water (pH between 3.5

and 4). The final treatment was a 3 % diluted epoxy in

acetone. The epoxy monomer and hardener were first

mixed in acetone into which the fabrics were added. Fol-

lowing all treatments, the fabrics were dried for 12 h at

80 �C in a convection oven. An exception was the diluted

epoxy treatment which was dried at ambient conditions.

Fourier Transform Infrared Spectroscopy

To understand the effect of the treatments on the fiber

functional groups, FTIR was carried out on a Bruker ATR

instrument. A spectrum from 4,000 to 400 cm-1 was se-

lected with a resolution of 4 cm-1. The signals were ana-

lyzed in OPUS software and the results are shown in Fig. 2.

It was found that the untreated flax fibers showed charac-

teristic bands for cellulose-based fibers including the hy-

drogen bonded OH stretching at 3,600-3,080 cm-1, the

CH stretching at 2,970-2,860 cm-1, the CH2 bending at

1,450-1,430/1,360 cm-1, the C–O stretching at 1,058 and

1,035 cm-1 and the CH bending at 900 cm-1 (which

indicates the amorphous structure). The spectrum of ace-

tone treated fiber does not show any significant difference.

However, the absorption peak of OH groups for the alkali-

treated fibers shifted to a lower wave number near

3,280 cm-1. This implies that the degree of hydrogen

bonding between OH groups increased. On the contrary,

Vacuum bagSealant tape

Tool plate

Inlet Preform
Peel ply Distribution

media

(a) Lay-up (b) Pre-filling

(c) Filling (d) Post-filling

Vent

Fig. 1 Steps involved in the resin infusion process; a lay-up, b pre-filling, c filling and d post-filling

Fig. 2 Spectrography from FTIR on treated flax fibers: a untreated,

b acetone, c alkaline, d silane and e diluted epoxy

Table 1 Chemical treatment parameters applied to flax yarns

Treatment Concentration (%) Time (h) Temperature (�C)

Acetone 100 2 23

Alkaline 4 2 23

Silane 1 2 23

Diluted epoxy 3 2 23
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the absorption peak for the silane-treated fibers was shifted

to a higher wave number to the position of free OH groups.

Another characteristic absorption peak of silane was

around 1,000–1,100 cm-1. This could be attributed to the

presence of the asymmetric stretching of Si–O–Si and/or

Si–O–C bonds.

Scanning Electron Microscopy

SEM was carried out to observe the effect of the treatments

on the surface morphology. Small sections of the fabrics

were gold-coated and images were captured in an SEM

(Fig. 3). The SEM images provided some insight into the

nature of the treatment on the fiber surfaces. Most distinct

was the diluted epoxy treatment which displayed clear epoxy

droplets in a non-uniform manner. The untreated, acetone,

alkaline and silane treatments did not reveal any significant

differences. Alkaline treatments have been observed by other

authors to roughen the surface of bast fibers [17]. However,

this outcome was not obvious in the current study likely due

to the relatively low concentration of the NaOH solution. The

SEM imaging suggested that the uniformity of the treatments

(especially in the case of the diluted epoxy) on the surface

and inside of the yarns was an important factor.

Contact Angle Measurement

To understand the change in fiber surface energy, advancing

contact angle analysis was carried out on a Kruss K100

dynamic tensiometer using the Wilhelmy plate method.

Technical flax fibers composing of five to ten elementary

fibers were selected from the treated flax yarns. A displace-

ment rate of 1.5 mm/min was applied during the advancing

contact angle measurement. The receding angle was not

studied since, during this stage, the fiber was already wet by

the test fluid and the contact angle approached zero. The test

fluids that were selected were pure water, diodomethane and

ethylene glycol. The surface energy component of these

fluids were obtained from Volpe et al. [18]. Owens–Wendt

theory was applied to deduce the polar and dispersive com-

ponents of the total surface energy as given by [19]:

cL
ðcos hþ 1Þ

2
ffiffiffiffiffi

cDL
p ¼

ffiffiffiffiffi

cPS
p ffiffiffiffiffi

cPL
p

ffiffiffiffiffi

cDL
p þ

ffiffiffiffiffi

cDS

q

ð2Þ

where c is the surface energy and h is the contact angle.

Subscripts S and L represent the solid and liquid respec-

tively. Superscripts P and D represent the polar and dis-

persive components respectively. The contact angle was

determined from the Wilhelmy equation given by [20]:

cos h ¼ F

c� l
ð3Þ

where F is the force measured by the tensiometer micro-

balance, c is the surface tension of the test fluid and l is the

perimeter of the fiber. To account for buoyancy forces, the

plot of contact angle versus position was extrapolated to

zero. To account for the weight of the sample and fixture,

the balance was zeroed prior to testing.

Fig. 3 SEM images of treated flax fibers: a untreated, b acetone, c alkaline, d silane and e diluted epoxy
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The perimeter of the fiber was measured using a fully

wetting fluid, n-hexane, in order to approach a contact

angle of zero. The diameter was then deduced from Eq. 3.

To verify this method, ten fiber cross-sections were also

measured by optical microscopy. The two methods were

found to be within 15 % of each other which was deemed

acceptable.

As can be seen from Eq. 2, a linear plot can be made

whereby the polar and dispersive components of the sur-

face energies can determined from the slope and y-inter-

cept. The line coefficient, R2, of this plot varied between

0.88 and 0.99. The surface energies determined from the

slope and y-intercept are given in Table 2 where cp, cd and
ct represent the polar, dispersive and total surface free

energies respectively.

The results indicate that, for the majority of the selected

treatment parameters, there was not a significant change in

fiber surface chemistry. Exceptions were the silane and

diluted epoxy treatment which showed a large reduction in

the polar component. The alkaline treatment did not show a

large change likely due to the relatively low concentration

of the NaOH solution [17]. The as supplied fabric agreed

well with surface energy values reported by Cantero et al.

[21].

Composite Processing

The processing portion of this work consisted of monitor-

ing the flow front evolution and thickness change in a

series of infusion experiments using the treated fabrics

from Sect. 3. The experimental setup, procedure and pro-

cess data are discussed below.

Setup

An instrumented tool plate suitable for resin infusion was

constructed for the infusion experiments (Fig. 4). The se-

tup was attached to a hot plate to accelerate curing of the

resin. A pressure transducer (Wika Eco-Tronic) was con-

nected to a resin trap at the outlet to monitor the vacuum

pressure. Laser thickness sensors (Banner LG5A65NIQ)

that employed optical triangulation, were installed at two

positions as denoted by L1 and L2 in Fig. 4. The flow front

was tracked visually at 2 cm intervals. To prevent race

tracking, the sides of the preforms were lined with sealant

tape.

Procedure

Each test began with a leak check consisting of detaching

the vacuum line and monitoring the pressure in the resin

trap. An increase of approximately 0.05 kPa over 10 min

was observed which was deemed acceptable. The pre-fill-

ing stage, which consisted of the preform compaction in a

dry state, was then recorded. A 1 h debulk was performed

after to encourage moisture removal. The resin was mixed

by hand for 5 min and degassed for 30 min during the

debulk stage. The infusion then took place during which

the flow front was tracked visually by recording the time at

2 cm intervals. During this phase, the thickness evolution

was also monitored by the laser thickness transducers. The

inlet tube was then clamped at the moment the resin

reached the end of the preform. The system was finally

held for 1 h at ambient conditions to monitor the post-fill

stage before starting the cure cycle. A cure temperature and

time of 50 �C and 12 h respectively were selected. A

minimum of three laminates were manufactured for each

chemical treatment.

Table 2 Surface energies for treated flax fibers (±SD)

Treatment cp (mJ/m2) cd (mJ/m2) ct (mJ/m2)

Untreated 25.6 ± 2.6 16.5 ± 1.0 42.1 ± 3.6

Acetone 22 ± 3.0 18.4 ± 0.9 40.5 ± 3.9

Alkaline 22.9 ± 3.4 16.3 ± 0.7 39.2 ± 4.1

Silane 11.4 ± 3.9 19.5 ± 2.0 30.8 ± 5.9

Diluted epoxy 3.5 ± 0.8 22.2 ± 0.9 25.7 ± 1.7
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Fig. 4 Schematic of infusion

setup; a top view and

b side view
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Preliminary experiments revealed that the resin tended

to degas under very low vent pressures. To alleviate this

issue, the resin was degassed at about 0.5 kPa lower

pressure than that which was set at the vent during the

filling stage using a vacuum regulator. Furthermore, two

additional post-fill pressures (25 and 50 kPa) were included

in the design of experiments to produce composites of

varying void content so that the effect of voids on flexural

and Charpy impact properties could be studied.

Process Kinetics

The three stages of the resin infusion process described in

Fig. 1 were recorded on the instrumented tool plate during

the laminate manufacturing. A discussion of the data

recorded from these stages as well as a comparison of the

equivalent permeability values computed during the filling

stage is presented below.

Pre-Filling

During the pre-filling stage, the fibrous preform was

compacted in a dry state. Average dry compaction curves

are shown in Fig. 5. Since the behavior was measured

following a leak test, it represented the behavior of the fiber

bed after one compaction cycle. The fiber Vf was calcu-

lated from:

Vf ¼
g � a
q � h ð4Þ

where g is the number of layers, a is the areal weight of the

fabric, q is the density of the fiber and h is the thickness of

the preform (as measured by the laser sensors). A fiber

density of 1.5 g/cm3 [1] was assumed. A fabric areal

weight of 543 g/m2 was measured on five 20 9 35 cm2

untreated fabric sections after being dried at 110 �C for 1 h

in a convection oven. The fiber density and fabric areal

weight were assumed to be constant for the different

treatments. The latter was determined for the treated fab-

rics from an average measurement of four 10 9 15 cm2

sections after 48 h exposure in a dessicant chamber and

was found to vary negligibly (\2 %). Since the treated

fabrics did not change in areal weight, the constant fiber

density assumption was deemed acceptable. It should be

noted that some studies have shown a change in ‘‘appar-

ent’’ density due to the alkaline treatment of cellulose-

based fibers [22, 23]. However, the apparent density does

not account for the porosity that is created due to the re-

moval of pectin, lignin and hemicelluloses from the fiber

and would thus be misleading in the computation of fiber

Vf.

To quantify the measured compaction behavior, the data

was fit using a power-law as suggested by Robitalle et al.

[13] (Table 3). The power-law took the form:

Vf ¼ ArB ð5Þ

where A (kPa-B) and B are fitting constants and r is the

applied stress (in kPa). The pressure range from 10 to

100 kPa was used in fitting the model, as incorporation of

very low pressures (\10 kPa) resulted in an inferior fit and

was deemed unnecessary since such low compaction

pressures only occurred in the immediate vicinity of the

inlet during the process. The R2 value was at least 0.95 for

all the experimental data which was deemed acceptable for

the purposes of this study. It can be seen from Fig. 5 and

Table 3, that there was not generally a large difference in

dry compaction behavior. However, the alkaline treatment

showed much lower fiber Vf for a given pressure. This was

likely due to the apparent swelling which alkaline treat-

ments induce in cellulose fibers as a result of increased

fibrillation due to the removal of lignin, pectin and hemi-

cellulose [1]. This would have caused more fiber–fiber

contact points and thus would have increased the required

load to attain a given fiber Vf. This apparent swelling effect

is commonly minimized by tensioning the fabrics during

treatment [24]. Therefore, for the purpose of composite

processing, the fabric boundary condition during the al-

kaline treatment plays a key role. Similar to the alkaline

treated fabrics, those treated by diluted epoxy showed the
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Fig. 5 Average compaction pressure versus fiber volume fraction for

3 layers of dry flax fabric treated by common chemical treatments

Table 3 Average power-law constants for dry compaction behavior

of flax fabric subjected to chemical treatments

A (kPa-B) B Vfmax

Untreated 0.257 0.0442 0.316

Acetone 0.251 0.0474 0.313

Alkaline 0.234 0.0300 0.269

Silane 0.253 0.0474 0.316

Diluted epoxy 0.246 0.471 0.306
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same trend to a much lesser extent. This was likely due to

stiffening of the fabric as a result of the epoxy. This

stiffening probably also caused a reduction in yarn ‘nest-

ing’ (i.e. the packing of yarns from different layers) which

can assist in achieving higher fiber Vf for multi-layered

preforms [13].

Filling and Post-Filling Stage

The evolution of thickness for the untreated fabrics during

the filling and post filling stages is shown in Fig. 6a at the

positions of laser sensors 1 and 2. The behavior was typical

of that observed during the resin infusion process. The

fabrics first underwent wet unloading as the resin advanced

and gradually carried more of the applied load. This was

followed by wet compaction as a result the inlet clamping

and subsequent removal of excess resin. As shown in

Fig. 6b, the final fiber Vf tended to decrease with increas-

ing vent pressure during the post-fill stage (due to the re-

moval of less resin). Similar to the pre-filling stage, the

difference in behavior for most of the treatments was not

pronounced. However, the alkaline treatment again clearly

exhibited much lower fiber Vf throughout the filling and

post-filling stages.

Equivalent Permeability Comparison

For comparative purposes, the equivalent permeability

values during the filling stage were computed (Fig. 7). The

equivalent resin infusion permeability neglects the thick-

ness change during the process and assumes a constant

porosity [25]. Assuming full saturation behind the flow

front, the equivalent permeability can be derived from

Darcy’s law as:

K ¼ m � u � l
2 � ðpapplied þ pcÞ

ð6Þ

where m is the slope of flow front position squared versus

time, u is the porosity, l is the viscosity, papplied is the

applied pressure gradient and pc is the capillary pressure.

The last of these parameters is often neglected due its small

magnitude in comparison to the applied pressure. However,

during the resin infusion process its magnitude can be

comparable due to the relatively low pressure gradient in-

volved. In the case of bast fibers, the capillary pressure can

exceed 30 % of the applied pressure depending on the resin

type and porosity range [26]. For orthotropic fiber textiles,

capillary pressure can be calculated from a modified

Young–Laplace equation given by [27]:

Fig. 6 Filling and post-filling

stage processing kinetics

a thickness evolution for

untreated flax fabric at 5 kPa

vent pressure b fiber volume

fraction before and after post-fill

stage for treated flax fabrics

(average of both laser sensors)

0.65
0.66
0.67
0.68
0.69
0.7
0.71
0.72
0.73
0.74
0.75

0

5E-11

1E-10

1.5E-10

2E-10

2.5E-10

Untreated Acetone Alkaline Silane Diluted 
Epoxy

Po
ro

sit
y
(%

)

Eq
ui

va
le

nt
 P

er
m

ea
bi

lit
y 

(m
2 ) Equivalent Permeability Porosity

Fig. 7 Equivalent permeability
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treated by common chemical
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pc ¼
F

Df

� ð1� uÞ
u

� c � cos h ð7Þ

where Df is the diameter of a single fiber, u is the porosity,

c is the surface tension of the resin, cosh is the contact

angle and F is a form fitting factor which depends on the

textile architecture. In the current study, the contact angle

with the epoxy resin was determined from the Owens–

Wendt equation (Eq. 2) using literature surface energy

values for a similar epoxy reported by Comyn [28]

(cd = 41.2; cp = 5.0 mJ/m2). The form fitting factor was

assumed to be the same as a plain weave carbon fabric

(3.84 [29]) and the fiber diameter was taken to be 17.8 lm
[30]. Based on these inputs, the capillary pressure was

estimated to range from 2 kPa for the diluted epoxy treated

fabrics to 4 kPa for the untreated fabrics. Upon examina-

tion of Eq. 7, these low values of capillary pressure were

mainly a result of the high porosity values.

The results suggest that, in general, the use of chemical

treatments did not result in significant changes in the

equivalent permeability for resin infusion. An exception

was again the alkaline treatment which showed a distinct

increase in equivalent permeability mostly due to an in-

crease in porosity. In the case of the silane and diluted

epoxy treatments, analysis-of-variance (ANOVA) revealed

that the permeability differences were not statistically

significantly different from the untreated fabrics based on

the Scheffe criterion. A large degree of scatter for the di-

luted epoxy treatment was likely a result of the non-uni-

formity of the applied treatment as was seen in the SEM

images. Therefore, similar to the alkaline treatment, the

method of treatment must be chosen appropriately in order

to obtain the desired result.

Process Modelling

To get a better understanding of the processing results,

the flow front evolutions from the previous section were

compared with predictions from a 1-dimensional resin

infusion process model. The model development and

predictions are presented below. Additionally, the quan-

tification of two key model parameters are presented; the

wet unloading of the fiber bed and permeability over the

relevant range of fiber Vf. It should be noted that the

characterization was carried out only for the untreated

fabrics and the behavior of the treated fabrics was as-

sumed to be the same. Although this was likely not a

valid assumption, the purpose of the modelling was to

isolate to effect of the observed changes in surface energy

as well as to see how well a simple 1D process model

predicted the evolution in flow front for the untreated

fabric.

Model Development

The 1D resin infusion model that was selected for com-

parison was that developed by Hammami et al. [31] where

the governing equation was given by:

o

ox

Kh

l
op

ox

� �

¼ 0 ð8Þ

where K is the permeability, h is the preform thickness, l is

the viscosity and p is the pressure. In the current study, the

model differed in terms of the boundary equations. Instead

of neglecting capillary pressure at the flow front, the fol-

lowing boundary conditions were imposed:

• at x = 0; p = patm
• at x = xf (flow front); p = pv-pc

where patm, pv and pc are the atmospheric, vacuum and

capillary pressure respectively. The last of these pressures

is given by Eq. 8 and depends on the preform porosity.

However, since the porosity was constant at the flow front,

the capillary pressure was also constant at the flow front.

Equation 8 was solved using a finite difference scheme

over the interval from x = 0 to x = xf The number of

nodes was set to ten. To determine the velocity at the flow

front, Darcy’s law was solved at the last two nodes of the

discretized pressure field to determine the interstitial ve-

locity (i.e. the velocity experienced by the fluid in the

pores). The new flow front position was then determined

using a time step of 1 s and the velocity at the flow front.

Two key material parameters for the model were the wet

unloading and the permeability of the fabric. The charac-

terization of these parameters is described in the following

subsections.

Permeability

The permeability measurement setup was based on the

work of Croteau-Labouly [32]. It made use of changes in

porosity experienced by the fiber bed during the resin in-

fusion process to compute saturated permeability values

over a limited range of fiber Vf. It should be noted that

during the resin infusion filling stage, the fiber bed is not

strictly saturated. However, saturated permeability was

selected for the model since, for the infusion times in this

study, fiber swelling due to fluid absorption has been pre-

viously reported to be small (\2 %) for bast fibers exposed

to non-polar fluids [5]. In addition, visual inspection during

the infusions did not reveal any remarkable unsaturated

regime.

A schematic of the tool plate design for the test setup is

shown in Fig. 8. Five evenly spaced pressure transducers

(Omega� PX26) and two laser thickness transducers (same

as described in Sect. 4.1) were employed. The inlet and
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outlet of this setup were tube fittings that facilitated direct

connection with � in. tubing. The bagging arrangement

was the same as that shown in Fig. 4 without the release

film. A silicone sealer (DAP� AlexPlus�) was used on the

sides of the preforms to avoid race tracking. One layer of

distribution media was used at the inlet (before p1) and

outlet (after p5) so that the vacuum bag did not seal directly

on the tool plate. To measure the flow rate in this apparatus,

the resin container was placed on a scale (Ohaus� Scout�

Pro SP2001) and the mass change was recorded by a

LabView� program.

The experimental procedure was similar to that de-

scribed in Sect. 4.2. Since silicone oil was used as the test

fluid, no degassing was carried out. During the saturated

regime, the infusion was carried out until the flow rate and

pressure gradient stabilized. The volumetric flow rate was

determined from the mass flow rate using the density of the

silicone oil (0.971 g/cm3). The pressure gradient during the

saturated regime was recorded for calculation of the per-

meability values. By simultaneously characterizing the wet

unloading behavior (described in Sect. 5.3), the thickness

profile along the length of the preform could also be de-

termined during the saturated regime (Fig. 9).

It is apparent in Fig. 9 that the pressure at the beginning

of the preform was above atmospheric pressure and at the

end of the preform was below the vacuum level (about

4.75 kPa). This is a result of the resistance to flow due to

the distribution media. Although the permeability of this

layer was relatively high, the vacuum bag tended to contact

the tool plate directly through the distribution media and

reduce the permeability. To avoid this, several layers of

distribution media can be stacked [32]. However, since the

pressure was measured at the beginning and the end of the

preform, this was not necessary in the current study.

The compaction pressure at the pressure sensor locations

was calculated from Terzaghi’s law which describes the

load sharing nature of the fiber bed and resin, given by

[33]:

r ¼ rf þ rr ð9Þ

where r, rf and rr are the applied, fiber bed and resin

pressures respectively. The pressure data in Fig. 9 followed

a 2nd order polynomial. Based on the derivative of this

function, the saturated permeability was then computed

along the length by rearranging Darcy’s law such that:

K ¼ vlu
op
ox

ð10Þ

where m is the interstitial velocity, l is the test fluid vis-

cosity, u is the fabric porosity and is the derivative com-

puted from Fig. 9. Following the above calculations, the

saturated permeability-fiber Vf relationship was determined

(Fig. 10). It can be seen in Fig. 10 that for the limited range

of porosities witnessed in the resin infusion process, a

power-law model provides a good fit to the experimental

data.

Using the above procedure, a total of four samples were

tested and an average was obtained for the permeability-

fiber Vf relationship over the range of observed porosities.

The average power-law constants were found to be

2.39 9 10-15 m2 and -9.12.

Compaction

The other critical property for the model was the transverse

deformation behavior of the fiber bed during the filling

stage. During this stage, the preform experiences unloading

in a wet state as the resin gradually carries more of the

applied load as dictated by Eq. 9. It should be noted that

there is also a brief period of wet compaction due to the

lubrication effect when it is initially wet by the resin [34].

However, this stage is brief and for simplicity it was ne-

glected in the process model. The wet unloading charac-

terization was carried out in situ during the permeability

measurements described in Sect. 5.2 through use of the

laser thickness transducers. This test method was well

L1 L2

p1 p2 p3 p4 p5

Inlet Outlet

10cm 10cm 10cm 10cm 25cm5cm

(a)

(b)

Fig. 8 Tool plate design for in-plane permeability measurement

(where L = laser thickness sensors and p = pressure sensors); a side

view schematic and b actual setup
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during saturated regime of infusion permeability measurement of

woven flax fabric
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suited due to the same range of pressures and strain rates

involved as the resin infusion process. Only the data

recorded by the first thickness transducer (L1 in Fig. 8) was

used to determine the empirical model since a larger range

of fiber Vf was inherently experienced by this sensor. Since

the fluid pressure was known at the position of L1, the load

carried by the fiber bed was determined by Eq. 9. The fiber

Vf was then calculated from Eq. 4 to produce Fig. 11. The

power law constants defined in Eq. 5 were A =

0.282 kPa-0.0377 and B = 0.0377.

Model Validation

With quantification of the permeability and wet unloading

behavior, the predictions from the process model were

compared to the results from the infusion experiments

conducted in Sect. 4.3.3. As in Sect. 4.3.3, the contact

angle between the fiber and resin was determined from

Eq. 7. The viscosity in the model was taken to be the av-

erage for all experiments. As can be seen in Fig. 12, the

model predictions were reasonably close to the observed

flow front evolutions for the untreated fabric. It should be

noted that due to the high variability of the material, there

was a relatively large range of error for the time to reach a

given flow front position. Comparing the average flow

front position to the model prediction, it can be seen that

early on in the process, the model tended to over predict the

flow front position while later on it tended to under predict

this position. This suggests that fiber swelling was not

significant for the studied scenario since swelling would

have resulted in lower permeability later on in the process

and consequently a slower flow front evolution. In any

case, the effect of capillary pressure predicted by the model

was slight, due to the low ranges of porosity for the studied

fabric system in the given porosity range. However, cap-

illary pressure could have been non-negligible (exceeding

10 kPa) if lower ranges of porosity had been achieved

(Fig. 13). Based on the measured surface free energy val-

ues reported in Sect. 3.4, the effect of fiber surface free

energy on the flow front evolution was also investigated.

However, due to the low range of porosity for the fabric

system investigated there was a negligible difference in

flow kinetics for the various treatments. During the ana-

lysis, the wet unloading behavior of the treated fabrics was
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assumed to be the same as the untreated fabrics. There-

fore, the predictions do not take into account other

changes that result from the chemical treatments such as

changes in fiber surface morphology or fabric porosity.

The results from the infusion experiments in Sect. 4.3

indicate that these factors are significant for some treat-

ments (e.g. alkaline). In LCM processes such as resin

transfer moulding (RTM), these changes may not be as

significant since the cavity thickness is constant and the

mould clamping force can be adjusted. However, due to

the unique coupled flow and compaction behavior of the

resin infusion process, some treatments such as alkaline

can result in significant changes in the equivalent per-

meability. Therefore, simply looking at the capillary

pressure to understand changes in process kinetics does

not provide the complete story. To accurately model the

effect of these changes, the differences in fiber and fabric

morphology must be taken into account.

Mechanical Characterization

As a last step after curing the composites manufactured in

Sect. 4, a mechanical characterization was carried out. The

following tests were carried out and the results are pre-

sented below; void analysis, flexural and Charpy impact.

Void Analysis

Void analysis was carried out by optical microscopy and

image analysis on a 5 cm long polished cross section from

the center of each laminate. Due to the limited contrast

between the voids and the rest of the laminate, the voids

were manually filled with black pixels. The void percent-

age was then determined using a threshold function in the

image analysis software, imagej. A summary of the mea-

sured void contents along with a sample cross-section are

given in Fig. 14. The results confirmed that with increasing

pressure at the outlet, the degassing effect was minimized

and the overall void content tended to decrease.

Flexural

Flexural testing was carried out in accordance with ASTM

D790 on an MTS insight load testing machine with a 5 kN

load cell. A sample area of 12.7 9 80 mm2, span of

64 mm and loading rate of 2 mm/min were selected. The

results are summarized in Fig. 15.

Two key findings were revealed by the flexural testing.

First, among the studied treatments, the untreated fabrics

resulted in the best flexural properties (albeit marginally) as

verified by ANOVA (p\ 0.001). On the other hand, the

lowest properties were exhibited by the alkaline treatment,

likely due to a lower fiber Vf. The second finding was that

with increasing void content the flexural properties of the

composites decreased. This is consistent with what has

been observed for conventional composites [35]. The

samples that experienced the 50 kPa post-fill pressure

showed the most pronounced increase in mechanical

properties due to lower void content.

Charpy Impact

Charpy impact testing was carried out in accordance with

ISO 179 in an edgewise parallel configuration. A sample

area of 12.7 9 80 mm2 was selected with a span of

60 mm. The frictional loss induced by the setup was

measured prior to the tests and taken into account. The

results are shown in Fig. 16.

Figure 16 suggests that there was no clear trend between

the various treatments and the measured Charpy impact

strengths. The same was indicated for the effect of voids on

the Charpy impact properties. However, the large coeffi-

cient of variance (*15 %) indicates that a more suitable

impact test configuration may be required for this type of

material.
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Conclusions

This study dealt with the effects of alkaline, silane and

diluted epoxy treatments on the process kinetics of flax

fabrics during the resin infusion process and the me-

chanical properties of the resulting composites. FTIR, SEM

and advancing contact angle analysis on the treated fabrics

revealed distinct changes in the morphology and chemistry.

Laminates were then manufactured by resin infusion on an

instrumented tool plate through which the equivalent

permeability and compaction behavior were monitored.

The equivalent permeability values and dry compaction

responses were shown to not vary significantly. An ex-

ception was the alkaline treatment which resulted in a 50 %

increase in equivalent permeability likely due to an in-

crease in porosity. This was attributed to fiber swelling and

suggests that the fabric boundary condition during treat-

ment is an important parameter in the context of composite

processing. A comparison of the flow front evolution data

with that predicted by a 1D resin infusion process model

confirmed that the observed changes in surface energy

would not result in significant changes in infusion time for

the given porosity range. Flexural and Charpy impact tests

were finally carried out on the manufactured panels. The

former test demonstrated the negative impact of voids on

flexural strength and modulus. This study suggests that

there is not a significant change in processing time during

resin infusion for the measured changes in surface energy

in the studied porosity range. However, changes in flax

fiber morphology such as an increase in fibrillation as a

result of chemical treatments can significantly affect the

processing kinetics.
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