N
N

N

HAL

open science

Influence of the surface energy of a basalt fiber on
capillary wicking and in-plane permeability of

reinforcements

Romain Ravel, Monica Francesca Pucci, Pierre-Jacques Liotier

» To cite this version:

Romain Ravel, Monica Francesca Pucci, Pierre-Jacques Liotier. Influence of the surface energy of
a basalt fiber on capillary wicking and in-plane permeability of reinforcements.
A: Applied Science and Manufacturing, 2024, 187, pp.108496.

hal-04747596

HAL Id: hal-04747596
https://imt-mines-ales.hal.science/hal-04747596v1
Submitted on 22 Oct 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License

Composites Part
10.1016/j.compositesa.2024.108496 .


https://imt-mines-ales.hal.science/hal-04747596v1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

Composites: Part A 187 (2024) 108496

journal homepage: www.elsevier.com/locate/compositesa

Contents lists available at ScienceDirect

Composites Part A

Influence of the surface energy of a basalt fiber on capillary wicking and
in-plane permeability of reinforcements

Romain Ravel >, Monica Francesca Pucci °, Pierre-Jacques Liotier ?

a Polymers Composites and Hybrids (PCH), IMT Mines Ales, Ales, France
b LMGC, Univ Montpellier, IMT Mines Ales, CNRS, Ales, France

ARTICLE INFO

Keywords:

Wettability

In-plane permeability
Capillary wicking

Liquid composite molding

ABSTRACT

This study evaluates the influence of a thermal treatment of a basalt fiber on capillary wicking tests and
in-plane permeability experiments, under several pressure differences. The impact of the treatment was
characterized at three scales: microscopic, to determine the fiber surface energy; mesoscopic, to estimate an
equivalent capillary pressure (P,,,) of the fabric in spontaneous impregnation; and macroscopic, to determine
the saturated (K,,) and unsaturated (K, ) permeability of the fibrous preform at the process scale. Results

at the microscopic scale showed that the thermal treatment increased the polarity of the fiber by 22% and
decreased its surface roughness. Capillary wicking tests showed that the treated fabric presents a better affinity

with water, increasing P,
and K,

unsat

ap

by 68%. At the process scale, permeability experiments showed the increase of K,

sat

after treatment. Finally, results of capillary pressure (4P,) showed a dominance of capillary effects

under the negative pressure difference.

1. Introduction

Liquid Composites Molding (LCM) processes are used in a wide
range of industrial sectors, and particularly in the energy and transport
sectors, to manufacture composite materials [1,2]. The aim of these
processes is to impregnate a stack of fabrics with a liquid resin. The
impregnation can be performed by applying a pressure on the fluid at
the inlet (resin transfer molding or RTM) [3] or by applying a partial
vacuum at the mold outlet using a vacuum pump (vacuum assisted resin
transfer molding or VARTM) [4]. In both cases, the fluid flows through
the fibrous preform from the highest pressure to the lowest. One of
the crucial challenges of these processes for obtaining a satisfying part
quality is the good impregnation of the fibrous preform before resin
curing [5]. Defects in impregnation lead to the formation of voids
which affects the surface quality and the mechanical properties of the
final parts [6,7]. The key for the successful impregnation is the synergy
between the process parameters, the fluid properties and the fibrous
preform properties.

The fibrous preform is generally characterized by a parameter re-
ferred to as permeability. The permeability (K) is an intrinsic parameter
of the porous medium and defines its ability to allow a fluid to flow
through it. Permeability can be estimated once the mold is fully filled
with liquid, referred as saturated permeability (K,,) or when the fluid
is filling the mold, that is the unsaturated permeability (K,,,) [8].
According to the Gebart law, the permeability only depends on the
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geometry and the porosity of the porous medium [9]. However, in
the literature, several works showed that the unsaturated permeability,
determined with the “squared flow front method”, could also depend
on the fluid-fiber physico-chemical interactions, including the fiber
roughness, during the process [10,11]. The morphology of the porous
medium can be modeled as either a single scale porous medium (ran-
dom fiber mat [12]) or a double pore scale (woven fabric: intra-tows
pores, between single fibers and inter-tows pores, between tows [13—
15]). The double pore scale can lead to a double flow scale during
the impregnation and consequently rise the risk of void entrapment. In
literature, many studies relate to the competition between the viscous
forces and the capillary effects which tend to the formation of micro-
voids inside the tows when viscous forces are greater than capillary
effects or macro-voids between the tows when capillary effects are
greater than viscous forces [10,13,15,16]. The majority of them already
linked the different parameters (liquids properties, preform architec-
ture, process parameters) to the saturated and unsaturated permeabil-
ity. The four permeability benchmark exercises showed the importance
of the human factor, the experimental procedure, the data analysis
method and the liquid nature for a defined porous medium [17-
20]. These studies led to the edition of a standard in July 2023 to
standardize the method of characterizing unsaturated in-plane perme-
ability [21]. Other works showed that the architecture, the shearing of
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the fabric or the fiber volume fraction also impact the permeability [22—
25]. Some studies focused on the estimation of a capillary pressure
at the process scale during the process [10,11,26]. Caglar et al. [11]
showed, using capillary wicking tests and permeability experiments
(saturated and unsaturated), that by modifying a glass fabric via a
corona treatment, the wetting behavior of the treated fabric has been
improved. Authors calculated the ratio R, = K.,/ K> and found a R,
value higher than 1 after treatment, revealing the presence of capillary
effects during the process in the study conditions.

The present study is thus part of the scientific debate about the
importance of taking into account the capillary effects during the
impregnation and particularly of its effect on the characterization
of the unsaturated permeability. This work used innovating tensio-
metric methods to determine the surface energy of the single basalt
fiber [27] and to determine an equivalent capillary pressure from
capillary wicking tests [28]. Moreover, it is the first time that saturated
and unsaturated permeability experiments were also studied with a
pressure difference below the atmospheric pressure, as in the VARTM
conditions.

The main originality of the present work is to modify the physico-
chemical affinity between the basalt fiber and water by using a thermal
treatment and to evaluate at different scales (micro, meso and macro)
the impact of the treatment on capillary wicking tests and in-plane
permeability experiments, setting different pressure gradients.

The basalt fabric chosen was thermally treated to modify its sur-
face properties [29]. Then at a microscopic scale, the surface and
the morphology of the single fiber were characterized by scanning
electron microscopy (SEM) and atomic force microscopy (AFM). The
surface energy of the single basalt fiber (with polar and dispersive
components) has been determined before and after treatment with
a force tensiometer. At a mesoscopic scale, capillary wicking tests
were performed to evaluate the influence of the surface modification
on the fabric behavior in spontaneous impregnation with water. An
apparent advancing contact angle and an equivalent capillary pressure
have been determined with a tensiometric method developed by Pucci
et al. [28]. Finally, following the standard [21], saturated, and unsatu-
rated permeability experiments with water were performed in different
cases of pressure difference (RTM case: 60 kPa, 100 kPa and VARTM
case: 60 kPa, 80 kPa below the atmospheric pressure) to evaluate the
influence of the surface modification of the fabric at the process scale.
The ratio R, (K, /K,,) and the capillary pressure at the process scale
(APy) as used by Caglar et al. [11] were estimated to evaluate the
balance between capillary effects and viscous forces before and after
treatment in the studied conditions.

2. Materials and methods
2.1. Materials

2.1.1. Basalt fibers

Untreated basalt fiber

The quasi-unidirectional basalt fabric chosen for this study was sup-
plied by BASALTEX NV (Belgium, Wevelgem, reference BAS UD400).
The fiber material has a density of 2.67 g/cm?>. This fabric has an areal
weight of 430 g/m? and its weft direction is composed of heat-bonded
glass yarns. The fibers present a silane-based sizing compatible with
epoxy resins. In this work, the untreated fibers and fabrics are called
“as received” or “AR”.

Treated basalt fiber

To modify the surface energy of the basalt fiber, a thermal treatment
of 4 h at 400 °C (under air) in a LENTON Furnaces oven (Fairland,
Randburg, South Africa) was carried out, according to a previous
work [29]. Pucci et al. showed that this treatment leads to a significant
increase of the surface energy of the basalt fiber surface and particularly
of its polar component. The treatment was performed on the tows for
the surface energy determination, on the rolls of fabric for the capillary
wicking tests and on plies of fabric for the permeability experiments.
The modified fibers and fabrics after thermal treatment are called
“thermally treated” or “TT” in the study.
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Table 1
Test liquid properties at 20 °C [29].

Test liquids n [mPas]  p [g/em®] ) [mN/m] y¢ [mN/m] y, [mN/m]
N-hexane 0.32 0.659 0.0 18.4 18.4
Diiodomethane  2.76 3.325 2.3 48.5 50.8
Ethylene glycol 21.81 1.113 19 29 48

Water 1.00 0.998 51.0 21.8 72.8

2.1.2. Test liquids

N-hexane (n-hex), diiomomethane (diiodo), ethylene glycol (EG)
and water were used to determine the surface energy of the single
basalt fiber before and after thermal treatment. Table 1 presents for
each liquid: the viscosity (), the density (p), the polar (72) and disper-
sive components (yi) and the total surface tension (y;). N-hexane and
water were used for capillary wicking tests, whereas only water was
used for the permeability measurements in first approach.

2.2. Methods

2.2.1. Morphological characterizations of fibers by scanning electron mi-
croscopy (SEM) and atomic force microscopy (AFM) analyses

The surface morphology of basalt fibers was observed before and
after thermal treatment by SEM and AFM to analyze the homogeneity
and the distribution of the sizing on the single fiber. The aim was to
characterize the fiber morphology after a partial or complete un-sizing
of the basalt fiber due to the thermal treatment.

Scanning electron microscopy

The SEM analyses were performed in a QUANTA 200 FEG micro-
scope supplied by FEI (Hillsboro, USA), operating at 10 kV. In order
to minimize the material degradation during the analyses, fibers were
previously metallized with a carbon braid metallizer CED 030, supplied
by Balzers, during 15 min at 10~2 mbar.

Atomic force microscopy

The atomic force microscope used was a MFP-3D Infinity supplied
by Asylum Research (Santa Barbara, USA), operating in a tapping mode
in order to obtain images of fiber surface topography. Three areas of
3 x 3 pm? per fiber and two fibers per reference (AR and TT) were
analyzed to assess the reproducibility. Data obtained by AFM were
post-processed with the open source software “Gwiddion” to obtain
three-dimensional topography images of the fiber surfaces [30]. Aiming
at characterizing the roughness of the fibers, two parameters were
evaluated: the root mean square value S, (Eq. (1)) and the maximum
height in absolute value S, [30-32].

s,=y5 [ enaxar W

where A is the analyzed area and z, the surface height defined for each
acquired data at a position x (abscissa) and y (ordinate).

Diameter characterization

The average diameter of the single fiber before and after ther-
mal treatment was characterized both by SEM analysis and by the
tensiometric method, as detailed in Section 2.2.2.

2.2.2. Tensiometric characterization

To determine the surface energy of the single basalt fiber, contact
angles between a single fiber and several test liquids were characterized
with a K100SF force tensiometer supplied by KRUSS (Germany). This
equipment measures the mass of the meniscus formed by the liquid
around the single fiber, by using a high precision balance with a 10~ g
resolution. This tensiometric method was clearly described by W. Garat
et al. [27]. By using the Wilhelmy equation (Eq. (2)), it is possible to
determine a static contact angle 6, for each liquid-fiber couple:

F, = ma = py; cosb, 2

where F, is the capillarity force, m is the meniscus mass, a the accel-
eration, p the wetting perimeter and y; is the liquid surface tension.
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The method is constituted by different steps. In the first one, the
single fiber is bonded onto a support with a UV adhesive (Dymax
Europe GmbH, reference: 3193). Secondly, an experiment with a totally
wetting liquid, the n-hexane (6, ~ 0°), is performed to determine the
wetting perimeter. This perimeter value is also used to calculate the
average diameter of the single fiber. Finally, by making tests on the
same fiber, the static contact angles (6,) are determined with three
other liquids: diiodomethane, ethylene glycol and water (Table 1) [27].
Five experiments for each reference (AR and TT) and each liquid were
performed to assess the reproducibility.

2.2.3. Surface energy determination

Through the combination of the Owens and Wendt equation
(Eq. (3)) and the Young-Laplace equation (Eq. (4)), one obtains Eq. (5),
which enables the determination of the surface energy of the fibers (y).

Ys+rL—rsL =2\/rer{ +2\/rr] &)

cosf, = Ys — Vst 4)
7L

yr(14+cosf,) =2 yg,yz +2 yf;y’z 5)

More precisely, using the static contact angle values (6,) deter-
mined previously for the different test liquids, the polar (yg) and
dispersive (yg) components of the surface energy can be calculated

through Eq. (5). Then, by dividing Eq. (5) by 24 WZ’ a linearized form
of the Owens and Wendt equation is obtained, as follows:

P

y (1 +cos@,) V'L —
d d
2\t V7L

—_— ~——
Y X

The parameters Y and X of Eq. (6) are calculated for each liquid
with the contact angle (6,) determined experimentally and the liquid
properties presented in Table 1. Then, by drawing the curve Y as a
function of X, the polar (yg,) and dispersive (yfé) components of the fiber
surface energy can be calculated through the linear regression (Eq. (6)).

2.2.4. Capillary pressure determination: wicking tests
Capillary wicking tests have been performed with a DCAT11 force
tensiometer supplied by Dataphysics Instrument GmbH (Germany) with
a 107> g resolution, according to a methodology described in a previous
work [28]. The experiment consists in inserting a roll of fabric in a
cylindrical sample holder with 12 mm diameter and 20 mm height.
Capillary wicking is here studied in the direction parallel to the fiber
orientation. According to the fabric properties, a fabric strip, measuring
236 mm length by 20 mm height, has to be cut to obtain a fiber
volume fraction of 40% in the sample holder. The fabric strip is rolled
up and inserted into the sample holder. Then the sample holder is
suspended on the balance and a vessel containing the liquid is placed
under it. The vessel moves up at a speed of 0.5 mm/s until it touches
the fabric. After contact, the vessel stops and the mass corresponding
to the liquid wicking in the fabric is recorded over the time. First,
through the modified Washburn equation for a porous medium in a
tube (Eq. (7)), the morphological parameter of the porous medium (c7)
can be determined experimentally with a totally wetting liquid, the
n-hexane:
(cPeX(xR2)? | pPyy cosb,
2 ] n !

(1) = [ @
where ¢ is a parameter relative to the tortuosity of the medium, 7 is a
parameter representative of the mean capillary radius, ¢ is the relative
porosity, R is the inner radius of the sample holder, p is the density,
n is the viscosity, 6, is the apparent advancing contact angle and y; is
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the total surface tension of the liquid. As 6, is considered as null using

the totally wetting liquid, Eq. (7) can be simplified as follows:

w(t) = (cf)ez(erz)zpzth ®
2n

The slope of the linear part of the squared mass against time
(Fig. 1(a)), using n-hexane, allows the determination of the morpho-
logical parameter of the porous medium (c¢7). Then, by knowing the
value of cF, a second experiment with water is performed to determine
the apparent advancing contact angle 6,, calculated from Eq. (7) with
the fit of the squared mass over time, as shown in Fig. 1(b).

Finally, an equivalent capillary pressure can be estimated according
to the method used by Pucci et al. [28]. The definition of the equiva-
lent capillary pressure (P,,,) in this work is based on an equivalence
between the Darcy law and the Washburn equation for the capillary
wicking in a porous medium, as follows:

1, cos b,

N 4
Pcap_(cr)s 1K 9

where (c7) represents the morphology of the porous medium as defined
above, ¢ is the porosity of the porous medium, K is the theoretical
saturated permeability of the porous medium according to Gebart the-
ory [9] with an hexagonal arrangement, y, is the surface tension of the
liquid and 6, is the apparent advancing contact angle representing the
fluid/porous medium interactions. In the present case, the hexagonal
arrangement is an assumption due to a lack of data to choose the most
representative arrangement for our sample in the cylindrical sample
holder. Five experiments of capillary wicking with water for each
reference (AR and TT) were performed to assess reproducibility.

2.2.5. In-plane permeability measurements

Saturated (K,,) and unsaturated (K,,,,) permeability measure-
ments were performed to characterize the effect of the fiber surface
modification at the process scale. These experiments were performed
by means of a permeability setup developed and made in IMT Mines
Alés (Fig. 2(a)). This permeability characterization setup complies with
the standard ISO 4410:2023 [21]. The setup is composed of a top
mold in transparent poly(methyl methacrylate) (PMMA) with 100 mm
thickness, a bottom mold in aluminium (20 mm thickness) and an
aluminium frame (2.94 mm thickness). The frame is placed between
the two parts of the mold to receive the fibrous preform. The internal
dimensions of frame cavity are 400 mm x 150 mm X 2.94 mm as shown
in Fig. 2(b).

The inlet is placed on the left side of the fibrous preform and the
outlet, on the right side, allowing to perform a permeability test with
a rectilinear flow (1-D) (Fig. 2(b)). Silicone grease is applied around
the preform cavity and between the mold parts (bottom/frame/top) to
ensure the sealing. The mold is locked with sixteen screws tightened
with a torque of 25 N m. The bottom mold is instrumented with two
pressure sensors localized as close as possible to the inlet and outlet
holes (Keller, PR35X series). In first approach, the chosen test liquid
was water. According to Pucci et al. [29], water is a good candidate to
exhibit significant effects due to its chemical affinity with the high polar
surface of the unsized basalt fiber, in addition to its ease of cleaning.
For each test, ten plies of basalt fabric were placed in the frame of
2.94 mm thickness, which represents a fiber volume fraction of 54.8%.

Unsaturated permeability determination

According to the literature [19], the in-plane unsaturated per-
meability is determined by the squared flow front position method.
The flow front acquisition is recorded with a color camera (reference
EX0252CU3) supplied by SVS-Visteck, and equipped with a fixed lens
12 mm/F2.8 (reference M1228-MPW3), supplied by Computar. During
the experiments, the advancing fluid front position is recorded as a
function of time with a frequency of 5 Hz. The pressure values at the
inlet and outlet are recorded with the same frequency to determine the
pressure difference along the preform. Finally, images are processed
with a LabVIEW program developed at IMT Mines Ales. Firstly, the
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Fig. 1. Capillary wicking tests with n-hexane (a) and water (b) - AR fabric.
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Fig. 2. Permeability setup (a) and internal dimensions of the cavity (b).
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Fig. 3. Unsaturated permeability determination : image processing with LabVIEW.
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Processedimage at: t=7.8s

Fig. 4. Unsaturated permeability determination : x,, calculation method.

images are cropped to avoid the edge effect (20 mm), then by adjusting
the color contrast, the saturated area is converted into a black area
(Fig. 3). The value of the average fluid front position x,, is calculated
by dividing the surface area saturated with fluid by the width of the
crop (Fig. 4). After processing all images, the curve of the squared flow
front position x? ,asa function of time is drawn as shown in Fig. 5.
The squared flow front method used to determine the unsaturated
permeability was clearly described in the second permeability bench-
mark of Vernet et al. [19]. The curve x2 against time can be plotted as
a linear fit. Then, according to the Darcy law, the slope # of the linear

fit allows to calculate the unsaturated permeability (Eq. (10)):
2
X
ff en L en 10)

unsat =t 2AP ~ U 2AP

where § is the slope of the linear fit of the curve x2 , against time, &
is the relative porosity, # is the fluid viscosity and AP is the pressure
difference along the fiber preform.

Saturated permeability determination

The saturated permeability is determined using a balance placed at
the outlet of the permeability setup. After the total saturation of the
fibrous preform, the fluid flows in a tank placed on the balance. The
weight of the fluid as a function of time is recorded with a frequency
of 1 Hz. Then the fluid mass is converted in volume using the fluid
density. The volumetric flow rate Q (m?/s) can be determined through

Unsaturated permeability

0.14
0.12 1
0.10
& 0.08 A
£
N
X" 0.06 1 R?=0.999
0.04 -
0.02 - .
- AR fabric
Linear fit
0.00 T T T
0 10 20 30 40

Time (s)

Fig. 5. Unsaturated permeability determination : squared flow front position vs. time.
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Saturated permeability
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—— Linear fit
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Time (s)
Fig. 6. Saturated permeability determination : fluid volume against time.

Table 2
Experimental conditions for permeability experiments.

As received fabric Thermally treated fabric

Kum‘aluratud Kxumralud Kumumrulcd K.mturaled
60, 100 kPa 60, 100 kPa 60, 100 kPa 60, 100 kPa
—60, —80 kPa —60, —80 kPa —60, —80 kPa —60, —80 kPa

the slope of the linear fit of the curve of fluid volume as a function of
time (Fig. 6). Finally, by using the Darcy law (Eq. (11)) [33] saturated
permeability can be calculated as following:
K, = 2000 an
where Q is the volumetric flow rate determined experimentally, AL is
the preform length, A is the transverse area of the mold cavity and AP
is the pressure difference along the fiber preform.

Pressure conditions

In the study, the pressure conditions are expressed as relative pres-
sures, meaning that the pressure difference above the atmospheric
pressure has been referred as a positive value, and the pressure dif-
ference below the atmospheric pressure (partial vacuum condition) has
been referred as a negative value. Of course, a positive value is used
in both cases to estimate permeability values from the Darcy law. To
evaluate the influence of the pressure difference in different process
configurations, two relative pressure conditions were applied:

- a positive relative pressure, applied at the inlet, referred as “RTM
case” in the study, with a single component injection tank, sup-
plied by ISOJET Equipements (Corbas, France), at 60 kPa and
100 kPa.

a negative relative pressure, applied at the outlet, referred as
“VARTM case” in the study, with a Compositvac mobile E25,
supplied by Diatex (Saint Genis Laval, France), at —60 kPa and
—80 kPa.

Low pressure conditions were chosen compared to the pressure com-
monly used in the RTM process. The aim was to obtain a configuration
where the capillary pressure, due to capillary effects, can be compara-
ble to the imposed pressure. Furthermore, to compare the two pressure
conditions (pressure and partial vacuum), the maximum value was
limited to a null absolute pressure (~—100 kPa in relative pressure).
Three experiments were performed for each condition (Table 2) to
assess the reproducibility.

Finally, according to the literature [11,13,34,35], the ratio R, and
its associated capillary pressure AP, were estimated to identify the
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Table 3
Basalt fibers diameters before and after thermal treatment, measured by SEM and
tensiometric method.

Method Average diameter (d + SD) [pm]

AR fibers TT fibers
SEM images 18.3 + 0.5 18.9 + 0.6
Tensiometry 18.3 + 0.8 185 + 1.9

influence of the capillary effects at the process scale with the following
relation:

K AP,
R = —umsat __ 7 12
s K AP a2

sat

where K, is the unsaturated permeability, K, is the saturated
permeability, AP, is the estimated capillary pressure at the process scale
and AP is the pressure difference applied. According to the literature,
this relation is valid only when the sink effect is negligible [36,37].
This effect has been highlighted for a flow rate controlled impregnation
and a double pore scale. For applied pressure difference without flow
rate monitoring, it was assumed that the sink effect can be neglected.
This assumption can be considered as acceptable since, in this study,
permeability is estimated at the scale of the homogeneous equivalent
medium and the yarn scale is not considered [38].

3. Results and discussion
3.1. Morphological characterizations

To characterize the diameter and the surface morphology of the
basalt fibers before and after thermal treatment, fibers were analyzed
by SEM, AFM and the tensiometric method. First, fiber diameters were
determined before and after thermal treatment using SEM and the
tensiometric method. Table 3 presents the diameters measured with
both methods. Results are very similar, with a low standard deviation,
leading to the conclusion that the thermal treatment did not affect the
fiber diameter. Moreover, these results confirm the reliability of the
diameter measurement by the tensiometric method using the K100SF.

The sizing distribution and homogeneity were characterized by SEM
and AFM. Figs. 7 and 8 present SEM images before and after thermal
treatment, respectively. For the AR fiber, Fig. 7(a) shows the presence
of large deposits of sizing (between 3 and 5 pm) bonded to the fibers.
Fig. 7(b) also shows the presence of small deposits distributed all along
the fiber. After thermal treatment, Fig. 8 shows that the deposits are
still present but with a smaller size. In order to thoroughly investi-
gate these observations, AFM analyses were performed to characterize
topography and to quantify the fiber roughness.

Fig. 9 shows images of fiber topography obtained by AFM for the
AR and TT fiber. Data associated to images were processed with the
open source software “Gwiddion” to reconstruct the fiber curvature
and calculate surface roughness. Table 4 presents the roughness results
characterized by the parameters S, (the root mean square) and S,
(the maximum height in absolute value), as defined in Section 2.2.1
(i.e. correcting the effect of the curvature). As shown in Table 4, the
surface roughness of the AR basalt fiber is different for the two fibers
analyzed, with S, and S, values significantly far from each other. On
the contrary, for the TT basalt fibers, S, values are lower than for
the AR fibers, and S, values are more significantly similar. It appears
that the AR fiber has a non-uniform sizing distribution, with small and
big deposits distributed over the entire surface of fibers. After thermal
treatment, the biggest deposits of sizing were no more observed, only
smaller deposits remained. The surface of the TT basalt fiber tends to
be smoother and more homogeneous compared to the AR fiber.
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Fig. 7. SEM observations of the AR basalt fiber.
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Fig. 8. SEM observations of the TT basalt fiber.
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Fig. 9. AFM observations of the AR (a) and TT (b) basalt fiber.
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Fig. 10. Application of the Owens and Wendt method for surface energy determination of AR (a) and TT (b) basalt fiber.
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Table 4
AFM results (S, and S,) before and after thermal treatment.
AR fabric TT fabric
Fiber 1 Fiber 2 Fiber 1 Fiber 2
S, [nm] 82.4 + 28.5 113.1 + 10.5 67.3 + 12.3 63.3 +7.8
S, [nm] 45+ 1.2 13.2 + 4.2 55+ 1.6 56 + 0.8
Table 5
Static contact angles of basalt fibers before and after thermal treatment.
Average values 60, n-hex [°] 0, water [°] 0, diiodo [°] 0, EG [°]
AR basalt fiber 0 44.6 + 3.4 51.0 + 4.0 46.7 + 2.7
TT basalt fiber 0 345 + 4.1 48.0 + 2.0 479 + 2.0

3.2. Contact angle determination for single fiber

Table 5 presents results of the average static contact angles be-
fore and after thermal treatment with the four test liquids (n-hexane,
diiodomethane, ethylene glycol and water). For diiodomethane and
ethylene glycol, the static contact angles are similar before and after
treatment. However, with water, the static contact angle after thermal
treatment decreases by 23% (from 44.6° to 34.5°). This decrease shows
that the water presents greater affinity and better wettability with the
TT basalt fiber.

3.3. Fiber surface energy determination

The application of Owens and Wendt method for both references
(AR and TT) enables the determination of the surface energy of the
single basalt fiber, taking into account the static contact angles ob-
tained previously, as shown in Fig. 10. It can be observed that, in both
cases, the results are in accordance with the Owens and Wendt equation
with a minimum correlation coefficient of 0.93. Table 6 presents the
calculated values of surface energy. After thermal treatment, the total
surface energy y, increases from 48.5 mN/m to 54.3 mN/m. This
increase is mainly due to the rise of the polar component (+22%). This
result is in accordance with other works from literature having already
shown that the unsized basalt fiber presents a stronger polarity than
the sized one [29,39].

3.4. Capillary wickings tests
3.4.1. Determination of the morphological parameter

As described in Section 2.2.4, the morphological parameter cF is de-
termined experimentally with the n-hexane according to the Washburn

Table 6

Dispersive (y¢), polar (/) and total (7,) surface energy of the AR and TT
basalt fibers.

Basalt fiber y? [mN/m] 7* [mN/m] 7, [mN/m]
AR 30.6 + 2.1 179 + 0.4 48.5 + 2.5
TT 37.5 + 23 16.8 + 0.1 543 + 2.4

Table 7

w?/t, R? and cF results from the capillary wicking tests with n-hexane for AR and TT
fabrics.

AR fabric

w?/t [g2/s] RrR? cF [pm]
Test 1 1.881 0.988 32.7
Test 2 1.802 0.980 31.3
Test 3 1.990 0.980 34.6
Test 4 1.620 0.971 28.2
Test 5 1.477 0.977 25.7
MEAN +SD 1.754 + 0.206 30.5 + 3.6
TT fabric w? [t [g*/s] R? ¢ [pm]
Test 1 0.955 0.982 16.6
Test 2 0.942 0.999 16.4
Test 3 1.072 0.988 18.6
Test 4 1.085 0.978 18.9
Test 5 0.908 0.975 15.8
MEAN +SD 0.992 + 0.080 173 + 1.4

equation (Eq. (7)). Fig. 11(a) and (b) show the curves of the squared
mass as a function of time respectively for the AR and TT fiber using
n-hexane. Curve slopes have been calculated at the first 0.4 and 0.7 s
for the AR and the TT fabric respectively. For both reinforcements, the
first part of the curves before the mass stabilization, can be fitted with
a linear trend. Table 7 presents the slope w?/t values, the correlation
coefficient of the slope R? and the cF values for the AR and TT fabrics.
All correlation coefficients are higher than 0.97, confirming a good
correspondence with the Washburn equation. The slope is significantly
higher for the AR fabric, which means that the rise of n-hexane is faster,
leading to greater values for the cF factor. This unexpected difference
of cF after treatment could be related to a morphological modification
caused by the thermal treatment and more specifically to a difference
of roughness according to AFM results.

3.4.2. Determination of the apparent advancing contact angle

Fig. 12(a) and (b) present the curves of the squared mass as a
function of time respectively for the AR and TT fibers with water.
The first part of the curves can be fitted with a linear trend. The
slopes of the curves (w? /1) were calculated at the first 1.3 and 0.7 s
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Fig. 11. Capillary wicking tests: AR (a) and TT (b) fabrics with n-hexane.
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Fig. 12. Capillary wicking tests: AR (a) and TT (b) fabrics with water.

respectively for the AR and the TT fabrics. Table 8 presents the results
of the slope w?/t, the correlation coefficient of the slope (R?) and
the apparent advancing contact angle 6, with water for both fabrics.
0, was calculated from Eq. (7) with the average cF factor obtained
experimentally previously (Table 7). The correlation coefficients of the
slopes are higher than 0.97, which confirm a good correspondence with
the Washburn equation. Capillary wicking is faster in the thermally
treated fabric, with an average slope of 2.7 g?/s compared to 1.6 g2/s
for the AR fabric. Results of mean apparent advancing contact angles
0, are presented in Table 8. The mean apparent advancing contact
angle ¢, decreases from 71.2° + 0.9° for the AR fabric to 17.2° + 12.3°
for TT fabric. This large decrease is due to the faster capillary rise
and to the decrease of the cF factor. This faster capillary rise is a
consequence of the wettability improvement between the water and
the TT basalt fiber, as shown at the microscopic scale. The 6, is a
dynamic parameter and it cannot be compared with the static contact
angle obtained previously (Table 5), but a contact angle decrease after
thermal treatment is observed at both scales. More importantly, as
described by Pucci et al. [28], physically, this 6, cannot be defined
as an advancing contact angle as it is for the capillary ascension in a
tube. Actually, it is a characteristic value associated to the fluid-fiber
interaction for a fiber volume fraction and a defined porous medium
morphology.

Table 8
w?/t, R* and 6,water results from the capillary wicking tests with water for AR and
TT fabrics.
AR fabric w?/t [g2/s] R? 0,water [°]
Test 1 1.744 0.990 70.0
Test 2 1.560 0.995 72.2
Test 3 1.637 0.992 71.2
Test 4 1.694 0.992 70.6
Test 5 1.589 0.996 71.8
MEAN +SD 1.645 + 0.076 71.2 £ 0.9
TT fabric w?/t [g%/s] R? 0,water [°]
Test 1 2.423 0.987 32.8
Test 2 2.993 0.976 0.0
Test 3 2.809 0.969 12.9
Test 4 2.626 0.975 24.3
Test 5 2.738 0.972 18.2
MEAN +SD 2.718 + 0.212 17.6 + 12.3

3.4.3. Capillary pressure determination

After determining the morphological parameter c7 and the apparent
advancing contact angle 6,, the equivalent capillary pressure can be
estimated from Eq. (9). Moreover, Ahn et al. [40] proposed a method
to determine the capillary pressure in an unidirectional fibrous preform
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Table 9
P,,, results in spontaneous impregnation with water: comparison between the Pucci

et al. and Ahn et al. methods using different contact angles.
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Table 10
xzf LV and R? results from the permeability characterization of the AR and TT
fabrics with AP = 60 kPa.

Fabric P,,, [kPa] P, [kPa] P, [kPa]

reference Pucci et al. [28] Ahn et al. [40] Ahn et al. [40]
6, Washburn 6, Washburn 0, static

AR 6.5 + 0.3 3.4 +0.2 7.5+ 0.4

TT 10.9 + 1.0 9.7 + 0.6 85+ 04

with an one-dimensional flow direction, in spontaneous impregnation,
according to Eq. (13):
F (1-¢)

= — oy cosf
cap Df € L

13)

where D, is the single fiber diameter, e the relative porosity of the
fibrous preform, F is a dimensionless form factor (F = 4 for a longi-
tudinal flow) and 6, a contact angle representative of the wettability
between the unidirectional fibrous preform and the fluid. In a first
approach, the static contact angle (,) obtained previously (Table 5),
which is a local contact angle, could be used. However, in order to
be more representative of the wettability between the unidirectional
fibrous preform and the fluid during the capillary wicking experiment,
a dynamic contact angle was chosen. The advancing contact angle
measured by tensiometric method as described by Garat et al. [27]
could be used, but its value depends on the immersion speed of the
single fiber in the liquid. Consequently, the apparent advancing contact
angle (6,) obtained previously with the Washburn method (Table 8)
(which represents an apparent contact angle at the level of the equiv-
alent homogeneous porous medium, not dependent on speed), seems
to be the most relevant to be use in Eq. (13). Table 9 presents results
of capillary pressure in spontaneous impregnation with the different
methods, and contact angles for the AR and TT fabrics with water:

- The definition of the equivalent capillary pressure of Pucci et al.
[28] with the apparent advancing contact angle 6, obtained with
the Washburn method (Table 8).

- The definition of the capillary pressure of Ahn et al. [40] with the
apparent advancing contact angle 6, obtained with the Washburn
method (Table 8).

- The definition of the capillary pressure of Ahn et al. [40] with
the static contact angle 6, obtained with the tensiometric method
(Table 5).

After thermal treatment, the equivalent capillary pressure, calcu-
lated through the experimental method of Pucci et al. increased from
6.5 kPa to 10.9 kPa. These results show that the thermal treatment of
the basalt fiber had an impact on the fiber surface energy, as well as an
effect on the fabric behavior in spontaneous impregnation with water,
by increasing the equivalent capillary pressure by 68%. In comparison,
the capillary pressures calculated with the Ahn et al. definition, using
the 6, or the 6, are in the same order and highlight the same tendency
to rise after thermal treatment. Furthermore, results obtained with the
0, are very close to those obtained with the 6,. In further works,
it would be interesting to also estimate the capillary pressure with
a third expression often used in the literature (Eq. (14)) [10,41,42]
where the form factor S, represents the surface area of the fluid/fiber
interface per unit volume of fluid. This form factor characteristic of
the porous media can be experimentally determined with BET analysis
(Brunauer-Emmet-Teller specific surface area) [34,43].

P

eap = — S0 cos0 (14)

3.5. Permeability measurements

Fig. 13 presents the curves obtained during unsaturated and sat-
urated permeability experiments as in the RTM case (60 kPa and

10

AP = 60 kPa K nsaturated K aurated
AR X3/t x 107 [m?/s] RrR? V/t x 107 [m?/s] RrR?
Test 1 3.306 0.999 7.978 0.999
Test 2 3.597 0.999 9.090 0.999
Test 3 3.130 0.999 8,068 0.999
MEAN +SD 3.344 + 0.236 8.379 + 0.617
T xsz/t x 1073 [m?/s] R? V/t x 1077 [m3/s] R?
Test 1 4.751 0.993 13.564 0.999
Test 2 4.893 0.999 11.816 0.999
Test 3 4.472 0.999 12.068 0.999
MEAN +SD 4.705 + 0.214 12.483 + 0.945

Table 11

x? LV and R? results from the permeability characterization of the AR and TT
fabrics with AP = 100 kPa.

AP =100 kPa Kinsaturated Kiaurated
AR x} A1 %107 [m?/s] R? V/t x 1077 [m?/s] RrR?
Test 1 5.289 0.999 13.937 0.999
Test 2 5.174 0.999 14.137 0.999
Test 3 4.591 0.999 12.310 0.999
MEAN +SD 5.018 + 0.374 13.461 + 1.003
TT xzﬂ/t x 1073 [m?/s] R? V/t x 1077 [m?/s] R?
Test 1 8.718 0.999 23.944 0.999
Test 2 8.101 0.997 21.390 0.999
Test 3 8.577 0.998 23.438 0.999
MEAN +SD 8.465 + 0.323 22.924 + 1.352

Table 12

x§ LV and R? results from the permeability characterization of the AR and TT
fabrics with AP = —60 kPa.

AP =-60 kPa Kunxammtezl Kxumrated

AR x} £/t % 107 [m?/s] R? V/t x 1077 [m3/s] R?
Test 1 2.913 0.999 6.208 0.999
Test 2 2.713 0.999 6.018 0.999
Test 3 2.548 0.998 5.616 0.999
MEAN +SD 2.724 + 0.183 5.947 + 0.302

TT xif/t x 1073 [mz/s] R? V/t x 1077 [m3/s] R?
Test 1 3.695 0.999 8.132 0.999
Test 2 4.239 0.999 8.883 0.999
Test 3 3.272 0.999 7.363 0.999
MEAN + SD 3.736 + 0.485 8.126 + 0.760

100 kPa) for the AR and TT basalt fabrics. Tables 10 and 11 present
in details all the slope values of the curves x? ;= f@ and V = f(1)
and the associated correlation coefficients. The correlation coefficients
are all greater than 0.993, showing good accordance with the Egs. (10)
and (11), associated to the determination of the unsaturated and satu-
rated permeability respectively. In each case, the scatter on the slope
values on three tests does not exceed 7%, which is small compared to
literature [19,20].

Fig. 14 and Tables 12 and 13 present the results obtained from
unsaturated and saturated permeability experiments as in the VARTM
case (—60 kPa and —80 kPa) for the AR and TT basalt fabrics. The
correlation coefficients in each case are greater than 0.997. This means
that the linear fits are in accordance with Egs. (10) and (11). The
maximum scatter on the different slope values on three tests does not
exceed 10%.

Fig. 15 presents the unsaturated (K, ) and saturated (K,,) per-
meability results at 60 kPa and 100 kPa for the AR and TT basalt
fabrics. For AR fabric, at 60 and 100 kPa, K,,, and K,,,, are in the
same order. For the TT fabric, the same observation is valid. It means
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Fig. 14. Curves xi ;= f() (@ and V = f(t) (b) for the determination of the unsaturated and saturated permeability — VARTM case.

Table 13
xf, LV and R? results from the permeability characterization of the AR and TT
fabrics with AP = —80 kPa.

AP =-80 kPa Knsaurated Kauratea

AR xsz/t x 1073 [m?/s] R? V/t x 1077 [m?/s] R?
Test 1 4.164 0.999 8.496 0.998
Test 2 4.401 0.999 8.908 0.998
Test 3 3.998 0.999 8.015 0.998
MEAN + SD 4.188 + 0.203 8.473 + 0.447

TT xif/t x 1073 [mz/s] R? V/t x 1077 [m3/s] R?
Test 1 6.292 0.999 13.162 0.998
Test 2 5.436 0.999 11.036 0.998
Test 3 6.106 0.999 12.519 0.997
MEAN +SD 5.945 + 0.451 12.239 + 1.090

that, for a same fabric reference, K, and K, do not depend on
the pressure gradient and are equal. However, as shown in Fig. 15,
K., and K, significantly increase after thermal treatment. Theoreti-
cally, if the fabric geometry is not altered by the treatment, the K,
should not vary [11]. In addition to the observation already done
for the capillary wicking tests with the modification of the cF after
treatment, this new result suggests that the fabric morphology could be
modified after thermal treatment, in agreement with roughness results

obtained by AFM. Experimentally, this tendency was also observed by
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Dukkipati [44]. The author highlighted that the saturated permeability
tends to be higher with the unsized fiber compared to the sized fiber
(with glass and carbon fibers). From a numerical point of view, Geoffre
et al. [45] have carried out a study varying the fluid slip condition at
the fluid/fiber interface. The authors have shown that, in the case of
a non-null slip condition, the saturated permeability tends to increase
compared to the case of a zero slip condition. These works tend to
demonstrate that the fiber roughness modification caused by the ther-
mal treatment could lead to a modification of the fluid slip condition
at the fiber surface. This phenomena could have a significant impact
on the saturated permeability of the reinforcement and could explain
the tendency observed. Table 14 presents the results of the ratio R;
and its associated capillary pressure 4P,, calculated according to Caglar
et al. [11]. For the RTM case (60 and 100 kPa), the R, factors are equal
to 1 because of the equality between K|, and K., The AP, associated
could be considered as null due to the large scatter of these values.
Consequently, in the study conditions and at the process scale, it could
indicate an equilibrium between the viscous forces and the capillary
effects at 60 and 100 kPa.

Fig. 16 presents the unsaturated (K, ) and saturated (K,,) per-
meability at —60 kPa and —80 kPa for the AR and TT basalt fabrics. As
for the RTM case, considering a same reference of fabric (AR or TT),
the K,,, and K,,,, do not depend of the pressure gradient value. The
K, is also different after thermal treatment which confirms that the
thermal treatment modified the fabric morphology or the slip condition
on fiber [45]. The R, and AP, values according to Caglar et al. are
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presented in Table 14. The R, factor are significantly greater than 1
which means that the K, is greater than the K,,, and consequently
the capillary effects would tend to dominate the flow. Moreover, the
greater the pressure difference, the greater the R, and the AP, values
are. Consequently, in the study conditions, at the process scale, the cap-
illary effects (APy) calculated with the method from Caglar et al. [11]
are not negligible compared to the applied pressure for the AR and TT
basalt fabric at —60 and —80 kPa.

This estimation of capillary pressures at the process scale (Table 14)
in a forced regime cannot be compared to the calculated capillary
pressures (Table 9) performed with capillary wicking test in sponta-
neous impregnation. The considered scales, the fiber volume fraction
and the impregnation regimes are different. Furthermore, the capillary
pressures obtained from wicking tests cannot be used to estimate the
unsaturated permeability. As detailed in Section 2.2.4, the capillary
pressure value depends on the morphology of the porous medium
in the sample holder. In order to do that, capillary rise should be
performed with a similar fiber arrangement and volume fraction than
in the permeability experiment. This will be tested in further studies
and compared with numerical modeling of flows.

4. Conclusion

This work showed the influence of the surface modification by
thermal treatment of a basalt fibers on the fiber surface energy, the
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Table 14
R, and AP, results from the permeability experiments with water.
Fabric reference AP [kPa] R, AP, [kPa] Caglar
AR 60 1.06 + 0.04 -4.0 + 2.5
100 0.99 + 0.02 1.2 + 21
TT 60 1.01 + 0.09 -0.4 + 5.4
100 0.99 + 0.02 1.3 +2.0
AR -60 1.22 + 0.03 -12.4 + 1.6
-80 1.30 + 0.01 -249 + 1.1
TT —-60 1.22 + 0.05 -12.7 + 2.7
-80 1.28 + 0.02 -22.8 + 1.7

capillary wicking tests and the in-plane permeability experiments. The
results showed that the thermal treatment increased the surface energy
of the basalt fiber and particularly its polar component by 22%. The
SEM and AFM analysis showed that the thermal treatment did not
modify the single fiber diameter, but it affected the fiber roughness. At
the mesoscopic scale, the capillary rise with water is faster after thermal
treatment. It is characterized by a smaller apparent advancing contact
angle and a higher equivalent capillary pressure (+68%) in a fabric
roll. Results of P,

.qp ODtained with different methods from literature

were compared to determine the capillary pressure in spontaneous
impregnation. On the other hand, the morphological factor c7 varied
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after thermal treatment, which could account for a morphological mod-
ification of the fabric after treatment in agreement with results at the
fiber scale, probably due to a change of roughness showed with AFM.
At the macroscopic scale and despite the results at lower scale, in the
RTM case, the K, and K, do not depend on the pressure gradient
and are equal (R, = 1), meaning that there could be an equilibrium
between viscous forces and capillary effects. In the VARTM case, K,,,;.
and K, do not depend on the pressure gradient. It was observed that
R, is greater than 1, giving a negative 4P,. It means that the capillary
effects dominate the flow. However, the capillary pressure obtained
with capillary wicking tests and the capillary pressure obtained form
the Ry ratio cannot be compared. Finally, the saturated permeability
results were different between the AR and TT fabrics in both cases of
pressure gradients. Once again, this observation could be explained by
a morphological modification of the fabric after thermal treatment or a
roughness modification which would change the slip condition on the
fiber.

The originality of this work was to highlight the fluid-fiber in-
teraction at the microscopic and mesoscopic scales with tensiometric
methods, and also to characterize the effect on the saturated and
unsaturated permeability with different pressure gradients (RTM and
VARTM cases) at the process scale. In first approach, the water was
chosen as test liquid for its practicality (abundance and easy to clean).
In a future study, this work will be carried out with other liquids
having surface tension and viscosity similar to those of resins. This will
allow to highlight the effect of liquid on wetting and impregnation of
reinforcement as well as to be in a configuration closer to the LCM
processes with resin. Moreover, carrying out permeability experiments
with several pressure differences shows that the capillary pressure,
calculated at the process scale in accordance with literature, can vary
and become significant in the VARTM case. Further studies will be
carried out to enhance the treatment method and avoid a potential
modification of the fabric morphology, discriminating the effect of the
roughness. Moreover investigating a lower range of pressure difference
could be interesting to observe when R factor exceeds the unity and
capillary effects are dominant. Finally, a better understanding of the
phenomena involved at the front fluid area in the VARTM case is also
a perspective of this study.
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