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ABSTRACT

Contact angle measurement, is a suitable method to characterize the wettability of a polymer
matrix and reinforcing fibers, but it is highly challenging to measure the capillary force exerted by a
probe liquid on a fiber accurately for very fine fibers like single carbon fibers. Therefore, we propose
an innovative method for measuring dynamic contact angles with a tensiometer, considering both the
intrinsic variability of the carbon fiber diameter and the extremely small amplitude of the capillary
forces, alowing the measurement of reliable dynamic contact angles over alarge range of contact line
velocities. The analysis of the contact angle dynamics by the molecular-kinetic theory permits to check
the relevancy of the measured contact angles and to obtain the static contact angle value, improving
the prospect of employing tensiometry to better understand the wetting behavior of carbon fibers.

1 INTRODUCTION

The direct optical method and the Wilhelmy balance method are currently the two principal
methods used to estimate the wettability of fibers. The latter one is a frequently used method which
consists of measuring the capillary force exerted by a liquid on a solid substrate [1, 2]. However,
testing the wettability of single carbon fibers with micron scale diameters is highly challenging as
dlight variations of the fiber diameter and the measured capillary forces can greatly influence the
finally determined contact angles.

Moreover, the Wilhelmy method is a dynamic process with advancing (the fiber is dipped in the
liquid) and receding (the fiber is withdrawn from the liquid) phases at a constant velocity. Meanwhile,
the static advancing and receding contact angles are more relevant when cal cul ating the components of
the surface energy based on the Owens-Wendt [3] or Van Oss-Chaudhury methods [4]. Accordingly,
much attention has been paid to the dynamic advancing contact angle at extremely low velocity
whereas contact angle measurements at contact line velocities above 10mm/min have never been
studied. From a theoretical point of view, dynamic contact angles can be analyzed using various
approaches [5] even if it is widely accepted that the Molecular-kinetic theory (MKT) proposed by
Blake [6] is able to describe eclectic liquid/solid systems. So far, studies dedicated to the dynamic
wetting of carbon fibers are not available even if it is a key to the manufacturing of carbon fiber
composites[7, 8].

In the present study, reliable and accurate water contact angles around single carbon fibers are
reported. We propose a methodology which permits to measure dynamic contact angles taking into
consideration both the intrinsic variability of the carbon fiber diameter and the extremely small
amplitude of the capillary forces. The effectiveness of the method was strengthened by fitting the
experimental contact angle values by the MKT which permitted to assess the static advancing contact
angle as well as the dynamic wetting parameters of the carbon fibers considered in this work.

2 MATERIALSAND METHODS
2.1. Materials

FT300-3000-40A polyacrylonitrile-based carbon fibers manufactured by Toray Carbon Fibers
Europe S.A. were used in this study. To obtain clean surfaces, the fibers were washed in ethyl acohol
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and dried at 80°C for 1h. This gentle cleaning procedure removes dust and grease without atering the
sizing that is typically present on commercial carbon fiber. The main properties of the test liquids (n-
Hexane: Acros; Deionized water: Millipore Direct Q-3 UV) arelisted in Table 1.

Table 1. Liquid/vapor surface tension and density of the probe liquids

Testliqid g mn/m) T (glem)

n-Hexane 18.4 0.659
Deionized water 72.8 0.98

2.2. Senditivity of the contact angle measurements.

Advancing and receding contact angles were measured with a high-precision Force Tensiometer —
Kriss K100SF (Kriiss GmbH, Hamburg, Germany). The instrument was designed to characterize the
wettability of single fibers according to the Wilhelmy method [9, 10]. The K100SF tensiometer has a
claimed weight resolution of 0.1ug with testing velocities ranging from 0.1mm/min to 500mm/min.
During the experiments, a single carbon fiber was attached to the sample holder and set perpendicular
to the surface of the test liquid. If standard procedures are followed [11], forces when the fiber is
dipped in and then withdrawn from the liquid bath are detected by the microbalance. The fiber is
actually not displaced, but the vessel holder moves up (advancing cycle) and down (receding cycle)
during the experiments. A sketch of this apparatusis shownin Figure 1.
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Figure 1.Schematic drawing of the K100 SF tensiometer.
Contact angles at constant advancing and receding velocities can be calculated from: [12]

Fmeasured = I:)gLV Cosq + Mg — I:buoyancy (1)

where Fmeaﬂ”ed is the force detected by the microbalance, P the perimeter of the fiber, d the

dynamic contact angle, m the mass of the fiber, and Fb“"yanc‘/ the buoyancy force. All tests were
conducted in monitored and controlled environment (25°C, 65% relative humidity and soundproof

cabinet), so that v is a constant value depending on the test liquid. The calculation of the buoyancy
force is based on the density of the test liquid and of the immersed volume of the fiber, Vimmersed-

I:buoyancy =TI ngmrsed (2)

As low density de-ionized water and hexane were used as test liquids, the buoyancy forceisin the
order of 10°mN and can be neglected when compared to the capillary force (the cross section of a
single carbon fiber is regarded as circular). The contribution of the weight of the fiber is zeroed at
every start of an experiment so that contact angles can simply be calculated by:
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Feapiiary =P dg,, cosq 3)

As 9V is known in eq 3, 4 can be calculated from the capillary force Foapitary measured by the
tensiometer if the fiber diameter, d, is a priori known or measured beforehand. It is common practice
to assume that the diameter of regular carbon fibers is about 7um [13, 14]. Considering such diameter,
Figure 2 shows the relation between the capillary force and the calculated contact angle in water

(using eq 3).
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Figure 2.Variation of the contact angle of a single carbon fiber in de-ionized water with a constant
diameter of 7um as a function of the capillary force.

Measuring precise diameters of fibersis also a major prerequisite when calculating contact angles.
According to eq 3, when a capillary force is accurately measured by the microbalance, an inaccurate
diameter can also lead to erroneous contact angles.

Table 2. Capillary force for carbon fiber/Water system calcul ated (eq 3) using areference diameter
of 7um.

Contact angle (9 80 70 60 40 30 20
Capillary force(mN) 0.00028 0.00055 0.00080 0.00122 0.00139 0.00150

In Figure 3, variations of the contact angle as a function of diameter are compared based on
capillary forces given in Table 2. Figure 3 shows that a small variation of the fiber diameter has a
significant influence on the contact angle values (for considered angles between 80° and 20°). This
trend is amplified when low contact angles are considered (Figure 3b).
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Figure 3. Variation of the contact angle as a function of the diameter of afiber (keeping the
measured force constant): (a) high contact angles and (b) low contact angles.
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This simple analysis clearly indicates that a high precision in both the capillary force and the
diameter of carbon fibersis required, especially for low contact angles.In this study, a single fiber was
tested and a relatively short tested length will help to make sure the single fiber go through the
liquid/vapor interface.

2.3. Wetted length measurement.

The K100SF tensometer was also used to measure the diameter of carbon fibers. The
measurements were carried out at room temperature. In this case, n-hexane (99.6%) was the test liquid
because it is supposed to perfectly wet the fibers, i.e. 8 =0°, leading to a simplified version of the
Wilhelmy equation:

I:capillalry = p dgLV (4)

The standard procedure to obtain the wetted length or equivalently the fiber diameter is the
extrapolation of the immersion force to an immersion depth of Omm; in this way the buoyancy force
can be ignored. Then the first force detected by the tensiometer can be used to calculate the diameter
of a single carbon fiber according eq 4. Normally the dynamic tensiometer has a certain detection
sensitivity, so that data recording only starts upon contact with the liquid. It was however noted, that
with the very small force levels encountered when testing single carbon fibers, various artefacts
occurred, causing non-linear and non-steady behavior of the capillary force. Therefore, in this study,
the detection sensitivity of the force was set to its minimum value, i.e. 0.1ug, to record forces even
before the fiber end is in contact with the liquid surface. Figure 4 shows a typical wetted length
measurement curve obtained with n-hexane. The first part (from 0 to 1.7mm) represents the
measurement before touching the fluid and highlights a drift in the force. The force level, before
touching the fluid, will hereafter be called the “pre-force”. The second part of the curve is related to
the capillary process. In standard test protocols, only the second part is normally used to calcul ate the
wetted length. During immersion, the measured force should normally go down due to the buoyancy
effect, but it is apparent from Figure 4 that this is not the case here. Therefore, we measured the
capillary forcein this case from the upward jump in the force at the moment of contact.

The measuring velocity was set to Imm/min and the maximum rise distance of the stage was 5mm.
Then 20 other fibers were selected randomly and measured twice respectively to calculate the average
diameter for further comparison with results from SEM.
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Figure 4.Typica wetted length measurement curve in n-hexane.
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2.4. Contact angle measur ements.

Once accurate and reliable fiber diameters were obtained and the existence of a drift in the force
measured by the tensometer was analysed, contact angle measurements with deionized water

(18.2€2 -cm resistivity) were implemented. Again, the detection sensitivity was set to its minimum
value to trigger the tensiometer before the fiber was in contact with the water/air interface. Every fiber
was dipped in and withdrawn from the liquid vessd repeatedly for 3 times at a constant velocity to
measure respectively a series of dynamic advancing and receding contact angles. The experiments
were conducted at 12 velocities ranging from 0.5mm/min to 500mm/min. 10 fibers with known
perimeters were tested per velocity for a total of 120 measurements. The rising distance of the stage
was set to 5mm for velocities ranging from 0.5mm/min to 50mm/min and to 20mm for velocities
ranging from 100mm/min to 500mm/min to obtain sufficient data.
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Figure 5. Typical force measurement curvesin water: (a) original curves; (b) revised curves.

A typical dynamic contact angle measurement at a speed of 10mm/min is shown in Figure 5a. At
the beginning of the first cycle, the force curve initialy shows the same kind of upward trend aready
observed with hexane. After devating the stage for about 1.5mm, the fiber contacts the water/air
interface. The detected force jumps to a higher steady value from which a dynamic advancing contact
angle can be measured until a displacement distance of 5mm. The reverse process then takes place (the
vessel holder goes down) and a steady receding force can be measured. A stable force is aso detected
when the fiber moves out of the water. This force, which is higher than the pre-force, is hereafter
named “post-force”. The initial force of the next cycle (i.e. the pre-force of the 2™ cycle) appears to
have exactly the same value as the post-force of thefirst cycle, as shown in Figure 5a.

The pre- and post-force values were large enough compared to the real capillary forces that they can
significantly impact the contact angle values. Therefore, also here a correction was made to the force
measured by the tensiometer. For the first cycle, the pre-force goes up for the whole advancing contact
angle test process whether the fiber contacts the liquid or not. Due to this, the actual capillary force
cannot be evaluated. For the second and third cycle, the amplitude of the pre-force was stable and then
subtracted from the force during immersion, see Figure 5b. This way reliable steady advancing contact
angles were obtained for carbon fiber in water.

2.5. Scanning eectron microscopy (SEM).

After the contact angle measurements, every tested fiber was observed in a FEI XL 30 FEG scanning
electron microscope to double check the values of the diameters obtained with the K100SF
tensiometer. The fibers were dried to remove the water on the surface and then attached by double-
sided adhesive tape on the SEM stage. The immersed sections were imaged at a magnification of
5000x under a voltage of 12kV. Three pictures were taken over the length of the immersed sections of
the carbon fibers and diameters were measured at 3 different locations for each picture.
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2.6. Molecular-kinetic theory (MKT).

To model the contact line motion during wetting, the MKT [6,15] considers a dissipation process
occurring close to the contact line where liquid atoms jump on the solid surface from one adsorption
site to another. This dissipation is caused by the wetting driving force, i.e. the out-of-balance Young’s

cosq’ - co
force 9 ( = Sq) whered " is the static contact angle [16]. In its genera form, the MKT
predicts the following relationship between the static and dynamic wetting properties:

. | 2
V =2k sinh gszV—_I_(cosq0 —cosq )
° ©)
where \ is the atomistic jump length, k° is the atomistic jump frequency, V is the contact line

velocity, kB isthe Boltzmann’s constant, and T is the temperature (K).

The purpose is here to check if the experimental dynamic wetting data can be modelled by such
standard approach [17]. If successful, this fitting procedure would support the experimental

methodology and give access to 9 ° [5]. However, it will neither validate the measurements nor the
theory as A and k° are molecular parameters which cannot be measured experimentally. Typical values
of around one nanometer for A and one megahertz for k°are however expected.

3 RESULTSAND DISCUSSION
3.1 Wetted length measurements.

The wetted diameters of 20 carbon fibers obtained from both the tensiometer and SEM are shown
in Figure 6. There is a good agreement between the average results obtained from the SEM method
(6.83 £ 0.44 ym) and the tensiometer method (7.13 £ 0.44 um). However, most results of the image
analysis are lower than those obtained with the tensiometer. A possible explanation for this variationis
that the roughness of the fiber leads to dightly higher perimeters detected by the tensiometer but not
reflected by the projected diameters obtained in the SEM. In addition, for the implemented tensiometer
method, we only can get local perimeters or diameters. Hence, we selected the diameters obtained
from the image analysis technique to calcul ate the contact angles with water.
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Figure 6.Comparison of carbon fiber diameters obtained from the tensiometer and by SEM.
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3.2 Contact angle measurements.

To have a better overview of the wettability of a single fiber, the distribution of contact angles of
every tested fiber is then calculated taking into consideration the measurement of the precise wetted
perimeter and corrections to the capillary forces obtained from the tensiometer. Dynamic advancing
contact angles show finite values, the receding ones have basically values fluctuating between 20° and
0° regardless of the contact line velocity. Figure 7 shows the typical advancing contact angle
distributions at the lowest and highest velocities (0.5mm/min and 500mm/min), which were fitted by a
Gaussian distribution (eq 6) with the values of the fitted parameters given in Table 3.

(x=%)*
y=y,+Ae ©)

where X isthe advancing contact angle (°), y isthe count, y, isthe offset, x.is the central position of
the peak (°), w isthe width of the distribution, and A is the amplitude of the distribution.

It can be seen that the width of the curves becomes narrower with increasing contact line velocities.
This implicates that the distribution of dynamic contact angles is more concentrated at high velocity.
An explanation for higher spread at lower velocity is that typicaly lower contact angles are presented
at lower velocities (see e.g. the MKT analysis), which are more easily to be influenced by slight
variations of the measured forces or/and wetted length (see section 2.2). Also, all the contact values
follow Gaussian distributions which indicate the correctness of the measurements.
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Table 3. Parameters of distribution fitting for dynamic advancing contact angles.

Veloc W)(mm’m'” 05 1 2 5 10 20 50 100 200 300 400 500
_ 474 1003 680 676 438 189 111 106

Data points 0 8 4 8 1 0 4 5 569 473 348 291

*(°) 690 685 714 707 712 739 8lL2 856 898' 92' 93' 961'

W 56 59 41 73 85 74 26 28 32 35 36 47

Adj. R-Square 097 09 097 092 080 071 09 093 Oég 059 Oég 058

"Adjusted coefficient of determination which indicates how well data fit a statistical model

After averaging the tested values for each velocity, the dynamic advancing contact angles as a
function of the contact line velocity are shown in Figure 8. The contact angles vary from 65.7+10.0° to
92.0+4.8° in water with increasing wetting velocity.
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3.3 Dynamic contact angle modelling.
The modelling of the contact angle dynamics was carried out with the G-Dyna software [18] so that

the quality of the fit and the distributions of the free parameters, i.e. k°, | and 9 O, can be obtained
and their consistency evaluated [2]. Figure 9a shows that the experimental data can be modelled by the

MKT quite well. The distributions for | and @ ° are narrow whereas the k° values shows a wider
digtribution (see Figure 9). However, the calculation of a simple average and its associated standard
deviation remains meaningful and is presented in Table 4. The model indicates that the dynamic
contact angles measured at low velocities, from 0.5mm/min to 20mm/min, are not dissimilar to the
static value. It means that dynamic contact angles measured within this range of velocity can be used
to calculate the surface energy components of the carbon fibers investigated in this research.
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Table 4. Average MKT parameters.
Liquid K° | q°
Water 0.15:0.IMHz 1.0+0.08nm 65.8+2.9°

The MKT fitting is not only a way to model the wetting phenomena but aso to show the reliability
and accuracy of the presented approach. The MKT provides a good fit to the experimental data,
confirming the expected wetting behavior of water on single carbon fiber. The necessary corrections
that had to be made to aobtain this result, demonstrate that determining wetted length and detected force
needs more care when measuring on such fine fibers.

4 CONCLUSION

A new method was developed to measure the dynamic contact angles of a single carbon fiber at
low and high velocities (0.5mm/min-500mm/min), taking into consideration both the intrinsic
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variability of the carbon fiber diameter and the extremely small amplitude of the capillary forces. SEM
analysis confirmed the accuracy of the wetted length measurement by the modified tensiometer
method. The amended capillary force ensures the correct measurement of the calculated contact angles.
MKT modelling has been used to closdly fit the experimental data, demonstrating the effectiveness of
the new method and aso providing the value of the static contact angle for FT300-3000-40A carbon
fiber in de-ionized water (65.8+2.99). Contact angle values measured at different velocities suggest
that dynamic contact angles measured below 20mm/min can be used to calculate the surface energy
components of the carbon fibers investigated in this research. In summary, dynamic contact angle tests
in water were conducted in a more reliable and accurate way than in previous studies and this will
enable better understanding of the wetting behavior of carbon fibers and improve the prospect of
employing tensiometry for very fine fibers .
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