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Surface contact electrification experiments have been performed on insulating polyester fibres in contact with a
conductive fibre using biased atomic force microscopy tips. With positive tip bias, charge spots have been de-
posited in a reproducible manner. The density of deposited charges on the fibre surface was observed by Kelvin
probe force microscopy as a function of time, charging position and relative humidity. Two main charge dis-
sipation mechanisms were identified with different importance depending on the relative humidity value.

1. Introduction

Contact electrification and electrostatic discharge (ESD) are known
as serious risks in many domains. Antistatic fabrics are thus widely used
in many applications, such as sophisticated microelectronic devices in
electronic industry, in the chemical industry and in industries using
filters [1,2]. In antistatic materials, the most widely used method
consists in dispersing conductive fibres inside the highly resistive base
fabrics. This method has the advantages to provide effective con-
ductivity and long-term durability. The key is that the accumulated
charges should be safely and quickly dissipated. However, nowadays
the understanding of the mechanisms of charge generation and dis-
sipation behaviours on surface and in bulk of insulating materials,
especially the insulating fibres, is far from being completed [3,4].

Many efforts have been done to perform surface charging experi-
ments on polymer materials at the macroscopic scale in order to un-
derstand these mechanisms [5-9]. In these works, surface charging was
achieved by different techniques applied for different purposes, such as
corona charging [6,10-12], electron beam [13-15], contact elec-
trification (with or without friction) [16-20], etc. The charging me-
chanisms depend largely on the technique used for charging the sur-
face, depending on the source of carriers. For example, X-rays and
electron beams are used to trigger a number of reactions initiated by
breaking covalent bonds and forming free-radicals and ions. Corona
discharge is a powerful way to produce atmospheric ions, together with
light and unstable chemicals such as ozone [21].

Kelvin probe force microscopy (KPFM) was first reported in 1991
[22] and is used to measure the distribution of surface potential and
detecting charges on a wide range of materials, such as metals, semi-
conductors and insulating materials, under different experimental
conditions [23-28]. Recently, KPFM has also been used to perform
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contact electrification experiments [19,28-36]. The use of biased AFM
probes to induce charge electrification and to create electrostatic pat-
terns on insulating films gain widespread interests. Some mechanisms
have been proposed in the scope of KPFM results. An electrochemical
charging mechanism with ionic charge carriers mediated by the field-
adsorbed water meniscus on the biased probe was discussed by Knorr
and co-workers, for dried amorphous polymer films, in particular hy-
drophobic polymer surfaces [30,37]. Belarni et al. attributed the
charging to the generation of space charge polarization, which may
arise from trap assisted tunnelling of electrons from the tip to defects in
the dielectric [35]. Baytekin et al. obtained new insight into the char-
ging mechanisms and demonstrated that contact charging phenomena
derive from the microchemical and possibly micromechanical proper-
ties at and near the surface of the contacting polymers [33,38]. Re-
garding the charge dissipation mechanisms, the surface conductance
and water absorption and desorption events have been proposed as the
key parameters [21,34].

In this study, contact electrification experiments have been per-
formed for the first time on the surface of insulating fibres by KPFM in
order to investigate charge generation and dissipation mechanisms at
the microscopic scale in antistatic felts. Contact charging studies pre-
viously reported in the literature were always realized on flat insulating
film glued or spun directly on a metallic support, allowing a good
contact between the sample and the electrode. One of the main chal-
lenge in the present study was to obtain a reliably electrical contact of
the cylindrical polyester fibres presenting a rough surface with the back
electrode. With biased AFM probes, charges were successfully deposited
on the surface of polyester fibres in contact with a stainless steel con-
ductive fibre. The deposited charges and charge dissipation were stu-
died as a function of time, relative humidity, and distance between the
charging point and the contact with the conductive fibre.

E-mail addresses: yinjun5552@gmail.com (J. Yin), bernard.nysten@uclouvain.be (B. Nysten).

https://doi.org/10.1016/j.elstat.2018.09.002

Received 3 July 2018; Received in revised form 5 September 2018; Accepted 10 September 2018

0304-3886/ © 2018 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/03043886
https://www.elsevier.com/locate/elstat
https://doi.org/10.1016/j.elstat.2018.09.002
https://doi.org/10.1016/j.elstat.2018.09.002
mailto:yinjun5552@gmail.com
mailto:bernard.nysten@uclouvain.be
https://doi.org/10.1016/j.elstat.2018.09.002
http://crossmark.crossref.org/dialog/?doi=10.1016/j.elstat.2018.09.002&domain=pdf

J. Yin, B. Nysten

2. Materials and methods

Two types of industrial fibres were used in this study: insulating
polyester fibres and conductive stainless steel fibres. The brand name of
the conductive stainless steel fibres is Bekinox fibres produced by the
company Bekaert in Belgium. The fibres are commercially available and
are used along with textile (polyester) fibres for manufacturing anti-
static filters for filtering different kinds of powders. Both the stainless
steel fibres and the polyester fibres were received from the company
Sioen Nordifa (Belgium). The diameter of the stainless steel fibres varies
between 7 and 13 um, and that of polyester fibres varies between 10
and 20 ym. The fibres were stored under ambient conditions. Prior to
the electrification experiments, the fibres were rinsed with distilled
water and dried for 12 h in ambient air in order to remove contaminants
from the surface.

KPFM experiments (one-pass mode) were performed using a
Picoplus 5500 Atomic Force Microscope (Agilent Technologies)
equipped with a scanner of maximum scanning area of 100 um, with a
MAC III AC module and an extender electronic module. Pointprobes
probes coated with a layer of Pt/Ir on tip and detector sides were ob-
tained from Nanosensors. The typical spring constant and resonance
frequency of the cantilevers were 1.2-29Nm ™' and 75-260 kHz, re-
spectively. The single-pass scan acquires topographical and surface
potential images simultaneously [39].

On conductive surfaces, the measured surface potential refers to the
surface contact potential due to the difference of work function be-
tween the sample and tip materials to which an applied potential may
be added [40]. However, it is not so easy to interpret the signals
measured on insulating surfaces by KPFM. In a working approximation,
one may consider that charge densities which are constant on an area
large enough to be resolved by KPFM are proportional to the measured
surface potential. Under this assumption, the surface charge density o
located on the insulating surface can be approximated by a capacitor
equation [30,33].

(€Y

with g, the vacuum permittivity, ¢ the dielectric constant of the in-
sulating material, Vsp the measured surface potential and d the average
distance between the tip and the surface. This equation expresses the
fact that the charge induced in the probe/electrode capacitor by the
applied voltage has to match the charge on the insulator surface in
order to nullify the electric field between the charge and the probe.
Although the absolute value of charge density is still difficult to derive
in these experiments on insulating surfaces, the charge density may
safely be considered as being proportional to the measured surface
potential.

Schemes of the experimental setups used for the biased probe
electrification experiments are presented in Fig. 1. Fig. 1(a) shows the
sample configuration where a single polyester fibre is in galvanic con-
tact with a grounded conductive fibre, both glued on a AFM standard
sample puck with insulating double-face adhesive tape. Fig. 1(b) shows
the setup used to study the influence of the distance from the contact
point with the conductive fibre. The different positions were identified
as follows: P1 was the cross point of the polyester fibre and the con-
ductive fibre, P2 was located 50 ym away from P1, P3 100 um from P1,
and P4 200 um from P1. As mentioned in the introduction, the contact
with the grounded electrode is crucial in contact electrification ex-
periments on fibres. If the contact is bad, charges will accumulate on
the side facing the conductive support rather than on the top surface
[30]. Different setups were thus tested before using the one presented in
Fig. 1 where the polyester fibre is in electrical contact with a grounded
conductive fibre.

After mounting the fibres as depicted in Fig. 1, all the samples were
put in the environmental chamber of the AFM during one night under
controlled relative humidity to ensure full stabilization of the setup.
Previous studies showed that the surface potential may have a strong

o(x, y) = egoVsp (x, y)d!
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Fig. 1. Scheme of biased probe contact electrification experiments. (a) Sample
configuration: a polyester fibre (yellow) in galvanic contact with a grounded
conductive stainless steel fibre (gray) are fixed on insulating double-face ad-
hesive tape, a bias voltage V,, is applied to the AFM tip. (b) Measurement
positions on the surface of the polyester fibre: P1 = cross point of the polyester
fibre and the conductive fibre, P2 is 50 ym away from P1, P3 is 100 um from P1
and P4 is 200 um from P1). (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

dependence on relative humidity; a low relative humidity reduces the
discharge rate [30]. In order to compare the results for different relative
humidity (RH) values, different saturated salt solutions were used in the
environmental chamber containing the sample: lithium chloride for
15% RH, potassium acetate for 25% RH, potassium carbonate for 46%
RH and sodium chloride for 75% RH.

Charge electrification experiments were realized as follows. First,
topographic and potential images of the polyester fibre surface were
acquired in KPFM mode. Second, the AFM probe was brought into
contact with the surface using the AFM contact mode with a controlled
applied force (set point equal to ~ 0.5 V). Third, a constant bias voltage,
Vapp = 10 or —10V was applied to the probe during 60s. Finally, to-
pographic and surface potential images were acquired continuously to
monitor the time variation of the surface potential on the charged spot.

The topographic and surface potential images were treated and
analysed using home-made procedures developed on the Igor Pro
software (WaveMetrics). From the successively acquired surface po-
tential images, average profiles of the potential spots were obtained as
10 pixels wide profiles at the center of the image, allowing to obtain
spot profiles at intervals of 256s, the first profile corresponding to a
time of 128 s. After subtraction of the background value of the surface
potential, a gaussian function was used to fit the profiles and the fol-
lowing parameters were obtained: the peak height PH in volts and peak
width W in pm. With these two parameters, the peak volume PV
(V.[.lII’l2) was estimated as follows

PV = W?2PH 2
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Fig. 2. Topography (a,c,e,g) and potential (b,d,f,h) images of charge spots deposited on polyester fibres with a bias voltage of +10 V (a,b,c,d) and of —10 V (e,f,g,h)
at RH of 25%. (a,b,e,f) are the images obtained before the contact electrification and (c,d,g,h) are the images obtained just after contact electrification. Green circles
mark the position where the tip was located during the charging. The bias was applied during 60 s. (For interpretation of the references to colour in this figure legend,

the reader is referred to the Web version of this article.)

3. Results and discussion
3.1. Charge spot induction

Fig. 2 presents charge spots defined on the surface of a polyester
fibre with positive (10 V) and negative (— 10 V) bias applied during
60 s. The indention marks left by the AFM probe (green circles) show
the positions of the AFM tip during the contact electrification. On
Fig. 2(d), the charge spot can be clearly observed and its position cor-
responds to the indentation position (Fig. 2(c)). For the negative bias,
although the indentation clearly appears in the topographic image
(Fig. 2(g)), no charge spot is clearly observed on the surface potential
image (Fig. 2(h)). This suggests that different charging processes occur
depending on the polarity of the charging tip.

In order to check that the generation of indentation marks did not
influence the amount of deposited charges (charge spot height and
width), the depth and width of the indentation marks were measured
(see supplementary information). As can be seen in Table 1 in the
supplementary information, no correlation between the charge spot
parameters and the width and depth of the indentation marks was
observed. This allowed to consider that the generation of indentation
marks does not influence the amount of deposited charges and the size
of the charge spots. This study also showed that the deposition of
charges on different fibres under the same conditions of applied bias
and relative humidity lead to the deposition of charge spots with similar
values of peak height and width.

Fig. 2(b) and f shows that the contact potential between the Pt/Ir tip
and the polyester fibre surface is negative and quite large. The average
value of the contact potential is equal to — 4.3 V on Fig. 2(b) and to
— 5.1 Von Fig. 2(f). This large negative value of the background contact
potential explains why the measured surface potential may remain
negative even after applying a large positive bias. This background
contact potential had to be subtracted before analysing the charge spots
as explained in the experimental section. Fig. 3 in the supplementary
information presents potential images of charge spots calculated after
subtracting the background contact potential.

Generally, we observed that the deposition of charge spots with
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Fig. 3. Variation of the initial peak volume (after 128s) as a function of the
distance of the charging point from the crossing between the polyester fibre and
the stainless steel fibre at the two extreme relative humidity values.

negative bias voltages was more difficult and lacked of reproducibility.
In order to check that this was not due to instrumental issues, charge
deposition was also performed on a polystyrene (PS) film. Fig. 4 in the
supplementary information shows that charge deposition with negative
bias was possible on PS. This result can be first explained by considering
the nature of the polymer, particularly the Lewis acidity, a, character-
ising the ability to accept electrons and the Lewis basicity, §, the ten-
dency to give electrons. For polyester, Lewis acidity and Lewis basicity
are equal to 0.54 and 0.66, respectively [41]. This means that polyester
has a higher tendency to gives electrons than to accept electrons. This
may explain why the deposition of charge spots with positive bias is
easier than negative charging. A second reason may be that the large
negative background contact potential make it difficult to observe ne-
gative charge spots. A third possibility is that the nature of the ionic
species created at negative bias are more easily dispersed that the one
generated at positive bias. It has been suggested in the literature that
negatively charged ionic water clusters [OH(H,0),]~ could be the
source of negative charging on polymers. These ionic clusters might not
bind to polyester and might easily diffuse in the water contamination



J. Yin, B. Nysten

Journal of Electrostatics 96 (2018) 16-22

(c) 3845

g) 1408 s

-0.5
-1.0
-1.5
-2.0
25
-3.0
-35

-0.5
-1.0
-1.5
-2.0
-2.5
-3.0
-3.5

Fig. 4. Topography (a & b) and potential (c-h) images illustrating the dissipation of a charge spot deposited under 10V (60s) at 25% RH. (a & b) are the images
before charge deposition; (c & d) are the images just after the charge deposition; (e to h) are successive potential images corresponding to different decay times (see
insets). The green circle marks the position of the tip during the contact electrification. (For interpretation of the references to colour in this figure legend, the reader

is referred to the Web version of this article.)

layer. In the remaining of this paper, only the results obtained with
positive charging bias will be discussed.

The charge deposition process was investigated based on the values
of the initial peak height, width and volume. The results were compared
according to the contact distance and humidity conditions. Fig. 3 shows
the variation of the initial peak volume for the different positions de-
fined in Fig. 1 at the two extreme relative humidity conditions. The
largest values of the peak volume are obtained at the cross point with
the conductive fibre. The peak volume values are smaller at the other
positions and remain almost constant with the distance from the cross
point. The previously induced charge spots are not expected to affect
the charging or discharging measurements at the next neighbouring
point for two reasons. First, the distance between the different charging
points along one fibre (~50 um) was much larger than the width of the
deposited charge spots (~1-2pum). Second, it was possible to deposit
isolated individual charge spots at much smaller distances, 1.5-2.5 ym
(see Fig. 2 in the supplementary information).

As expected, it seems easier to perform surface charging just above
the contact between the polyester fibre and the conductive fibre. This is
consistent with the explanation given in the introduction [1]. Due to the
large distance of the charging point with the conductive electrode, the
deposited charges away from the contact point tend to accumulate on
the other side of the fibre [21] and are thus not observed on the KPFM
potential images. This charge diffusion may be eased by the humidity
since the decrease of the peak volume with the distance from the
contact point is more pronounced for 75% RH than for 12% RH.
Therefore, to get the largest effect, all the remaining experiments were
realized at the contact point with the conductive fibre.

From Fig. 3, it can also be observed that globally the volume of the
initial charge spots reflecting the amount of deposited charges increases
with the relative humidity. This behaviour may be explained by the fact
that charge deposition is due to the field-adsorbed water meniscus
mechanism. Ambient water can be field-adsorbed on the surface of the
polyester fibre and dissociated near the biased probe
(6 H, O > 4H;0% + O, + 4 e7). Positive ions may thus be injected on
the surface of the polyester fibre.
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3.2. Charge decay

Fig. 4 presents the results of a charge dissipation experiment on a
polyester fibre at the cross-point with the conductive fibre after de-
positing a charge spot with a bias of 10 V during 60 s at 25% RH. The
decrease of the surface potential on the charge spot after contact
charging can be clearly observed on the potential images (Fig. 4(d-h)),
corresponding to dissipation times of 128, 384, 896, 1408 and 1920s,
respectively. The charge spot measured after 128s was always con-
sidered as the initial charge spot though some charges may already
have disappeared.

The averaged surface potential profiles measured on the charge
spots at selected times are presented in Fig. 5. As explained previously,
the measured surface potential is related to the charge density; these
results represent thus the evolution of the charge density as a function
of time. On Fig. 5, gaussian fits of the spot profiles are also presented.

In Fig. 6, the time variations of the peak height, width and volume
are compared for two different polyester fibres and for relative hu-
midity values of 12 and 25%. Globally, the peak height decreases with
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Fig. 5. Average surface potential profiles of charge spots extracted from the
KPFM images after different decay times (see legend). Black curves are gaussian
fits of the profiles.
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Fig. 6. Time dependence of peak height, peak width, peak volume and relative peak volume measured on two fibres at 12 and 25% RH.

time for both RH values. The peak width slightly decreases at 12% RH
while it remains almost constant at 25% RH. As a result, the peak vo-
lume decreases with time in both cases.

In order to better compare the variations of the peak volume, the
peak volume values were normalized by dividing them by the value of
the peak volume after 128s. The time variation of this relative peak
volume is presented in Fig. 6(d). Similar behaviours are observed for
both fibres for the same RH conditions. However, for the different RH
conditions, different behaviours are observed. At 25% RH, the relative
peak volume progressively decreases with time. At 12% RH, it first
quickly decreases and then remains almost constant at a very low value.

Fig. 7(a and b) present surface potential images after contact elec-
trification (10 V, 60s) at the two extreme values of relative humidity,
12 and 75% respectively. Fig. 7(c,d,e) present the variation with time of
the peak height, the peak width and the relative peak volume at the
four studied RH values.

The potential images (Fig. 7(a and b)) show that fewer charges are
initially deposited at 12% RH than at 75% RH. The analysis of the
potential images obtained for the various values of RH after different
times (Fig. 7(c—f)) show that different behaviours are observed de-
pending on the RH.

Regarding the initial charge spots, the peak height is approximately
the same for all the values of RH excepted for 25% RH where it is larger.
Concerning the initial peak width the values are the same except for the
charge spot deposited at 75% RH. Although the peak height of the in-
itial charge spot observed at 75% RH after 128 s is small (Fig. 7(c)), a
largest initial peak volume is observe, mainly due to the largest initial
peak width (Fig. 7(d)).

The smaller peak height observed at 46 and 75% RH compared to
that at 25% RH suggests that at 46 and 75% RH, a large amount of
charges may already have been dissipated before 128 s. The hypothesis
of fast charge dissipation at higher RH is supported by the fact that after
384 s, the charge spot almost disappeared (image not shown). In fact,
the potential images obtained at the different values of RH showed that
at 12 and 25% RH, charge spots remained observable even after 8 scans
(2048 s) while at 46 and 75% RH, the charge spots almost fully dis-
appeared after 4 scans (1152s) (Fig. 7(c,d,e)).

Concerning the variation of the relative peak volume as a function
of time (Fig. 7(e)), different behaviours are observed depending on the
RH conditions. At 12% RH, the peak volume rapidly decreases from its
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small initial value to an even smaller value and then remains small and
approximately constant on the time scale of the experiment. For 25%
RH the peak volume decreases slightly and gradually and remains at a
relatively high value within the time of the experiment. At 46 and 75%
RH, the peak volume quickly decreases as for 12% RH but in these two
cases the charge spots completely disappear after 4 scans, i.e. after
900 s. The peak width values follow almost the same trends. It remains
almost constant at 25% RH, slightly decreases at 12% RH and quickly
decreases at 46 and 75% RH.

Regarding contact electrification, the obtained results suggest that
the field-adsorbed water meniscus mechanism is the dominant me-
chanism in the studied system. Larger relative humidity values lead to a
thicker adsorbed water layer and hence a bigger meniscus around the
tip. More hydronium cations may thus be generated and injected on the
surface of the polyester fibre. This explanation is consistent with the
observed global increase of the initial peak volume from 12 to 75% RH
(Fig. 3).

In the literature, dissipation mechanisms are attributed to two main
phenomenons: external dissipation via ion exchange with the close at-
mosphere and lateral dissipation or dissipation of the bulk material.
External dissipation can be associated to water adsorption and deso-
rption events. The surface carrying excess charges absorbs H;O" ions for
instance and exchange them with the atmosphere. Lateral diffusion
dissipation implies charge transport in the dielectric towards the con-
ductive support, perhaps also with concomitant neutralization with
charges of opposite polarization. A simple model in terms of reaction-
diffusion theory has been proposed for both modes of charge dissipation
[33]. Since only positive charging is discussed here, the equation for
positive charges is the following

S _ .o
ot ox?

—kiq" — knq*q 3)
with ¢ and g~ the positive and negative charge densities respectively,
D+ the diffusion coefficient of positive charges, k; the external charge
decay rate and k,, the rate of ”fast” neutralization of charges with op-
posite polarization located at the same position. This model is based on
the observation that charge transport in dielectrics is a diffusive me-
chanism [33]. If charge mobility is large, this equation predicts that the
charge profiles should decay in magnitude while its width (area)
broaden. This situation corresponds to charged patches becoming
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Fig. 7. Potential images after contact electrification (10 V, 60 s) at RH of (a) 12% and (b) 75%. Variation with time of (c) the peak height, (d) the peak width, (e) the
peak volume and (f) the relative peak volume of charge spot at the four studied RH values.

blurry during the discharge process. On the other hand, if the lateral
charge mobility is negligible, the charged area is expected to remain
almost constant or to narrow.

According to the results obtained here, it may be inferred that the
RH humidity strongly influences the dissipation of charge spots de-
posited on polyester fibres. First, charge dissipation appears to be
greatly favoured by high relative humidity conditions as revealed by
the dissipation curves (time dependence of the relative peak volume,
Fig. 7(f)). The dissipation curve at 75% RH presents the largest slope
corresponding to the fastest dissipation speed. Similarly, the dissipation
curve at 46% RH also presents a fast decrease. In both cases, all the
charges are dissipated after 1000 s. For 25 and 12% RH, the dissipation
rates are slower. Second, it appears that charge dissipation for 12 and
25% RH occurs at almost constant charged area (Fig. 7(d)). In these two
cases, lateral charge mobility seams to be negligible. The external dis-
sipation mechanism is thus the main mechanism. For 46 and 75% RH,
the charged areas tend to decrease (Fig. 7(d)) suggesting that in these
two relative humidity conditions, the lateral dissipation mechanism
may participate to charge dissipation along with the external dissipa-
tion mechanism.

It should be mentioned that the relative humidity not only influ-
ences the surface diffusion of the electrical charges on the polyester
fibre surface but it also influences the water meniscus that is formed
between the polyester fibre and the bottom contacting stainless steel
fibre. The increase of relative humidity favours the formation of this
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water meniscus and will also favour electrical charge transfer between
the polyester fibre surface and the stainless steel fibre.

4. Conclusions

Surface contact electrification experiments have been successfully
performed with an AFM tip on the cylindrical surface of insulating
polyester fibres in contact with a conductive fibre and the deposited
charge spots have been characterised by KPFM as a function of time.
The experimental procedure has been optimized in order to obtain
clearly observable charge spots. With positive tip bias, charge spots
have been deposited in a reproducible manner, the deposition of
charges on different fibres under the same conditions of applied bias
and relative humidity leading to the generation of similar charge spots.
For negative tip bias, charges were hardly deposited. As a function of
time, a decay of the deposited charge density was observed.

Based on the obtained results, the charging and charge dissipation
mechanisms are discussed. For contact electrification, the result shows
that the initial peak volume reflecting the amount of deposited charges
increases with the increase of RH. This strongly indicates that the
charge deposition is due to the field-adsorbed water meniscus me-
chanism.

Concerning the charge dissipation, two main mechanisms are
identified and have different importance depending on the RH value.
For 25 and 12% RH, the almost invariant charged areas suggest that
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charge lateral mobility is negligible. The external dissipation me-
chanism, i.e. neutralization of the cations by anions present in the at-
mosphere and/or water meniscus, may thus be the main charge dis-
sipation mechanism. For 46 and 75% RH, the charged areas tend to
decrease. It thus suggests that the lateral diffusion mechanism and the
external dissipation are both participating to charge dissipation. The
increase of relative humidity will also favour charge dissipation by fa-
vouring the formation of the water meniscus between the polyester fi-
bres and the stainless steel fibres.
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