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Abstract

Hypothesis: Thermal through-air bonding process and slip additive treatment affect fibre
surface structure and nanomechanical properties, which is extremely difficult to characterise
on a single-fibre level.

Experiments: Optical microscopy (OM) was applied to study the effect of air-through bonding,
spunbonding, and crimping on fibre geometry and general appearance. A “spray-on” method
developed here using a custom-designed fibre holder allowed a direct measurement of static
contact angles of water droplets on single fibres. Scanning electron microscopy (SEM) showed
different morphological features on the fibre due to the nonwoven fabric-making process and
additive treatment. Synchrotron X-ray diffraction (XRD) was applied to study the effect of
erucamide presence on polypropylene (PP) fibre crystal structure. Atomic force microscopy
(AFM) imaging provided complementary characterization of fibre topographic features such
as average surface roughness, along with adhesion force mapping by quantitative
nanomechanical (QNM) AFM imaging.

Findings: Our results show the effect of nonwoven making process and surfactant additive
treatment on the fibre surface structure and nanomechanical properties. Wettability experiment
on the single fibre revealed the hydrophobic nature of all the synthetic fibres. For
polyethylene/polyethylene terephthalate (PE/PET) bicomponent single fibres, the polyethylene
sheath was found to possess fibrillar microstructure - typical for drawn fibres, whereas the
fibres entangled in nonwoven fabrics exhibited a uniform, porous surface morphology
attributed to the through-air process. Adhesion force mapping allowed us to correlate fibre
nanomechanical properties with its topography, with surface pore interiors showing higher
adhesion than the flat polyethylene region. Furthermore, on the polypropylene (PP) fibre
surface treated with erucamide (13-cis-docosenamide; a common slip additive used in
polyolefin film processing), we observed overlapping multilayers consisting of 4 nm erucamide
bilayers, attributed to the slip additive migration onto the fibre surface. X-ray diffraction (XRD)
measurements of the fibres did not detect the presence of erucamide; however, AFM imaging
provided evidence for its migration to the fibre surface, imparting influence on the surface
structure and adhesive properties of the fibre. Single-fibore AFM imaging also allowed a
detailed analysis of different surface roughness parameters, revealing that both through-air
bonding in the nonwoven making process and the slip additive (erucamide) treatment reduced
the surface roughness, an effect more pronounced for the PE/PET than the PP fibres. The
wettability, surface morphology, and adhesion properties from this study, obtained with

unprecedented resolution and details on single fibres, are valuable to informing rational design
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of fibre processing for fibre optimal properties, critically important in many industrial

applications.
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Introduction

Synthetic fibres have been widely used in nonwoven fabrics in many applications, ranging from
hygiene and health care products to automobile protective covers [1-8]. Synthetic fibres made
from polyolefins such us polyethylene and polypropylene, when in a raw state, often exhibit
rough, tacky surfaces of high friction, which can affect not only their processing (e.g. causing
fibre breakage and production inconsistency) but also the properties and consumer perceptions
of the final product (e.g. softness, strength, and general appearance). Several approaches have
been developed to modify surface chemistry [9-11] and morphology [12, 13] of polymer fibres
and fabrics, and to improve their dyeing efficiency [14, 15] and antimicrobial properties [16,
17]. For synthetic fibres used in nonwoven materials for personal care products (e.g. babies’
nappies and female sanitary pads) or medical products (swabs and surgical masks), fibre
softness is a key consumer satisfaction criterion, due to the intimate contact of the product with

delicate and sensitive anatomical parts of the human body.

The incorporation of small organic molecules (i.e. slip additives) at low concentration has
a great potential to tailor material tactile properties. For instance, surfactants can be added (as
slip additives) during polymer extrusion in fibre fabrication, which then can migrate to the
polymer surface and form a solid lubricating layer (a process termed “blooming’), moderating

polymer fibre friction and adhesion properties [18, 19]. Slip additive migration, distribution



and efficiency in friction reduction is highly dependent on the nature of additives (e.g. their
molecular weight, shape [20], and concentration [21]) and manufacturing conditions (e.g.

temperature [22]).

For many years, fatty acid amides have been widely studied and considered as slip agents in
the field of polymer film lubrication [23-25]. Erucamide (cis-13-docosenamide; Figurel),
known to reduce the polymer film friction coefficient down to 0.2 [26], is currently one of the
most widely studied and used such slip additives in the polyolefin film processing industry [27-
32]. In comparison to other additives, erucamide not only promotes favourable slip properties,
but also possesses superior heat resistance due to its relatively high melting point (mp 75-80°C)

[27].

H,N F

Figure 1 Erucamide chemical structure.

Another approach to impart material softness involves modification of fibre geometry by
crimping, characterised as the degree of deviation from the linearity of a non-straight fibre
imparted mechanically, chemically or during fibre growth (self-crimping) [33]. Crimping
facilitates separation between fibres in a fabric, introduces loftiness, and also affects fibre
cohesion as well as cross-fibre friction. This can help synthetic fibres imitate the properties of

natural fibres, therefore allowing for their processing with conventional equipment.
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Furthermore, the crimp can facilitate separation between fibres and machinery, preventing
wastage caused by fibre adherence to the mechanical equipment, allowing for better processing
efficiency and consistency. Unfortunately, changing the fibre geometry is often accompanied
by its mechanical strength reduction due to stress concentration at the crimp under stress,

making the fibre more vulnerable to breakage [34].

The aforementioned strategies have largely derived from fibre manufacturers’ empirical
wisdoms and consumers’ feedback, and their implementation is time-consuming and costly.
Detailed fibre characterisation, particularly of its surface morphology and nanomechanical
properties, is very challenging due to the complex fibre geometry and surface texture. Such
knowledge can bring advances towards a better understanding of the relationship between fibre
manufacturing and its properties, as well as providing guidance for improvement of tuning

tactile qualities for such materials.

In this context, optical microscopy (OM), scanning electron microscopy (SEM), and atomic
force microscopy (AFM) are useful tools for the investigation of fibre surface properties and
widely used for studying the effectiveness of various fibre surface treatment [35-42]. Here, we
have used OM, SEM, and AFM to characterise the topography of six polymer fibres originated
from three different suppliers. Since human tactile discrimination can extend down to a few
nm [43], characterisation of fibres surface nanostructure and nanomechanical properties is
highly relevant. Adhesion force mapping with Peak force Quantitative Nanomechanical
Mapping (QNM) technology, less commonly employed in fibre characterisation, has been used
here, which allowed access to fibre nanomechanical properties with simultaneous imaging of
fibre topography with nm scale resolution, facilitating a detailed examination of the effect of

fibre surface treatments. The combination of AFM imaging and adhesion force QNM is of



particular value in the assessment of the differences in fibre adhesion properties, allowing for
the correlation between the exhibited adhesion force and specific surface features. The study
showcases the feasibility of using these advanced imaging, force, and structure characterisation
techniques to study fibres, yielding information with unprecedented details and insights on

surface morphology and nanomechanical properties of synthetic fibres.

Materials and methods

Six polymer fibres investigated (Table 1) were kindly donated by Procter & Gamble (Beijing).
Samples 1-4 were bi-component, made of polyethylene terephthalate (PET) and polyethylene
(PE) at a mass ratio of ca. 50:50, with samples 2 and 4 being staple fibres. Samples 1 and 3
were nonwoven fabrics using fibres of samples 2 and 4, respectively, as the starting material
made via the dry-laid process, which was followed by web bonding via the thermal through-
air bonding process [44]. Through-air bonding is known as a modern method of passing hot
air through unbonded bicomponent fibre surface through negative pressure of suction in order
to soften, melt and bond the fibre to form a nonwoven sheet; however the effect of such process
on single fibre morphological properties has not been yet established. Samples 5 and 6 were
fibres of polypropylene (PP), a homopolymer designed by ExxonMobil™ specifically for
spunbonded nonwovens, with Sample 6 also containing 1.5 % of erucamide (C22H43NO; Figure
1) per fibre. In order to prepare the samples before each measurement, single fibres were
carefully removed from fibre bundles or fabrics with tweezers to minimize any fibre stretching

and breakage.

Table 1 Polymer fibres investigated in current work. (a. Supplier information; b. results from

this work)

Sample no. 1 2 3 4 5 6




Composition PP mono?ilrament
pa ~50:50 PE/PET sheath/core monofilamen with1 5%
t erucamide
nonwoven | staple | nonwoven | staple . .
Assembly® fabric fibres fabric fibres fibres fibres
F_|brg carded through-air bonded nonwoven spunbonded
fabrication?
Diameter ds Sheath (total): 18.4 | Sheath (total): 16.9
b 14.2 15.3
(um) Core: 125 Core: 10.6
Crimp
frequency/25 14.6 145
mm Cs2 [33] non-crimped | non-crimped
Crimp
degree (%) 9.6 141
Kg?[33]
Mean water | 1o/ 6, | 1142+ | 1203+ | 1241+
contact P P - T 126.3+0.4 122.4+0.3
b 7o 1.2 1.3 1.2 0.6
angle® (°)
Mean
droplet 0.029 + 0.025 + 0.022 + 0.020 +
volume® | 0010 | 0013 | 0007 | o006 | 00310001 0.034+0.007
(nL)

Optical microscopy (OM) Optical microscopy (OM) images (magnification x2) were taken

using a Scientifica SliceScope optical microscope equipped with an external camera (902H2

ULTIMATE EIA, Watec, USA).

Fibre wettability Fibre wettability was measured at room temperature (20.5 £ 0.5 °C) using a

Drop Shape Analyzer — DSA100 (KRUSS) operated with KRUSS ADVANCE 1.9.0.8

software. Static contact angles were measured using MilliQ® water (resestivity of 18.2 MQ.cm

at 25°C) as a probe liquid. It is challenging to use the sessile drop method to measure the




contact angle on fibres, as the water drops formed from the conventional syringe dispenser
were unstable on the fibre due to their relatively large volume (and thus gravity). To form
sufficiently small droplets, a spray bottle was used to spray water onto fibres stretched across
a custom-designed holder (Figure 2a-b) allowing for the formation of multiple droplets of
desired volume ~0.03 pL. Typically the images of 10 droplets per fibre were processed with
ImagelJ software [45] to obtain the droplet diameter (D) and volume (V) and the static contact

angle (&) (cf. Figure 2c-d). The contact angle was calculated as follows: the side angle of right

triangle (a = g ), the height of the formed droplet and (h), and the length of the contact between
the sample surface and the droplet (d) can all be obtained from the analysis, with tan a = %.

The contact angle can be calculated as 8 = 2a = 2tan™?! (%) :

b

single fibres

surface

Figure 2 (a) Schematic representation of the contact angle measurement on fibres; b)

a photograph of the sample holder with multiple single-fibres mounted horizontally; (c)



schematic representation of the contact angle geometry on a hydrophobic fibre; and (d) an

example of a 0.03 pL water droplet on a fibre (sample 6, PP fibre with erucamide).

Scanning Electron Microscopy (SEM) Prior to the measurement, each sample was coated with
a~12 nm silver layer. SEM images were obtained using JSM-IT300 (JEOL, Japan) at the room
temperature, with an accelerating voltage of 5kV and a working distance of 9-11 mm. High-
resolution SEM images present in Figure 4g-h, Figure 6al, and Figure S4e-f in SM were
obtained using Hitachi S-4800 (Japan) at room temperature, with an accelerating voltage of 3
kV and working distance of ca.8 mm The collected images were processed with ImageJ
software [45].

Atomic Force Microscopy (AFM) The fibres were laid flat individually over a circular double-

sided sticky carbon pad mounted on a steel sample stub. For each fibre, a straight section was
positioned under the cantilever tip viewed via a camera. AFM imaging along the fibres was
undertaken using Nanoscope Multimode Il microscope with a Nanoscope V controller
(Bruker, UK), and NuSense SCOUT cantilevers used had a typical spring constant of 42 Nm*
(NuNano Ltd., UK). Adhesion force mapping and height images were taken under the non-
resonant PeakForce feedback control (Bruker, USA) using SCANASY ST-AIR-HR cantilevers
with a spring constant of 0.5 - 0.8 N/m (Bruker, CA, USA), facilitating a higher imaging
resolution (~ three times) compared to that obtained with Nanoscope Multimode I11. All the
data was collected with the tapping mode, which allows high-quality imaging without sample
damage. Four individual overlapping images along the fibre length (16 um X 4 pm) were
collected and stitched together. The obtained images were processed using the Nanoscope
Analysis 1.7 software. Plane and flatten functions were applied to account for any tilt due to
the fibre cylindrical geometry; contrast/brightness alterations and false-colouration were
applied to emphasise the inhomogeneous nature of the fibre surfaces. Schematic representation

of AFM set-up can be found in Supporting Materials SM.01.



X-ray diffraction (XRD) For the XRD measurement at the beamline BM28, European

Synchrotron Radiation Facility (ESRF), a sample of vertically aligned fibres was fixed between
two pieces of Kapton (poly (4,4'-oxydiphenylene-pyromellitimide) tape. An X-ray beam with
an energy of 14 keV and a corresponding wavelength A = 0.886 A was used. XRD scans were
performed in the transmission mode, with a 0.24 m sample-to-detector distance and using
a MAR165 detector. Calibration was performed using aluminium behenate (CesH1290A106) and
zinc oxide (ZnO) powder standards. The diffraction images were processed using pyFAl,
a pythonic library for 1D azimuthal / 2D radial integrations of diffraction images [46]. The
analysis was performed in IGOR Pro (WaveMetrics, Portland, USA) and the peaks were
assigned based on the available literature. XRD patterns on polyolefins are often reported as
scattered intensity vs. diffraction angle (20) [47-49], and here we will plot the intensity vs. g,
where the momentum transfer g = 4m sin 8 /A. Combined with the Bragg law 2d sin 6 = ni

the d-spacing of the fibre crystal could be determined as from the n" Bragg peak position gn as

_ 2nm

d= .
Adn

Results and discussion

Water contact angles on the fibres were successfully obtained using the spray-method
developed, which produced droplets with a volume of 0.020 — 0.034 uL. Table 1 shows fibre
wettability results. As expected, all the polyolefin fibres were hydrophobic with an average
static contact angle of 114-126°. We note that Schellbach et al. [50] have developed a novel
method in which contact angles were calculated indirectly from the analysis of the dimensions
of spherical menisci of a liquid column formed between two fibres aligned parallel to each
other in proximity (~ mm). The method required spreading of the liquid droplet on the fibres,

and was thus suited for the hydrophilic natural fibres they tested (e.g. CA 20-70°). Our sessile
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drop spray-on method seemed well suited for direct measurement on hydrophobic fibres using
multiple drops without any delicate fibre alignment, analogous to the classic contact angle
measurement on a flat substrate. To our knowledge, such static contact angle values have not
been previously reported for single microfibres. The contact angle values obtained here are
higher than those reported for the dynamic water contact angles of untreated PP (91°) [51] and
PE (90°) [52] single fibres. It should be stressed that less hydrophobic surfaces could
potentially result in an axisymmetrical or a clamshell droplet configuration, making the

determination of contact angles more difficult [53-55].

Optical images in Figure 3a-d reveal different waviness or crimp along the fibre length in
samples 1-4. Fibres in samples 2 and 4 are of a planar crimp configuration, and their
corresponding fabrics 1 and 3 show superior cohesion, web loftiness, and tactile properties.
The crimp frequency (Cs) and crimp degree (Kg) for samples 1-4, calculated according to China
National Standard 14338-2008 [56], are listed in Table 1. For samples 1 and 2 K¢ = 9.6, whilst
Kg = 14.1 for samples 3 and 4, with corresponding fibre diameter df =18.4 um and 16.9 pum,
respectively. This suggests that, as the fibre gets thicker and more rigid, the crimp degree is
reduced (Table 1).The crimp in single fibres caused numerous voids between the fibres in
nonwoven fabrics (samples 1 and 3) which can improve air permeability, when the nonwoven

fabric is made from fibres of a circular cross-section, as in this study [57].

Monocomponent fibres (sample 5 and 6) appeared non-crimped (Figure 3e-f), consistent with
spunbonding manufacturing process in which straight, continuous fibres are produced. Such a
process combines fibre spinning followed by the web formation, in contrast to traditional
processing in which fibres are first spun, then collected and finally converted into webs [58].
The presence of crimps in samples 2 and 4 may imply that fabrics made of those fibres are of

superior softness in comparison to non-crimped polypropylene samples 5 and 6. However,
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spunbonded nonwovens made of monocomponent PP fibres are known to possess great tensile
strengths, abrasion resistance, and elastic properties, which along with their tactile properties
can be controlled with thermal calender bonding process conditions (e.g. temperature and

pressure) in order to obtain equally important optimal strength and softness [59].

The fibre diameters ds of all the samples, determined with SEM as listed in Table 1, were all
below 20 pm with small variations within the same batch, indicating good manufacturing
reproducibility. SEM images of the cross-section of the bicomponent samples show that they
were approximately circular with a core-sheath structure, exemplified in Figure 4a and b for
samples 2 and 4, respectively, with that of the core and the sheath accounting for 60% and 40%
of the total diameter on average, respectively. All the studied samples were of circular
geometry (cf. SM.02), and such circular fibres are known to facilitate the highest air

permeability in nonwovens [60].
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Figure 3 Optical microscopy images of samples 1-6 in (a) - (), respectively. All the scale bars

represent 500 um.

In addition, both the fibre composition and the manufacturing process appear to influence fibre
morphology. Example SEM images in Figure 4 highlight common topographic features found
on the fibres. Numerous cross-links were found between the fibres entangled in nonwoven
samples 1 and 3 (Figure 4c-d). This could be due to the thermal bonding process (through-air
bonding) used as a part of nonwoven-making process, allowing the PE sheath to melt to create
bonding points with adjacent fibres. Furthermore, for some of the fibres removed from
nonwoven samples 1 and 3, the sheath peeled off the core (Figure 4e). Such peeling-off was
not observed in samples 2 and 4; instead, the core was enveloped by the sheath (Figure 4f).

This shows that the elevated temperature used in the nonwoven fabric production (samples 1
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and 3) affected/weakened the adhesion at the interface between coextruded polymers (i.e. the

core and sheath) [61].

Furthermore, nonwoven-making process conditions were found to influence the fibre
morphology. For PE/PET staple fibres, microfibrillar structures with long-range linear features
were found oriented along the fibre length (samples 2 and 4; Figure 4i and j); whereas for
nonwoven fibres microporous structures were observed, with the typical pore diameter of ca.
0.2-0.3 um (samples 1 and 3; Figure 4g and h). Such fibre porosity could originate from
a thermal phase separation between the solvent and the polymer phase after cooling of the
polymer/solvent mixture [62]. Similar morphology was found in linear low-density PE
microfibres produced with a high-temperature electrospinning process from p-xylene solution
[63], as well as in poly(propylenecarbonate)/poly(3-caprolactone) nanofibers electrospun from
a dichloromethane solution [64]. Both the porosity and the fibrillar texture may affect fibre
wettability and mechanical properties, in addition to playing a key part in inter-fibre frictional
interactions, which is essential for fibre mutual support and resistance to buckling under

compression [65, 66].

For monofilament samples, sample 5 possessed a neat and smooth topography with sparse
rounder features (Figure 4k and 1), whereas numerous branched clusters of a random
distribution were found on the surface of sample 6 (Figure 4m and n) attributed to erucamide
aggregates migrated to the PP fibre surface. More examples of the above described topographic

details for sample 1-6 can be found in Supporting Materials SM.02.
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Figure 4 SEM images showing fibre morphology and topography: (a-b) Cross-section of
bicomponent PE/PET staple fibres of sample 2 (PE/PET staple fibres) and sample 4,
respectively (also representative for sample 1 and 3; images not shown); (c-d) Fibres cross-
linked in nonwoven sample 3 (with the images for sample 1 shown in SM.02); (e) PE sheath
peeling off PET core in sample 1 (image for sample 3 in SM.02); (f) PET core enveloped by
PE sheath in sample 2 (image for sample 4 in SM.02); (g) porous surface of nonwoven sample
1 (image for sample 3 in SM.02); (h) enlarged view showing numerous pores of the rectangle
region in (g); (i) microfibrillar surface of sample 2 (image for sample 4 in SM.02); (j) enlarged
view showing microfibrils of the rectangle region in (i); (k) surface of sample 5; (I) enlarged
view showing the neat surface with rare rounder features of the rectangle region in (k); (m)
surface of sample 6; and (n) enlarged view showing branched clusters of the rectangle region

in (m).

AFM imaging provided complementary nanoscale visualisation of the fibre surface, also
allowing average surface roughness to be calculated. Typical AFM topography images of the
fibres with the corresponding roughness profiles along the fibre length are presented in Figure
5. For nonwoven samples 1 and 3 (which exhibited PE sheath peeling off), the PET core of the
fibre was also imaged (Figure 5a2 and c2). The AFM images confirmed the porous structure
of the PE sheath of samples 1 and 3, with the depth of the pores in the range of a few to
100 nm (Figure 5al and c1). On the other hand, the fibrillar structures were observed on the
single fibre of sample 2 and 4 (Figure 5b and d, respectively) as well as on the PET core of
nonwoven samples 1 and 3 (Figure 5a2 and c2), with the fibril width in the rage of a few
hundred nm to up to 1 um. In addition, on sample 4, multiple ridges of height up to 200 nm
were found next to the microfibrils, manifesting in a bumpy, rigid surface (Figure 5d). Further
detailed discussions on the effect of nonwoven making process on fibre topography along with

the corresponding surface roughness profiles can be found in SM.03.
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For the monofilament fibres from sample 5, its topography appeared smooth, with sparsely
distributed larger surface structures of up to 200 nm in height (Figure 5e). Given that the fibre
from sample 5 consisted of pure PP, we suggest that these surface textures were physical
features possibly resulting from fibre processing. In contrast, the sample 6 fibre was found to
be coated with a relatively large number of surface structures of a few nm to a few hundred nm
in height, attributed to erucamide migration to polymer surface in the “blooming” process
(Figure 5f). These AFM results are consistent with our SEM study of the fibre surface
topography (Figure 6). Different appearances of erucamide in sample 6 registered as branched
clusters in the SEM image and as islands of crystals in the AFM image reflect the uneven
distribution of erucamide and the morphological variations of its surface aggregates on PP.

Additional SEM and AFM images further illustrate such variations (SM.04).
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Figure 5 AFM images (50 um in length x 4 um in width) with corresponding roughness
profiles along the fibre length: (al) Sample 1 sheath; (a2) sample 1 core; (b) sample 2; (c1)
sample 3 sheath; (c2) sample 3 core; (d) sample 4; (e) sample 5; and (f) sample 6. The scale

bar in (al) represents 5 um and is applicable to all the images.

Sample 1: PE sheath || Hm

Sample 1: PET core
S —

Sample 3: PE sheath

Sample 3: PET core

Sample 5: PP

Sample 6: PP + Erucamide

Figure 6 Comparison between SEM (left column) and AFM (right column) images of (al)
sample 1 sheath; (a2) sample 1 core; (b) sample 2; (c1) sample 3 sheath; (c2) sample 3 core;
(d) sample 4; (e) sample 5; and (f) sample 6. The scale bar in (al) represents 2 um and is

applicable to all the images.
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The fibre surface roughness is one of the key parameters affecting fibre tactile properties, as
different surface roughness leads to different actual contact areas and friction during fibre
contact with the skin or other fibres. From the AFM images (50 pm in length and 4 um in
width; Figure 5), the arithmetic mean of roughness (Ra), the maximum roughness (Rmax), and
the root mean square roughness (RMS, Rq) were evaluated, averaging from the images (cf.
Table 2 and Figure 7). The mathematical definition of obtained roughness parameters can be
found in SM.03. The error bars for each of the roughness parameters (Ra, RMS, and Rmax) were
determined as the standard deviation of the results obtained from the four images combined to
show the topography along fibre length (16 um x 4 um) (Figure 5). All the calculated roughness
parameters follow a similar trend, showing that both fibre entanglement in the nonwoven
making process and the slip additive (erucamide) treatment decreased their surface roughness,
an effect more pronounced for the PE/PET than the PP fibres. We note that the topography
images of sample 5 indicate a lower value of the surface roughness in comparison to sample 6
(Figure 5e and f). The presence of a few large lamellae on the PP surface of sample 5 (Figure
5e) caused a significant standard deviation (SD in Ra ~ 13 nm and SD in RMS ~ 21 nm), in
contrast to sample 6 (Figure 5f) (SD in Ra ~ 1 nm and SD in RMS ~ 2 nm). This resulted in

their apparently similar roughness values.

Table 2 Average surface roughness.

Sample no. Ra(hm) RMS (Rg) (hm)  Rmax (NmM)

1 PE sheath 2717 337 230+ 30
1 PET core 304 39+6 343+ 78
2 PE sheath 70+ 6 90+9 711 + 87
3 PE sheath 31+4 39+5 347 + 88
3 PET core 20+ 4 30+8 346 + 155
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4 PE sheath 51+11 64 +12 451 + 46

5 PP 15+13 23+21 258 + 154

6 PP + Erucamide 14+1 23+2 297 £ 21
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Figure 7 Surface roughness parameters averaged over all the studied samples: arithmetic
average of the absolute values of the surface height deviations measured from the mean plane
(Ra), the root mean square average of height deviations (RMS), and the maximum vertical

distance between the highest and lowest data points in the image following the planefit (Rmax).

XRD measurements were performed on sample 5 and 6 (PP fibres without and with erucamide,
respectively). As shown in Figure 8, the XRD patterns for both samples consist of crystalline
Bragg peaks and also broad peaks at g = 5-30 nm™%, showing their semi-crystalline structure,
characteristic for polymeric materials [67]. The 2D diffraction patterns show four slightly
diffuse rings with some discontinuities. The 1D line plots for these two samples show almost
identical peaks at @ =9.9 nm™ (d=6.32 A), q=11.9nm* (d =5.28 A), q=13.1nm* (d =
4.80 A), and q=15nm™ (d =4.19 A), corresponding to the (110), (040), (130) and (111) crystal
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planes, and the low intensity peaks at q = 18.0 nm™ (d = 3.49 A), g = 19.1 nm™ (d = 3.29 A),
and g = 20 nm™ (d = 3.14 A) correspond to the (060), (200) and (220) crystal planes. These
peaks and the corresponding d-spacing are characteristic of isotactic a-propylene[47-49]. As
such, the XRD measurements did not detect the presence of any erucamide on sample 6
(revealed by AFM imaging) which might result from the very small amount of erucamide
additives in the fibre formulation. This demonstrates the sensitivity of the AFM imaging which
allowed us to observe that the presence of erucamide on the fibre surface. A nano-focused XRD
study with a higher spatial resolution is underway to determine the distribution of erucamide
in the fibre, which will allow the effect of erucamide concentration and the nonwoven making

process on the fibre crystal structure to be further evaluated.

100 T T T T b

220(a)
200(a)

Intensity (a.u.)

Sample 5: PP
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Sample 6:
PP + Erucamide |

Figure 8 (a) Integrated XRD curves and (b) their corresponding 2D diffraction patterns (area

detector images) of sample 5 and 6.

The surface structure of samples 5 and 6 (cf. Table 1) was examined more closely on

a nanoscale with the topographic imaging, allowing for a comparison between surface
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roughness parameters (Ra, RMS, and Rmax) calculated based of the topography images in Figure
9a and d of the neat PP surface of sample 5 (Figure 9a-c) and the sample 6 with its surface
enriched with the slip additive erucamide (Figure 9d-f). Amorphous regions with a few small
rounder features up to 15 nm in height were found in a 4 um x 4 um area of sample 5, leading
to Ra, RMS, Rmax of 2 nm, 3nm and 51 nm, respectively, indicating a neat, undisturbed PP
surface (Figure 9a-c). In contrast, sample 6 was covered densely with multi-layered plate-like
crystals of hundreds of nm in height (Figure 9d-f), in contrast to the underlying PP surface with
small circular lamellae (dashed square in Figure 9d). The presence of numerous nanostructures
caused the surface roughness to be a factor of 10 higher than that of sample 5, with Ra, RMS,
and Rmax of 72 nm, 85 nm and 525 nm, respectively. The observed structures are consistent
with those observed by Ramirez in a study on erucamide and behenamide in linear low-density
PP films [26]. One would expect that the non-uniform slip additive distribution could affect
fibre frictional properties; however, it was shown that the full additive surface coverage was
not crucial to obtain the minimum coefficient of friction (CoF) [21]. Indeed, it has been
suggested that the frictional properties of nanotextured surfaces are intricately dependent on
the geometry, local slope, and distribution of the surface texture, with modifications of classic
Amontons’ laws of friction proposed to account for the presence of surface nanostructures [68-
70]. The roughness profile of 30 erucamide layered structures present on the fibre surface with
an area of 16 um? has been obtained (Figure S8 in SM.03). The studied discrete crystal domains
varied in size and height, with the majority between 200 and 300 nm in the lateral size and
smaller than 20 nm in height. The thinnest layer measured with AFM was 4 + 1 nm thick,
which is consistent with the theoretical value calculated for an erucamide bilayer [71]. Such a
layered assembly of erucamide is justified by its chemical structure: the presence of the amide
headgroups results in a bilayer of hydrogen-bonded erucamide molecules, leading to the

eventual erucamide multilayer formation (Figure 10) [71, 72].
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Figure 9 AFM images of sample 5 (a-c) and 6 (d-f): (a) 2D height image of sample 5; (b)
enlarged view showing a 3D height image of the square region labelled (b) in (a); (c) surface
line profiles corresponding to the lines in (b) on sample 5; (d) 2D height image of sample 6
covered with multi-layered erucamide aggregates (e.g. the square region labelled (e)) on top of
PP regions (e.g. the dashed square); (e) enlarged view showing a 3D height image of the square

region labelled (e) in (d), highlighting a multi-layered erucamide crystal structure on sample 6;
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and (f) surface line profiles corresponding to lines in (e) on sample 6; (g) line profile along the

green dashed arrow in (e) showing 4 nm steps in the erucamide multilayer.
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Figure 10 (a) Schematic representation of erucamide crystals with multilamellar structure; (b)

2D cross-section of multilayer of hydrogen-bonded erucamide molecules.

The influence of fibre morphology on their nanomechanical properties was studied by Peak
Force QNM mapping. During AFM scans, the tip could become gradually contaminated with
the sample, thus affecting the adhesion force value obtained. A new AFM cantilever was thus
used for each sample, and the obtained adhesion value was also normalised with respect to the
adhesive force on a mica surface, allowing for a comparison between samples 1-6 [73-76]. The
data used for normalisation with mica was used only where the tip was in a comparable state,
i.e. the data before the first discontinuity was normalised with the calibration measurement
made on mica before the tip was used on the fibre, whereas the data between the last
discontinuity and the end of the scan was normalised with the calibration measurement taken
on mica with the same tip after scanning the fibre. In this way, it was assured that the tip was
in the same state on the mica and the fibre for the relevant data, which allowed for an internally
consistent comparison between samples where the tip condition may change during imaging

and affect the absolute values of the measured adhesive force. The error bars for each of the
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adhesive response F, of the AFM probe against all the samples were determined as the root
mean square (RMS) average of the adhesive force deviations from the adhesion map,
normalised by the adhesive response of AFM-tip towards the mica surface. In general, the
relative adhesive responses differed between the fibres depending on their processing and
surface treatment. Figure 11a shows the differences in such normalised adhesive forces F,. For
nonwoven samples 1 and 3, the difference in the morphology of the fibre porous PE sheath and
the microfibrillar PET core significantly affected the adhesion responses. That is, the value for
the PET core (sample 1: F, = 1.13 + 0.38; sample 3: F, = 1.02 + 0.61) was twice that for the
PE sheath (sample 1: F, = 0.64 + 0.44, sample 3: F, = 0.42 + 0.15). For both single fibre
samples 2 and 4, the value for the microfibrillar PE sheath was higher than that for the
nonwoven sample 1 and 3 porous surfaces. The slip additive treatment of sample 6 led to a
decrease in the probe-surface adhesion (F, =0.61 + 0.3) from F, = 1.09 + 0.23 for sample 5,
indicating that the presence of erucamide significantly affected PP surface adhesion properties
and thus its efficacy to tailor fibre tactile properties. The height and adhesion images of samples

1-6 are collated in Figure S10 in SM.05.

Comparison between height (Figure 11b, d1-d2) and adhesion (Figure 11c1-c2) images from a
single fibre of sample 3 allowed us to correlate the fibre morphology features with its adhesion
properties. Comparison of height and adhesion maps of the PET core of samples 1 and 3 shows
that more elevated regions exhibited lower adhesion (SM.05). Raw adhesive response (Fz) of
the PE sheath of nonwoven samples 1 and 3 was up to 12 nN higher inside the pores than for
the surrounding area (Figure 11c2 and d2). This is likely caused by the greater contact area
between the AFM probe and voids present on the fibre surface. No correlation between the

adhesion and height was found for samples 2 and 4.
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Figure 11 (a) Normalised adhesive response F, of the AFM probe against all the samples; (b)
2D AFM height image of the porous PE sheath for sample 3; (c1) 3D AFM adhesion image
and (c2) raw adhesion force F, profile for sample 3 (corresponding to lines in ¢1); (d1) enlarged
view showing a 3D height image of the square region labelled (d1) in (b) and (d2) line profile

for sample 3 (corresponding to lines in d1).
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Figure 12 correlates the height (Figure 12a) and adhesion (Figure 12b) maps of the erucamide
crystals and the polypropylene surface. The value of the raw adhesion force Fa exhibited by the
AFM tip was lower for approximately 0.5 nN on erucamide than on surrounding amorphous
propylene (Figure 12c and d). Since polypropylene is a nonpolar polyolefin while erucamide
consists of both a nonpolar tail and a polar primary amide headgroup, the fibre chemical surface
structure can be verified by the contact angle measurement. The surface treated with erucamide
was found to remain hydrophobic with only a small decrease detected in the water contact
angle from 6= 126.3 ° + 0.4 ° (sample 5) to 8 = 122.4° £+ 0.3° (sample 6) (Table 1). This
suggests that the erucamide multilayers detected by AFM were densely packed on the fibre
surface, with the hydrophobic tails oriented outwards [77]. A similar conclusion was drawn in
Dulal et al.’s work on erucamide performance in high-density polyethylene closures [32].
Other studies suggested that the hydrophilic groups of the slip additives were exposed to the
air, whilst the hydrophobic chains stayed embedded within the polymer, resulting in decrease
of water contact angle from 104° (low density PE) to 94° within short period of time (40 min)
during erucamide migration to the polymer film surface [30]. As stated by Dulal et al., such
result may be a consequence of short migration time frame, insufficient for the migration of
erucamide molecules on the polymer surface to form multilayers as in our case study. Our
analysis shows that he adhesion on the erucamide crystals appeared to depend on the local
curvature, with a higher value on the side and the bottom of the crystal ridges than for its top
(SM.05 Figure S12). Such observation is consistent with a higher adhesive response between
the silicon AFM tip and the exposed erucamide headgroups at the edges of the multilamellar
structure. Alternatively, a greater adhesive response could also result from a greater area of
contact while scanning the side or bottom of the erucamide layer with the crystal surface
wrapping around the tip, than the area of contact between the probe tip and the top of the crystal

[78]. Additional examples of erucamide affecting PP fibre adhesion to decrease can be found
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in Supporting Materials SM.05 Figure S10. An X-ray reflectivity study is underway to better

understand the assembly of erucamide on polymer fibres.
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Figure 12 (a) 3D height image with marked areas of erucamide (ER) and PP; (b) 3D adhesion
image; (c) 2D adhesion and height maps with marked areas of erucamide (red dotted rectangle)
and PP (grey dotted rectangle), and (d) raw adhesion force Fa profiles corresponding to the

regions in (c). All for sample 6, i.e. PP with erucamide additives.

Conclusions

Fibre geometry, surface structure, wettability and nanomechanical properties rely on and can
be tuned by fibre composition and manufacturing. Understanding the effect of fibre processing

on these fibre properties is important for optimisation of manufacturing fibrous materials with

desired properties.
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It has been generally considered a challenging task to assess wettability of synthetic microfibre.
The “spray-on” method with custom-designed fibre holder here allowed for a direct
measurement of static contact angles of water droplets on the fibres. It was demonstrated that
the surfaces of all the six polyolefin fibres studied were hydrophobic. SEM together AFM
imaging revealed the morphological details of single fibres, allowing
a correlation between the manufacturing process and the observed fibre surface structure,
showing a significant effect imparted by the thermal through-air bonding process of the
bicomponent PE/PET fibres, causing fibre topographical features to change from being
microfibrillar to being porous. Overlapping plate-like structures of 4 £ 1 nm layers found on
the PP fibre can be attributed to erucamide bilayers, the slip additive, migrated onto the fibre
surface. This caused the fibre topography to significantly differ from the flat, neat surface of
fibre composed of pure PP without any additives, albeit XRD study did not imply erucamide
affecting fibre crystal structure. We observed that both the nonwoven making process and the
slip additive treatment affected the fibre surface roughness and their nanomechanical
properties. Correlation of fibre topography with nanomechanical properties gained through
adhesion force mapping showed potential for control and manipulation of fibre
nanomechanical properties through implementation of the through-air thermal bonding process
as well as the slip additive treatment during fibre manufacturing. Both processes could lead to
significant modifications of the fibre topography, affecting fibre adhesive properties. For
instance, the through-air bonding process could impart changes in the fibre surface
morphology, transforming it from being microfibrillar to less adhesive, porous surface
structures; the presence of erucamide on the fibre surface could also reduce the tip-fibre
adhesion when compared to the neat fibre, pointing to the potential of both processes to tune

fibre tactile properties.
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Previously, the porosity in nonwoven fabrics has been generally referred to as “numerous air
gaps between the fibres bonded in a web matrix, leading to a superior air permeability of the
material” [79, 80]. Here, we have observed directly such porous surface on single fibres as a
result of through-air bonding process. Furthermore, the efficacy of erucamide as a slip additive
to modify frictional properties has been previously demonstrated on macroscopically flat
surfaces [21, 81]. Here, we have provided the direct evidence and detailed structural details of
erucamide nanocrystals on the surface of cylindrical microfibres, imparting significant
modifications to the adhesive properties of the fibres, alluding to their roles in tailoring tactile
properties of synthetic microfibres highly desired in personal care products. The wettability,
surface morphology, and adhesion properties from this study, obtained with unprecedented
resolution and details on single fibres, are valuable to informing rational design of fibre
processing such as through-air bonding and slip additive treatment for fibre optimal properties,

critically important in many industrial applications.

A nano-focused XRD study is currently underway to determine the distribution of erucamide
across the fibre length and width, in order to investigate the effect of erucamide concentration
and nonwoven making process on the fibre crystal structure. In addition, an X-ray reflectivity
study is in progress to better understand the self-assembled structure of erucamide on surfaces

and the underlying mechanism for its effect on fibre nanomechanical properties.
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