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Summary: The surface morphologies of PA 6 resulting from the use of
various processing methods were studied by tapping mode atomic force
microscopy. Three PA 6 samples: (1) a thin film, spin coated on a silicon
wafer, (2) a freestanding film, i.e. a foil and (3) a monofilament, show
definite morphological differences revealing typical supramolecular
structures. The thin film having thickness of app. 35 nm is a good example
of the initial step of spherulite formation where the sheaf development is
still prominent. In an area of 100 um? 1-4 spherulites can be detected which
are typical of crystallization from the solution. The annealing (vacuum,
195°C, 3.5h) causes additional crystallization, which leads to a radial co-
ordination and enlargement of spherulites to app. 50% in diameter and up to
40% in height. The morphology of foil (thickness of 100 um) can be
interpreted as a system of spherulites formed from the melt, and a typical
fibrillar structure is observed on the surface of monofilament.

Introduction

Polyamides are characterized by their good thermal stability, flexibility, and mechanical
properties.!'! They are tough, strong, and abrasion resistant. PA 6 is therefore one of the
most important materials used for synthetic textile fibres, tapes, cable insulation and in
packaging.m In nearly all applications, these materials are melt processed. The
properties of the manufactured articles are then largely determined by their
supramolecular structure and the arrangement of the crystals grown from the melt
during processing. It is agreed that the basic unit of polymer crystallisation is the
lamellar crystal formed by chain folding.®*) When polymers are crystallized from the
melt the lamellar crystals usually form aggregates of one form or another. The most
common such aggregate is spherulite. An oriented microfibrillar structure of fibres is,
according to Peterlin, the result of lamellas deformation process during the drawing of
the spun fibre.”! A microfibrillar structure of highly drawn films was also observed on

the surface as a result of the deformation of the spherulites.[G]
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Scanning electron microscopy (SEM) is the most widely used method for the sub-micron
imaging of surfaces including polymers, but lately the atomic force microscope (AFM)
can be used as an alternative.”®) The AFM is one of the most modern types of microscopy
and a detailed description of the AFM operational principle can be found in the literature
(8-12] and also several tutorials are available on the Internet.!"*'*! A comprehensive review
of the characterisation of polymer surfaces using AFM was given by Magonov and
Reneker.'" Recently even fibres have been studied using AFM.['7

Reports concerning PA 6 are very rare although the use of AFM for polymer
characterisation is increasingly popular. Ferreiro et al. observed shear banding in PA 6
films.” No reference on AFM study of PA 6 fibres or PA 6 supported thin films was
found in the literature.

The aim of this work was to study the surface morphologies of PA 6 resulting from the
use of various processing methods. Three PA 6 samples made out from the same raw
polymer: (1) a thin film, spin coated on a silicon wafer, (2) a freestanding film, i.e. foil
and (3) a monofilament were chosen for this study. Our attention focused on scans with
scan sizes between (2x2 pm?) and (20x20 um?) without attempting to obtain molecular
resolution. In this range, characteristic differences between the samples are revealed. The
surface morphology of PA 6 as observed by AFM is of special interest for our research
work on the surface and adsorption properties of differently structured PA 6.

Experimental

Materials

The material used for experiments was polyamide 6 supplied by BASF in the form of a
monofilament with a diameter of 200 um (draw ratio of 5.3) and a 100 pm thick
freestanding film, i.e. a foil. Pieces of foil were cut to app. 10x5 cm’ and the
monofilament was wound on stainless steel cylinders (restrained - to keep the same
orientation). Samples prepared in this way were cleaned with distilled water (3 hours,
40°C), rinsed well and dried in air overnight. The next day additional cleaning with
ethanol for 3 hours at 40°C was carried out and followed by rinsing and drying in air
overnight prior to AFM analysis.

A thin film of PA 6 was prepared with a spin coating of PA 6 solution over a silicon
wafer. A piece of cleaned foil was dissolved in 1,1,1,3,3,3-hexafluor-2-propanol to give

0.25% solution and the next day filtrated using a glass filter B2. Several pieces of silicon
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wafer (1x1 cm?) were exposed to UV light source for 1 hour, put in a glass vessel and
exposed to the vapour from a drop of 1,1,1,3,3,3-hexamethyldisilazane over night in
order to achieve sufficient hydrophobicity of silicon surface before coating. The
parameters for spin coating using the RC 8 Spin Coater (Karl Suss Technique, Munich,
Germany) were as follows: time of 30 sec, speed of 2000 rpm, and acceleration of 1500
rpm/s. Spin coated films were dried in vacuum at 40°C overnight.

The thickness of the film was determined to be 35 £ 2 nm using the M44 H-VASE
Ellipsometer (J.A. Woollam Co., Nebraska, USA).

Method - AFM

A Dimension 3100 NanoScope scanning probe microscope (Digital Instruments, Santa
Barbara, USA) was used to observe the surface topography. A tapping mode, which
measures topography by tapping the surface with an oscillating probe tip, was used as a
scanning mode. A single beam silicon tip (cantilever length 228 um, spring constant 1.5-
6.3 N/m, resonant frequency 63-100 kHz, nominal tip radius of curvature less than 5 nm)
supplied by Nanosensors (Wetzlar-Blankenfeld, Germany) was used for all
measurements.

The sample roughness was characterised by three parameters: (a) Z range which gives the
value in nm between the lowest and the highest point within the given area, (b) the
standard deviation of the Z values within the given area, also known as RMS and (c) the

mean roughness (Ra) which is the mean value of the surface relative to the centre plane.
[23]

Results and discussion

The AFM images in Figure 1 show the most typical morphological patterns on the
surface of the film that was crystallised from diluted solution. Four spherulites marked
A-D are detected in a scan area of 10x10 um? in Figure la. The spherulite A has a
diameter of app. 600 nm and is in the initial stage of formation showing dominant nuclei
with almost no branching of fibrils. Spherulites B and C have been nucleated so closely
together that their fibrils are mingled in the region of mutual contact. Two central nuclei
are raised to different heights; the highest point of spherulite B lies at 12 nm and of
spherulite C at 8 nm, respectively. The spherulite D in Figure la and spherulites in
Figures 1b and 1c are the most typical and they can be found all over this sample.
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Figure 1. AFM tapping mode height images of a spin coated film on a silicon wafer in
scan areas of (a) 10x10 um?, (b) 5x5 um? and (c) 2x2 pm?.
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They are not fully-grown and the sheaf development is prominent. The fibrils spread out
from a central nucleus and branch out to 1.5 - 2.5 pm in maximum diameter and up to 12
nm in height. The surrounding of spherulites has a structure formed of grains having 20-
200 nm in diameter and up to 5 nm in height.

The annealing of spin-coated films at 195°C for 3.5 hrs in a vacuum causes further
crystallisation. As Figure 2 shows, the spherulites are enlarged and developed into radial
symmetric structural entities. The diameters of spherulites are 1.8 - 2.6 um and are up to
14 nm in height. In addition, the grainy surrounding structure is more prominent with

enlarged grains having 50-300 nm in diameter and up to 7 nm in height.

20.0 nM

10.0 nM

0.0 nu

Figure 2. AFM tapping mode images of annealed spin coated film on a silicon wafer in a
scan area of (a) 10x10 pm’.

As shown in Table 1 roughness analysis also detects the effect of additional
crystallisation. The raw spin-coated film as imaged in Figure la gives the Z value (the
distance between the lowest and the highest points within the given area) of 16 nm, the
RMS (the standard deviation of the Z values within the given area) of 1.3 nm and a mean
roughness Ra of 1.0 nm. Due to annealing the Z range calculated from Figure 2 is
increased by 25% (20 nm), RMS by 54% (2 nm) and Ra by 60% (1.6 nm), respectively.
The annealing, besides spherulites, also influences the surrounding grainy texture which
can be seen by comparing the results of roughness analysis on a small sector (1 x 1 pm?)
where no spherulites are present. The Z range of grainy structure is increased from 10 to

16 nm (60%), RMS from 1.2 to 1.8 nm (50%), and Ra from 0.9 to 1.4 (55%),



472

respectively.

Table 1. Roughness analysis of spin-coated films before and after annealing.

Scan range Raw Annealed
Z RMS Ra Z RMS Ra
nm nm nm nm nm nm
10x10 pm’ 16 1.3 1.0 20 2.0 1.6
1x1 pm? (grainy
surroundings) 10 1.2 0.9 16 1.8 14

Figure 3 shows the AFM tapping mode images of the PA 6 foil. Figure 3a shows the
typical surface morphology of a sample on a bigger scale and figure 3b gives a close up
of the central part of the first image.

The brighter regions in Figure 3 represent the higher and the darker regions the lower
parts of the sample with a height variation of 100 nm (scan size of 20x20 pm?) and 20
nm (scan size of 5x5 um?), respectively. The morphology of the foils can be
approximated as a system of banded spherulites, which are typical of melt-crystallisation.
As the spherulites grow larger and become more numerous, spherical development is
gradually interrupted because of mutual contact giving an assemblage composed of
various shaped polygons. This phase of growth is often referred to as primary
crystallisation.” Next further, or secondary, crystallisation proceeds within each
spherulite, transforming a portion of the remaining amorphous macromolecules trapped
between the crystals. The entire assemblage in Figure 3b, therefore, resembles a jigsaw
puzzle composed of polygons of various shapes. Beams coming out of a spherulite
centre, which are blurred, are formed of grains partially merging with each other. The
size of the grains is in the 20 - 250 nm range and, in a number of areas on the surface,
linear sequences of grains can be distinguished. These grains are up to 10 nm high which
is comparable to the height of the spherulites in Figure 1 (up to 12 nm). The inter-
spherulitic boundaries represent discontinuities, which impart a grainy texture best seen

from the 3D plot in Figure 4.
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Figure 3. AFM tapping mode images of PA 6 melt-crystallised foil on a scan area of (a)
20%20 pum’ and (b) 5%5 um® — a close up of the central part of Figure 3a.

The granular nanostructure of spherulites has also been observed in the AFM images of
other polymers such as polyethylene, polyester and polyurethane.""> *! Based on X-ray
diffraction data, Terrill et al. showed that, during the cooling of crystallizable polymers
from melt, the SAXS pattern (which is relevant to formation of nanoscale ordering)
appears before the WAXS (wide-angle X-ray scattering) pattern (which is relevant to
molecular-scale ordering).”® These results and those presented by Magonov and
Godovsky"”” suggest that individual nanoscale grains can be considered as elementary
building blocks in the crystalline architecture of polymers. Each grain or block may have
a more ordered interior and less ordered exterior depending on the particular

polymerisation and crystallization condition. It was suggested that crystalline
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morphology could be developed via the one-dimensional assembling of grains into the
fibrils and two-dimensional assembling of grains into lamella.?” The granular
nanostructure of spherulites has also been observed in the AFM images of other polymers
such as polyethylene, polyester and polyurethane.'> **! Based on X-ray diffraction data,
Terrill et al. showed that, during the cooling of crystallizable polymers from melt, the
SAXS pattern (which is relevant to formation of nanoscale ordering) appears before the
WAXS (wide-angle X-ray scattering) pattern (which is relevant to molecular-scale
ordering).”” These results and those presented by Magonov and Godovsky™" suggest
that individual nanoscale grains can be considered as elementary building blocks in the
crystalline architecture of polymers. Each grain or block may have a more ordered
interior and less ordered exterior depending on the particular polymerisation and

crystallization condition. It was suggested that crystalline morphology could be

developed via the one-dimensional assembling of grains into the fibrils and two-
[27]

dimensional assembling of grains into lamella.

200.00 nm

Figure 4. The 3D plot of PA 6 foil on a scan size of 2x2 pm?.

Figure 5 shows 3D plot of filament on a 20x20 um? scan size, from which it is evident

that the surface of the round filament is curved, but the curvature is exaggerated. The x-y
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plane is extending on a 20x20 wm’ but the z-axis, which represents the height, comprises
only 1 um. Since the diameter of the filament is 200 pum, the height of the real arc on a
20%20 um’ scan size is app. 500 nm. The curvature should be taken into consideration
when round samples are imaged, because the surface structure can be masked by it. The
fibrils rising from the lowest regions are only up to 70 nm high, and on a bigger scale,
they don't produce enough contrast to be seen, therefore typical black bands (low

regions) on both sides of the image are due to curvature (Figure 6a).

1000.00 nm

Figure 5. The 3D plot of PA 6 monofilament on a scan size of 20x20 pum’.
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(a)

Figure 6. AFM tapping mode images of monofilament on a scan area of (a) 10x10 um?
and (b) 5%5 pm?.

On a smaller scan size such as 5x5 um’ in Figure 6b or 2x2 pm’ in Figure 7 a typical
fibrillar structure of monofilament is observed. The smallest detectable fibrils are in the
range of 10 nm in width. They are congregated in bigger fibril bundles being up to 1-2
um in diameter. Cavities and niches vary in width (30-200 nm) and shape (round or
oblong). They are oriented in the direction of the fibre axis. The surface of the filament is
less furrowed in the direction of the fibre axis; the difference in height between the
highest and the lowest regions alongside is only up to 30 nm and transversely up to 70

nm.
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200.00 nm

Figure 7. The 3D plot of PA 6 monofilament on a scan size of 2x2 pm’.

Conclusions

Atomic force microscopy (AFM) is a worthy tool for investigating the surface
morphology of polymers, especially because almost no sample preparation is needed
before imaging. It has been shown that AFM reveals differences between the surface
morphologies of PA 6 resulting from the use of various processing methods.

A thin film on a silicon wafer shows isolated spherulites having a diameter of 1-2.5 um
and a height of up to 12 nm, which are formed by crystallisation from diluted solution.
The additional crystallisation caused by annealing can be evaluated using roughness
analysis or by determining any enlargement of the spherulites using section analysis.

The surface morphology of a freestanding film (i.e. foil) can be interpreted as a system of
banded spherulites formed from melt. The typical grainy structure of polygons having up
to 250 nm in maximum diameter and up to 10 nm in height was observed.

The PA 6 monofilament shows a typical fibrillar structure with fibrils as small as 10 nm

and fibril bundles having up to 1-2 um in diameter. The curvature of the round filament
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should be taken into consideration when discussing the surface morphology of round

samples.
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