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Abstract

Atomic force microscopy (AFM) has been used to examine the 3D profile of some permanganically etched metallocene catalysed high-
density polyethylenes. Banded spherulites were observed with an asymmetric band radial profile, having a characteristic shape with specific
‘inner’ and ‘outer’ band slopes, the inner slope being much lower than the outer slope. Permanganic etching is known to produce surface
etching that is more rapid for the amorphous part of the polymer than for the crystalline part. A mathematical model of the etching process
was developed to demonstrate that band asymmetry can stem from differential etching and to fully simulate the entire resultant relief. Etching
was modelled analytically in a 3D geometry, based on the scalar product of two etch vectors, the first of which, ¢, is locally perpendicular to
the lamella and secondly p, locally perpendicular to the specimen surface. By modelling a banded spherulite with vector ¢ constantly
perpendicular to the spherulite radius and having its extremity following a helical trajectory, it is possible to calculate the scalar product c-p at
any point on the surface. This product gives a formula capable of calculating etch profile development as a function of time and for any initial
surface profile, with the following parameters: etching rates of groups of flat-on lamellae and groups of edge-on lamellae, interband spacing,
distance of the spherulite centre from the initial surface. Simulations of the etching of banded spherulites were performed and the parameters
adjusted to give a very food fit to many AFM observations. The model confirms that the observed AFM profile of banded spherulites in
polyethylene is probably of geometric origin alone. It is shown that the observed slope asymmetry is not material dependant, i.e. molecular
weight or other structural parameters. The model not only explains the slope asymmetry but also gives a good simulation of band height and
its radial variation, etching depth and apparent band period. It could also be used to estimate the relative speed of the permanganic etching of
different crystal facets and the amorphous phase. Further refinement of the modelling work on other semicrystalline polymers amenable to
permanganic etching is also a possibility. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction tive and kinetics studies of permanganic etching have been
published by Naylor et al. in 1983 [13] and Freedman et al.

Permanganic etching was first developed for polyolefins in 1986 [14].

in the late 1970s by Olley, Hodge and Bassett [1] and has
been refined and extended over the years to include a much
wider family of polymer materials [2—8]. Up and until then,
techniques like nitric acid etching and chlorosulphonic acid
staining were commonly used to monitor the development
of lamellar structure via transmission electron microscopy
(TEM) [9-12]. More recently, atomic force microscopy
(AFM) has become more accessible enabling observations
of detailed microstructure down to the nanoscopic level, in
particular lamella resolution. To date only limited quantita-
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Polymer spherulites are an important morphological form
in semi-crystalline polymers frequently observed using
polarised light optical microscopy [15-21]. Spherulites
are characterised by a radial crystal growth pattern that
evolves into an object having spherical symmetry [22].
Banded spherulites have been unambiguously identified as
exhibiting a regular arrangement of birefringent units
rotating around the spherulite radius [10,15-21]. Under
isothermal crystallization conditions, the appearance of a
constant helical pattern is inferred from conventional optical
and electron microscopies without any direct measure of
band profile. These observations have also led to acceptance
that many systems exhibit regular band period spacing. In
other words every one half twist (w-rotation about the spher-
ulite radius) corresponds to one band period spacing.
However, it appears that the origin and observation of
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banded spherulites is largely determined by choice of
catalyst, molecular weight of the polymer and an appro-
priate nucleation and crystallization process, anyone of
which may produce a dominant effect. In previous
studies of medium density polyethylenes, we have
found a wide range of morphologies extending from
lamellae domaining through to fully developed banded
spherulites whose band period is controlled by molecular
characteristics and crystallization conditions [23]. Spheru-
lites are essentially spherical aggregates of anisotropic crys-
talline lamellae that emanate from a common central
nucleus. In a diametral section, the lamella crystallographic
b-axis is radial, while ¢ is near normal to the section for flat-
on lamellae.

Observations of banded spherulites have been reported on
polyethylene, as well as on many other polymeric or inor-
ganic materials. Most TEM and AFM observations of poly-
meric banded spherulites reveal an apparent band period
spacing which decreases from the centre of the spherulite
and has a purely geometric explanation [24,25]. We have
shown that the apparent radial decrease in band spacing
obeyed a square root law of the distance from the centre
of the spherulite, and occurs for all non-diametral sections
of spherulites [25].

AFM imaging of permanganically etched sections of
polymers has been extensively studied in recent years.
The key advantages of using AFM over conventional
TEM is its ability to add 3D vertical information and to
image polymer surfaces directly without the need for
heavy element staining and time-consuming two-stage
replication [26]. This has also permitted direct imaging of
the crystallisation of polymers [27-30].

In this paper, we attempt to reproduce the geometric
origin of the AFM observations of the profile of etched
surfaces. Using a simple 3D etching model, we not only
simulate the observed band spacing decrease but also the
shape of the whole profile, including band asymmetry, band
height and its radial variation and etching depth.

2. Materials and specimen preparation

Medium and high density polyethylenes with known
branch content, molecular weight and polydispersity were
kindly provided by Fina Research (Belgium) and Solvay
(Belgium) through the Fina Surrey Scholar research
programme. All our polymers were metallocene catalysed.
The characteristics of the polymers studied in this paper are
detailed in Table 1.

Specimens were melt-crystallized under a dry nitrogen
atmosphere at 170°C in a Linkam hot stage and subse-
quently cooled at 15°C/min down to room temperature.
Specimens were then etched for 3 h in an etchant consisting
of a 1% w/v solution of potassium permanganate dissolved
in 2:1 sulphuric and dry ortho-phosphoric acids [14]. Peri-
odic checks on the progress of etching were undertaken, by

Table 1
Molecular and physical characteristics of as received material. Short chain
branch content was assessed using C'* NMR

Reference Polymer A Polymer C Polymer D
Resin type Homopolymer Homopolymer Copolymer
Density (g/cm®) 0.9602 0.9545 0.9508
M, (kDa) 23.4 30.8 27.3

M,, (kDa) 79 118 100.4

M, (kDa) 246 321 305

M, /M, 3.38 3.83 3.68
SCB (/1000C)* 0 0 0.2

T, (°C) 133.9 131.8 134.1
AH,*(J/g) 220.4 217.1 2129

2 1-Hexene comonomer.
® 100% Crystallinity (293 J/g).

arresting the etching process and observing development
with the optical microscope.

3. Experimental AFM observations

Etched samples were observed directly using tapping
mode AFM on a Digital Instrument Nanoscope III scanning
probe microscope, using NT-MDT non-contact ultrasharp
silicon cantilevers or DI ‘nanosensors’ tips. Experiments
were conducted in the tapping mode, with the cantilever
vibrating near its resonance frequency. Vertical z-axis
cross-sections were taken as line profiles in the x—y plane
from unmodified topographic images to reveal the surface
profile of permanganically etched banded spherulites. Data
were retrieved from the DI software in the form of ASCII
files of z-data accompanied with values of z-sampling para-
meter and scale, along with the lateral size value. These data
were then processed to produce real spatial information.
Where specified, topographic images were processed for
contrast enhancement using a standard DI programme,
which runs a statistical differencing filter enhancing the
contrast of edge and line features, enabling lamellar struc-
ture to be better revealed. This image treatment distorts the
z-axis scale. This is why the z-axis height bar is not
displayed next to the contrast-enhanced image (Fig. 2a) as
it is not valid. These contrast-enhanced images were useful
in providing features very similar to those observed in TEM,
i.e. the details of lamellar orientation. Phase images have the
same ability but they are not presented here to maintain
clarity.

AFM imaging of a series of permanganically etched metal-
locene catalysed high-density polyethylenes (mHDPEs)
reveals banded spherulites, as shown in Fig. 1a for Polymer
C. Images of spherulitic polymers A and D are not presented
here but can be seen elsewhere [25]. Highlighted in Fig. 1a is
spherulite 1, which is subsequently used later in the simulation
study. A zoomed image of spherulite 1 is presented in Fig. 1b
and this is also used later to obtain a higher resolution of the
profile. Fig. 2a is the contrast-enhanced counterpart of
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Fig. 1. (a) 50 X 50 wm AFM (‘tapping’) height image of etched spherulitic
polymer C. (b) 5 X5 wum zoom of spherulite 1.

(a)

Fig. 1b, while Fig. 2b presents the cross-section of the image
of Fig. 1b in a vertical x—z plane (i.e. perpendicular to the
specimen’s surface) along the black line shown in Fig. 1b.
We define the inner and outer band slopes as the ascending
and descending slopes in the profile where the x-axis starts
from the centre of the spherulite. An asymmetric profile
characterised by different values of the inner and outer
band slopes is observed. In the examples presented here,
they were typically of the order of 15° and —55°, respec-
tively. This observation adds to the already reported
decrease in the apparent band period from the centre of
the spherulite, which was explained by a simple geometrical
argument in earlier work [24,25].

Fig. 2a shows the variations in orientation of the lamellae
at different radial positions. The edges of stacked lamella
(‘edge-on’) can be observed in the valley regions of the
bands, while ‘flat-on’ lamellae are at the top of the bands.
As observed in Fig. 2b, lamellar relief results in small oscil-
lations in the line profile, which can be seen in the AFM
contrast enhanced images (or using the phase signal without
image processing). The model developed below cannot
simulate these local protrusions (at nanometer-level).
Instead, it monitors the overall shape of the bands and
shows how this shape in intimately linked to lamellar
orientation.

4. Geometric model of permanganic etching

Permanganic etching of polyethylene relies on differen-
tial surface dissolution with a speed that is dependent on the
material present at the surface. Dissolution is especially
active in the amorphous regions compared to the crystalline
regions (the lamellae) where the process is measurably
slower. Furthermore, as lamella crystals are anisotropic,
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Fig. 2. (a) 5X5 um AFM (tapping) contrast-enhanced image of etched Polymer C (counterpart to Fig. 1a). Vertical scale is not represented because of
distortion in the z-axis; similar image is obtained in phase mode image. (b) cross-section of spherulite 1 along the line shown in Fig. 1b.
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Fig. 3. Local positions for vectors ¢ and p with respect to lamella and
surface orientation.

stacked lamellae are etched preferentially in the direction
parallel to the lamellar planes. A maximum etch rate is
reached in that direction, whereas the minimum etch rate
is obtained in the perpendicular direction (see Fig. 3). The
corresponding extremes of the etching speed will be referred
to as m and k, respectively, in the following. We believe that
the reason for this difference between the etching rates in
regions with flat-on lamellae and regions with edge-on
lamellae lies in the faster penetration of the etchant into
the amorphous regions and the easier dissolution of polymer
chains at lamella edges. As mentioned earlier, the purpose
of this paper is not to explain the etching mechanism itself,
but rather to show that the geometric shape of the profile is
consistent with a differential etch-rate mechanism.

The surface etching profile is determined by the distribu-
tion envelope of surface edges of the lamellae, as depicted in
Fig. 3. We have developed a geometrical etching model that
is based on the calculation of the vector perpendicular to the
lamella basal plane, called vector ¢. The 3D directional
variations of ¢ depend on the type of polymer microstruc-
ture. In a non-spherulitic material consisting of domains of
locally ordered lamellae, ¢ does have an order locally in
each domain (at the mesoscopic level), but is random over-
all on a larger scale. In contrast, spherulitic materials with
spherulite sizes reaching several tens of pm have longer
range order.

For any point M sitting on the surface, let us consider the
angle a between the surface of the specimen and ¢(M), the
unity vector locally perpendicular to the lamella. Also, let us
consider the vector p(M) normal to the surface of the speci-
men and normalised to unity. We assume that the etching
rate gradient E(M) can be written as follows:

EM) =k + (m — k)(cos a(M))*, 1))

where k and m are positive constants and k < m. Note that M
will be omitted in the following.

If a group of lamella is flat-on, we have a = 90°, then
E = k, the minimum value E can take. If the lamellae are
edge-on, we have @ = 0°, then E = m, the maximum value
E can take. Therefore k and m can be defined as the etching
rates of a stack of flat-on lamellae or a stack of edge-on

Fig. 4. Trajectory of vector ¢ in a banded spherulite centred at the origin.

lamellae, respectively. As these etching rates take into
account the contributions of both crystalline (lamellae)
and amorphous phases, they cannot be assimilated to the
etching rates of a single lamella. Finally, no evolution of
the chemical characteristics of the system during etching is
taken into account, therefore no reaction product build-up
on the surface is considered which might impede further
etching, as was reported by Naylor et al. [13].

Let us introduce the scalar product of ¢ and p (vectors
normalised to 1):

¢p = |lcll| pllcos(m2 — @) = sin a )
and using

cos’ a=1—sin* a =1 — (&p)°. (3)
Then:

E=k+ (m— k[l — @p)] “4)

This general equation giving the etching rate at any point of
the surface is valid, potentially, for any lamellar material,
provided the vector field ¢ is known for this material. In the
following we calculate the analytical expressions of ¢ and p
at any point in the Cartesian coordinates (x,y,z) for the
system studied.

4.1. Spherulite modelling (calculation of vector field c)

Let us consider a spherulite with an interband distance d
and its centre positioned at the origin. We model an ideal
banded spherulite by the vector ¢, constantly perpendicular
to the spherulite radius and having its extremity following a
regular helical trajectory. However, this ideal description is
true only away from the nucleus; at the nucleus, not all the
lamella are parallel to the spherulite radius. The following
expressions of ¢ are therefore only valid at radial distances
greater than a certain unknown distance dyes Which is
assumed to be smaller than d in the simulation developed
later. Let us write ¢ in the spherical coordinates as (r,6,¢).
Thus, for an ideal spherulite, ¢ has no radial component (r-
axis) and rotates around the r-axis as a function of r with an
angle of rotation w proportional to r (see Fig. 4). Thus ¢ is



L. Markey et al. / Polymer 42 (2001) 6221-6230 6225

Initiaf sufface
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Fig. 5. Simplified situation in the x—z plane considered in the calculations.

only a function of r and d, and could be represented by:

0
- . r
Croe =] cosw with w = ¥l 5
sin @

with ¢ normalised to 1 (¢ = 1, meaning that ¢; + ¢ +
o =1).

We now have to relate the variable change of (r,0, ¢) into
Cartesian coordinates (x, y, z). To simplify the problem, we
take ¢ =0, so that y=0 and everything takes place in a
vertical plane, i.e. perpendicular to the initial surface of the
specimen. This simplification is valid because of the sphe-
rical symmetry of the system away from the nucleus as
shown in Fig. 5.

In this configuration,

Cr

-

Cr,@,(p = Co

Co

is transformed into

by the operations:

o
|

= ¢, c0s 0 —cysin 6

C’:C¢

¢, =c,sin 6+ cqycos 0
—sin 6 cos w

resulting in ¢, sin @ . (6)

¥z

cos 6 cos w

The coordinate change implies x = rcosf, z = rsinf and

rP=x*+ yz.
Thus
z
——COS W
-
Cryz = sin w
X
—CoS
-

(Z/Vx2 + Zz)cos(g\/x2 + zz) (7
= sin( 3\/x2Tz2)
(x/vx2 + Zz)cos(gx/x2 + zz)

The above Eq. (7) is only true for a spherulite centre situated
on the surface. If the centre of the spherulite lies at a
distance ‘a’ beneath the surface (on the z axis), then z
must be replaced by (z + @) in the above equation.

4.2. Expression of vector p

Let us now calculate vector p, which is constantly perpen-
dicular to the etched surface. This takes place with the
geometric simplification ¢ =0, implying that y=0. As
vector p is always in the (r, 6) plane, the simplification
implies that p is always in the (x, z) plane too (p, = 0).

Px

ﬁx,y,z(x’ n=10 with [|p]| = P)zc + Pg-

D:

The initial situation (time r = 0) before the etching starts
is supposed to be a flat specimen surface defined by the
equation z=0. As we have eliminated the y coordinate
and are working in the (x, z) plane, the surface is now only
defined by its z profile, which is a function of x and . The
notation H(x, r) defines this resulting profile. Introducing the
surface in the system breaks the spherical symmetry,
however the system remains symmetric with respect to the
Z-axis.

At t=0, H(x) = 0 (flat profile). At any ¢, we have the
situation described in Fig. 6. In order to find the expression
of p(x, ) we can consider finding first the expression for the

A;

0

A 4

After timet N
p
H(x,t)
\ ?

Fig. 6. Etched specimen surface at time 7. Position of vectors p and 5.
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s
position vector 5,(x,7) = ( X), which is the unity vector
tangential to H(x, 1). Sz

dH
We have 2 = & and 5% + s? = 1.Thus

sx
1
. V1 + (dH/dx)?
Sz (X, 1) = dE/dx : ®)

J1 + (dH/dx)?

To find p(x, 1), we can apply a multiplication with the /2
rotation matrix:

(iH? —01)(2) ©

Hence
B dH/dx
. V1 + (dH/dx)?
Dy (X, 1) = | , (10)

V1 + (dH/dx)?

where H(x,?) is the profile of the etched surface.
4.3. Modelling the etching of a spherulite

By replacing ¢ and p by their analytical expressions in
Eq. (4), we obtain:

- ( @+ ) + (z+ a)z)cos(gﬁxz +(z + a)z)
¢p= sin(gﬂxz + (z+ a)z)
(x/wc2 +(z+ a)z)cos(gﬂx2 +(z + a)z)

dH/dx
V1 + (dH/dx)?
X 0 . an
1

J1 + (dH/dx)?

Therefore, the expression for the etching rate gradient
E(x,H(x)) is:

E(,HX) =k + (m — k)

9 { | _ Leos((mldn/x* + (H) + oA PI(H) + a)(dH/dx) + x]* }

2 + (HG) + a)’)(1 + (dH/dx)?)
12)

The expression [E(x,H(x))df] represents the thickness of
etched material removed during dr at coordinates (x,
H(x)). E is the etching rate in the direction perpendicular
to the surface, but as we actually need the etching rate in the
vertical direction z for the simulation, we correct Eq. (12)
for the angle B as indicated Fig. 7.

H(x) at time t

H(x) at time t +dt

.
»

X

Fig. 7. Schematic showing the etching depth during a time interval dr.

By approximation, we have:
E(x, H(x))dt
= —. 13
cos B dH ) (13)

Thus the z variation of the H(x) profile after d¢ seconds
(vertical etching depth) is:

1
dH(x) = dtE(x, H(x))( m)

| (14)
= diE(x, HX) )( cos(tan~ | (dH/dx)) )
As cos a = 1/4/1 + tan? a we have
1 dH \?
(cos(tan’l(dH/dx))) =t (5) ' as)
Hence
2
dH(x) = dtE(x, H(x))4|1 + (%) . (16)

Egs. (12) and (16) provide dynamic analytical expres-
sions of the etching profile away from the nucleus, as a
function of the physical parameters (d: interband spacing,
a: distance of the centre of the spherulite to the surface, k:
etching rate of flat-on lamella stack, m: etching rate of
edge-on lamella stack, df: time interval). By carefully
choosing these parameters and starting from a given
initial profile Hy(x, t=0) it is possible to calculate
iteratively the surface’s etched profile at any time by
using these two equations.

5. Simulation method

Computer simulation of the etching of a banded spheru-
lite according to the model was performed on a PC using
Microsoft Excel and Visual Basic macros. The surface
etched profile was calculated iteratively from a flat initial
profile (Hy(x, t = 0) = 0). The sampling frequency in the x
direction was generally kept to 100 points per band period
(i.e. x-interval = d/100). The dz interval was chosen at about
0.005h (18s). During preliminary simulation tests, we
observed the appearance of some artefacts (oscillations) in
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Fig. 8. Etching simulation of a spherulite over a 3 h period. Consecutive cross-sections represent 12 min time intervals. Simulation parameters were:
d=2.05 pm,a= —8 pm, k= 0.4 pm/h, m = 0.65 wm/h, dr = 0.002 h, x-interval = d/100 pm with a 5-point Savitsky-Golay smoothing every 100 iterations.

areas of high ‘slope’ occurring after several tens or hundreds
of iterations depending on the parameters values. (The slope
was defined as the derivative of the profile with respect to x.)
This anomaly was due to chaotic divergence of the iterative
calculation caused by the sampling interval being too large.
However, instead of decreasing this interval, in order to
keep calculation times short, we chose to introduce a
smoothing operation of the profile every N iterations to
remove the divergence before it became a problem. Also,
we were careful not to modify the profile’s shape too much
with an N too low. Smoothing was performed following the
Savitsky-Golay method [31-33] with either 5 or 9 points. 5-
points smoothing was judged sufficient in most cases. In
order not to modify the sharp tops of the bands, smoothing
was performed by segment, each segment being defined by
two consecutive band maxima.

In summary, two types of parameters enter into the fitting
routine. Firstly material parameters, d, a, k and m and
secondly, approximation parameters linked to the discrete
aspect of the calculation method itself. These are d, the
time interval, s, the x-sampling interval between two
points and N, the number of iteration prior to Savitsky-
Golay smoothing.

Fig. 8 shows an example of a simulation for a non-diame-
tral section through a spherulite. We can see the increase in
depth and band height with increasing time, as well as the
evolution towards a strong asymmetry in the shape of indi-
vidual band profiles. Also, the lateral decrease in the appar-
ent band spacing already reported in earlier work is readily
simulated.

6. Fitting of AFM data and discussion

Results of simulations compared to experimental AFM
data on one particular material (polymer C) is first presented
as an example of the fitting process. The results obtained for
the three polymers A,C and D are discussed at the end of this

section. We have analysed the vertical cross-sections of the
two images (untreated raw data) presented in Figs. 1a and b.
The magnified 5 X 5 wm image of Fig. 1b was used to get a
better resolution. Fits were adjusted manually, i.e. each of
the simulation parameters were changed one at a time until
the best fit was reached. For each fit, an x-offset was also
applied to the experimental data set and adjusted to properly
align experimental and fitted profiles but care was taken to
keep the actual spherulite-centre abscissa and the fit centre
abscissa coincident. The use of this x-offset is justified by
the large uncertainty in the determination of the coordinates
of the spherulite’s centre, due to the divergence from ideal-
ity in the centre of the spherulite. These corrections are
needed because of the use of single (not averaged) cross-
sections, which contain local variations due to local protrud-
ing and receding lamellae and defects. For uniform spheru-
litic structures, this problem could be overcome by using
averages of several radial cross-sections but here we have
chosen to keep the original data, being careful to take cross-
sections in regions containing as few irregularities as possi-
ble. In addition, in some cases, it was also necessary to apply
a linear baseline correction in order to account for slope in
the image.

Fig. 9 shows the best fit obtained on a cross-section of
Fig. 1a (along the white line). The first parameters to be
fixed were d and a. These two parameters are intimately
linked as they determine together the radial variation of
the interband distance. A true band period d=2.05 pm
was found and it was noticed that the quality of the fitting
was very sensitive to this parameter. We thus think that
thanks to this simulation method, a higher precision can
be attained in the determination of the true band period.
The distance ‘a’ of the centre of the spherulite from the
initial surface was adjusted to an approximate value of
—8 wm. This value is unique because this parameter results
from the fitting of the interband distance variations along the
r-axis. The quality of the fitting seems less sensitive to this
parameter than it was for d but we believe that an accuracy
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Fig. 9. Etched spherulite vertical cross-section (Polymer C): experimental AFM data as symbols (taken along line 1 indicated in Fig. 1a) compared with
simulation (plain line) best fit obtained with parameters d = 2.05 pm, a = —8 um, k = 0.2 pm/h, m = 0.37 wm/h, dr = 0.003 h, x-interval = d/100 wm, with a
5-point Savitsky-Golay smoothing every 100 iterations. Circled is a portion of the profile where a defect is present.

of = 1 pwm can be obtained on ‘a’. Parameters k and m were
set at 0.2 and 0.37 nm/h, respectively. Apart from the two
extremities, the fits were good. The first misfit occurred
below 8 pm on the x-axis and the other one above 23 pm.
However, these misfits can be largely explained by the
expected defects of the sample and the fact that the real
initial surface is not perfectly flat. As can be seen on the
AFM images, spherulites present some defects that could
explain the hump observed between x = 7 and 8 wm. For the
far right part of the profile, we probably have a discontinuity
(at ~22 pm) in the initial surface profile. This hypothesis is
supported by the observation that after this discontinuity,
the band height starts increasing again, as can be expected
in a re-established defect-free situation.

The fit of the zoomed image of Fig. 1b obtained with the
same fitting parameters values as in Fig. 9 is displayed in
Fig. 10. In order to take into account the discontinuity
observed at ~24.4 pm, the simulation data was segmented
into two, with the right part slightly shifted vertically by
—0.02 pm. The fit is good and shows the difference between
the inner and outer slopes (~15° and ~55° respectively).
However, a better fit was obtained with different k and m
parameters, as shown later in Fig. 11.

A better fit in the zoomed area was obtained with
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Fig. 10. Etched spherulite vertical cross-section across two bands (Polymer
C): experimental AFM data as symbols, taken on the zoomed image of
Fig. 1b, compared with simulation (plain line) obtained with the same
parameters as in Fig. 9. The vertical dotted line indicates that simulation
data has been segmented at that abscissa with the right segment slightly
shifted vertically by —0.02 pwm to take into account the discontinuity of the
experimental data (see text).

k=04 pm/h and m=0.65 pm/h (see Fig. 11), to be
compared to 0.2 and 0.37 for the previous fit. The variance
was approximately 12% lower than for the previous fit
(note: the variance was calculated over two radial band
periods). In addition, when looking very closely at the
shape of the ascending parts of the two bands, it can be
observed that the fitted line is straighter than the line of
the previous fit, especially towards the top of the profile,
which is more in accordance with the shape of the experi-
mental profile. The band shape is nicely fitted, except in the
lower part of the bands. We have observed that the band
shape is dependent on the spherulite chosen for the analysis.
Therefore, the observations reported here are not represen-
tative of all the spherulites. S-shaped ascending profiles
were also observed in other cases. The important difference
in the k and m values for the two images is not yet under-
stood. Nevertheless, we have observed that in either case,
the ratio k/m has to be kept roughly constant at around 0.6 to
achieve good fits. Again, as in Fig. 10, the right segment of
the simulation for the fit to Fig. 11 was slightly shifted
vertically by —0.02 pum to account for the observed
discontinuity.
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Fig. 11. Etched spherulite vertical cross-section across two bands (Polymer
C): experimental AFM data as symbols, taken on the zoomed image of
Fig. 1b, compared with the best fit (plain line). Best fit was obtained with
the following parameters, d=2.05pum, a=—8 um, k=0.4 pm/h,
m=0.65 pm/h, dr=0.003h, x-interval =d/100 pm, with a 5-point
Savitsky-Golay smoothing every 100 iterations. The vertical dotted line
indicates that simulation data has been segmented at that abscissa with
the right segment slightly shifted vertically by —0.02 um to take into
account the discontinuity of the experimental data (see text).
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Fig. 12. Etched spherulite vertical cross-section (Polymer C): experimental AFM data as symbols (taken along the spherulite line 1 indicated in Fig. la
compared with simulation (plain line) obtained with the same parameters as in Fig. 11. Circled is a portion of the profile where a defect is present.

The results of the fitting routine of the profile of the larger
size image (Fig. 1a) with the parameters used in the last case
(i.e. with the higher values of k and m) are presented in Fig.
12. We obtained a correct overall fit that was not as good as
the first fit in Fig. 9, except in the left part of the profile
(x < 10 pm). This can be explained by the poorer resolution
of the large image, and by the multiplication of microstruc-
tural defects in the long range that inevitably produces more
misfits.

The problem in the optimisation of the fitting due to the
use of different values of k and m in the two images does not
however reduce the overall quality of the simulation which
validates the model. As fits were made on single cross-
sections, they would probably benefit from comparison
with averaged profiles from several different radial cross-
sections, as already mentioned. An automated mathematical
tool needs to be used to average several radial profiles of a
spherulite

By studying polyethylene containing two populations of
lamellae with different lamella thicknesses, Freedman et al
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Fig. 13. Etched spherulite vertical cross-section across three bands for
Polymer A: experimental AFM data as symbols, compared with the best
fit (plain line). Best fit was obtained with the following parameters,
d=3.3 pm, a= —0.85 pm, k= 0.4 wm/h, m = 0.65 wm/h, dr = 0.003 h,
x-interval = d/100 wm, with a 5-point Savitsky-Golay smoothing every
100 iterations. The annotation ‘x data offset’ indicates that the experimen-
tal data has been segmented at that abscissa and the right segment slightly
shifted horizontally by 0.32 pm. A linear baseline correction was also
applied to the experimental data.

estimated etching rates of 1.6 Al/s for the thinnest lamellae
and 3.3 A/s (or 1.8 A/s after annealing) for the thickest ones
[14], corresponding to 0.58 and to 1.19 or 0.65 pm/h,
respectively. These values tend to favour the second fit
(k=0.4 pm/h and m = 0.65 pm/h), obtained from the
zoomed image. Refinement of the model could be
conducted in different ways. Estimation of k and m etching
rates could be improved by introducing parameters such as
the local crystallinity and lamella thickness, as well as the
etching rate of a single lamella and the etching rate of
amorphous material. Hypothetical product build-up on the
surface impeding further etching could also have an influ-
ence on k and m. This would necessitate the introduction of
time-dependant k and m in the equations. Finally, considera-
tion of a non-radial and asymmetric structure for vector ¢
near the nucleus could be beneficial for the improvement of
the central part of the profile.

Fig. 13 shows the best fit obtained with another material
(Polymer A) with the same etching rates (k= 0.4 pm/h and
m = 0.65 pm/h) as those found in Polymer C. In spite of
some discrepancies due to large local defects or large reced-
ing/protruding lamellae (especially at the top of the two
right bands), a good fit is obtained and a true interband
distance value of 3.3 pm is obtained. In this fit, experimen-
tal data were first corrected with linear baseline removal to
properly align the profile with the fitted data axis. An

Table 2
True interband distance obtained for Polymers A, C and D, using the
‘extrapolation method’ and with actual model fit data

Reference Polymer A Polymer C Polymer D
True Interband 3.0+0.3 1.6 = 0.1 1.9 +0.1
distance (pwm)

(extrapolation)®

True Interband 33 2.05 2.3
distance (pm)

(model fit)

% difference + 10% + 28% +21%

* Method based on the extrapolation of apparent interband distance,
published elsewhere [25].
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abscissa shift has also been used for the data situated at
x> 8 wm to properly align the profiles along the whole
x-axis. This correction is justified by the observation of
irregularities in the images that we may attribute to either
defects or a non-ideal spherulite. Interestingly, it can be
noted that the fits of Polymer A seem much better at the
band minima (in the valleys) than for Polymer C, but the
reasons for this have to be explored further. In this respect,
the problem of the convolution of the AFM tip with the
surface profile, (a well-known AFM artefact) should be
explored.

For Polymer D, fits (achieved with the same etching rates)
lead to a 2.3 pm interband distance. Table 2 enables us to
compare the results for the three materials with the values
obtained in the previous work using an extrapolation
method based on a formula translating the dependance of
the apparent band period to the square root of the band
number [25]. We observe that the d values obtained with
the present model are always higher than the ones obtained
with the extrapolation method and the origin of this dis-
crepancy requires clarification.

If simulations of experimental data lead to good estimates
of the k and m etching rates in the future, then it might be
possible to deduce from them useful physical and structural
information, such as crystallinity or lamella thickness, as
well as characteristic etching parameters such as the etching
speed of a single lamella or the etching speed of amorphous
material.

7. Conclusions

We have developed a mathematical model of perman-
ganic etching capable of fitting the surface relief of etched
banded spherulites in polyethylene, as measured by AFM.
In particular the band asymmetry characterised by an inner
slope lower than the outer slope was correctly simulated.
This demonstrates that band asymmetry is not material
dependent, i.e. molecular weight or other structural para-
meters. This model could potentially be applied to any
semi-crystalline polymer with lamellar crystals organized
in both spherulitic and non-spherulitic morphologies. Not
only can this model be used to gain a better understanding of
the images observed and provide a better characterisation of
the polymers’ microstructure, but prospectively, it could
also help in understanding the etching processes at the

molecular level and in estimating the etching parameters
of other polymeric materials.
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