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Abstract: Changes in the surface topography of polymeric materials can be analyzed to find the cor-
respondence between observed surface features and specific external factors that might also influence 
physical and functional properties of the investigated material. In this work, atomic force microscopy 
(AFM) measurements were carried out to investigate the thermal changes in the surface topography as 
well as in the inner structure of the low density polyethylene (LDPE) samples subjected to 10 recircula-
tions (rLDPE). For better assessment, fractal analysis and AFM results were additionally compared to 
DSC tests results.
Keywords: temperature, surface topography, polymeric materials, atomic force microscopy, fractal anal-
ysis, differential scanning calorimetry, low density polyethylene, recirculation.

Zastosowanie mikroskopii sił atomowych i analizy fraktalnej do badania 
wpływu temperatury na topografię powierzchni materiałów polimerowych
Streszczenie: Analiza zmian topografii powierzchni materiałów polimerowych pozwala wyznaczyć 
zależności między obserwowanymi cechami powierzchni a określonymi czynnikami zewnętrznymi, 
które mogą wpływać na właściwości fizyczne i funkcjonalne badanego materiału. W niniejszej pracy 
metodą mikroskopii sił atomowych (AFM) oceniano zmiany termiczne topografii powierzchni, a także 
wewnętrznej struktury próbek polietylenu małej gęstości (LDPE) poddanych 10-krotnej recyrkulacji 
(rLDPE). Wyniki AFM i analizy fraktalnej porównywano z wynikami badań metodą różnicowej kalo-
rymetrii skaningowej (DSC).
Słowa kluczowe: temperatura, topografia powierzchni, materiały polimerowe, mikroskopia sił atomo-
wych, analiza fraktalna, różnicowa kalorymetria skaningowa, polietylen małej gęstości, recyrkulacja.

Surface topography of solids and particularly poly-
meric materials, formed by cooling from the melt, re-
sults from processes occurring in various parts of their 
structure. Subsequent development and treatment pro-
cedures also contribute to the final specific shape of the 
surface. According to Mainsah [1], any engineering pro-
cess leaves its fingerprint, thereby detailed characteriza-
tion of the surfaces modified by various external factors, 
such as: temperature, stress, radiation, magnetization, 
etc., is the key issue for the emergence of new technolo-

gies and miniaturization concerning the ability to con-
trol physical as well as functional properties of materi-
als [2–5].

Atomic force microscopy (AFM) is an increasingly pop-
ular surface technique. It is gaining wider and wider ap-
plications. It is used to study the structure of a wide va-
riety of materials, it is widely used in metallurgy and 
ceramics, it is tested by a variety of biological tissues (in-
cluding cancer) in medicine and even a variety of bio-
logical material in forensic examinations [6–9]. The AFM 
technique is also used to examine polymers, but mainly 
for simple surface analysis and properties or chemical 
reactions [10, 11]. In this material, the authors will ana-
lyze the results of polymer surface analysis using fractal 
analysis. Literature studies indicate that it is probably the 
first attempt to apply fractal analysis to surface measure-
ments of polymers obtained by AFM. This research is 
aimed at presenting results of a study on temperature 
induced changes in the surface topography of polymeric 
materials.
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EXPERIMENTAL PART

Methodology

Surface topography of the polymer sample was stud-
ied by means of atomic force microscopy and fractal 
analysis, while it’s inner structure was investigated us-
ing differential scanning calorimetry (DSC). Sample pills 
(2–5 mm high and 5 mm wide) were pressed from low 
density polyethylene recyclat (rLDPE – Malen E FABS) 
after 10 cycles of polymer recirculation. After several pro-
cessing cycles, the material is more sensitive to tempera-
ture changes. Multimode 8 instrument with Nanoscope 
V controller (Bruker) and ScanAsyst-Air scanning tip 
(Bruker) was used to carry out AFM measurements that 
works in a proprietary PeakForce Tapping QNM mode. 
Changes in surface heights were investigated by means of 
statistical analysis and fractal geometry. It is worth not-
ing that recently there is a growing interest in the latter 
method for detailed characterization of surface features 
over a wide range of wavelengths. It does not require pre-
vious selection of a proper scale of a measurement, hence 
neglecting the dependence of statistical parameters on 
the scan size [1, 12–18]. Probe tip scanned 256 × 256 points 
over 10 × 10 μm2 sample areas of polymers under the 
study maintained at temperatures from 20 to 60 °C that 
increased every 10 °C. In addition, the PeakForce QNM 
mode also enables us to measure (not shown) tip-surface 
adhesion forces, reduced Young’s moduli, energy dissipa-
tions and sample deformations.

In the beginning, AFM data in the form of sets of equi-
distant height samples were plane fitted to remove a sec-
ond order surface bow exhibiting stationary surface re-
ferred to as the residual surface. Prior to the structure 
function (SF), fractal parameters were derived in a two-
step procedure involving computation of the areal auto-
correlation function (AACF). Even though the method is 
basically devoted to three-dimensional structures, it ac-
tually deals with averaged height profiles which is much 
simpler and numerically feasible. AACF data was also 
used for estimation of anisotropy ratio being the mea-
sure of a surface texture anisotropy. Suitable examples on 
comparative analyses of various fractal approaches have 
been reported in literature [17–23].

Statistical analysis

Distribution of sample heights on the surface of solids 
can be characterized employing spatial statistics defined 
in PN-EN ISO 25178-6:2011 standard [21] and it varies 
with the scan size and scan resolution. Hence, any com-
parison of obtained results can be made when particular 
measurement conditions are met. Main statistical char-
acteristics explored throughout this paper are: arithme-
tic mean height Sa and root-mean-square height Sq. The 
former, i.e. the average of the absolute heights in the mea-
sured area, is defined as follows:

 ,y  (1)

where: M, N – the numbers of scan steps along each 
scan direction, z(xk, yl) – the height of a surface at a point 
with given coordinates. 

Likewise, the root mean squared of height samples in 
the measured area is given by the formula:

 ,y  (2)

Note, however, that these two parameters introduce in-
evitable ambiguity of the description since different sur-
faces might result in identical Sa and Sq values.

Fractal analysis

Fractal analysis provides coherent, multiscale descrip-
tion of geometrical shapes that extends over a wide range 
of scale lengths, at least several orders of magnitude. 
According to Mandelbrot [22], fractal is a self-similar 
structure which can be reproduced by multiple replica-
tions of its basic pattern in a proper scale. On the other 
hand, fractal dimension D used for composite description 
of geometrical shapes defines both the scaling exponent 
of the power-law dependence and relative amplitude of 
roughness at different wavelengths. The fractal dimen-
sion depends on signal amplitude and its frequency.

Surfaces of solids can be described in a variety of ways, 
for example using: (i) statistical parameters derived from 
height samples taken in a given order, (ii) geometrical 
measures oriented toward specific patterns of clusters, 
(iii) characteristics of a surface relief. Alternatively, one 
may use areal auto covariance function R(τ) defined as 
an average product of a given signal without constant 
component and its lagged copy [1]: 

 R(τx,τy) = 〈(z(x,y) – 〈z〉) · (z(x + τx,y + τy) – 〈z〉)〉  (3)

where 〈…〉 means spatial average. 
Analysis of a 3-dimensional plot of this function gives in-

sight into predominant surface lay, its directional periodicity, 
and the degree of its self-similarity. Moreover, AACF also serves 
as a starting point for computation of the structure function 

  (4)

Log-log plot of S(τ) follows linear dependence for τ<<τc 
(Fig. 1) according to the power-law equation in the form:

 S(τ) = Λ2(D – 1)τ2(2 – D) (5)

where: Λ – the surface topothesy, τc – the corner fre-
quency. 
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The topothesy is defined as a distance between neigh-
boring points on the surface inclined at an angle of 1 rad, 
so it usually takes extremely small values. On the  other 
hand, the corner frequency establishes characteristics 
wavelength beyond which the power-law dependence 
turns into damped oscillation that asymptotically ap-
proach 2Sq

2.
Structure function can be also expressed in terms of 

the so-called pseudo-topothesy K, equal to the first term 
in Eq. (5). According to [21], pseudo-topothesy is given by 
the following formula:

  (6) 

where: Γ – the Euler’s function, G – scale-dependent 
constant. 

Previously published results [23–26] demonstrate 
that K is closely related to the distribution of a stray 
magnetic field from magnetic domains, enabling the 
structure of the domains to be analyzed with the frac-
tal geometry. 

Estimation of the surface anisotropy

Given function R(τ) computed all around the AFM im-
age (Fig. 2), it is possible to estimate the surface texture 
anisotropy. Presented procedure requires that directions 
of extreme decays of AACF be established at first, as in 
Fig. 2b. Compared to Fig. 2a, these directions very well 
agree with predominant lay pattern, hence they are as-
sumed equivalent to main axes of the surface lay anisot-
ropy a1, and a2.
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Fig. 1. LDPE polymer after 10 cycles of a recirculation process: a) AFM image, b) spatially-averaged profile of its structure function 
S(τ)
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Fig. 2. Polymeric material after a tenfold recirculation process: a) AFM image of surface topography, b) map of its autocorrelation 
function R(τ) with main axes of the surface anisotropy (a1, a2)
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Fig. 3. Temperature-induced changes in surface topography of 
LDPE material after a tenfold recirculation process: a) 20 °C, 
b) 30 °C, c) 40 °C, d) 50 °C, e) 60 °C

More specifically, main directions of the surface anisot-
ropy are those parallel to the major and the minor axes 
of the horizontal cross-section of the central R(τ) peak as-
suming its elliptical shape. Profiles drawn along these di-
rections allow the shortest and the longest decay lengths 
of R(τ) be determined, while R(0) value corresponds to 
the variance of height variations Sq

2 – parameters, which 
can be used to define the surface anisotropy ratio. Prior 
to that, however, R(τ) function needs to be normalized re-
sulting in the areal autocorrelation function Rn(τ):

  (7) 

a) b)
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The ratio of extreme τa1 and τa2 lengths, along which 
Rn(τ) decays from 1.0 down to 0.2 is referred to as the sur-
face anisotropy ratio Str:

 
 (8) 

Surfaces with Str larger than 0.5 are considered to be 
isotropic, those with Str in the range from 0.3 to 0.5 are 
thought to be anisotropic, whereas those with Str less than 
0.3 are considered highly anisotropic [27].

Differential scanning calorimetry

In order to confirm results obtained by AFM, addi-
tional measurements were carried out using differential 
scanning calorimetry (DSC). DSC relies on the measure-
ment of the difference in the amount of heat flux sup-
plied to the sample ΦS and reference material ΦR to study 
changes in their physical properties:

 ∆Φ = ΦS – ΦR (9)

In a power-compensated DSC, the sample and referen-
ce are heated by separate heaters, and it is the difference 
in thermal power required to maintain them at the same 
temperature that is actually measured. What is also im-
portant, temperature T of specimens is increased linearly 
as a function of time t with an arbitrary heating rate [28]:

  (10)

DSC is frequently used in multiple applications for ex-
ample: phase analysis, calorimetric studies of phase tran-
sitions and chemical reactions, measurements of specific 
heat of materials, determination of chemical composition 
and chemical purity of materials, determination of ki-
netic parameters of various reactions, etc. The advantage 
of this method among others is that a small sample mass 
will suffice, and that the heating rate can be adjusted in 
a wide range from a fraction up to several hundreds of 
deg per minute. Samples were taken from the outer thin 
layer. Under the study a sample is enclosed in a high-
pressure pan designed for thermoanalysis, which is usu-
ally made of aluminum, ceramics, platinum, copper or 
gold. Choice of a proper pan is very important, since it 
strongly affects induced thermal effect and might affect 
the obtained results [29–31].

DSC measurements were carried out using DSC822e 
STARe instrument (Mettler Toledo). Measurement set-
tings were as follows: temperature range T = 25–160 °C, 
heating rate β = 2 deg/min, mass of the sample ms = 8 mg, 
mass of the pan mp = 48.8 mg. Sample was closed in an 
aluminum pan with a 0.04 cm3 pin. Mass of the sample 
was established using an analytical balance (XS 105 from 
Mettler Toledo) with 0.01 mg accuracy. The measurement 
procedure complied with PN-EN ISO 11357:2009 [32].

RESULTS AND DISCUSSION

Figure 3 shows substantial changes in topographical 
images of the polymeric material under study caused by 
increasing temperature. Figure 4 shows that average sur-
face profile measured at 30 °C is ca. 2 μm shifted com-
pared to that at 20 °C, and substantial decrease in surface 
roughness expressed by Sq and Sa occurs (Fig. 5). 

This is probably caused by a single 4.3 μm long micro-
crack that occurred due to thermal stresses inside the ma-
terial. As the temperature was raised to 40 °C, another 
two micro fractures appeared: the first one 1.7 μm and 
the second one 3.3 μm long. Observed microcracks do 
not extend with temperature, although they move hori-
zontally due to increasing plasticization of the material. 
As shown in Fig. 4, increasing temperature also affects 
the mean height of the AFM profile, which goes up from 
330 nm at 20 °C to about 650 nm at 60 °C, probably due to 
thermal expansion of the material under study.

Fractal analysis

Figure 6 shows that the obtained fractal parameters: 
fractal dimension D, topothesy Λ, and corner frequency 
τc, also demonstrate changes in geometrical structure of 
studied polymers as a function of temperature. According 
to previous studies, fractal dimension depends on sur-
face height variations and surface periodicity, however, 
results presented in Fig. 6 suggest its strong, but non-
monotonical dependence on the temperature. In the be-
ginning, fractal dimension D gradually increases from 
20 °C to 50 °C, and sharply drops afterwards. Observed 
changes in D are likely due to the devitrification process 
that relies on mixing parts of amorphous phase with 
those of crystalline ones in the material. Since changes 
begin when D peaks at around 50 °C, hence this tem-
perature is referred to as the devitrification temperature.
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Figure 6b demonstrates that unlike fractal dimension, 
corner frequency τc rapidly goes up from 2.4 μm to about 
2.6 μm, when temperature is raised from 20 °C to 30 °C, 
but after that point it steadily falls down to about 2.0 μm 
at 60 °C. Bearing in mind that corner frequency is also re-
ferred to as the correlation length, the range in which the 
surface remains self-similar is the largest at 30 °C. Shown 
in Fig. 6c, plot of topothesy behaves in a different man-
ner, since it approaches two extreme values in a studied 
range of temperatures. At 30 °C topothesy takes the low-
est value, whereas at 50 °C – the highest, which suggests 
these two temperatures as thresholds for some structural 
changes within the material.

Another trend can be seen in Fig. 7a, where a plot of 
a pseudo-topothesy vs. temperature is presented. Here, 
the plot initially goes downward, reaches its minimum 
at 30 °C, and then asymptotically saturates at 0.016. 
Unfortunately, even though the meanings of topothesy 
and pseudo-topothesy are well known, their strict inter-
pretation remains ambiguous. Changes in surface anisot-
ropy ratio Str shown in Fig. 7b indicate that in the be-
ginning (at room temperature) the surface is moderately 
anisotropic with Str close to 0.4. With temperature raised 
to 50 °C, however, the surface undergoes re-arrangement 
process towards more isotropic structure which is associ-
ated with increasing anisotropy ratio. At 50 °C Str reaches 
its maximum value equal to 0.6, and beyond that temper-
ature, the surface turns the opposite transition becoming 
highly anisotropic with Str equal to 0.3 at 60 °C.

DSC results

DSC thermogram of rLDPE is shown in Fig. 8. In 
a glassy state, polyethylene naturally takes a semicrys-
talline structure [26], and keeps it up to 28 °C. Above that 
temperature, however, the process of mixing of an amor-
phous and crystalline phases is initiated. From the anal-
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ysis of the thermogram in Fig. 8, it can be seen that this 
phenomenon in LDPE subjected to a tenfold recircula-
tion begins at 30 °C (first maximum), but slows down at 
around 50 °C. Once the temperature exceeds 50 °C, fast 
process of melting of crystallites takes place. The above 
observations agree well with those obtained from fractal 
analysis of AFM data (Fig. 6). In addition, DSC results 
also confirm the statements given by the changes in the 
anisotropy ratio seen in Fig. 7b. Obtained Str values ex-
hibit moderate anisotropy of the polymer at near-room 
temperature which is associated with its distinct semi-
crystalline structure in a glassy state that is partly due to 
the processing operations (clearly separated crystalline 
and amorphous phases). On the other hand, Fig. 7b also 
shows that in the range from 30 °C to 50 °C, the sample 
became isotropic, which is an evidence for the occurrence 
of a process of mixing/joining of these two phases.

CONCLUSIONS

For the very first time, this work demonstrates applica-
bility of the fractal analysis to study temperature-induced 
changes in geometrical structure of surfaces of polymeric 
materials. Numerical methods exploring the autocorrela-
tion function and fractal properties of data series of sur-
face heights probed by AFM are promising tools which 
might help in improving the properties of the polymers. 
Obtained results clearly suggest that fractal parameters 
are equally sensitive to changes in surface topography 
and corresponding changes in the inner structure of the 
material subjected to the heat treatment. Analysis of AFM 
data gives deeper insight into results that were also com-
plimented using various calorimetric techniques, more 
specifically the DSC.
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