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Abstract: This paper presents the results of the multi-aspect surface characterization of X39Cr13 steel
samples subjected to technological processes specific to medical instrumentation, such as heat and
thermochemical treatment, as well as sterilization, which are implemented in corrosion resistance
measurements. The application of numerical methods of fractal analysis to averaged profiles obtained
from SEM images resulted in double-log plots of structure function, from which the determination of
the fractal parameters of interest was possible. The discussion was focused on the fractal dimension
D, which governs relative height variations upon scaling in length, and corner frequency fc, which
separates the scaling behavior of different-order structures (particles and their aggregates). The
obtained results show that the heat treatment leaves behind a granular structure of steel (D2 = 2.43;
fc2 = 1.97 nm), whereas corrosion tests reveal the appearance of pits (D1 = 2.17; fc1 = 0.303 nm;
D2 = 2.59; fc2 = 4.76 nm). In turn, the ion nitriding improves the resistance of steel X39Cr13 to local
corrosion. The fractal analysis also shows that the structure of the nitrided layer differs insignificantly
from that of the untreated material, seen only as a shortening of the radius of the self-similarity area
by a factor of two (fc2 = 1 nm).

Keywords: fractal analysis; X39Cr13 steel; SEM

1. Introduction

Surface topography is an important characteristic that helps us to understand the
wide range of chemical and biological processes occurring at the point of contact between
biomaterials and the tissue environment. Surface geometry is the most frequently used
parameter for testing the surface layer of biomaterials. For example, the adhesion of bacteria
increases with increased roughness. Some spatial details, such as geometry or symmetry,
are important for determining the adherence of bacteria [1]. Surface modifications are used
to obtain the appropriate surface geometry. The authors of [2] modified the surface of 316 L
steel using low-voltage micro-arc oxidation in order to produce porous layers, the chemical
composition of which depends on the chemical composition of the parent material and
the electrolyte used. It has been shown that the surface topography of the porous layer
is dependent on the voltage increase. In addition, the oxides and layers formed are very
tightly packed, which hinders the diffusion of Fe ions, thus protecting them from further
oxidation and contributing to an increase in corrosion resistance. The created porous
layer is a specific barrier that prevents the penetration of environmental factors into the
implant core as well as the diffusion of alloying elements into the tissues surrounding the
implant. Similarly, the aim of the study [3] was to analyze the effect of laser irradiation
on zirconium implants in order to enhance the topographic aspects of the surface and
the biological response to osseointegration. When testing materials used in biomaterials,
corrosion resistance is as important as surface topography. The corrosion resistance of these
materials can be tested in reagents that simulate body fluids, such as a simulated bovine
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serum [4], artificial saliva [5], Ringer solution [6], or Tyrode solution [7]. Nitriding is one
of the methods related to the production of surface layers used in surface engineering to
improve the properties of the surface [8,9]. Shukla et al. [10] showed a five-fold increase in
hardness after nitriding. In turn, Kartikasari et al. [11] attempted to increase the corrosion
resistance of the Fe-10Al-25Mn alloy by means of plasma nitriding, which was considered
to be one of the most cost-effective surface treatments. The authors of [12] focus on the
comparison of three plasma nitriding variants: (I) DC plasma nitriding, (II) active screen
plasma nitriding, and (III) an active screening process with bias voltage application. The
research was extended by studying the coverage of the active screen. A mixture of two
gases, N2–H2, was applied during nitriding. An unalloyed steel, C45E, was used as the
substrate. The researchers showed that layer thickness and surface hardness were higher
when using active, screen-biased plasma nitriding with a high N2 content gas mixture. The
use of active screening did not have a significant impact on the chemical composition of the
layer. On the other hand, Zhu et al. [13] studied the influence of prefabricated Cu–Ti foil on
the macrostructure and mechanical properties of a multiphase coat obtained by the means
of plasma nitriding. The layer was applied to the C17200 Cu alloy. The authors have shown
that, to a large extent, the composition of a multiphase coat, obtained as a result of plasma
nitriding, depends on the ratio of Cu/Ti atoms in the prefabricated Cu–Ti gradient layers.
It was shown that small amounts of Ti–N compounds, as well as specific Cu–Ti inter-metals,
formed in three types of Cu–Ti film. In turn, when the authors of [14] applied atmospheric
pressure using thermal nitrogen plasma, the AlN-strengthening layer was prepared on
1060 and 6082 substrates. The microstructures of these nitrided layers may be divided into
three areas: the area of lamellae that exists at the top, a dendritic region beneath it, and a
transition area situated beneath both. Furthermore, researchers have shown that molten
Al moves upwards via voids and capillaries in AlN structures. In addition, it was found
that, by increasing the intensity of N2 flow from 1 L/min to 7.5 L/min, the properties of
the nitrided layers, such as their hardness and wear resistance, will improve. Moreover,
the nitrided layer becomes thicker. Tao et al. [15] studied an austenitic iron–nickel alloy,
Invar (R) 36 and RA 330 (R). This alloy was subjected to a treatment consisting of triode
plasma nitriding (TPN). The process was carried out at a temperature of 400–450 ◦C. The
researchers revealed that nitrogen-induced lattice expansion occurs below the nitride-
containing surface layer in Invar 36 alloy after TPN treatment, implying that Cr is not
necessary for the nitrogen-interstitial-induced lattice expansion phenomenon to occur
also suggesting another type of gamma (N). More and more studies related to nitriding
focus on nitriding corrosion-resistant steels [16–21]. Lin et al. [16] studied plasma-nitrided
austenitic stainless steel. The authors showed that, by controlling the surface characteristics
of austenitic stainless steel, the blood-compatible quality of plasma nitriding improved the
anticoagulant properties, making austenitic stainless steels suitable candidates in the field
of surgical and medical instruments. Steel X39Cr13 is classified as martensitic steel [22,23].
This steel is widely used as a biomedical material. Because of its good mechanical properties
and high corrosion resistance in the environment of physiological liquids, it is used in the
production of surgical instruments [23,24]. The durability of elements used in surgery,
apart from the use of an appropriate material in terms of its chemical composition and
structure, has a large impact on the surface topography of a given element. Because of
this, fractal analysis is being used more and more often to study the surface topography of
biomaterials [25,26]. The fractal dimension is a valuable parameter with which to determine
surface roughness [27,28] and study bio-adhesion [29].

Studies related to the application of scanning electron microscopy (SEM) [30] and
atomic force microscopy (AFM) [25,31] are of great importance, especially in fractal analysis.
The authors of [25] studied the three-dimensional surface micromorphology of zinc/silver-
particle-composite antibacterial coatings. The surface was prepared using an electrode-
position technique. The measurements showed that a 3D topographic fractal parameter
contributed significantly to the estimation of the 3D surface micromorphology of Zn/AgPs.
This surface directly or indirectly influenced the physical and antibacterial properties. The
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authors showed that the distribution of height values and fractal geometry-based parame-
ters have the potential to be used as tools to quantify and identify different 3D geometrical
patterns in composite coatings such as Zn/AgPs. In turn, the authors of [32] showed the
relationships between the tensile properties and fractal dimensions of the fracture surfaces
of Ti-6Al-4V alloy using SEM stereoscopy coupled with 3D measurements. It was observed
that the fractal dimension was proportional to the roughness of the fracture surface. Both
the yield strength and ultimate tensile strength decreased, while ductility increased with
the increase in fractal dimension due to the change in the fracture mode, depending on the
microstructure induced by the heat treatment.

This study concerns the structural characterization of engineering biomaterial and
aims to reveal a correlation between the fractal parameters determined from SEM images
and the method of formation and functional features of the surface layer. The main aim
of this paper was to find a link between the functional features of the surface layer of
medical-grade stainless steel and methods and its thermochemical treatment using fractal
parameters as scale-invariant measures of surface height variations. The fractal parameters
determined from SEM images can reveal the stereometric characteristics of the outer surface
layer obtained technologically.

2. Materials and Methods

The material under study comprised steel specimens containing 0.42 wt.% C, 13.73 wt.%
Cr, 0.55 wt.% Mn, and 0.39 wt.% Si. This steel is classified as stainless-steel grade X39Cr13
according to the standard EN [33]. Tests were carried out on 1-mm-thick specimens.
X39Cr13 steel samples were hardened and tempered, then subjected to further treatments.
The heat treatment consisted of quenching at an austenitizing temperature of 1050 ◦C.
The time for which this temperature was maintained was 20 min. After quenching, the
steel was subject to two hours of tempering at 300 ◦C. Heating and austenitizing, as well
as tempering, were carried out in a vacuum furnace with compressed nitrogen cooling
(marking H + T). After the heat treatment, some of the samples were subjected to additional
nitriding (marking H + T + N) performed in a glow-discharge vacuum chamber (nitriding
furnace). The samples in the chamber were connected to a cathode, while the furnace
housing served as the anode. The nitriding was carried out at T = 460 ◦C and pressure
p = 145 Pa for time t = 20 h. The reactive atmosphere contained 25% molecular nitrogen
diluted with molecular hydrogen. During glow discharge, gases were dissociated, excited,
and ionized. Then, a sterilization process was carried out on some of the samples, both
heat-treated (marked H + T + S) and surface-treated (marked H + T + N + S).

Sterilization by steam was carried out in an autoclave at T = 134 ◦C with pressure
p = 0.21 MPa for t = 0.5 h in four cycles. Finally, corrosion resistance tests were applied
to the following samples: heat-treated (marked H + T + C); heat-treated and sterilized
(marked H + T + S + C); heat-treated and nitrided (marked H + T + N + C); and heat-treated,
nitrided, and sterilized (marked H + T + N + S + C).

Corrosion resistance tests were performed in Tyrode’s physiological solution
(pH = 6.8 ÷ 7.4). Deionized water with a resistivity of 18.2 MΩcm was used to prepare a
physiological solution. Prior to electrochemical treatment, the samples were degreased
in acetone and rinsed in an ultrasonic bath. Figure 1 presents a detailed diagram of the
processes performed.

The surface was observed by means of a Jeol JSM-6610LV scanning electron micro-
scope. Based on the data obtained from SEM, fractal analysis of the studied surfaces was
carried out.
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Figure 1. Process tree showing the sequences of the thermochemical treatment procedures.

3. Results and Discussion

SEM images (shown in Figures 2–10, as an example) were used to determine the
scale-invariant characteristics of the surface patterning of the samples under investigation.
Note, however, that digitized SEM images provide pixels with intensity in the greyscale
associated with the number of locally scattered electrons rather than the surface height.
However, allometric characterization also works without the proper scaling of vertical
dimensions; hence, unitless pixel intensities could have been taken for a relative quasi-
height-data series.

To this end, the original SEM images were first row-wise averaged to obtain the mean
height profile function, zav(x) (example shown in Figure 11), which was processed to obtain
the structure function according to the following Formula (1):

S(r) =
1

(N − m) ∑N−m
p = 1 (zav(p)− zav(r))

2 (1)

where p addresses the height samples in the mean profile and r defines the shift between the
input data and their lagged duplicate. Phenomenologically, Thomas et al. demonstrated
that any one-dimensional structure function can be approximated using independent
parameters related to the surface patterning [34] Equation (2):

S(r) = 2S2
q [1 − exp(−

(
r
ξ
)2α

)]
(2)

where Sq is the long-range rms surface roughness, α is the Hurst exponent, and ξ is
the horizontal correlation length. Note that, for the lengths much longer than ξ, the
exponential term vanishes and the plot saturates at 2Sq

2. On the other hand, in the limit
r << ξ, Equation (2), reduced to its first-order Taylor expansion components, turns into
A·r2α, where A is constant. Therefore, the mean profile of the structure function depends
allometrically on the length τ, related to the fractal character of surface height variations (3):

Sav(τ) = Kτ2(2−D) (3)

where D is the scale-invariant fractal dimension and K is the amplitude scaling factor. In
general, D controls the relative amplitude of surface roughness, whereas K controls the
absolute amplitude of surface roughness at different length scales. Allometric scaling
results in a constant slope on a double-log plot of a structure function associated with
the fractal dimension, which ends at a threshold of fc, referred to as the corner frequency
(example shown in Figure 12). Sharp variations in the slope are specific to multifractal
surfaces with high-order aggregates.
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Figure 2. SEM, steel after hardening and tempering.

Figure 3. SEM, steel after heat treatment and test corrosion with exemplary pitting.

Figure 4. SEM, steel after heat treatment and sterilization.

Figure 5. SEM, steel after heat treatment, sterilization, and test corrosion.
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Figure 6. SEM, steel after heat treatment, sterilization, and test corrosion with exemplary pitting.

Figure 7. SEM, steel after heat treatment and thermochemical treatment.

Figure 8. SEM, steel after heat treatment, thermochemical treatment, and test corrosion.

Figure 9. SEM, steel after heat treatment, thermochemical treatment, and sterilization.
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Figure 10. SEM, steel after heat treatment, thermochemical treatment, sterilization, and test corrosion.

Figure 11. Example digital processing of SEM image of X39Cr13 steel sample towards fractal
parameters—mean profile of the SEM image.

Figure 12. Example digital processing of the SEM image of X39Cr13 steel sample towards fractal
parameters—double-log plot of the structure function computed from the mean profile, demonstrat-
ing the method of estimation of fractal dimension D and corner frequency fc, which separates the
scaling behaviors of structures of various orders (particles and their aggregates).

Table 1 presents the results of fractal analysis for averaged profiles of SEM images
originating from samples of steel X39Cr13 at various stages of thermochemical treatment.
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Table 1. Fractal descriptors of the surface topography derived from row-wise-averaged profiles of SEM
images of X39Cr13 steel samples: D1, D2—unitless fractal dimensions; fc1, fc2—corner frequencies.

Process D1 [-] fc1 [nm] D2 [-] fc2 [nm]

H + T - - 2.43 1.97

H + T + C (inside of the pit) 2.17 0.303 2.59 4.76

H + T + C (outside of the pit) - - 2.50 1.58

H + T + S - - 2.41 1.71

H + T + S + C (inside of the pit) 2.18 0.292 2.44 2.88

H + T + S + C (outside of the pit) - - 2.39 1.27

H + T + N - - 2.39 1.00

H + T + N + C - - 2.46 1.25

H + T + N + S 2.32 0.216 2.76 5.99

H + T + N + S + C 2.20 0.430 2.65 1.93

The obtained results demonstrate a monofractal and moderately developed (D = 2.43)
structure for the top layer of the studied X39Cr13 steel after quenching and tempering
at T = 300 ◦C (Figure 2). The average range of self-similar behavior (set by the corner
frequency fc and related to the size of the dominant elements of the structure) does not
exceed 2 µm, which is approximately 70 scanning steps. Previous works on this steel have
reported its tempered martensite structure with prevailing precipitates of M3C carbides [35].
Studies related to fractal analyses carried out on steel X39Cr13 have shown that the results
strongly depend on the processes performed [36–38]. For example, fractal analyses carried
out on steel X39Cr13, quenched only, have shown [36] that small carbide precipitates
occur randomly over the entire surface of the sample. However, they are most frequently
situated close to grain boundaries. On this surface, carbides are revealed as light areas.
On the other hand, studies carried out on annealed steel have characterized the surface
as rough, with carbide precipitates hundreds of nanometers in size being seen [38]. While
the surface of quenched and high-temperature-tempered (T = 620 ◦C) steel X39Cr13 is
rough, with small, sharp, eagle-like precipitates (mainly M23C6 [35]), these precipitates
show a luminous color in the light of electrons [37]. Further testing of the corrosion
resistance (Figure 3) resulted in the appearance of a small number of pits. The inner
surface structure of these pits was found to be bifractal, being a mixture of primarily
fine-grained structures aligned to form long-range secondary agglomerates. The former
contributes to a poorly developed surface (D = 2.17) range of approximately 0.30 µm
(around 10 pixels), while the latter is clearly more developed (D = 2.59) and embraces
places separated by no more than 4.80 µm from each other. In contrast, the structure of the
nearby areas remains monofractal, similar to that of the first stage (D = 2.50, fc = 1.58 µm).
Furthermore, in previous works by the authors [38], after the corrosion test, the annealed
steel featured the presence of regular pits a few hundred micrometers in diameter and
an aspect ratio of around two. These pits had a granular nature. In the next step, the
heat-treated sample was sterilized. A comparison of the obtained fractal characteristics
proves that this process also has negligible effects on the structure of the steel (Figure 4).
However, after a subsequent corrosion resistance test (Figures 5 and 6), pits appeared on the
surface similar to those seen in Figure 3. As noted previously, the inner structure of the pits
was found to be bifractal, with smooth fine-shaped grains (D = 2.18, fc = 0.29 µm) grouped
in rough clusters (D = 2.59) in a slightly shorter range (fc = 2.88 µm). Likewise, the outer
structure of nearby areas remained monofractal and nearly identical to that of the initial
stage (D = 2.39, fc = 1.27 µm). According to the authors of [39], the corrosion potential (Ekor)
for such processes increases over time and stabilizes at a level of −0.08 ÷ −0.05 V. These
two processes are favorable to surface oxidation and passivation. As a result, quenching
and low-temperature tempering are found to retard the process of general corrosion in
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Tyrode’s liquid. In addition, for these processes, sudden rushes of current were observed
on polarization curves within the range of potentials 0.1 ÷ 0.3 V. Such a course proves the
nucleation of pits and the development of local corrosion on this type of material. In this
case, the chlorine ion is responsible for the pitting; its concentration in the Tyrode’s solution
is roughly 0.15 M. Figures in the literature show that both austenitization parameters
during quenching [40] and tempering parameters [41], which, in martensitic steel, must
ensure the required anti-corrosion and mechanical properties, are equally important. The
mechanical properties of steels containing 0.45% carbon and 13% chromium strongly
depend on the austenitization temperature, and for any improvement in that aspect, the
carbides present in the steel need to dissolve in austenite [40]. The presence of undissolved
primary carbides has a negative impact on the properties of this steel. In turn, an increase
in the tempering temperature results in a lowering of mechanical properties, such as
the yield strength and tensile strength [40]. According to Arntz et al. [41], a tempering
temperature of <480 ◦C ensures good resistance to general corrosion because, subsequently,
tempered martensite with (Fe, Cr)3C carbide precipitates exists in the structure. Another
heat-treated sample was subjected to surface nitriding (Figure 7). It was found that the
structure of the top layer changed only in terms of having a smaller radius of self-similarity
area (fc = 1 µm). Both the fractal dimension (D = 2.39) and the multiplicity of fractal
characteristics were found to be intact after nitriding. However, Figure 8 shows that
this process significantly increases the corrosion resistance of the studied steel due to its
unchanged surface structure (D = 2.46, fc = 1.25 µm). Despite this, deeper in the subsurface
layer of the nitrided steel, some processes that are responsible for the arrangement of a
complex cluster structure must occur, as revealed after subsequent sterilization (Figure 9).
Unlike previously seen clusters, Table 1 details the fine- and coarse-grained phases with
much more developed surfaces (fractal dimensions 2.32 and 2.76, respectively); at the same
time, the cluster size is three times larger than in the initial layer (Figure 2)—6 µm vs. 2 µm,
respectively. The heat-treated steel contains moderately isotropic structures, while the
nitrided steel may be classified as strongly isotropic. Apart from that, all of the surfaces
show monofractal features, which were mostly affected by the presence of spherical grains.
Fractal dimensions lie in a narrow range specific to well-developed surfaces. Moreover,
allometric invariance disappears shortly after reaching a limit of a few hundred nanometers,
as determined by the corner frequency. In this case, the corner frequency was found to
correlate with the size of the spherical grains, which suggests that geometrical structures
closely correspond to scale-independent measures. Studies have shown that ion nitriding
accelerates the transpassivation of steel and results in the disappearance of secondary
passivity [39]. Shukla et al. [10] showed that nitrided alloy displays increased corrosion
resistance in comparison to untreated alloy. The method of substrate preparation does
not only affect the fractal analysis. The assumptions of Tillmann et al. [42] consisted of
obtaining very important information related not only to microstructural properties but
also to the tribomechanical properties of nitride coats: TiAlN and CrAlN. These coats were
deposited on steel AISI H11 prepared according to three variants: (1) the nitriding of the
annealed substrate, (2) the quenching and double tempering of the steel, and (3) nitridation
subsequent to a heat treatment of the substrate. The method of magnetron spraying was
used to produce the coats. The prepared substrate was found to have a great influence on
the microstructure, adhesion, and wear resistance of the TiAlN coat. Instead, in the case of
the CrAlN coat, the substrate preparation was found to have no significant impact on its
properties. Heat and surface treatments are techniques generally proven to be useful for
improving mechanical properties by causing changes to the surface of materials [18]. In
summary, steel X39Cr13 is a popular, medical-grade material used for various instruments,
including surgical ones [23]. Such steel can replace ferritic and austenitic corrosion-resistant
steels. Apart from heat treatment, this steel may be subjected to surface treatment, e.g.,
ion nitriding, because such a treatment is more frequently applied to alloy steels, which
are also subjected to passivation. Plasma nitriding allows for surface activation in alloy
steels with a passive layer. The combination of heat and surface treatments enables better
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practical properties to be obtained for medical instruments made of X39Cr13 steel. The
process of sterilization is used in practice not only as a disinfection treatment but also to
ensure relaxation in own stresses, e.g., after sharpening or operating.

4. Conclusions

Based on the microstructure investigations and fractal analyses, the following state-
ments and conclusions can be formulated:

1. The structure of the top layer of the initial steel (after quenching and tempering) is
monofractal (granular) (D2 = 2.43; fc2 = 1.97 nm).

2. Corrosion tests performed on heat-treated steels show their heterogeneous surfaces
composed of bifractal, clustered pits (a mixture of fine- and coarse-grained struc-
tures of various alignment lengths) next to an unchanged structure outside the pits
(D1 = 2.17; fc1 = 0.303 nm; D2 = 2,59; fc2 = 4.76 nm).

3. Nitriding substantially strengthens corrosion resistance and slightly modifies the
structure of the top layer of steel: it shortens the range of the self-similarity area (gran-
ularity) without changing their degree of development and multiplicity of description
(fc2 = 1 nm).

4. Temperature was found to be the main factor influencing the properties of the layer
generated on the examined steel.

5. Fractal characteristics were found to be reliable measures of surface development
as well as reliable descriptors of the spatial structure of the surface layer. These
characteristics allowed us to recognize the effects of surface degradation.
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40. De Anders, C.G.; Caruana, G.; Alvares, L.F. Control of M23C6 carbides in 0.45C-13Cr martensitic stainless steel by means of three
representative heat treatment parameters. Mater. Sci. Eng. 1998, A241, 211–215. [CrossRef]

41. Heimanne, W.; Oppenheime, R.; Wessling, W. Stainless Steels. In Steel: A Handbook for Materials Research and Engineering, Volume 2:
Application; Eisenhüttenleute, V.D., Ed.; Springer: Berlin/Heidelberg, Germany, 1993; Chapter C13; pp. 382–422.

42. Tillmann, W.; Grisales, D.; Stangier, D.; Butzke, T. Tribomechanical behaviour of TiAlN and CrAlN coatings deposited onto AISI
H11 with different pre-treatments. Coatings 2019, 9, 519. [CrossRef]

http://doi.org/10.1016/S0921-5093(97)00491-7
http://doi.org/10.3390/coatings9080519

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 
	References

