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The aluminum alloys D16 and AMg6 were irradiated using the high-current relativistic electron beam in
vacuum. Intense electron irradiation of the materials modified their physical properties. The fractal character of the
fracture surfaces’ images was studied. The change of the fractality is a distinguished descriptor of the materials
modification. The characteristic ductile and brittle fractures are accompanied with the change of the fractal

dimension.
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Introduction

Obtaining protective surfaces is one of the key tasks
for ensuring the safety of both human health and technical
systems. Among the many existing approaches to tackle
this problem for metals, the irradiation treatment of
surfaces can be selected. The popular approaches in this
domain are: (i) laser treatment, (ii) irradiation with ions,
(iii) processing with electron beams. The focus of current
research is on obtaining hardened surfaces of metal plates
by irradiating them with high-current relativistic electron
beams (HCEB). Relativistic energy of electrons provides
a deeper influence into the material (a hundred microns at
0.3-0.5 MeV for light metals), while intensive currents
induce extreme volumetric thermo-mechanical conditions
[1,2]. This technology can be an efficient tool of
modification of the metallic surface to the required
performance characteristics: microhardness, abrasion
resistance, corrosion resistance, etc. Also, they could be
further combined with additional techniques like electro-
erosive alloying to enhance the surface properties [3].

At the same time, it is known [2, 4] that the HCEB
treatment has a heterogeneous impact on the metals due to
its radiation, temperature, and shock-wave effects. In this
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case, the depth of the modified layer significantly exceeds
the average range of electrons in the material. Thus, the
microstructure together with such an indicator as the value
of microhardness, change significantly along the depth. It
is stipulated, that interlayers can dampen possible external
impacts. It is also found that the pretreatment of aluminum
alloys with HCEB leads to a significant improvement in
their superplastic deformation [5]. The dislocation density
distribution over the volume of the irradiated material and
their spatial orientation change even more unpredictably.
Considering the above list of effects that occur during the
irradiation of HCEB metal plates from the point of view
of the possibility of obtaining impact-resistant materials,
we can say that they represent certain technological
prospects. The protective property of the material depends
on its ability to convert the kinetic energy of the striking
object into its own internal energy, as well as into the
energy of its own deformations in all directions, with the
exception of the direction in which the protected object is
located. It is possible to approach the implementation of
such requirement by creating an anisotropy in the
microstructure of a solid material utilizing HCEB.

Since we are dealing with a non-homogeneous
distribution of the characteristics of an object, it is possible
to use the apparatus of fractal analysis as a macro tool to
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evaluate the effect the HCEB irradiation by examining the
fractures of the irradiated materials and the reference
material. The fractal analysis can provide quantitative
descriptors of the objects under study. The relative change
of those descriptors actually is a result of the change in the
microstructures and their corresponding fracture
mechanisms. A common fractal descriptor is a fractal
dimension D. It denotes changes in complexity in the
surface under study. The more complex is the surface
(e.g., roughness, visible features), the more complex is the
distribution of the fractal dimension [6]. However, one
should be aware about that changes in D may not actually
result in changes in particular mechanical properties and
vice-versa as the techniques used to calculate D can be
insensitive to the provided changes. For example, a
hardness could change while a fractal dimension stays
almost the same.

2 aluminum alloys were selected for study: AMg6
alloy of the Al-Mg system and D16 of the Al-Cu-Mg
system. These alloys are commonly used in aerospace
domain and for special light-vehicle production. These
alloys were also studied by our team and results were
presented in [7], and thus suited for this case study to
investigate their fractures using fractal analyses.

I. Materials and methods

The aluminum alloys D16 (91.9% Al; 4.8% Cu; 1.5%
Mg; 0.8% Mn; impurities Fe and Si up to 0.5%, wt.%) and
AMg6 (92.197% Al, 0.1% Cu; 6% Mg; 0.6% Mn; 0.4%
Fe; 0.4% Si; 0.2% Zn; 0.1% Ti; 0.003% Be, wt.%) were
used in the current research [7]. The samples of irradiated
materials were prepared in a form suitable for subsequent
mechanical deformations in various modes.

Irradiation was carried out on the TEMP-A pulsed
electron accelerator NSC KIPT [1] with the current -2 KA,
electron energy of 0.3 MeV, and the pulse duration around
5 us. The irradiation was conducted in the vacuum.

To prepare the samples for fractographic analyses, the
samples were broken at a room temperature and the
fractures were studied using a JEOL JSM-840 scanning
electron microscope.

Fractal character of the SEM images of fractures was
studied as per methodology described in [8]. Variation of
intensity in the grayscale SEM images of microstructures
is a composite characteristic property which depends on
the fracture roughness, grain structure, and on the
scanning properties such as illumination (signal) and
focus. If it may be assumed that the microscope imaging
conditions are optimal, then the fractal analysis can be
performed for the SEM images to describe the target
microstructures.

Fractal dimension analyses were conducted using the
in-house software package based on the Clarke’s
triangular prism surface area method (TPSAM) and spin-
off methods [9, 10]. Basically, Clarke extended the
Mandelbrot approach to an area grid. TPSAM enables
calculation of the fractal dimension of a digital surface by
plotting virtual prisms on the surface using the pixel gray-
level values. The surface area A is covered with the
triangular prisms on a square window with a step size
6. Then, a least square regression of A- § though the data
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points is plotted for multiple & on the log-log scale [11]:

A(8) = N(6)62 = K§*P (1)
Log(A) =K+ (2—-D)Log(6) 2)
D=2-8 (3)

where N(6) is a number of steps performed, K is a
constant, D is a fractal dimension, while g is a slope of the
regression line. If there is no slope of the line log(D)-
log(8), then D tends to the theoretical value of 2. In other
terms, a grayscale image is considered as a matrix of
certain x xy pixel size, while a gray-scale intensity (1..256)
of an image is considered as a height. Thus, it is possible
to cover the image with virtual prisms and calculate a
fractal dimension map as described above.

The corresponding software package was previously
developed in Pascal/Delphi [12]. For calculations in this
research, the original TPSAM method was selected on the
squared windows 4x4 pixels with a sliding step of 1 px.
The data A- § was calculated increasing the step size &
from 1 to 4 px. A starting point for a 1 px prism was taken
as a top left corner of an image, selection of such starting
point was assumed to have a negligible effect as the
calculation was done with a sliding step of 1 px in X & y
directions. Next, a slope of a regression line was
calculated. Small window size minimized blurring and
smoothing of the features. TPSAM method is known to
underestimate or distort the fractal dimension D, thus the
tests were conducted to establish such effects. In general,
the possible over- or underestimations of the fractal
dimension are of less importance because the fractal
analyses are used for comparison between samples, and in
the case if we need to make a correction for the
underestimation, it is advised to refer to the study in [13].
Regarding error of calculations of fractal dimensions, it is
possible to estimate it directly from computations,
however, it makes the computations more complex, and it
is harder to relate to them. It was recommended to do
actual tests on images, if a fractal dimension tends to some
theoretical expected value. The authors followed the latter
approach.

The necessary visualizations and data post-processing
were performed in Python 3, incl. the library plotly v5.11.
The scripts were written in the Jupyter notebooks which
facilitates development due to user friendliness and
collaboration between the developers.

I1. Discussion

Prior to analyses, the tests of fractal calculations were
performed. As the data objects for analyses are SEM
images, it was necessary to establish how the algorithm
calculate the fractal dimension D for some simple cases.
For example, Fig. 1a shows the test sample 1 which is a
cropped piece of the SEM image of the relatively flat
fracture surface and the test sample 2 which is also a piece
of SEM image but out-of-focus sample surface. The
sample 1 was actually taken from Fig. 2b and the sample
2 was from Fig. 2a. Having calculated the fractal
dimensions, the fractal maps were obtained. As the
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sampling window was 4x4 pixels, the actual smoothing
effect was not large compared to the cases with large
sampling windows like 10x10. However, as the algorithm
slides across 2 dimensions of the SEM image while
processing the grayscale intensity, some blurring appears.
The blurring effect is noticeable on the sharp boundaries.
For example, the sample 1 has a white background due to
cropping. This boundary blurs on the fractal map. Thus, it
is important to have high-resolution images and to
minimize a sampling window size while trying to explore
small objects with higher accuracy.

When the fractal maps are calculated, one can plot a
distribution of fractal dimensions against number of
pixels. Such fractal distributions are presented on Fig. 1b,
but they are also normalized on the maximum value of
frequency of pixels in each distribution to enable relative
comparison between the samples. The bin size of fractal
dimension for all our distributions is 0.01. The sharp peak
at D~2 for the sample 1 corresponds to the white
background of the cropped image. Basically, a flat 2-
dimensional surface should have no features and no
complexity. When the pixel intensities start to variate, D
grows. The flat fracture surface of the sample 1 has a
second peak at D~2.37. The sample 2 has a wide peak at
2.46, which is characterizes a more chaotic object. It

"SEM ) Fractalm'ap" SEM ~Fractal map
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appears, that the method is sensitive to the small variations
of intensities or noise as expected [10]. Noisier SEM
images will have a wider peak at D~2.5. It is seen that the
calculated value at the peak D~2, tends to the theoretical
value at D~2. A calculation error can be estimated as a full
width at a half maximum, and it was around ~ 0.01
(however, for that particular test a bin size for a fractal
dimension distribution was taken at 0.002). The relative
error of all calculations of fractal dimensions in this
research was assumed to be around ~ 0.01.

During calculations of D, the actual values are not
limited within a max theoretical value of 3 and a min value
of 2. The Clarke’s algorithm may not fit properly the
actual surface with the virtual prisms, thus, leaving for
some errors. So, the values might be a little lower than 2
or higher than 3 for few points on the large SEM image.
With those assumptions, it is now possible to proceed to
analyses of the real fractograms.

Fig. 2 shows the fractogram of the AMg6 alloy. On
the left side of Fig. 2a, the target surface is melted by the
beam, which is characterized by grain elongated
perpendicular to the surface. This is a common
recrystallized microstructure of the melted zone (MZ) due
to directional crystallization. The thickness of the
recrystallized MZ reaches ~ 100 pm at the epicenter of

Fig. 1. Tests on pieces of SEM images (a) and their corresponding (b) distribution of the normalized frequency of
the calculated fractal dimensions of the SEM images, where (1) is the test sample 1, (2) is the test sample 2.

SEI 20kV x800 10pm

Karazin National University Amg irrad WD:20 I:310 No:4874 5.03.13

a

SEI 20kV x800 10pm

Karazin National University

b
Fig. 2. Fractograms of the fracture of the AMg6 alloy. (a) irradiated material, near-surface area, (b) reference
material in the central part of the sample

Amg irrad WD:20 I:610 No:4885 5.03.13
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irradiation, however, the beam melts up to the depth of
around 500-600 pm but most of the material is lost due to
ablation into the environment. The elongated grains have
a thickness of ~1-5 pm, and traversing the whole MZ. On
the right side of Fig. 2a, there is a rough globular
microstructure. This is a heat-affected zone (HAZ), which
was impacted by the thermal and shock-wave effects of
the beam. The microhardness of such irradiated area is
20% higher compared to the reference material as reported
elsewhere [7]. Apart from recrystallization effects, the
formation of compression-tension waves in the target
volume contributes to the change of microstructure as it
was discussed in [14]. The fracture mechanism of MZ is
brittle with clear intercrystalline cracks and between MZ
and HAZ. In the latter case, the cracks appeared
confirming a poor adhesion between the recrystallized
layer and HAZ base, Fig. 2a.

Fig. 2b shows a fragment of the central part of the
plate. This part was not affected by the HCEB irradiation
and it represents the reference material. The reference
alloy AMg6 has the faceted microstructure of a size 2-
8 um. Its fracture mechanism is of predominantly ductile
mode with elements of brittle fracture. There are many
fine independent dimples with a diameter ~2 pm,
uniformly distributed across the fractogram. Presence of
hardening phase in terms of small particles with a size 0.5-
3 um was noticed on the facet boundaries. It is assumed
that those are Al.Mgs, (Fe, Mn)Ais, M@»Si as found in

x (px)

5]

o

[15].

In general, the HCEB irradiation resulted in formation
of the thin brittle surface layer of recrystallized material.
The mechanical properties at MZ deteriorated in terms as
a protective layer. It is known, that HCEB processing of
the materials results in some residual compressive
stresses, which actually lead to lower adhesion of the
melted zone of material to the bulk material. The stresses
were estimated to reach around 80-150 MPa [16].

The fractal dimension maps of the SEM images on
Fig. 2, are presented on Fig. 3a-b. The gray scale color bar
is characteristic similar for both, and it is omitted for
Fig. 3b. It is seen, the fractal analysis is a powerful tool for
edge detection. It clearly highlighted the grain boundaries
and the fracture cracks as the dark features which are
visible on the gray ‘noise’ background. The normalized
frequency distributions revealed the differences in the
fractal dimension for the MZ, HAZ and the reference
material. It appeared, the faceted microstructure of the
reference material has a larger contribution of the edge
boundaries, thus leading to a shift to lower D values. The
melted zone itself has the highest contribution of the
background noise as it is featureless compared to others
judging on its peak position and width with trails. HAZ
with the faceted-globular microstructure has intermediate
distribution of fractal dimensions due to its nature of
formation. To illustrate the difference between ‘noise’
background and the edge features, Fig. 3d was built by

y (px)

y (px)

Fig. 3. Calculated fractal dimensions of the SEM images for the AMg6 alloy: (a) irradiated material, (b) reference
non-irradiated material. The color bar of the fractal dimension D is included in (a) for illustrative purposes. (c)
shows the distribution of the normalized frequency in the areas: 1) MZ, 2) HAZ, 3) non-irradiated reference. (d)
illustrates a filtered fractal dimension map for (b), where D < 2.2.
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Fig. 4. Fractograms of the D16 alloy: a) irradiated (HAZ) zone, b) non-irradiated reference.

o
L

Fig. 5. Distribution of the normalized frequency of the calculated fractal dimensions of the SEM images in the
areas: 1) irradiated (HAZ) zone, 2) non-irradiated reference of the D16 alloy.

filtering the Fig. 3b data set for D < 2.2. Some differences
between the backgrounds (D>2.2) for all zones can be
found, but it is currently unclear what is an actual effect of
the SEM imaging conditions and the actual
microstructures, and it requires some future
investigations.

The study of the fractures of the D16 aluminum alloy
were started earlier by the team in [7]. As it can be seen in
Fig. 4a, the fracture of the irradiated part of the target was
accompanied by the release of internal stress energy,
which manifested itself in the deformation at the
mesoscale level. The reference material is presented on
Fig. 4b, the fracture went in a predominantly brittle mode
with intergranular fracture and fine dimples. The
irradiated material has the ductile mechanism of fracture
in the heat-affected zone, accompanied with large deep
dimples and tear ridges. From the point of view of
absorption of external shock energy, the irradiated
material may be better as a protection layer. Fractal
dimension analyses (Fig. 5) revealed the shift of the
distribution to lower D values, both in terms of a peak
position and a higher-D trail. The shift in the fractal
dimension distribution is basically contributed by the
change in the fracture mode and thus, in a presence of
more edge features. Based on the results from the AMg6
alloy and the D16 alloy, it appeared that the more brittle
aluminum alloys are, the higher is the contribution of
noise, and the higher ductile microstructures have the
SEM fractograms with the distributions significantly
contributing at D~2.
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It is suggested, that the nonlinearity of the behavior of
the mechanical properties of the aluminum alloys can be
extended by considering the fractal dimension of the
microstructure, i.e. their fractures. In such case, the
behavior may follow the modified Hall-Petch expression
as described by Tian et al. in [17]:

k

ra-2

F

g = Z(l + (4)
where F is the applied force to the crystalline object with
a section of size A, k is a constant, r is a size of crystallites
or grains, and «a is a fractal dimension. It becomes the
classic Hall-Petch relationship when a=5/4. In general, it
is hypothesized, that the fractal dimension influences on
the local mechanical properties, and it could be useful to
do tensile testing, or pico- or nano-hardness testing in
future to confirm the relation. Also, more solid
understanding of the fractal descriptors of the fractures
and the microstructure, could assist with prediction of
materials failure. However, it is still unclear how the
calculated fractal dimensions should be used as the
distributions have large contribution of noise, chaotic
variations of SEM imaging conditions. A possible
improvement is extraction of components from the fractal
dimension distributions as on Fig. 3: noise/background as
a gaussian distribution with a peak around D~2.4-2.5, and
contribution of other features with peaks at D~2-2.3. More
studies are planned to be conducted in this field by our
team.
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The possible application domains of fractal analyses
of microstructure images could be extended to more
simple matters as it simplifies the edge detection for the
grain boundaries and other high-contrast features. For
example, the automated analyses of microstructure can be
implemented if combined with other methods. Such
approach may provide the details on the fracture
mechanisms, comparisons of microstructures, quantitative
description of the microstructures.

Conclusions

Modification of the surfaces of aluminum alloys by
processing with high-current relativistic electron beams
changes the microstructural nature of their near-surface
layer. HCEB processing of the AMg6 alloy caused
embrittlement of the melted area. The heat-affected zone
of the materials also went through substantial changes in
microstructure. HAZ in D16 alloy became more ductile
compared to the reference material. The fractal analyses
revealed the distinct differences of the alloys before and
after modification in terms of fractal dimension of the
SEM images of their fracture surfaces. More ductile
sample areas appeared to have a larger contribution of
fractal dimension close to 2, compared to more brittle
microstructures due to abundance of edge features in the
former case.
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