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HIGHLIGHTS

« Fractal dimensions of fracture surfaces of steels before and after irradiation were calculated.
« Fractal dimension can effectively describe change of fracture surfaces induced by irradiation.
« Correlation of change of fractal dimension with embrittlement of irradiated steels is discussed.
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A fractal analysis of fracture surfaces of steels (a ferritic/martensitic steel and an oxide-dispersion-
strengthened ferritic steel) before and after the irradiation with high-energy ions is presented. Fracture
surfaces were acquired from a tensile test and a small-ball punch test (SP). Digital images of the fracture
surfaces obtained from scanning electron microscopy (SEM) were used to calculate the fractal dimension

(FD) by using the pixel covering method. Boundary of binary image and fractal dimension were deter-
mined with a MATLAB program. The results indicate that fractal dimension can be an effective parameter
to describe the characteristics of fracture surfaces before and after irradiation. The rougher the fracture
surface, the larger the fractal dimension. Correlation of the change of fractal dimension with the embrit-
tlement of the irradiated steels is discussed.

© 2015 Published by Elsevier B.V.

1. Introduction

The concept of the fractal dimension (FD) related to irregular
objects with a self-similar property provides a basis for the
quantitative characterization of the tortuosity of fracture surfaces.
A number of studies have focused on the fractal characteristics of
fracture surfaces since Mandelbrot et al. first introduced this con-
cept to materials science in 1984 [1]. And a variety of methods
were proposed to determine fractal dimension of fracture surfaces
for the last two decades. The method of sections perpendicular was
used to determine the fractal dimension of fracture profile in rela-
tion to the distance from the blunted crack tip [2], and the results
indicate that the fractal dimension of fracture surface profile shows
a wavy character as the distance from the fatigue crack tip changes.
Slit island method (SIM) [1] was first used to estimate the fractal
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dimension of fracture surfaces acquired from Charpy impact test
in 1984. After that, a non-destructive technique which is a
combination of slit island technique and digital image technique
was used to determine the fractal dimension of fracture surface
of concrete [3]. The combination of digital image technique and
computer technique contributes to the development of a non-de-
structive technique for determining the fractal dimension of frac-
ture surface [4-13]. The fractal characterization of multi-scale
porous scaffold was estimated by means of image processing (IP)
and box counting method [9]. The image used for [P was obtained
from scanning electron microscopy (SEM). de Campos et al. [10]
found a correlation between the stretch zone width and fractal
dimension with specimen thickness based on image stacks
acquired from a Nikon Epiphot 200 reflected light microscope
equipped with a Diagnostic Instruments Spot Insight Color QE digi-
tal camera. Digital image usually worked together with box count-
ing method in determining the value of FD [8-13]. Details of box
counting method are described in Refs. [14,15]. An improved mod-
ification method of determining FD based on SEM images was pro-
posed in Ref. [11], which possessed high accuracy and stability.
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Exploration on relation between the fractal dimension of frac-
ture surfaces and mechanical properties of steels underwent con-
ventional treatment has been done by many researchers [3,7,10-
12]. However studies on fracture surfaces acquired from irradiated
steels with energetic ions or neutrons were rarely reported.
Ferritic/martensitic steels or austenitic stainless steels have been
chosen as candidate materials for the liquid metal container of
European Spallation Source [16]. And oxide dispersion strength-
ened (ODS) high-Cr ferritic steels have been chosen as candidate
materials for fuel cladding tubes in Generation IV or the blanket
components in fusion DEMO reactors [17,18]. In the present work,
fractal dimensions of fracture surfaces of these two kinds of steels
under conditions of high-energy ion irradiation were calculated, by
applying the technique of IP combined with box counting method.
Correlation of values of FD with irradiation embrittlement is
discussed.

2. Materials and methods
2.1. Experimental procedures

The materials investigated in this paper are solution annealed
AISI 304L stainless steel irradiated with 800 MeV protons and
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ODS high-Cr ferritic steels irradiated with 122 MeV Ne-ions.
Details of the steel specimens and the irradiation conditions are
given in Refs. [16,17]. For the 304L stainless steel irradiated with
800 MeV protons (to a damage level of 7.8 dpa at about 250 °C),
tensile tests were performed on specimens with a gauge volume
of 5 x 1.5 x 0.6 mm? at room temperature, using a 2 kN MTS ten-
sile machine equipped with a video-extensometer so that the elon-
gation could be measured directly in the gauge area. After tensile
testing, the fracture surfaces were observed with a scanning elec-
tron microscope (SEM) to identify the fracture mode [16]. For the
ODS ferritic steel (MA956) irradiated with 122 MeV Ne ions (to a
damage level of 0.7 dpa/350 appm-Ne at about 440 °C), mechanical
properties were evaluated by the small-ball punch test technique
(SP) using disks of 3 mm in diameter cut from the un-irradiated
and irradiated specimens [17]. The fundamentals and scheme of
the small-ball punch test were described previously [18]. In the
present test with SP, balls with a diameter of 1 mm made of sap-
phire were used. The displacement rate is 0.017 mm per second.
Specimens were tested at room temperature and 500 °C, respec-
tively. In the case of test at 500 °C, the test chamber was pumped
to a vacuum of 10~ Pa, and the specimen stage was kept at 500 °C
for 10 min before the load was applied. After the small-ball punch
test, the fracture areas of the specimens were observed with SEM.
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Fig. 1. (a) Original SEM image of a fracture area in a creep-tested 304L steel specimen, (b) binary image, (c) boundary taken to the feature parts of the binary image, and (d)

determined fractal dimension.
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