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The fractal dimension variations of several tension fracture surfaces of a duplex stainless steel broken at
room temperature has been studied after several aging treatments performed at 475 °C for 1, 2, 6.5, 12,
24, 40, and 120 h. A dimple type of fracture mode was observed for small aging times and transgranular
as well as dimple rupture for 24, 40, and 120 h of aging. The higher the time of aging is, the smaller the
fractal dimension and the true fracture strain. An expected reduction of the strength with the time of ag-
ing was observed.

Many studies have been devoted to the subject of fractals
since Mandelbrot (Ref l) developed the branch of mathematics
called fractal geometry. Fractals are noneuclidean geometrical
constructs that can relate rough, irregular, or fragmented sur-
faces to the phenomena that cause them. Fractals charac-
teristically are self-similar in shape and scale. The scaling
structure of a surface is characterized by a number D called the
fractal dimension. The calculated fractal dimension of a
smooth curve equals the euclidean dimension of a line. How-
ever, for an irregular line, D is greater than 1 and increases with
increasing roughness to a limit of 2. For surfaces, D can range
from 2, for a smooth surface, to 3 for a volume-filling object.

Fractal geometry is a very useful tool for evaluating the geo-
metrical characteristics of a fracture surface (Ref 2-6). Al-
though much of the work on fractal characteristics of metallic
alloys has shown a relationship between D and toughness (Ref
7-11), no experimental measurement of the fractal dimension-
tensile properties relationship is available for many commer-
cial metallic alloys. The present experiments on a duplex
stainless steel show that D can be used as a characterization pa-
rameter because it correlates well with the strength and ductil-
ity values derived from tension tests.

On the other hand, due to the very good combination of the
most outstanding properties of ferrite and austenite, the micro-
structure of duplex stainless steels allows them to obtain high
strength and toughness levels (even at low temperatures) and
good resistance to localized corrosion and stress corrosion
cracking (Ref 12-14). As a result of these combined effects, du-
plex stainless steels have become very popular for many appli-
cations in the chemical and oil industries. In practice, the
prolonged use of these materials at temperatures below ap-
proximately 500 °C may cause an embrittlement of the ferrite
phase, which has been called 475 °C embrittlement. The em-

brittling reaction due to the decomposition of the ferrite phase
into a Cr-rich, α′, and Fe-rich phase, α, impairs the toughness
and enhances the hardness (Ref 15, 16). Thus, the isothermal
aging at 475 °C can be exploited to produce a variety of
strength values associated with the corresponding decreases in
ductility and variations of the fractal dimension of the fracture
surfaces.

The composition of the duplex stainless steel employed is
listed in Table 1. The as-received material was originally hot
rolled to a rod of ≅31 mm diameter by a commercial supplier.
The microstructure consisted of elongated domains of ferrite
and austenite, the proportion of the phases being approximately
50 to 50. Cylindrical specimens (with reduced section diame-
ters of 6.35 mm and gage lengths of 25.4 mm) for tensile testing
were machined from the rods, solution treated for 2 h at 1120
°C, water quenched, and subsequently aged at 475 °C for 1, 2,
6.5, 12, 24, 40, and 120 h (two samples for each condition).
Room temperature tensile tests were done by duplicate in an In-
stron tensile machine (Instron Corporation, Canton, MA) at a
strain rate of 10–3 s–1. The fracture surfaces of the broken sam-
ples were analyzed using a Hitachi S2400 scanning electron
microscope (Nissei Sangyo Corp., Tokyo, Japan) operated at
25 kV. One fracture surface for each condition was mounted in
resin. Before the mounting step, the fracture surfaces were
given an electroless coating, in order to preserve the features of
the profiles generated after a cross-sectioning operation per-
pendicular to the surface.

After metallographic preparation, the profiles were ana-
lyzed to evaluate their apparent length, L, with a digitizing soft-
ware using rulers of different sizes, η, according to the fracture
profile analysis (Ref 17, 18) and to the Richardson-Mandelbrot
equation (Ref 19):
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Table 1 Chemical composition of the material

Chemical                    Composition, wt %

Cr 21.90
Ni 5.50
Mo 3.10
N 0.13

Mn 1.50
Si 1.13
C 0.03
Fe   bal
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L(η) = L0η−(D−1)

where L0 is a constant with dimensions of length. Figures 1 and
2 show the inverse relationship between L and the size of the
measurement unit η for the as-received condition and for the
isothermal aging treatments. In general, the curves from Fig. 1
and 2 show the reversed sigmoidal behavior (Ref 20); then the val-
ues of D were evaluated in the central linear portion of each curve.
As can be seen in Table 2, the fractal dimension values de-
crease monotonically with the aging time, from 1.19 for the
as-received condition, to 1.05 for the material aged for 120 h.

Figure 3 is a semilogarithmic plot that demonstrates the ef-
fect of aging time on yield strength, σys, true tensile strength,

σts, and true fracture strain, εf. Aging at 475 °C induced signifi-
cant embrittlement, which promotes an increase in yield
strength and true tensile strength and a decrease in ductility.
This is not surprising, because it is well established that the ma-
jority of all factors or treatments that strengthen metallic alloys
are associated with a decrease in ductility. All these effects are
attributed to the precipitation of α′, which enhances the ten-
dency to twinning, imposing restrictions on the slip processes
and   increasing the possibility for microcrack initiation (Ref
21). Figure 4 summarizes the relation developed between the
tensile properties and D. Since the fractal dimension has been
considered a measure of the surface roughness (Ref 22, 23), the
direct relation between D and εf displayed in this figure can be
explained in terms of the microvoid morphology developed

Fig. 1 Richardson-Mandelbrot curves corresponding to the as-
received condition and for the material aged at 475 °C between 1
and 6.5 h

Fig. 2 Richardson-Mandelbrot curves corresponding to the ma-
terial aged at 475 °C between 12 and 120 h

Fig. 3 Effect of aging time on strength and ductility of the 
duplex stainless steel studied

Fig. 4 Dependence of strength and ductility on the fractal 
dimension of fracture surfaces
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during the fracture process. The higher the time of aging is, the
smaller the size of the intervoid ligaments and the average dimple
size. As a result, the surface irregularity decreases. Examples of
fracture surfaces corresponding to the as-received condition and
6.5, 24, and 120 h of aging are shown in Fig. 5. For the first and sec-
ond conditions (Fig. 5a, b), the larger amount of plastic growth
permitted before the microvoid coalescence event is clear. On the
other hand, the fracture surfaces corresponding to 24 and 120 h
of aging show a mixed topography with secondary transgranu-
lar cracking as well as a dimple type of fracture mode. An ex-
pected reduction of σys and σts with the fractal dimension
increment can be observed in Fig. 4.

The fractal approach may ultimately be perfected for adop-
tion as a quantitative tool in fractography, but it deserves much
experimental research effort.
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