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a  b  s  t  r  a  c  t

The  relation  between  room  temperature  impact  toughness  and fractal  behavior  of  the
fracture  surfaces  of SAF  2507 super  duplex  stainless  steel,  aged between  0 and  288  h  at
475 ◦C, has  been  studied.  Fractography  was  performed  in  a scanning  electron  microscope
and  the fractal  dimension  was  determined  according  to  the  slit  island  method.  A  mono-
tonical  decrease  in  fractal  dimension  was  observed  as the  time  of  aging  increases  from  0
to 288  h. For  the  entire  range  of aging  times,  a complete  transition  from  ductile  to  brittle
behavior  was  observed  as  the  impact  toughness  decreases  from  284  J (0-24  h) to 43  J (288  h).
Ductile  fracture  occurred  by  nucleation  growth  and  coalescence  of  micro-dimples,  while
the brittle  behavior  was  characterized  by the  propagation  of  cleavage  cracks  in ferrite,
controlled  by  plasticity  of the  surrounding  austenite.  Partially  based  on several  previous
concepts  and  relationships  well  established  for brittle  materials,  a direct  linear  correlation
between  impact  toughness  and  fractal  dimensional  increment  has  been  developed.  The

concept of  critical  volume  of  material  is proposed  and  tentatively  related  with  the  unsta-
ble  crack  propagation  event,  through  both,  the so  called  critical  length  (microstructurally
significant  distance)  and  the  size  of the  largest  micro-dimple  and  cleavage  facet  (structural
parameter)  developed  in ductile  and  brittle  fracture  respectively.

© 2014  Saudi  Society  of  Microscopes.  Published  by Elsevier  Ltd.  All  rights  reserved.
1. Introduction

An attractive combination of mechanical properties and
corrosion resistance is offered by SAF 2507 type (UNS
S32750) super duplex stainless steel (SDSS), which has
resulted in its extensive use by the offshore oil and gas
industries [1,2]. Room temperature impact fracture tough-
ness  in this alloy is very high in the solution annealing

condition [3], but several secondary phases impair its
behavior [4–6]. One of these phases is the chromium-
enriched alpha prime phase (˛′) which is expected to form
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at temperatures below 500 ◦C, and has been commonly
studied at 475 ◦C [7–9]. Being SAF 2507 one of the most
widely used SDSS grades, it is desirable to understand
its impact toughness behavior from the point of view of
the  changes of the fracture morphology. Since the local
stress state and fracture strain are different for different
types of fracture morphologies in the same material, frac-
tal  geometry can be used to describe these morphologies,
being useful not just as another quantitative fractographic
method, but as a powerful tool for a better understand-
ing of the different mechanisms of fracture [10–12]. Fractal

dimension D, which is a quantitative descriptor of over-
all  fracture surface, provides significant information on the
surface  topography and the processes responsible for its
changes  [13,14]. The objective of this work is to study
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Table 1
Chemical composition of 2507 SDSS (weight %).
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he relationship between the room temperature impact
oughness of SAF 2507 SDSS and the fractal behavior of
he  corresponding fracture surfaces, after different aging
reatments at 475 ◦C.

.  Material and methods

The  SDSS used in this study was type 2507 supplied
y AB Sandvik Steel® with the composition listed in
able 1. This material was fabricated into hot-rolled bars
ith  diameter of 25.4 mm.  Fig. 1 shows the two-phase
icrostructure of austenite islands (�) elongated in the

olling  direction and a ferrite matrix (˛) in a proportion
f ≈50/50. The microstructure was revealed by mechan-
cal  etching in HCl + K2S2O5 solution. 40 standard Charpy
-notch impact specimens were prepared and solution-
reated at 1100 ◦C for 30 min. After solution treatment, the
pecimens were water quenched, and 35 samples out of
0  were isothermally aged at 475 ◦C for 3, 9, 24, 72, 120,
92  and 288 h (5 samples for each time of treatment). The
emaining 5 solution-treated samples will, subsequently,
e referred to as “0 h” aged samples. All impact specimens
ere tested at room temperature in a universal impact

est machine. Fractography of the broken samples was
erformed in a scanning electron microscope (SEM). The
racture  surfaces were analyzed according to the slit island

ethod  (SIM) [15–17]. One fracture surface for each experi-
ental  condition was mounted in resin, and after a series of

olishing  operations parallel to the mean plane of fracture,
 pattern of metallic “islands” was revealed. When the area

 and the perimeter P are measured for a set of “islands”
sing the same ruler length, the fractal dimension D was
btained from full logarithmic scale diagrams of

∑
Pi vs.
Ai, being Pi and Ai the perimeter and the area of the ith
sland on a particular jth layer containing n such islands
espectively. From the resulted straight curves the fractal

ig. 1. Optical micrograph of the as-received microstructure of SAF 2507
DSS (longitudinal section of the original hot-rolled bar).
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dimension becomes: D = 2 × slope. Since D* is the fractional
part of the fractal dimension (0 ≤ D* ≤ 1) it follows that

D∗ = 2
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3. Results and discussion

3.1.  Fractography

3.1.1. Samples aged between 0 and 24 h
The  fracture surfaces of the impact samples aged

between 0 and 24 h are shown in Fig. 2. The intrin-
sic micromechanism governing fracture was  nucleation
growth and coalescence (NGC) of micro-dimples [18–20].
The  features showed on the surfaces are typical of a high
toughness material. From the SEM fractographs of Fig. 2(a
and  b), it is evident that the inclusions contribute signifi-
cantly to the fracture process. In these fractographs, arrows
labeled 2 and 4 show some dimples holding inclusions of
irregular  and spherical form respectively. While the differ-
ent  events which conform the fracture process including
the  nucleation of a dimple and its subsequent growth to
cause  final coalescence are at times difficult to differenti-
ate between, it is certain that inclusions are responsible for
the  initiation of a general crack in high toughness materials
[21,22]. Other characteristic features of these fracture sur-
faces  are the several regions of shear localization between
voids, consisting of small dimples or void sheets nucleated
at  later stages of the plastic deformation, some of which are
shown  in regions 1 and 3. Empty shallow dimples as the one
in  region 5 are also visible on both fracture surfaces.

As in the previous fractographs, Fig. 2(c) shows a com-
plex  grid of fine voids or void sheets (region 6) around the
big  dimples. It was  noted that for 0, 3 and 9 h of aging, the
average dimple was  roughly equiaxed. One of these reg-
ular  dimples is shown at 7. While the fracture surfaces of
the  steel shown in Fig. 2(a–c) were Mode I dominated with
limited  evidence of localized shear, the surface correspond-
ing  to the 24 h of aging (Fig. 2(d)) shows that the fracture
occurs by a localized mixed Mode I/II leading to a partially
shear rupture of void coalescence mechanism. Two  charac-
teristic  parabolic dimples commonly observed in this kind
of  mixed mode of fracture are shown in Fig. 2(d) in regions
9  and 10. Also, an inclusion associated to a parabolic dim-
ple  is observed in the same figure at 8. From a statistical

point of view the impact behavior of the studied alloy is
uniform  for the range of aging times between 0 and 24 h,
as  can be seen in Table 2. Averaging over the entire range of
data  (0–24 h), the corresponding absorbed energy becomes
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507 SDS
Fig. 2. SEM fractographs of the broken samples of SAF 2

≈284 J (nearly the same average value corresponding to 9 h
of  aging).

3.1.2. Samples aged between 72 and 288 h
Fig.  3 shows the fractographs of the impact samples

aged between 72 and 288 h. The fractograph depicted in
Fig.  3(a) (72 h of aging) shows a void sheet in region B
separating two dimpled zones in regions A and C. Shear
rupture of void coalescence mechanism prevails in region
A,  whereas Mode I is predominant in region C. Typical
equiaxed and parabolic dimples holding inclusions labeled
1  and 2 are seen in zones C and A respectively. With regard
to  the impact toughness, its value drops about 32% as com-
pared  to the material aged between 0 and 24 h. On the
other  hand, contrary to the previous fracture topographies,
Fig. 3(b–d) (120, 192 and 288 h of aging) show fracture

surfaces predominantly brittle with few areas of ordi-
nary  ductile fracture (as the void region shown in 5). For
these  brittle fracture surfaces it was noted the presence
of many characteristic cleavage facets as can be seen in

Table 2
Impact energy data for different times of aging at 475 ◦C.

Time t (h) 0 3 9 24 

Impact
toughness, I (J)

300.00 300.00 296.31 296.18 

300.00 300.00 295.91 287.98 

300.00  298.50 282.69 272.21 

299.50  297.10 278.43 239.41 

299.10  295.81 269.91 173.17 

Ī  ± � (J) 299.72 ± 0.37 298.28 ± 1.64 284.65 ± 10.22 253.79 ± 44
S, aged at 475 ◦C for: (a) 0 h; (b) 3 h; (c) 9 h and (d) 24 h.

4,  7, 8, 9, 10 and 11. An example of the low ductility of
these  brittle fracture surfaces is readily appreciated from
the  inclusion shown at 6, where the associated dimple
has not been well developed. In despite of their brittle
appearance, the fracture surfaces depicted in Fig. 3(b and
c)  are related to a relative high energy absorption values,
as  can be seen in Table 2. On the other hand, the SAF 2507
SDSS  has an inherent high impact toughness, which can
be  explained in terms of the deformation of the austenite
islands according to the rupture mechanism model devel-
oped  by Verhaegue et al. [23] in an austenoferritic duplex
steel.  This rupture mechanism model involves an atypi-
cal  fracture surface morphology which consists of an array
of  cleavage facets in the ferritic phase intercalated with
deformation holes in the austenitic phase. Several holes
of  this type associated to the plastic deformation of the

austenite and surrounded by many cleavage facets can be
seen  in 3 and 12 (Fig. 3(b and d) respectively). The lowest
impact toughness (43 J) was  reached after 288 h of aging
(Fig.  3(d)).

72 120 192 288

198.31 146.19 109.81 69.14
197.55 136.21 107.27 64.61
214.93 124.00 101.42 41.70
190.15 115.90 81.00 21.12
169.66 112.00 80.40 19.88

.75 194.12 ± 14.67 126.86 ± 12.73 95.98 ± 12.77 43.29 ± 20.81
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.2. Ferrite embrittlement and fracture topography

According to the above mentioned rupture mechanism
odel [23] although solution annealed and low-time aged

uplex  austenoferritic alloys usually fail in a ductile way
n  both austenitic and ferritic phases, for long enough time
f  aging, the material shows that cleavage cracks nucle-
te  in the embrittled ferrite and do not propagate in a
atastrophic way in the material, as the austenite remains
uctile. Once nucleated, the propagation of a cleavage crack

n  ferrite is controlled by plasticity of the surrounding
ustenite.

For a brittle fracture surface in a duplex steel, the propa-
ation of a crack nucleated in ferrite can be described in two
teps.  First: the crack is extended from the size of the nucle-
us  up to the spacing between austenite islands, blunting
n  austenite where the crack tip lies at a ferrite/austenite
nterface. Second: the crack moves into the austenite, and
ts  extension is controlled by the stretching of the austenite
igaments that have been passed round. Thus, the fracture
urface consists of numerous cleavage facets in ferrite, sur-
ounded  by holes of different morphologies developed in
he  austenite phase, which can be seen in the fractographs
f Fig. 3(b and d).

The  embrittlement of the studied alloy is caused by
he  decomposition of the ferritic phase to chromium-

ich phase, ˛′ and iron-rich phase, ˛. The formation of ˛′

ccurs either through the mechanism of nucleation and
rowth  or through spinodal decomposition [9,24]. Weng
t  al. [25] with the help of field-emission gun transmission

Fig. 3. SEM fractographs of the broken samples of SAF 2507 SDSS, a
 and Ultrastructure 2 (2014) 236–244 239

electron microscopy (FEG-TEM), show that the fine scale
isotropic spinodal decomposition of ferritic phase revealed
chromium-rich bright image domains and iron-rich dark
image  domains, i.e. ˛′ and  ̨ phases, separately. As only
the  ferritic phase is embrittled during aging treatment at
475 ◦C, the degradation in toughness directly depends on
the  state of the ferritic phase. From studies conducted
by atom probe field ion microscope (APFIM) Miller and
Bentley [26] suggested that the ˛′ phase forms a complex
interconnected network structure. This ˛′ network grows
as  the aging time increases. As a consequence, the degree
of  embrittlement is enhanced.

3.3.  General correlation between impact toughness and
fractal  dimension

For  many authors the fractal dimension D can be
regarded as a measure of the fracture toughness of materi-
als  [10–14,16,27–30]. Thus, fractal dimension can be used
to  monitor this property in an attempt to improve mate-
rial  strength or resistance to fracture. In spite of several
controversies, there is a general agreement that the higher
the  toughness the rougher the fracture surface [10,13]. As
the  fractal dimension is considered a measure of roughness
[31,32], the main topographical features on the fracture
surface can be related to the values of D. Fig. 4 shows full

logarithmic scale diagrams for the calculation of D. Since
the  fracture morphologies of the samples aged between 0
and  24 h are associated to the same mechanism of fracture,
namely NGC of micro-dimples (Fig. 2), the corresponding

ged at 475 ◦C for: (a) 72 h; (b) 120 h; (c) 192 h and (d) 288 h.
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) Sampl

between I and D* for SAF 2507 SDSS, it is pertinent to briefly
discuss some previous important models, in order to sus-
tain  such a relation.
Fig. 4. Fractal perimeter–area relationship for the calculation of D. (a

values of D were very close, ranging between 1.32 and 1.34
(Fig.  4(a)). Apparently, the subtle differences between the
geometry  and the orientation of the dimples, are reflected
in  the fractal dimension values. For the high toughness
fracture surfaces presented in Fig. 2 it is evident that the
combination of a localized stress state and the presence of
inclusions  induces void initiation at the inclusion-ferrite
and inclusion-austenite interfaces. These voids grow as
the  matrix undergoes plastic deformation while tearing
around the inclusions. As a result of this process, deep holes
develop  generating an abrupt ridge-and-valley topography
responsible for the relatively high fractal dimension values.
When  a partially shear rupture of void coalescence mech-
anism  occurs (Fig. 2(d)), the edges of the dimples become
roughly shallow and parabolic, generating a small reduc-
tion  in D.

After  72 h of aging the fractal dimension of the cor-
responding impact sample shows a significant decrease,
reaching a value of 1.21. This departure from the more
or  less uniform fractal behavior showed by the SDSS aged
between 0 and 24 h, coincides with the already mentioned
32% decrease in toughness observed for the material aged
for  72 h as compared to the material aged between 0 and
24  h. All the fracture surfaces obtained after impact tests of
the  samples aged during 72 h and represented in Fig. 3(a),
show  a mixture of Mode I and partially shear rupture of void
coalescence mechanism, which accounts for the decrease
in  D. In light of these facts the fracture topography asso-
ciated to the 72 h aging treatment can be regarded as a
transitional one between low and high times of aging or
alternatively, between ductile and brittle fracture behavior
(Fig.  5).

From Fig. 3(b–d), it is apparent that the dominant frac-
tographic feature for the samples aged between 120 and
288  h, is the cleavage facet, which results in a monotoni-
cally decrease in D as the time of aging increased. A lower D
value  is indicative of a decreased contribution of the cleav-
age  facets to the roughness of these brittle fracture surfaces.
Although the room temperature impact toughness of SAF
2507  SDSS decreased for increased times of aging between
120  and 288 h, it is considered that the absorbed energy
in  this range is still high enough as compared with the

standards for most of the commercial metallic alloys.

The  later particular behavior originates in the deflec-
tion of a cleavage crack nucleated in the embrittled ferrite
when  the crack tip lies at a ferrite/austenite interface. The
es aged between 0 and 24 h. (b) Samples aged between 72 and 288 h.

plasticity  of the austenite prevents an otherwise complete
brittle behavior. In despite of this, the cleavage facets form
a  relatively low angles with the local mean plane of frac-
ture,  generating a lower surface relief and a lower fractal
dimension. The impact toughness-fractal dimension rela-
tionship  for the aged SAF 2507 SDSS is summarized in Fig. 5.
In  regard to this figure, several important comments are
relevant: the data related with the aging treatments made
between 0 and 24 h, which represent an statistically uni-
form  behavior, have been averaged in a single datum, being
284  J the impact toughness and 0.33 the corresponding
fractal dimensional increment. On the other hand, the data
of  the impact toughness for 288 h of aging, as can be seen
in  Table 2, show a high dispersion (� = ±20.81 J) around a
comparative low average impact toughness value of 43.29 J,
so  the datum for 288 h of aging was not considered for
the  statistical correlation developed between the impact
toughness and D*. The adjustment of the linear relation
between I and D* was made using a least-squares program,
being the squared correlation coefficient for the rest of the
data:  r2 = 0.999. Before describe the mathematical relation
Fig. 5. The variation of the impact toughness at room temperature with
fractal dimensional increment in SAF 2507 SDSS (the datum for 288 h was
not  considered for the statistical positive correlation between I and D*).
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.3.1. Some previous relations between toughness and
ractal  dimension

Today  a satisfactory explanation to distinguish between
uctile and brittle fracture is not available. Williford [33]
nalyzed the collected data of positive and negative corre-
ation  between toughness and D and plotted an analogy
o  the dimension spectrum as a multifractal. Williford
33] established a positive relation between toughness and
ractal  dimension for brittle materials (ceramics), a nega-
ive  relation for ductile materials (metallic alloys) and no
orrelation for composites materials. As the experimental
esults of fractal dimension and toughness were obtained
y  using different methods under different experimental
onditions, some doubts about the soundness of the data
ould  emerge. On the other hand, although Williford [33] as
ell  as other authors [14,27,34] reported a negative corre-

ation  between fractal dimension and toughness for several
etallic  materials using the slit island method (SIM), it
as  demonstrated that this correlation was unrealistic [16]

nd  explained as the result of using a relatively large ruler
ength  �, which destroys the basis of self-similarity. Using
he  SIM a positive correlation between fractal dimension
nd toughness is obtained for metallic materials [35–37]
hen the length � of the ruler used to estimate the perime-

er  and the area of the metallic “islands”, becomes smaller
han  a critical value [16]. A good example of this was pre-
ented  in the work of Tsiung and Chou [37], who  found
hat  the fractal dimension increases with increasing impact
oughness for ruler lengths of 0.666 �m and 0.2664 �m,
ut  when a ruler length of 6.66 �m was used, a negative
orrelation was obtained. Tsiung and Chou [37] studied a
igh-strength low-alloy steel and the relation between the

mpact  toughness and the fractal dimension, covered not
ust  the ductile range but the brittle range too. We  think
hat  the correct choice of � using the SIM is still an unsolved
roblem. On the other hand, as the fracture phenomenon is
ery  complex, and so many factors play important roles, it is
ot  surprising that the correlation between fractal dimen-
ion  and toughness adopts any sign for metallic materials,
ven more if we take into account that, unfortunately, there
re  strong variations in the fractal dimension measured in
ifferent  studies depending of the method of measurement
Milman et al. [10]).

Nagahama  [28] proposed a model which is based on the
riffith  energy balance concept. He postulates an average
ize  of void pits on the fracture surface ε, normalized by
he  average size of void pits on the fracture surface pro-
uced  under the brittle–ductile transitional condition. The
elation  derived by Nagahama [28] has the form

og KC = A + 1
2

(2 − D) log ε (2)

here KC is the fracture toughness, A is a constant, D is
he  fractal dimension and (2 − D) ≤ 0. In the case of ductile
racture, since log ε > 0, it will be observed a lower fracture
oughness for a higher fractal dimension (Eq. (2) of the neg-
tive  type). In the case of brittle fracture, since log ε < 0, it

ill  be observed a higher fracture toughness for a higher

ractal dimension (Eq. (2) of the positive type). For the
ase  of metallic materials Nagahama suggests [28] that the
q.  (2) is always of the same kind (negative one). We  can
 and Ultrastructure 2 (2014) 236–244 241

conclude  from this model that in the case of metallic
materials, a dimple is the characteristic fracture feature
(structure parameter) for both, ductile and brittle fracture.
We  think that in order to be a structure parameter for a
specific  fracture surface, the corresponding fracture fea-
ture  must be the dominant one. It follows that if dimples are
present  in a brittle fracture, they cannot be the characteristic
structure parameter.

Nagahama states [28] (after Lung [38]) that: “Brittle
fractures would be formed by microvoids, irregular dis-
tribution of vacancy clusters, inclusions and microcracks,
which govern the localization of small ductile deforma-
tions”. From the point of view of the characteristic fracture
feature of a brittle fracture surface in metallic alloys, this
statement is not clear at all. In brittle fracture the voids are
located  in small zones of ductile nature, and, for this rea-
son,  the voids itself do not predominate because they are
very  low in number. On the contrary, microcracks (closely
associated to cleavage facets and river patterns) should be
the  characteristic feature in brittle fracture surfaces.

Carney and Mecholsky [12] extended the model devel-
oped by Mecholsky et al. [31,39,40] initially proposed for
ceramic  materials, to the study of the relation between
fracture toughness and fracture surface fractal dimension
in  a metallic alloy (4340 steel). This model has been the
result  of the linear characteristics of the experimental data,
combined with the required dimensional adjustments. For
4340  steel they obtained a relation between KIC and D* of
a  negative nature, being the corresponding equation of the
form

KIC = Ko − AD∗ 1/2 (3)

where KIC is the plane strain fracture toughness,
D* is the fractal dimensional increment (0 ≤ D* ≤ 1),
Ko = 250 MPa  m1/2 is a constant (maximum value of KIC for
D*  = 0), and A = 402 MPa  m1/2 is a constant composed of
E(ao)1/2, E = Young’s modulus and ao = a material depend-
ent structure parameter. As E ≈ 200 GPa, ao becomes
4.0 × 10−6 m,  a value of the order of the largest dimples
observed on the fracture surfaces of the ductile samples of
4340  steel.

For  SAF 2507 SDSS the relation between I and D* was of
a  positive type. The corresponding analytical description
was partially based on both, a model presented by Car-
ney  and Mecholsky [12] and several concepts developed
by Mecholsky et al. [41].

3.3.2.  Analytical relation between impact toughness and
D*  for SAF 2507 SDSS

The  adjustment of the linear relation between I and D*
was  made on the basis of the four data points corresponding
to: 0–24 h; 72 h; 120 h and 192 h. This relation is given by

I = Io + AD∗ (4)

where Io = 7.52 J is a constant (minimum value of I for D* = 0)
and  A = 849 J is a constant composed of EVc, E = Young’s

modulus and Vc = critical volume of material. Mecholsky
et al. [41] describes a non-equilibrium fracture process for
materials  that fail in a brittle fashion (ceramics) which
begins with separation of primary bonds at the atomic
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level, creating a free volume as a result of discrete geo-
metric reconfigurations along the tip of the crack front. In
despite  of the obvious differences between ceramic and
metallic  materials an analogy can be established with the
suggestions of Mecholsky et al. [41], since Vc (which is not
considered here a free volume) can be somewhat related
with  the process which leads to the formation of a plas-
tic  zone, normally developed along the tip of the crack
front. Vc can be calculated using the value of the constant
A  and the value of E for SAF 2507 SDSS [42], which is about
200  GPa. Since A = 849 Nm = 200 × 109 N/m2 × Vc, it follows
that Vc = 4.25 × 10−9 m3, or 4.25 mm3.

For  the sake of simplicity, we can assume a cylindrical
critical volume of length �, which diameter can be taken
as  a critical length ac. As Vc can be associated to the total
length of the crack front, the magnitude of � is considered,
as a first approximation, of the same order of the crack front
originated from the notch of a Charpy impact sample, i.e.
�  ≈ 10 mm.  Then, the critical diameter can be written as
ac = 2[Vc/��]1/2 ≈ 0.736 × 10−3 m = 736 �m.  Fig. 6a shows
the relation between the crack front and the critical vol-
ume  of diameter ac. Although there is no intention here
to  further develop this concept, it is pertinent to indicate
that the critical volume resembles in some way the classi-
cal  plastic zone, which spreads along the crack front across
the  thickness of the samples used in linear elastic frac-
ture  mechanics (LEFM), so the critical volume is as large as
the  corresponding crack front. As has been quoted by Car-
ney  and Mecholsky [12], Ritchie et al. [43] proposed that
a  critical length (microstructurally significant distance)
of  100–300 �m could be related with the unstable crack
propagation in metallic alloys depending on several exper-
imental  variables. If we assume that Vc is related with the
unstable crack propagation, its critical diameter ac could be
considered  the corresponding critical length. Then, for SAF
2507  SDSS, the value of the critical length (ac = 736 �m)  is
about  2.5 times higher than the highest value suggested by

Ritchie  et al. [43], which can be partially justified based on
the  inherent high toughness of this alloy.

On the other hand, Carney and Mecholsky [12] sug-
gest that a critical length could be developed after several

Fig. 6. (a) Relation between the critical volume Vc of diameter ac,  and the crack f
the  crack tip of a growing crack.
 and Ultrastructure 2 (2014) 236–244

sub-units of length ao (a material dependent structure
parameter), join together over the microstructurally signif-
icant  distance, and showed that for 4340 steel the structural
parameter ao is associated with the largest dimples on the
fracture  surface (4.0 × 10−6 m).  Again, establishing an anal-
ogy  with the work of Mecholsky et al. [41], we can say that
the  parameter ao could be a measure of the structure upon
which  the critical volume Vc is created. As ac is composed of
several  sub-units of length ao, we can write: ac = �ao, where
�  is the number of sub-units. Fig. 6(b) shows a schematic of
the  formation of a critical volume of material at the crack
tip  of a growing crack. For this critical volume ac = �ao.

In general terms, for the same material, if the fracture
surface is ductile, the damage is in the form of plastic defor-
mation  (dimples) and if the fracture surface is brittle, the
damage  is in the form of microcracking (cleavage facets).
We  think that no matter the nature of the fracture sur-
face, the structural parameter for the same material is of
the  same length, but associated to a different surface fea-
ture.  A careful examination of Figs. 2 and 3 reveals that
for  both, ductile and brittle fracture surfaces, the largest
dominant fracture features (dimples and cleavage facets
respectively) have approximately the same size, i.e. about
30  × 10−6 m,  which corresponds to the size of a “generic”
structure parameter ao. The constant A can be rewritten as

A = EVc = E

[
�
(

ac

2

)2
�

]
= E

[
�
(

�ao

2

)2

�

]
= �

4
�E(�ao)2

(5)

where (�/4)� is a constant associated to the morphol-
ogy of the critical volume Vc, and the value of � is ≈24.5
(736 �m/30 �m).  Then, the relation between I and D*
becomes

I = Io + �
�E(�ao)2D∗ (6)
Hilders et al. [8,44] studied the fractal characterization
of fracture surfaces of an aged SAF 2205 duplex stainless
steel broken in tension at 25 ◦C and obtained a similar
trend between fractal dimension and ductility;the higher

ront, for a Charpy impact sample. (b) Critical volume developed ahead of
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he time of aging, the lower the ductility and the fractal
imension. In addition, as expected, it was observed a
oncomitant increase of the tensile strength. Then, it could
e  possible to use the fractal dimension as a character-

zation parameter in fracture morphology–mechanical
roperties studies, in several stainless steels of the duplex
amily.

Several  conjectures made in this work are inconclusive
nd yet to be substantiated, so further research is needed
n  order to clarify the fractal characteristics of the SAF 2507
DSS,  and other alloys of this family. Understanding of the
ractal  properties of the fracture surface and the tough-
ess of metallic materials has proven to be elusive. Despite
f  many investigations, there exists no general acceptable
nalytical description of toughness–fractal dimension rela-
ionship,  partly to the rather complex nature of the fracture
henomenon. We  think that there is still much research to
e  done in this field, even in the traditional materials which
ave  been used for many years.

. Conclusions

In  this experimental study on establishing the influence
f  aging treatments at 475 ◦C on the fractal dimension of
he  fracture surfaces and impact toughness at room tem-
erature of SAF 2507 SD SS, the following observations are
ade:

1).  For the impact samples aged between 0 and 24 h duc-
tile fracture occurred by NGC of micro-dimples, with
the large dimples initiating at inclusion particles. The
impact behavior was uniform for this range of aging
time, being 284 J the average absorbed energy.

2). The impact samples aged for 72 h show a mixture of
shear and normal rupture of void coalescence mech-
anism, with parabolic and equiaxed dimples holding
inclusions. The fracture topography associated to this
time of aging can be regarded as a transitional one
between ductile and brittle fracture. An impact tough-
ness of 194 J was observed for this condition.

3). For the impact samples aged between 120 and 288 h,
the dominant fractographic feature is the cleavage
facet in the ferritic phase. Although the general behav-
ior of these samples can be regarded as brittle, it is
considered that the absorbed energy in this range is
relatively high (127-43 J).

4).  For the impact samples aged between 120 and 288 h,
the propagation of a cleavage crack in ferrite is con-
trolled by the plasticity of the surrounding austenite.
As  a result, an atypical fracture surface morphology
which  consists of an array of cleavage facets in the fer-
ritic phase intercalated with deformation holes in the
austenitic phase is developed.

5). As the time of aging increases from 0 to 288 h a
monotonically decrease in D* was observed and the
impact fracture surfaces changed from ductile to brittle
appearance.
6).  Partially based on several previous concepts and
relationships well established for brittle materials
[12,31,39–41],  a direct linear correlation between
impact toughness and fractal dimensional increment

[
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has been developed. The concept of critical volume
of material is proposed and tentatively related with
the unstable crack propagation event, through both,
the so called critical length (microstructurally signifi-
cant distance) and the size of the largest micro-dimple
and  cleavage facet (structural parameter) developed in
ductile and brittle fracture respectively.
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