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h i g h l i g h t s g r a p h i c a l a b s t r a c t

� Grains size distribution of TWIP steel
satisfies double fractal feature where
36 mm is the diameter threshold of
fine grain and coarse grain size.

� RGB, S3 GB and GBN of TWIP steel
meet multifractal feature.

� S3 GB controls the distribution
characteristics and complexity of
GBN.

� There is a remarkable relationship
between thickness loss of corrosion
and fractal parameter of S3 GB:
h¼ 0.27t-37.5Da-8.88Dg1þ24.33.

� GB types and structural parameters
with high IGC resistance are pre-
dicted based on fractal theory.
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a b s t r a c t

The grain size in TWIP steel had a double fractal distribution, with a uniform diameter threshold of
approximately 36 mm. Based on this threshold value, the grains were divided into fine and coarse grain
sets. A good linear relationship was found between the fractal dimension of the fine grain set (Dg1) and
the fraction of S3 gain boundaries (GBs) (FS3). The distribution characteristics of the three types of GBs
satisfy multifractal and generalized fractal characteristics. Importantly, the fractal structural parameters
of the S3 GBs control the distribution characteristics and complexity of the total grain boundary network
(GBN). Combined corrosion test, a quantitative relationship between the corrosion thickness loss and the
S3 GBs fractal parameter as well as corrosion time was established. In the end, the optimal micro-
structure characteristics for improving the intergranular corrosion resistance of TWIP steel are discussed
from the GB perspective. GB design based on fractal theory provides a promising solution to optimize
material corrosion properties through analyzing complex GBN.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The term grain boundary engineering (GBE) could be traced
back to the concept of grain boundary (GB) design and control
proposed by Watanabe [1] in 1984. Its purpose is to improve the
material properties associated with GBs, such as resistance to stress
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corrosion cracking [2e4], creep [5] and hydrogen-induced delayed
cracking [6e8], by increasing the fraction of the special GBs and
controlling the grain boundary characteristic distribution (GBCD)
[1] using thermo-mechanical treatment. The so-called special
boundary is a GBwith a small free volume and a high lattice density
in its atomic structure, usually referred to the low-S (1<S� 29)
coincidence site lattice (CSL) [9], exhibits good performance in
effectively suppressing GB segregation and diffusion [10,11]. GBCD
refers to the length fraction of low-SCSL GBs to total GBs.

It is well known that the GB is directly related to grains distri-
bution, phase structure, etc. And hence to the macroscopic prop-
erties of materials [12e16], such as fracture and corrosion [17,18].
Especially for austenitic materials, intergranular corrosion (IGC) is
one of the main failure modes [19e21]. Evidence from electro-
chemistry provides insight into this microscopic mechanism: due
to the separation of chemical elements and the disorder of micro-
scopic atoms that are prone to occur at GBs, IGC is commonly
caused by differences in chemical composition and electrochemical
potential between the GBs and matrix when the surface of the
metal contacts the electrolyte solution [22,23]. To suppress this
unexpected IGC, GBE is considered to improve IGC resistance. Xia
et al. [24] successfully obtained samples with different fractions of
low-S CSL GBs to study the IGC properties of 690 alloy. Michiuchi
et al. [25] characterized the topological characteristics of low-SCSL
GBs and found that the sensitivity of IGC was significantly reduced
when the fraction of low-S CSL GBs exceeded 82%. Pradhan et al.
[26] found that greater quantities of S3n (n¼ 1,2,3) type GBs in
304 L stainless steel can significantly improve their resistance to
IGC. Hu et al. [27] found that grain clusters surrounded by random
grain boundaries (RGBs) have a beneficial effect on resistance IGC.

From these reviews, the current objective of GBE design for
improving IGC resistance is mainly to control the fraction of low-S
CSL GBs (especially S3n type GBs where S9 and S27 are primary
and secondary variants of the S3 GB) or RGB, which belongs to the
high-SCSL GB. Due to the limitations of conventional analytical
methods based on experimental data regarding electron back-
scatter diffraction (EBSD), the GB structure is usually expressed as
the fraction of GBs lengths. However, whether low-S CSL GBs or
RGBs, they all have complex morphologies on a plane or in space.
Only a fraction of one type of GB is not sufficient to characterize
such complex distributions. Thus, it is necessary to quantitatively
characterize the complex distribution of GBN to establish some
quantitative relationships between their structural parameters and
the IGC properties.

The complex grain boundaries network (GBN) is not a regular
straight line, but has a very tortuous shape. Classic Euclidean ge-
ometry is unable to describe such complex GBN. To quantitatively
characterize highly irregular GBs, Non-Euclidean geometry (fractal
theory) was introduced in this study. Since the Mandelbrot [28]
first applied fractal geometry to the field of materials science in
1984, many studies of fractals have been reported in materials
science [29e32]. In our previous work, based on multifractal the-
ory, an important clue to analyze the hydrogen-induced fracture of
engineering structural materials was presented [33]. The macro-
scopic flow and heat transfer properties of porous materials were
also quantitatively modeled [34e39]. Recently, Kobayashi et al.
[10,40] analyzed the characteristics of RGBs based on fractal ge-
ometry and found that the fractal dimension of RGBs increases with
increasing RGB fraction. Pradha et al. [26,41] found that high fractal
dimensions correspond to large RGBswith high connectivity, which
is detrimental to IGC. However, few studies have reported on the
IGC resistance of S3n (especially S3) GBs occupying the largest
fraction in the low-S CSL GBs. Additionally, the grain size distri-
bution affects the GBCD. Generally, the grain size is characterized
by the average and bimodal average grain size [42]. However, the
average grain diameter does not describe the total grain size

distribution, and a more accurate parameter is needed to charac-
terize grain size distribution. Thus, detailed quantitative analyses
S3 GBs and grain size distribution based on fractal theory are very
desirable.

In recent years, TWIP steels have become a candidatematerial in
many fields, such as the automotive industry, liquefied natural gas
shipbuilding, and petroleum and natural gas exploration [43], due
to their good comprehensive mechanical properties [44e46].
However, TWIP steels used in industrial, marine and H2S environ-
ments will suffer severe corrosion and themethod for improving its
corrosion resistance is limited to anti-corrosion coatings and
addition of alloying elements [47e51]. Therefore, controlling IGC
based GB design is an alternative route. In this study, TWIP steel
samples with different GB types are first obtained by thermo-
mechanical treatment. Then, the fractal characteristics of grain
size and GB distribution are explored based on the fractal theory.
More importantly, the relationship between the structure param-
eters of GB and the corrosion performance was established com-
bined with the IGC test. This study could provide guidance for
optimizing the GB design, improve corrosion resistance and extend
the service life of TWIP steels as well as provide useful information
and value for automotive steel and other related research.

2. Experiments and methods

2.1. Thermo-mechanical treatment process

The chemical composition of the TWIP steels used for testing
was Fe-18Mn-0.6C (Table 1). This test steel was melted under an
argon atmosphere in a vacuum induction furnace and was then cast
into a 21 kg ingot after melting. The ingot was forged at 0.855QH
(1423 K) for 1.5 h and then was forged into a 900� 100� 40mm3

bulk. The starting temperature for ingot forging is 0.855QH
(1423 K) and the termination temperature is 0.766QH (1275 K). The
chosen temperatures were expressed by homologous temperatures
QH¼ T/Tm, where the Tm (K) is the melting point (1664 K), and T (K)
is the experimental temperature. The ingot was initially cylindrical
and has a diameter of 150mm and a height of 300mm. To prevent
oxidative decarburization on the surface of the ingot during forg-
ing, a kind of commercial anti-oxidant coating, Type Century-1, was
brushed to the ingot surface with a layer thickness of ~0.2mm. The
steel bulk painted with the anti-oxidation coating was hot rolled
(starting temperature was 0.80QH (1323 K), final rolling tempera-
ture was greater than 0.70QH (1173 K)) to 3.6mm, followed by air-
cooling to room temperature, and then the surface iron oxide scale
was removed by grinding method. To obtain different GB types
samples, GBE design was completed by changing the processing
parameters (e.g., temperature and time). First, the hot-rolled
samples were subjected to solution treatment at different tem-
peratures. The solution temperatures for the three samples were
1273 K (0.765QH), 0.75QH (1248 K) and 0.735QH (1223 K). The
samples were kept at 0.765QH (1273 K) and at 0.75QH (1248 K) for
10min and at 0.735QH (1223 K) for 15min, respectively. After-
wards, the samples were all water quenched to room temperature.
The three samples were named as follows: GBE1 (0.765QH
(1273 K), 10min), GBE2 (0.75QH (1248 K), 10min) and GBE3
(0.735QH (1223 K), 15min), respectively. Second, many GBE1
samples were subjected to cold rolling with a reduction of 5% of
thickness from the initial thickness of 1.80mm to the final

Table 1
Chemical composition analysis of the steel investigated in the present study (wt. %).

Mn C S P Fe

18.2 0.56 0.006 0.008 Balance.

H. Fu et al. / Materials & Design 185 (2020) 1082532



thickness of 1.71mm. Some of cold-rolled GBE1 samples were then
annealed at 0.765QH (1273 K) for 5min or 7min, respectively, for
GBE4 and GBE5, followed immediately bywater quenching to room
temperature. The other cold-rolled GBE1 samples were annealed at
0.75QH (1248 K) for 7min, followed by water quenching to room
temperature, called as GBE6. Next, some GBE6 samples were again
subjected to 5% reduction by cold rolling and annealed at 0.75QH
(1248 K) for 3min followed by water quenching to room temper-
ature, called as GBE7. Finally, some GBE2 samples were subjected to
5% reduction of thickness by cold rolling from the initial thickness
of 1.80mm to the final thickness is 1.71mm and then annealed at
0.75QH (1248 K) for 3min, followed by water quenching to room
temperature, called as GBE8. The detailed thermo-mechanical
process is shown in Fig. 1. Table 2 summarizes all the processing
steps performed for all GBE samples. The entire heat treatment
process is completed in an argon atmosphere.

2.2. GB characterization

To observe the GB microstructure of the TWIP steels, the GBE
(1e8) series of samples were first polished with 300e5000#
metallographic sandpaper and followed by polishing with 1.5 mm
diamond polishing pastes. After mechanical polishing, electro-
polishing was performedwith 10% perchloric acidþ90% acetic acid.
The temperature is 298 K. The voltage is 22 V. The sample size is
10 � 8 � 1.5 mm3. The sample is sandwiched by the tweezers for
20 s. The cathode material is 304 stainless steel. The distance be-
tween the electrodes is 3mm. All samples were characterized by a
focused ion beam field emission electron microscope (FE-SEM

ZEISS DSM) with an electron backscatter diffraction (EBSD) detec-
tor after electropolishing. The operating voltage was 20 kV, and the
working distance was 17.0mm. The EBSD scan step size is 1.0 mm.
The EBSD data were processed by Channel 5 software. In this work,
according to Brandon's standard [52], Dqmax¼ 15�S�5/6, the GB of
1<S� 29 is defined as the CSL GB.

2.3. Corrosion tests

Four types of samples were selected from the GBE (1e8) series
of TWIP steels (the selection principle will be described in detail in
Section 3.3). Four selected samples with a size of
18 mm � 16 mm � 1.5 mm were wire-cut to prepare for corrosion
testing. In the corrosion test, nine samples were prepared for each
type of GBE sample in the corrosion test. There are four types of
GBE2, GBE5, GBE6 and GBE8, hence, a total of 36 test samples in
each corrosion environment. Then, all samples were mechanically
polished to obtain a clean surface. The surface area for each sample
wasmeasured by vernier caliper and theweight of each samplewas
also measured by analytical balance (where the weight accuracy
reaches 0.1 mg). The average value and the standard deviationwere
calculated. The solutions used in the corrosion test were 0.05‰
sulfuric acid þ0.1 g/L iron sulfate solution (pH ¼ 4.5) and 3.5% so-
dium chloride solution (pH ¼ 7)，the pH measurement error is
±0.001 and the purity of the reagents in both solutions is analyti-
cally pure (Analytical Reagent). The closed polypropylene plastic
box was selected as the corrosion test container. Each sample is
suspended in a container. The temperature during the corrosion
soaking process was 298 K, and the test environment was a

Fig. 1. Schematic showing rolling and heat treatment processes.

Table 2
Summarizes all the processing steps performed for all GBE samples.

Sample Name Step1 Step2 Step3 Step4 Step5 Step6 Step7

GBE1 Solution treatment 1423 K in 1.5 h Hot rolling Annealing 1273 K in 10min e e e e

GBE2 Solution treatment 1423 K in 1.5 h Hot rolling Annealing 1248 K in 10min e e e e

GBE3 Solution treatment 1423 K in 1.5 h Hot rolling Annealing 1223 K in 15min e e e e

GBE4 Solution treatment 1423 K in 1.5 h Hot rolling Annealing 1273 K in 10min Cold rolling Annealing 1273 K in 5min e e

GBE5 Solution treatment 1423 K in 1.5 h Hot rolling Annealing 1273 K in 10min Cold rolling Annealing 1273 K in 7min e e

GBE6 Solution treatment 1423 K in 1.5 h Hot rolling Annealing 1273 K in 10min Cold rolling Annealing 1248 K in 7min e e

GBE7 Solution treatment 1423 K in 1.5 h Hot rolling Annealing 1273 K in 10min Cold rolling Annealing 1248 K in 7min Cold
rolling

Annealing 1248 K in 3min

GBE8 Solution treatment 1423 K in 1.5 h Hot rolling Annealing 1248 K in 10min Cold rolling Annealing 1248 K in 3min e e

H. Fu et al. / Materials & Design 185 (2020) 108253 3



laboratory environment. A 20 mL solution was used per square
centimeter of sample. The samples were taken out every 24 h,
washed 3 times in water and then washed twice in alcohol. The
samples were dried with a hair dryer after each wash. Each sample
was then weighed again to obtain corrosion mass loss. The corro-
sion test in this work was performed for a total of 204 h to obtain a
corrosion weight loss curve. The surface morphology of each
sample after corrosion was observed by SEM with an accelerating
voltage of 20 kV.

2.4. Grain size fractal dimensions

From the complex GBN, the grain size is not constant but has a
specific distribution. As we know, the grains are separated by GBs.
Additionally, the shape of the grain is very irregular. To calculate the
number and size distribution of grains in the EBSD image of each
sample, a watershed segmentation algorithm was used to extract
individual grains. Rash et al. [53] discussed in detail the effects of
distance types (Euclidean, City-block, Chessboard, Quasi-
Euclidean) on sandstone particle segmentation in thin sections.
City-block distance was considered to be optimal and was thus
chosen for this analysis. The results of the segmentation are shown
in Fig. 2 for the GBE samples, where different grains are marked
with different colors (Fig. 2(g) is different from the inverse pole
figure (IPF) of the EBSD). Afterwards, the pixel area of each grain
was counted. Finally, according to the principle of area equivalent,
the diameter of the circlewith the same pixel areawas calculated as
the diameter of the corresponding grain. Similar to a single fractal
dimension, here Dg was defined the fractal dimension of grain size
distribution, which is expressed as [39]:

Ntð� dÞ¼d�Dg (1)

where d is the grain diameter, and N is the cumulative number of
grains with a diameter larger than d. Detailed analysis of the eight
samples will be discussed in section 3.2.

2.5. GB extraction and fractal dimension

Our previous work concluded that a single fractal dimension
does not adequately characterize the roughness of fracture surfaces.

However, multifractal and generalized fractal approaches can
complement this deficiency.

To calculate in detail the proportion pi of GB pixels in each box,
the generalized entropy function Hq(d) is defined as:

HqðdÞ¼
ln

PN
i¼1

pqi

1� q
(2)

where d is the box size; pi is the ratio of GB pixels in the i-th box; pt
denotes the total number of pixels in the box; pi represents the total
number of GB pixels; and N denotes the total number of boxes. The
constant q usually varies between �10 and 10 in increments of 1.
Based on Hq(d), the generalized dimension Dq (also known as the
Renyi dimension) is defined as [54]:

Dq ¼ � lim
d/0

HqðdÞ
ln d

¼ tðqÞ
q� 1

;

�
q¼1;D1 ¼

P
pi lnpi
ln d

�
(3)

The curve shape of t(q)-q determines whether the calculated
structure meets the multifractal law. For a mathematically strict
self-similar fractal pattern, the Dq value does not change with q and
is always equal to D0 (Eq. (3)). However, objects in nature are not
perfectly self-similar, such as GBN, which causes the Dq to change
with q. Commonly, Dq reaches its minimum value (Dmin) with
q¼�10. Similarly, Dq reaches its maximum value (Dmax) with
q¼ 10.

In multifractal theory, pi is also considered. The multifractal
spectrum is defined as follows [55]:

f ðaÞ ¼ � lim
d/0

In
�
Np

�
InðdÞ

aðqÞ ¼ lim
d/0

InðpiÞ
InðdÞ

(4)

where a(q) is the singularity index; f(a) represents the multifractal
spectrum as a fractal dimension of a subset with the same a; and Np

denotes the number of subsets with the same probability pi.
Through the Legendre transformation, f(a) and a(q) can be
rewritten as:

Fig. 2. Schematic for watershed segmentation algorithms: (a) two connected circular grains; (b) distance map after City-block transformation; (c) color depth map from (b); (d)
grains segmented by a watershed line in (c); (e) global GB network of GBE2; (f) Binary global GB network; and (g) segmented result from (f).
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aðqÞ ¼ vtðqÞ
vq

f ðqÞ ¼ aðqÞq� tðqÞ
(5)

As mentioned above, t(q) represents the indicator of a multi-
fractal feature. Combined with the definition of t(q), Eq. (5) can be
rearranged as:

aðqÞ ¼ lim
d/0

1
Ind

X
i

miInðpiÞ

f ðqÞ ¼ lim
d/0

1
Ind

X
i

mInðmiÞ
(6)

where the mi ¼ pqi =
P
i
pqi [55]. The plot of f(a) against a is the known

multifractal spectrum curve [56]. Thus, based on the box counting
algorithm, to calculate the multifractal and generalized fractal di-
mensions of a certain type of GB, that type must be extracted from
the total GBN. Typically, the total GBN contains five colors and
hence is a typical two-dimensional color image. Thus, based on the
color extraction algorithm, RGBs and S3 GBs were extracted sepa-
rately from the total GBN (Fig. 3(a)). To continuously subdivide the
SEM image, the image size of the image used to calculate the fractal
dimension must be 2N pixel. A maximum subarea of 512� 512
pixels was extracted from the original image containing different
GB types (Fig. 3(b1-3 and c1-3)). Finally, multifractal and generalized
fractal parameters of all images were calculated (Fig. 3(d1-3 and e1-
3)).

2.6. Average corrosion thickness

For the IGC test, the average corrosion thickness can be used to
estimate the number of grain layers that are corroded. If the
average corrosion thickness is less than the average grain diameter,
the first layer of grains on the sample surface is not completely
corroded. The average corrosion thickness was also indirectly

estimated as shown in Fig. 4(a and b).
Here, since the sample is completely immersed in the solution,

the corrosion rates of the six outer surfaces of the sample are
approximately equal. After the sample has been corroded for time t,
the mass loss Dm can be expressed as:

Dm¼Dv $ r¼ðA $B $H�ðA� hÞðB�hÞðH�hÞÞ$r (7)

where h is the average corrosion thickness, and A, B, and H denote
the initial average side lengths (length, width and height),
respectively. The initial mass of sample isMo, and thus the density r

of sample can be expressed as:

r¼ Mo

A$B$H
(8)

Combining Eq. (7) with Eq. (8), based on the original physical
lengths and weight loss data of the tested sample, the average
corrosion thickness can be solved analytically. It can be seen from
Fig. 4(c and d) that the theoretical estimated data from Eqs. (7) and
(8) are almost equal to the experimentally measured data from SEM
images.

3. Results and discussion

3.1. Evolution of GB microstructure

The microstructure of TWIP steel will evolve as it undergoes
recrystallization during the thermo-mechanical treatment. Fig. 5
shows the EBSD images of the GBE series samples. The GB distri-
bution images of each sample are presented in Fig. 5(a1-h1) and
indicate that the GBN in each sample exhibits diverse combinations
of different types of GBs. Specifically, abundant S3 (red), S9 (blue)
and S27 (green) GBs are agglomerated together. Furthermore, S3n

(n¼ 1, 2, and 3) GBs are connected to each other to form many
nodes of three GBs, such as S3-S3-S9 and S3-S9-S27.Most of these
nodes are in areas surrounded by RGBs (black), which is most

Fig. 3. Process of obtaining generalized fractal and multifractal parameters from the original GB map from EBSD image: (a) original GB image of GBE2; (b) extraction of three main
GBs (b1-RGB, b2-S3, b3-total GBN); (c) selection of the largest computed subarea from (b), with a size of 512� 512 pixels, and the covered 8� 8 grid for the BC algorithm; (d)
calculation of the multifractal spectrum from the binary (c) for the three main GB types; and (e) calculated the generalized fractal spectrum from the binary (c) for the three main GB
types.
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evident in GBE2 (Fig. 5b1). As mentioned in the introduction, The
GBE is designed to increase the fraction of low-SCSL GBs and
minimize the fraction of RGBs (FR). For low-SCSL GBs, the S3n type
GB occupies a dominant position, and the S9 and S27 GBs are the
second and third variants of the S3 GB within the S3n type GB.
Thus, the fractions of the S9 and S27 GBs are very small, which
indicates that the fraction of S3 GBs (FS3) in the S3n type GB is
considerable. In this way, for the total GBN, the main GB types are
S3 and RGB. Thus, the configuration changes of the S3 GBs and the
RGBs are analyzed in this work. The IPF images of each pattern is in
the lower left corner of Fig. 5(a1-h1). According to the IPF images,
the grain orientation of each sample tends to be randomly
distributed, which indicates that the TWIP steel has no obvious
microtexture. Thus, the influence of the microtexture of the GB
microstructure on corrosion properties can be further excluded.

Table 3 shows the length fraction of different types GBs and
average grain sizes (diameter) in the GBE series samples. The
fractions of S3n type GB in the all GBE samples vary between 10%
and 50%, with GBE2 having the highest (reaches ~47.29%) and GBE5
having the lowest (~15.17% only). Similarly, for the S3 GB, the FS3 is
also the highest (up to 40.69%) in the same sample (GBE2), and
GBE5 also has the lowest (~13.40% only). For RGBs, the FR of GBE2
was the lowest (51.99%), and that of GBE5 was the highest (83.11%).

The samples with different fractions of GBs (S3n and RGB) were
obtained by thermo-mechanical treatment of TWIP steel. The
average grain diameter did not change significantly (maximum in
GBE1: 29.7 mm, andminimum in GBE2: 24.6 mm). Pradhan et al. [26]
reported that the average grain size and the residual stress on the
surface also affect the corrosion properties of structural materials in
addition to the GB type. Thus, the influence of average grain size on
the corrosion performance of the sample can be excluded. Addi-
tionally, the kernel average misorientation (KAM) values of all the
GBE samples were small from the KAM diagram, as shown in
Fig. 5(a2-h2), indicating that the residual stress on the surface of all
the GBE samples was equivalent, and the influence of the residual
stress on the corrosion property can be further ignored.

3.2. Fractal analysis of grain size distribution and GBN

Polycrystals are formed by spatially arranging individual grains.
The size and shape of each crystal grain are not exactly the same.
Statistically, any part is similar to the total. Therefore, whether the
crystal grains satisfy the self-similar characteristics can be visually
judged. In this section, the grain size distribution and GBN char-
acteristics of TWIP steels will be analyzed in detail based on fractal
theories.

Fig. 4. Schematic for calculating the average corrosion thickness h: (a) the rough surface of the cubic sample after IGC test, where the matrix is more severely corrosion; (b) one slice
comes from (a) with the average corrosion thickness loss of h; (c) the SEM images of the GBE2 sample at 156 h; (d) the SEM images of GBE5 sample at 132 h (The green numbers are
the measured data, and the red numbers are theoretically estimated data).

H. Fu et al. / Materials & Design 185 (2020) 1082536



3.2.1. Fractal characteristics of grain size distribution
The grain size distribution of all EBSD imageswere found using a

watershed transformation algorithm with city-block distance (see
Section 2.4 for details), and the grain size distribution of all samples
were calculated. Fig. 6 shows a double logarithmic plot of the cu-
mulative number of grains versus grain diameter in each GBE
sample. According to Section 2.4, the grain fractal dimension Dg can
be obtained by fitting data points in Fig. 6. The high fitting coeffi-
cient (R2> 0.99) indicates that the grain size distribution satisfies

the double fractal (also known as bifractal) feature, which further
indicates that the total grain set can be divided into two subsets,
fine and coarse grain sets, in each sample, each exhibiting different
size distribution characteristics, as shown in Fig. 6. Namely, two
fractal dimensions, Dg1 and Dg2, describe the full grain size distri-
bution within one sample. Interestingly, the critical grain diameter
(dc) at the boundary between the fine grain set and the coarse grain
set is approximately 36 mm, i.e., the mean value of all the GBE (1e8)
samples. The detailed Dg1, Dg2 and dc values of all GBE sample are

Fig. 5. Microstructure distribution characteristics of GBE (1e8) series samples: (a1-h1) is the distribution images of the GB network (the IPF diagram of each pattern is in the lower
left corner of the GB map); (a2-h2) is the kernel average misorientation (KAM) map; and ((aeh) corresponds to the GBE (1e8) samples in turn).
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summarized in Table 4.
As the dc increases, the number of grains in the fine grain set

decreases at a slower rate than that of the coarse grain set (that is,
Dg1<Dg2), as shown in Fig. 6. Commonly, abundant twins in samples
were formed in the thermo-mechanical treatment, and these twins
generally extended toward the inside of the austenite grains. When
the grains shown in the EBSD images were segmented, the twins
are recognized as one grain in calculating Dg1 and Dg2. This in-
dicates that twins contribute a considerable fraction of the total
number of grains in the fine grain set. It is well accepted that the
twin boundary is a typical S3 GB, so it can be concluded that the
grain fractal dimension of the fine grain set Dg1 is directly related to
the S3 GB distribution. Fig. 7 shows the relationship between the
fractal dimension of grains (Dg1 and Dg2) and FS3. From Fig. 7(a), Dg1
and FS3 satisfy an excellent linear relationship, that is, the higher
the value of FS3, the larger the fractal dimension of the fine grains.
However, no correlation is observed between Dg2 and FS3, as shown
in Fig. 7(b). This further shows that the grain size of TWIP steel is
controlled within 36 mm, and more S3 GBs can be obtained.

3.2.2. Fractal analysis of GBs
Fig. 8 shows that the curves of t(q) and q have a nonlinear

relationship with an upwardly convex shape, indicating that RGBs,
S3 GBs and total GBN all meet multifractal characteristics.

Generally, the multifractal features of complex objects are
characterized by a multifractal spectrum and a generalized fractal
spectrum. Fig. 9 shows the multifractal spectrum f(a) (Fig. 9(a, c, e))
and the generalized fractal spectra D(q) (Fig. 9(b, d, f)) of RGB, S3
GBs and total GBN for the GBE (1e8) series samples. Multifractal
spectra of all samples for RGB, S3 GBs and total GBN are similarly
hook-shaped, and the generalized fractal spectra show a “z" shape.
In the multifractal spectra, the width of the GBs multifractal spectra
(Da¼ amax-amin) is very different; the Da value varies with a frac-
tion of one type of GB. In the generalized fractal spectrum, the
corresponding D(q) values when q¼ 10, 0, 1, 2, and �10 are the
maximum generalized dimensional value Dmax, the capacity
dimension D0, the information dimension D1, and the correlation
dimension D2, respectively. In Fig. 9(b, d, f), the variations of the
minimum generalized dimensional Dmin values of the RGBs, S3 GB
and total GBN are very significant, which indicates that in the GBE
series samples, the Dmin value varies with the fraction of one type of
GB. Table 5 summarizes the calculated multifractal and generalized
fractal parameters for different GB types in all samples.

To explore the correlation between the complexity of GBs and
the fraction of GBs, the relationships between the Da and Dmin of
the RGBs, S3 GBs and total GBN and their fractions in the GBE series
samples are established, as shown in Fig. 10. Although the Da and
Dmin of the RGBs are different from each other in all samples, ac-
cording to Fig. 10 (a, b), no significant correlation exists between Da
or Dmin and FR. That is, although the RGBs in each sample satisfy the
multifractal characteristics, FR is not the main factor affecting the
complex configuration of GBN. As shown in Fig. 10(c and d), the Da

and Dmin of the S3 GBs in each GBE sample continuously increased
with increasing values of FS3, with a good linear positive correla-
tion. ForDa, when the FS3 is 13.4%,Da equals 0.36, andwhen the FS3
increases to 40.69%, Da increases to 0.48. Thus, as the FS3 increases,
the S3 GBs distributions in the two-dimensional plane and the
three-dimensional space become more complicated. Multifractal
analysis considers the probability of the S3 GBs in each box in the
box-counting algorithm. When the S3 GBs becomes more
complicated (exhibiting more GBs pixels, more tortuous GBs, and
more irregular GB shapes), the probabilities of the S3 GBs in the
boxes become more differentiated. Some boxes are almost filled
with pixels of S3 GBs, and some of the boxes still do not cover the
pixels of a S3 GB. Thus, Da characterizes the total probability dis-
tribution of the S3 GBs in all boxes. When the box size ε� 1, the
smaller the amin value, the greater the distribution of the large
probability subset (the box with a large proportion of S3 GBs). The
larger the amax value, the smaller the distribution of the small
probability subset (the box with a small FS3). The value of amax
represents the probability of a small S3 GB proportional distribu-
tion, and amin represents the probability of a large S3 GBs pro-
portional distribution. Thus, Da can be used to describe the
complexity of the S3 GBs. The larger the value of Da, the wider the
range of the probability distribution of the S3 GBs for all boxes, and
the greater the difference between the most uniform and the most
uneven S3 GBs probabilities. In contrast, the smaller the value of
Da, the narrower the proportional distribution of the S3 GBs in the
box, and the smaller the difference between the most uniform and
the most uneven S3 GBs probabilities. Thus, S3 GBs with large Da
values are more abundant and complex, constitute a larger fraction
of the total, and have a more irregular corresponding GBs shape.

As mentioned above, when the sample is subjected to thermo-
mechanical treatment and a many S3 GBs are contained (such as
GBE2), grain clusters surrounded by RGBs are formed, and GBs in-
side the cluster are formed. The GBs inside the cluster have S3n

relations with each other and exhibit a complex distribution state
[13], as shown in Fig. 5(b1). In this way, the larger the Da value of
the S3 GBs, the more complex the distribution of the S3 GBs in a
certain region (mainly grain cluster). If the Da value of the S3 GBs is
smaller, it indicates that the S3 GBs have a small degree of
complexity in a certain region, as shown in Fig. 5(e1). Similarly, for
Dmin, when FS3 is 13.4%, theDmin value is 1.80, andwhen FS3 reaches
40.69%, Dmin increases to 1.93. A good positive correlation between
Dmin and FS3 was found. Since a S3 GB shows a “linear” object on a
two-dimensional plane, its pixels do not fill the entire box in the
generalized fractal analysis. Thus, the probability of a S3 GBs in
each box approaches a small probability subset. When q< 0, the
small probability subset will play a leading role while calculating
Dmin. Thus, Dmin can be combined with Da to characterize the
complexity of the S3 GBs.

The relationship between the complexity of RGBs and S3 GBs
and their fraction (FS3, FR) has been discussed above. Now, we will
discuss the influence of RGBs and S3 GBs on the distribution
characteristics of the total GBN to determine which type of GB
mainly affects the complexity of the total GBN. Fig. 11 shows the
relationships between Da and Dmin of the total GBN in the GBE
series sample and Da and Dmin of RGBs and S3 GBs. Fig. 11(a and b)
shows no correlations between Da and Dmin of total GBN and Da
and Dmin of RGBs; that is, the complexity of the total GBN is not
related to that of the RGBs. However, Fig. 11(c and d) presents that
Da and Dmin of the total GBN show a good positive correlation with
Da and Dmin of S3 GBs; the complexity of the total GBN is related to
that of the S3 GBs. In other words, the complexity of the S3 GBs
controls the complexity of the total GBN. To explore the relation-
ship between the structural characteristics of the S3 GBs and the
IGC properties, intergranular corrosion tests were performed.

Table 3
Fraction of different types of GBs S3n (n¼ 1, 2, and 3) and RGBs) and average grain
diameter (dmean) for all GBE samples.

Sample No. FS3 (%) FS9 (%) F27 (%) FR (%) dmean (mm)

GBE1 24.08 3.04 1.25 70.21 29.7
GBE2 40.69 4.47 2.13 51.99 24.6
GBE3 36.16 2.77 1.18 59.12 25.1
GBE4 28.01 2.42 0.69 67.26 26.2
GBE5 13.40 1.43 0.34 83.11 26.8
GBE6 30.42 3.39 1.16 65.27 24.8
GBE7 17.29 1.51 0.44 79.04 26.0
GBE8 21.53 1.41 0.38 74.96 25.8
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Fig. 6. Log-log plot of the cumulative number of grains versus the grain diameter of the GBE (1e8) series samples.
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3.3. Intergranular corrosion test

In this section, four types of samples (GBE2, GBE6, GBE8 and
GBE5) with different FS3 were selected for the IGC test. Fig. 12
shows the relationships between the weight losses per unit sur-
face area and the thickness loss of the four types of GBE samples in
the two types of solutions as a function of corrosion time.
Comparing Fig.12(a) with Fig.12(b), clearly, theweight loss of a GBE
sample corroded in a weak acid environment is much greater than
in a neutral solution. For example, the maximum weight loss after
204 h of exposure to a weakly acidic environment is 0.26mg/mm2,
while the maximum loss in a neutral environment is 0.018mg/
mm2. This is consistent with common perceptions. In a weak acid
environment, the weight loss of corrosion of GBE2 was significantly
less than that of GBE5 (Fig. 12(a)). This indicates that the GBE2
sample has the best IGC resistance, and the GBE5 sample has the
worst one. For example, theweight loss of the GBE2 sample reaches
0.17mg/mm2, but that of the GBE5 sample reaches 0.26mg/mm2

when exposed for 204 h. The same trend is also observed in a
neutral environment. From Sections 3.1 and 3.2, the FS3 in GBE2 is
greater than in GBE5, and the values of Dg1 and Da of the S3 GBs in
GBE2 are also significantly greater than in GBE5.

The surface morphologies of GBE2 and GBE5 exposed for 12 h,
84 h, 168 h and 204 h are shown in Fig. 13, which shows no sig-
nificant change in the surface of GBE2 at the beginning of corrosion
(12 h) (Fig. 13(a)). Corresponding corrosion weight loss data is
shown in Table 6. When exposed for 84 h, some slightly linear
topography appeared on the surface of GBE2. According to Fig. 5,
the GBs of these straight lines are S3 GBs, indicating that the linear
topography is the S3 GBs (Fig.13(b)). At this time, the thickness loss
of the sample was approximately 7 mm, as shown in Fig. 12(c).
When exposed for 168 h, the surface of GBE2 began to have a
convex shape, and the surface morphologies exhibited obvious S3
GBs, as indicated in Fig. 13(c). When exposed for 204 h, the convex

morphology of the surface became more pronounced (Fig. 13(d)).
The sample thickness loss was approximately 40 mm, as shown in
Fig. 12(c). According to the average grain diameter (24.6 mm) of
GBE2 in Table 3, approximately 1.5 grain layers had been etched
away from the surface of the sample at this time. In contrast, GBE5
is much more corrodible than GBE2. From Fig. 13(eeh), the surface
of GBE5 was corroded at the initial stage of corrosion (Fig. 13(e)).
When exposed for 84 h, the surface morphology of GBE5 was
comparable to that of GBE2 at 168 h exposure, meaning that the
degrees of convexity and concavity of the sample surface had
significantly increased, as shown in Fig. 13(f). The thickness loss of
the sample was 19 mm, which exceeded the half grain layer
(Fig. 12(c)). According to Table 3, the average grain diameter of
GBE5 was 26.7 mm.When exposed for 168 h, the linear morphology
of the surface of GBE5was significantly less than that of GBE2 based
on the corrosion morphology shown in Fig. 13(g), but the surface
roughness of GBE5 was greater than that of GBE2 and was roughly
equivalent to the morphology GBE2 at 204 h exposure (Fig. 13(d)),
meaning that the surface of the sample lost 1.5 grain layers in the
thickness direction (Fig.12(c)). When exposed for 204 h, the surface
topography became severely uneven, and grain corrosion occurred
(Fig. 13(h)). The average thickness loss was approximately 70 mm,
which reaches 3 grain layers (Fig. 12(c)).

In the neutral environment, no significant differences were

Table 4
Fractal dimension of the fine grain set (Dg1) and the coarse grain set (Dg2) for all
GBE samples.

Sample No. Dg1 Dg2

GBE1 1.61 5.09
GBE2 2.24 7.01
GBE3 1.98 7.89
GBE4 1.65 5.23
GBE5 1.15 4.43
GBE6 1.80 5.35
GBE7 1.44 5.93
GBE8 1.50 5.85

Fig. 7. Relationship between the fractal dimension of grains and FS3 in the GBE samples; (a) the fine grain set; and (b) the coarse grain set.

Fig. 8. Relationships between t(q) and q of the random GB, S3 GB and total GB
network in GBE2.
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observed in the weight loss in the initial period (<108 h) for the
four GBE samples. The weight losses of the four samples began to
differ after 108 h of exposure, but with an unobvious discrepancy
(Fig. 12(b)). After 156 h, the weight loss of GBE2 began to be
significantly less than that of GBE5. The surface morphologies of
GBE2 and GBE5 after 48 h, 108 h, 156 h and 204 h of exposure are
shown in Fig. 14. The original surface morphologies of GBE2 and
GBE5 were maintained until 48 h of exposure (Fig. 14(a, e)). When
exposed for 108 h, corroded GBs appeared on both sample surfaces

(Fig. 14(b, f). When exposed for 156 h, the corrosion degree on the
surface of GBE5 was greater than that of GBE2 (Fig. 14(c, g)). When
exposed for 204 h, the corroded GB on the surface of GBE5 became
thicker and deeper. In contrast, the corrosion depth of the GB of
GBE2 was not as severe as that of GBE5, as shown in Fig. 14(d, h).
However, for both GBE2 or GBE5, the thickness loss of the sample
after exposure for 204 h did not exceed one grain layer (GBE2:
~3 mm, and GBE5: ~5 mm). Microanalysis of the chemical composi-
tion of the surface for corrosion samples will be carried out in

Fig. 9. Multifractal spectrum and generalized fractal spectrum of the RGB, S3 GBs and total GBN in the GBE (1e8) series samples; (a) (c) (e) multifractal spectra; and (b) (d) (f)
generalized fractal spectra.
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future research work. Anyway, the thickness loss of the GBE2
sample is smaller than that of the GBE5 sample in both corrosion
environments. For example, the thickness loss of the GBE2 sample
reaches 42 mm, and the GBE5 sample reaches 68 mm in a weak acid
environment. If the corrosion time lasts longer (such as one year),
the difference between the two samples will be more obvious, and
the superiority of the GBE2 sample to resist IGC will be more
prominent.

3.4. Correlation between fractal parameters and IGC

In this section, the relationship between the multifractal pa-
rameters of S3GBs and the IGC resistance will be discussed in
detail. From Fig. 12, corrosionweight losses and thickness loss from
four GBE samples decreases gradually in both weakly acidic and
neutral environments. We have obtained the FS3 of these four
samples in Section 3.1, namely, 40.69% (GBE2), 30.42% (GBE6),

21.53% (GBE8) and 13.61% (GBE5). Except for the 7.9% difference in
the FS3 between GBE8 and GBE5, the difference between the FS3
values of the other two adjacent samples is approximately 10%.
However, clearly, the difference in corrosion weight loss between
GBE8 and GBE5 is much less than that between GBE2 and GBE6 or
GBE6 and GBE8 according to Fig. 12. This difference shows that in
addition to the FS3, the corrosion behavior is also affected by other
factors. As discussed in Section 3.1, the average grain size and the
surface stress of the GBE series samples are roughly equivalent. As
mentioned in Section 3.2, the size distributions of the fine grain set
and themorphologies of S3 GBs are significantly different, meaning
that the fractal dimension (Dg1) of the fine grain set and the mul-
tifractal structural parameter (Da) of the S3 GBs vary greatly among
samples. This variation indicates that the grain size distribution of
the fine grain set and the complex morphology of the S3GBs may
affect the corrosion behavior more than does the FS3.

To study the effects of structural parameters (Da and Dg1) of the
GBs on corrosion weight loss, the corrosion weight loss as a func-
tion of FS3, Da and Dg1 for four GBE samples at different times were
plotted in Fig. 15. In a weak acid environment, as shown in
Fig. 15(a), the corrosion losses of the four GBE samples as a function
of corrosion time (t) show different trends due to the differences in
FS3, specifically, the longer the time, the more serious the weight
loss, likely due to the increasing relative surface area. Fig. 15(b and
c) shows that the corrosion weight losses of the four types of
samples show a continuous decrease with Da and Dg1, and the
longer the time, the greater the weight loss. These high correlation
coefficients confirm that the structural parameters (Da from the S3
GB and Dg1) are indeed closely related to the IGC. Note that we used
a polynomial fit (y¼ Ax2þBx þ c) of four data points. Generally, the
fitting of more than five data points is more probative, but in this

Table 5
The multifractal parameter (Da) and generalized fractal dimension (Dmin) of all GBE
samples.

Sample RGB S3GB GBN

No. Da Dmin Da Dmin Da Dmin

GBE1 0.39 1.60 0.40 1.84 0.44 1.96
GBE2 0.40 1.66 0.48 1.93 0.49 2.04
GBE3 0.35 1.71 0.46 1.88 0.48 2.01
GBE4 0.38 1.70 0.44 1.86 0.46 1.98
GBE5 0.40 1.73 0.37 1.80 0.42 1.95
GBE6 0.40 1.66 0.45 1.87 0.47 2.00
GBE7 0.31 1.69 0.37 1.79 0.41 1.94
GBE8 0.37 1.74 0.40 1.83 0.43 1.97

Fig. 10. Relationships between the multifractal parameters (Da) of the RGB and S3 GB and their fractions, respectively; (a) (b) RGB; and (c) (d) S3 GB.

H. Fu et al. / Materials & Design 185 (2020) 10825312



work, the purpose of our fitting is to see a trend, which is feasible in
this case. According to the fitting formula, the larger the value of the
coefficient A on the left side of the symmetry axis of the quadratic
function, the greater the change in y with x. For example, after
corrosion for 204 h in a weak acid environment, the corrosion loss
of the four samples varies with the structural parameters (Da and
Dg1) of the GBs. The change in coefficient A is AFS3< ADg1< ADa

(0.0001< 0.08<6.70), as shown in Fig. 15(aec). That is, the corro-
sion weight loss changes most sharply with Da, followed by Dg1,
and finally FS3. Similarly, when the test was exposed to a neutral
environment, although the corrosion of the sample was slower, a
similar trend was observed, as shown in Fig. 15(def). The multi-
fractal characteristic parameters (Da) and the fine grain fractal
dimension (Dg1) of the GBs have the most significant influence on
the corrosion weight loss of the sample. Thus, GB design based on
fractal theory is essentially related to the fractal features of the fine
grain set and themultifractal and generalized fractal characteristics
of the S3 GBs distribution, which is beneficial to control the IGC
behavior of TWIP steel.

From the above reviews, Dg1, the complex topology of the S3
GBs and the corrosion time (t) simultaneously control the weight
loss and corrosion morphology. Thus, a generalized corrosion
equation is established as follows. The average corrosion thickness
h from Eq. (7) can be expressed as a function of structural param-
eters (fractal parameters) and corrosion time t:

h¼ f ðfractal parameters; tÞ jin the same corrosive medium (9)

The fractal parameters Dg1 and Da (from S3 GBs) were found to
be the dominant and sensitive structural parameters for IGC from
this analysis. Thus, Dg1, Da, and t are used as the three input pa-
rameters to establish a quantitative relationship with h. In the

neutral environment, at the initial stage, the corrosion behavior is
not dependent on both the grain structure and the GBN. The
intergranular corrosion test data of the TWIP steel in the weak acid
(0.05‰ sulfuric acidþ 0.1 g/L iron sulfate) solution (pH¼ 4.5) were
used to verify the validity of Eq. (9). Using least squares fitting to the
data, Eq. (9) can be further refined as

h¼0:27t � 37:5Da� 8:88Dg1 þ 24:33 (10)

A high correlation coefficient (R2¼ 0.926) from Eq. (10) suggests
that Eq. (9) is valid as a generalized function, revealing the rela-
tionship between the IGC properties of a material and the fractal
grain structure. The negative coefficient of Da (� 37.5) and Dg1 (�
8.88) quantitatively revealed that the greater the values of Dg1 and
Da (from S3 GBs), the smaller h is. Thus, the TWIP steels with high
Dg1 and Da values will have higher IGC resistance, which is
consistent with the above experimental observations (Fig. 12).

3.5. Improving IGC: A grain-boundary perspective

The optimal GBs microstructure for improving the IGC resis-
tance of TWIP steel was discussed above. Section 3.4 has shown
that the corrosion weight loss of a GBE specimen is most sensitive
to the change of the multifractal parameter (Da) of the S3 GBs,
while Da is subjected to FS3, and FS3 is affected by the fractal
dimension (Dg1) of the fine grain set (<36 mm), meaning that the
multifractal characteristic parameter Da, the fine grain fractal
dimension Dg1 and FS3 aremutually constrained and together affect
the IGC properties of austenitic steel. Fig. 16 reveals the relationship
between Dg1, FS3 and Da. As shown, when Da, FS3 and Dg1 increase
simultaneously, the corrosion resistance of TWIP steel can increase.

Fig. 11. Relationships between the multifractal parameters (Da) of the total GB network and the multifractal parameters of the random and S3 GBs.
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In contrast, TWIP steel has the least corrosion resistance. To
quantitatively obtain the correlation between Dg1, FS3 and Da of the
S3 GBs, the least squares fit is used:

FS3 ¼14:84Dg1 þ 109:21Da� 44:23 (11)

A high correlation coefficient (R2¼ 0.998) from Eq. (11) suggests
that even under the same FS3 value, Dg1 and Da may be different
and thereby yield different levels of IGC resistance. Thus, GB design
coupled with morphological analysis based on fractal theory can
more accurately predict and control the IGC resistance of austenitic
steel.

Fig. 12. Correlations between corrosion weight loss as well as thickness loss and corrosion time for four GBE (2, 6, 8, and 5) samples in two environments: (a) (c) acidic envi-
ronment; and (b) (d) neutral environment.

Fig. 13. Morphological maps of GBE2 and GBE5 samples after corrosion in a weakly acidic environment for different times; (aed) GBE2; and (eeg) GBE5.
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Table 6
Weight loss date with standard deviation of four GBE samples in two corrosion environments.

Sample GBE2 GBE6 GBE8 GBE5

mg/mm2 Hþ NaCl Hþ NaCl Hþ NaCl Hþ NaCl

12 h 0.0056± 0.0002 0.0027± 0.0001 0.0063± 0.0002 0.0029± 0.0001 0.0076± 0.0003 0.0024± 0.0001 0.0077± 0.0002 0.0025± 0.0001
36 h 0.0089± 0.0003 0.0040± 0.0001 0.0098± 0.0004 0.0042± 0.0001 0.0102± 0.0004 0.0039± 0.0001 0.0185± 0.0007 0.0044± 0.0001
60 h 0.0213± 0.0012 0.0049± 0.0001 0.0262± 0.0013 0.0051± 0.0001 0.0361± 0.0021 0.0061± 0.0001 0.0431± 0.0024 0.0053± 0.0001
84 h 0.0302± 0.0016 0.0072± 0.0001 0.0432± 0.0022 0.0065± 0.0001 0.0586± 0.0033 0.0072± 0.0002 0.0740± 0.0037 0.0065± 0.0002
108 h 0.0491± 0.0033 0.0084± 0.0002 0.0592± 0.0038 0.0094± 0.0002 0.0876± 0.0054 0.0095± 0.0002 0.1018± 0.0064 0.0093± 0.0003
132 h 0.0615± 0.0039 0.0103± 0.0002 0.0818± 0.0052 0.0117± 0.0003 0.1096± 0.0073 0.0120± 0.0003 0.1359± 0.0084 0.0115 ± 0.0003
156 h 0.0877± 0.0063 0.0110± 0.0004 0.1061± 0.0077 0.0114± 0.0004 0.1310± 0.0095 0.0123± 0.0004 0.1622± 0.0127 0.0129± 0.0005
180 h 0.1129± 0.0078 0.0116± 0.0004 0.1328± 0.0085 0.0123± 0.0004 0.1568± 0.0108 0.0142± 0.0004 0.2199± 0.0166 0.0160± 0.0005
204 h 0.1566± 0.0093 0.0131± 0.0005 0.1798± 0.0102 0.0142± 0.0005 0.2081± 0.0132 0.0154± 0.0005 0.2578± 0.0190 0.0176± 0.0006

Fig. 14. Morphological maps of GBE2 and GBE5 samples after corrosion in a neutral environment for different times: (aed) GBE2; (eeg) GBE5.

Fig. 15. Relationships between the weight loss of four GBE samples in two different environments and the fraction of S3 GBs, the multifractal parameter and the grain fractal
dimension of the fine grain set in (aec) the weakly acidic environment and (dee) the neutral environment.
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4. Conclusions

The correlations between the structural parameters and frac-
tions of the three types of GB were established based on fractal
theories. Furthermore, the dependences of the IGC properties on
grain size distribution as well as on the S3 GBs distribution char-
acteristics were studied based on an IGC test by the weight loss
method. The results show that the GB design method coupled with
morphological analysis based on fractal theory may provide a new
avenue to predict and control the IGC properties of austenitic steel
more accurately. The main conclusions drawn are as follows:

1. For the corrosion test, the GBE series samples of TWIP steel have
different degrees of corrosion in both environments. With
increasing time, the degree of corrosion of the GBE sample ex-
hibits significant GB dependence;

2. The grain size distribution of TWIP steel satisfy the double
fractal feature and are divided into two typical grain sets: the
fine grain set and the coarse grain set. For all samples, a critical
grain diameter (~36 mm) exists between the two fractal grain
sets. This critical value may be an inherent property of the
material. The distribution of fine grains (<36 mm) in TWIP steel
samples has natural fractal characteristics and satisfies a good
linear correlation with the FS3;

3. The distribution characteristics of RGBs, S3 GBs and total GBN of
TWIP steel meet multifractal fractal features. FS3 has a good
linear correlation with its multifractal parameters. However, no
significant relevant relationships were found between FRGB and
its multifractal parameters (Da) or between the Da and Dmin
values of RGB and those of total GBN. Furthermore, a good
positive correlation was found between the Da and Dmin values
of S3 GB and those of total GBN, indicating that S3 GBs control
the overall complexity of total GBN in TWIP steels;

4. A quantitative relationship equation for corrosion was proposed
and verified as a function of the fractal structural parameters
(Da and Dg1) and corrosion time (t), that is, h¼ 0.27t-37.5Da-

8.88Dg1þ24.33. In this case, Da of S3 GBs and Dg1 are sensitive
structural parameters that control the corrosion behavior in
TWIP steel. In particular, high values of Da and Dg1 will yield a
lower average corrosion thickness and hence higher IGC resis-
tance. The correlation between the three structural parameters
(Da, Dg1, and FS3) was established by least squares linear
regression to be FS3¼14.84Dg1þ109.21Da-44.23, which shows
that TWIP steels with higher Da, Dg1 and FS3 values of the S3
GBs will show higher resistance to IGC.

Based on this work, we believe a grain size of less than 36 mm
may be a critical diameter for improving the IGC properties of TWIP
steel. Below this size, more S3 GBs can be obtained by GBE, thereby
reducing the IGC rate, which is not easy to achieve when the grain
size is greater than 36 mm. At the same time, the preparation of
TWIP steel with a highly complex distribution of S3 GBs can also
improve IGC properties.
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