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Abstract

Chronoamperometry (CA), phase space reconstruction, correlation dimension, multifractal detrended fluctuation analy-
sis (MFDFA) combining linear sweep voltammetry (LSV), electrochemical impedance spectroscopy (EIS), and surface
morphology observation were used to systematically analyze the nonlinear dynamics behavior of electrochemical dissolu-
tion of Ti-48Al-2Cr-2Nb alloy at high applied potentials. The relationships of applied potential E with nonlinear dynamic
characteristic (saturation correlation dimension D/, Hurst exponent H, the area of the spectrum S) and electrochemical cor-
rosion parameters (capacitance ratio (C,/C,)) were analyzed, respectively. The results show that non-uniform corrosion at
low potentials (7—13 V) results in rough surfaces; a higher potential (16 V) contributes to obtaining smoother surface. The
growth of saturated correlation dimension reveals that the corrosion behavior of Ti-48Al-2Cr-2Nb alloy changes from non-
uniform corrosion to uniform corrosion. The number of major variables in the electrochemical system is 6 for 7-13 V and is
7 for 16 V. The inversely proportional relationships of the area of the spectrum S and Hurst exponent H between the applied
potential, respectively, testify that high potential is favorable for uniform corrosion of Ti-48 Al-2Cr-2Nb alloy.

Keywords Nonlinear dynamic behaviors - Electrochemical corrosion - Phase space reconstruction - Correlation dimension -

Multifractal detrended fluctuation analysis

Introduction

TiAl alloys have excellent corrosion resistance, high specific
strength, and stiffness, which make them good applications
in many fields, such as the turbine blade of automobiles and
aero-engine [1-3]. However, their high-quality and efficient
machining is a concern of researchers [4-6]. Electrochemi-
cal machining (ECM) has a great potential in machining
processes of complex integral structures and high hardness
materials and is a preferred machining method for TiAl
alloys [3, 7-11].

In order to obtain excellent electrochemical machining
condition, many researchers pay many attentions on the
effects of the electro-dissolution behavior of these alloys
on their machining properties using conventional electro-
chemical methods, such as cyclic voltammetry, linear sweep
voltammetry, chronoamperometry, and electrochemical
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impedance spectroscopy [12—19]. The results of previous
investigations have shown that the electrochemical dissolu-
tion behaviors of TiAl alloys are obviously affected by the
microstructure of these alloys, the electrolyte composition,
and the electrolyte temperature as well as the applied poten-
tial. There is an obvious oscillation behavior when these
alloys are corroded at higher potential, high concentration
electrolyte, and high electrolyte temperature. At present, the
nonlinear oscillation behavior of TiAl alloys has not been
studied. However, ECM is a typical electrochemical system
that applies high potential [20-22], has very complex non-
linear characteristics because of the strong coupling of mul-
tiple physical fields, and presents obvious chaotic character-
istics [23-25]. Moreover, two-phase TiAl alloy (y-TiAl and
a,-Ti;Al phase) has complex microstructures and dissolution
characteristics. The above two reasons increase the difficulty
of the stable and high-quality electrochemical machining of
TiAl alloy [9, 26]. Electrochemical dissolution behavior is
an aspect that affects the machining performance; the non-
linear behavior of current density during electrochemical
dissolution is also very important aspect; it is a reflection
of the evolution of electrode interface structure [21, 27, 28].
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Therefore, it is indispensable to employ a nonlinear dynamic
method to study complex dynamic dissolution behavior to
get stable surface quality and find the optimal machining
conditions. The dynamic characteristics of current density
or potential in the electrochemical dissolution process can
obtain a lot of detailed information about the dissolving
mechanism of materials [21, 29-31]. However, previous
studies focus on the simple evolutionary behavior of current
or potential during electrochemical corrosion at low poten-
tials [20, 24, 25, 32], and there are few studies about their
fluctuation characteristics of dynamic corrosion behavior at
high potentials, let alone systematic analysis.

In this paper, the nonlinear dynamic characteristics of
chronoamperometry corrosion at high potentials of Ti-48Al-
2Cr-2Nb alloy were analyzed by using nonlinear dynam-
ics methods such as phase space construction, correlation
dimension, and multifractal detrended fluctuation analysis
to find the inherent law of dissolution behavior and disclose
the nonlinear dynamical structure of the electrochemical sys-
tems. Electrochemical impedance spectroscopy was adopted
to reveal the electrode/solution interface structure for before
and after chronoamperometry corrosion. Linear sweep vol-
tammetry (LSV) and surface morphology observation as a
supplementary analysis were carried out.

Experimental

In this experiment, an ingot of as-cast Ti-48Al-2Cr-
2Nb (at.%) alloy was cut into samples with the size of
5.2 mmX5.2 mmXx 10 mm, and the samples were ground
by SiC sandpaper with different granularity (200, 600, 2500,
and 4000 mesh) and have exposed area about 0.25 cm? as
working electrodes of electrochemical measurement. The
polished samples with 1-pm alumina polishing powder and
the corroded samples were observed by scanning electron
microscope (SEM, ZEISS Sigma 300) equipped with EDS
in BSE and SE mode, respectively. Before observation, all
samples were cleaned by ultrasonic cleaners to remove con-
taminants attaching to the surface and dried at 50 °C in the
drying oven. In addition, phase identification of Ti-48Al-
2Cr-2Nb alloy was performed by XRD (Ultima IV) using
Cu Ka radiation (40 kV, 40 mA) for an angle range of 5-90°.

Electrochemical measurements were performed on the
Bio-Logic SP150B-20A electrochemical workstation based
on a three-electrode system consisting of a reference elec-
trode (Ag/AgCl in saturated KCl), an auxiliary electrode
(a large piece of Pt foil with an area of 4 cm?), and a work-
ing electrode. To understand the dissolution behavior of
Ti-48 Al-2Cr-2Nb alloy, linear sweep voltammetry (LSV)
(open circuit potential E,,, to 16 V) with a scan rate of
100 mV/s and chronoamperometry (CA) at the potentials
of 7V, 10V, 13 V, and 16 V for 30 s with the sampling
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frequency of 167 Hz were carried out in electrolyte solution
(500 ml, 20 wt.% NaNO;). Current density was corrected
with the exposed area of each working electrode, the cur-
rent density time series of CA with a length of 2! (4096) for
nonlinear dynamics analysis were extracted from the later
stage of curves, and the length of the data is not less than 2'°
following the effective analysis requirement of multifractal
detrended fluctuation analysis (MFDFA) [33, 34]. Electro-
chemical impedance spectroscopy (EILS) in the frequency
range of 1072 to 10° Hz with a perturbation amplitude of
10 mV was also performed to analyze the dissolution mecha-
nism assisting CA and LSV and to characterize interface
structure. A transmission line equivalent circuit model [35]
was used for the analysis of EIS in Zview software. Before
measurement of EIS, open circuit potential was recorded
for 2 h.

Variational mode decomposition (VMD) [36, 37] was
used to reduce noise in the time series of current density
before phase space reconstruction, calculation of correlation
dimension, and MFDFA analysis. Electrochemical nonlin-
ear dissolution behavior was analyzed combining nonlinear
characteristic parameters of the current density with LSV,
EIS, and SEM.

Results and discussions
Phases and microstructures of Ti-48Al-2Cr-2Nb alloy

Figure 1 provides the phases and microstructures of
Ti-48Al-2Cr-2Nb alloy obtained by XRD and SEM in
SE mode, respectively. The phase composition is more
y-TiAl phase and less a,-TijAl phase (see Fig. 1a), which
verify that Ti-48 Al-2Cr-2Nb alloy is two-phase alloy. The
microstructure of Ti-48A1-2Cr-2Nb alloy was observed
with SEM in SE mode after erosion by Kroll solution
(Vyater: Vur: Vinoz =50:2:1), which illustrates Ti-48Al-2Cr-

2NDb has lamellar structure (see Fig. 1b).
Electrochemical dissolution behavior
Linear sweep voltammetry

Figure 2a exhibits a linear sweep voltammetry curve. The
current density experiences a stabilized region zone tend-
ing to zero (E,, to 4 V), a transition zone (4 Vto 5 V), a
sharp increase zone (5 V to 5.6 V), and an approximately
linear growth region (5.6 V to 16 V) showing more and
more evident characteristics of oscillation with the increas-
ing potentials. It’s worth noting that the stabilized region
zone is composed of a passivation zone (E,, to 0 V), two
transition zone (0 V to 0.4 V and 1.9 V to 2.4 V), a trans-
passivation zone (0.4 V to 1.9 V), and a rapid growth zone
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with small oscillation (see Fig. 2b). The oscillation behavior,
which is one representation of electrochemical system at
large applied potential far away from the equilibrium state,
is closed related with the kinetic process of electrochemical
corrosion dissolution, such as adsorption, desorption, and
diffusion of corrosion products, the evolution of oxidation
products, and types of corrosion [20, 21, 28, 30, 31].

Chronoamperometry and denoising

Figure 3a shows the current density of chronoamperom-
etry at different potentials. There are large fluctuations in
the early and small fluctuations in the middle and later on
the current density curve of each potential; the oscillation
at the same time becomes more and more apparent with
the increase of the applied potentials, which goes well
with the above LSV. Four thousand ninety-six data points
were intercepted from current density curve (see Fig. 3a,
marked with a green dotted line box) to quantify the evolu-
tion behavior. Before nonlinear dynamic analysis, VMD
was applied to denoise for the current density of each
potential [36, 37]. The denoised time series of the current
density at different potentials are exhibited in Fig. 3b and
remain the inherent characteristics of the evolution of the
current density.

Electrochemical impedance spectroscopy analysis

In the view of the electrochemical system, the nonlinear
dynamic characteristics of current density are mainly influ-
enced by the applied potential £ and the electrode/electrolyte
interface structure. Electrochemical impedance spectroscopy
(EIS) before and after chronoamperometry and the fitting
analysis were carried out to get information on the interface
structure of the electrode/electrolyte.

The Bode plots of EIS for Ti-48 Al-2Cr-2Nb alloy before
and after chronoamperometry at different potentials are
shown in Fig. 4a, b, respectively. In Fig. 4a, the electro-
chemical impedance modulus at each potential is the same
shapes: a solution resistance region in the high-frequency
region and a linear growth region with a similar slope in the
middle- and low-frequency region. The phase angle is also
similar in the evolution law: there is a sharp increase in the
high-frequency region, a very slow growth in the medium-
frequency region, and a rapid decline in the low-frequency
region. The electrochemical impedance spectra after chron-
oamperometry at different potentials also have a similar
structure (as exhibited in Fig. 4b). Compared to before
corrosion, the impedance modulus and phase angle have a
delayed increase with the decrease of the frequency, but their
growth rate increases, namely, the samples after corrosion
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show more obvious resistance characteristics and narrower
frequency capacitive characteristics. The maximum imped-
ance moduli decrease obviously, and the maximum-phase
angle has a slight rise. Among the corroded samples, EIS of
the sample after CA corrosion at 7 V differs from the other
three samples.

The fitting analysis is necessary by an equiva-
lent circuit to obtain quantitative information of elec-
trode interface structure. A Maxwell transmission line
(Ry(RC)4) (as shown in Fig. 4c) [35, 38] consisting
of six RC parallel branches was used to fit all imped-
ance spectra, where R, is the polarization resistance
andR; i=0, 1, ..., 6)and C; = (1, 2, ..., 6)are adsorp-
tion resistance and adsorption capacitance of the ith electro-
chemical reaction, respectively. The C, and C, represent the
sum total of C; before and after corrosion, respectively. The
fitting curves suggest that the fitting accuracy is satisfactory
and the corresponding parameters are listed in Table 1.

For the same electrode system, the difference in the
adsorption characteristics has closely related to the rough-
ness of the electrode surface after corrosion associating
with the dissolution behavior of the material in the corro-
sion process. In the case of two-phase Ti-48Al-2Cr-2Nb
alloy, y-TiAl and a,-Ti3Al have different dissolution char-
acteristics. If the difference is not significant, the surface
of the corroded electrode is smooth. On the contrary, it is

rough. So, the capacitance ratio C,/C, can be used to char-
acterize electrode coarsening after electrochemical corro-
sion. Figure 5 provides the change curve of C,/C, with the
applied potential, the value of C,/C, increases and reaches
the maximum value when the applied potential is 10 V, and
then it linearly declines with the rising potential. The result
suggests that the potential makes the electrode rapidly cor-
rode and coarsen the surface, the coarsening of the electrode
surface is the most serious when the potential reaches 10 V,
the electrodes become smoother with the rise of the applied
potential, and the error bar size of C,/C, has a similar vari-
ation trend with C,/C, value. The reasons for this shift can
be attributed to the crystal structure of the Ti oxide during
electrochemical corrosion of Ti-48Al-2Cr-2Nb alloy [39].

Nonlinear dynamic analysis
Phase space reconstruction and quantitative characterization

Figure 6 illustrates two-dimensional projections of phase
space reconstruction and saturation correlation dimen-
sion D/2 at different potentials; the delay time 7 is 0.042 s,
0.030s,0.024 s, and 0.024 s for 7V, 10V, 13 V, and 16 V,
respectively; and the corresponding optimal m is 6, 6, 6, and 7
according to the optimization conditions (m >2 D’2+ 1) [40].
Two maximal eigenvalues of the vectors in phase space were
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Fig.4 The Bode plots of EIS for Ti-48Al-2Cr-2Nb alloy at different potentials: a before and b after corrosion, ¢ transmission line model
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Table 1 Fitting parameters and percentage error of the transmission line equivalent circuit of EIS

7V 10V 13V 16 V

Before After Before After Before After Before After
RyMQ cm? 1.09 (2.04) 0.36 (3.96) 1.50 (2.53) 0.36 (3.17) 0.98 (2.30) 0.31 (3.38) 1.26 (3.14) 0.32 (2.85)
C,/uF cm™2 3.42 (4.84) 4.75 (8.99) 2.44 (6.74) 7.88 (7.85) 2.34 (7.63) 0.11 (10.12) 2.21(6.38) 7.68 (11.70)
R,/Q cm? 1.50 (2.04) 3.87 (4.10) 1.78 (2.89) 3.02 (3.73) 1.67 (3.19) 3.02 (5.17) 1.79 (2.60) 4.11 (6.03)
Cy/uF cm™ 3.96 (3.64) 0.44 (10.49) 3.44 (4.03) 0.43 (1.93) 4.00 (4.03) 0.60 (2.34) 4.05 (3.39) 0.58 (2.07)
R,/Q cm? 6.15 (8.90) 2.83 (4.54) 5.58 (9.81) 2.74 (3.15) 4.60 (9.38) 2.43 (3.70) 5.10 (7.70) 2.35(3.03)
Cy/uF/cm™> 3.25 (4.04) 0.61 (7.24) 2.94 (4.18) 0.16 (5.59) 3.79 (4.59) 0.17 (9.86) 4.25 (3.75) 0.21 (6.50)
Ry/Q cm? 82.90 (9.18) 6.46(13.55) 66.21 (9.59) 47.94 (13.55) 41.30(10.69) 48.46(22.18) 47.28(8.50) 36.03 (15.20)
C,/uF cm™> 3.02 (4.79) 0.20 (4.96) 3.21 (4.02) 0.12 (5.70) 3.83 (4.55) 0.14 (6.36) 4.37 (4.05) 0.14 (5.37)
R,/kQ cm? 1.31(10.92) 0.31(11.81) 0.84(9.51) 0.97 (13.04) 0.51 (11.00) 1.12(13.98) 0.67 (9.40) 0.683 (13.00)
Cs/uF cm™ 3.31 (4.90) 0.23 (4.68) 2.81(5.03) 0.15 (5.32) 4.02 (4.60) 0.18 (5.69) 4.42 (4.90) 0.16 (5.02)
Ry/x10*Qcm? 228 (11.00) 0.58(10.19) 226 (11.22)  1.35 (11.00) 1.21 (10.18) 1.39 (11.64) 1.58 (10.33)  1.24 (10.27)
Cy/WF cm™ 3.77 (5.00) 0.29 (4.41) 3.43 (4.93) 0.25 (4.22) 4.77 (4.69) 0.30 (4.50) 5.08 (5.08) 0.28 (3.80)
Ry x10°Qcm?  4.60(11.24)  0.92 (9.60) 4.87 (11.04) 1.32(8.84) 2.81 (10.62) 1.26 (9.24) 3.01 (11.80) 1.21(7.92)
x*/107* 2.86 1.41 3.28 1.71 4.09 1.53 4.32 1.18

selected as two vectors of the X-axis and Y-axis, respectively
[41]. Figure 7a—e shows the diagrams of phase space recon-
struction at different potentials. There is a strange attractor
with a rodlike structure for current density at each potential
[28, 30, 31], and they symmetrically distribute along the 45°
diagonal line in a certain region of phase space. The length of
the attractor along the 45° direction extends with the increase
of the applied potentials, which represents an overall fluctua-
tion of the current density. The width of the rodlike structure
diminishes with the extension of corrosion time and arises
with the increase of the potentials. Finally, the width differ-
ence of rodlike structure in the later period becomes small,
which expresses the local fluctuation of current density in the
corrosion process. The current density gradually becomes
stable with the prolonging of corrosion time.

10

9_
Ol 8.00
L st :

>6 3 10 12 14 16
Applied potential £ /V

Fig.5 C,/C, change curve vs. applied potential

The correlation dimension D, at different embedding
dimensions m was calculated to quantify the structure
of strange attractors. D, changes with m and reaches the
maximum value when m is 4 or 5, namely, saturated cor-
relation dimension D; . It rises gently from 7 to 10 V and
then increases rapidly from 10 to 16 V (see Fig. 6f), which
suggests the corrosion behavior changes from non-uniform
corrosion to uniform corrosion with the increase of the
applied potentials [30, 42]. The fractal dimension of an
attractor has an important physical meaning and expresses
the minimum number of variables in the evolution of a
corresponding dynamical system (degrees of freedom)
[20-22, 30, 42, 43]. The result indicates that the electro-
chemical reaction becomes more and more intense, and
the evolution of electrochemical system structure is more
and more complex [44] with the increase of the applied
potential. According to m > 2 D; + 1 [40] and the expan-
sibility of strange attractor trajectories, 6 is selected as
the minimum embedding dimension m for 7 V, 10V,
and 13 V, and 7 is selected for 16 V, which indicates the
electrochemical system at 16 V has more factors than at
7V,10 V,and 13 V.

Multifractal detrended fluctuation analysis

Current signals in electrochemical system show obvi-
ous multifractal characteristics [45]; it has trends of some
kind and is nonlinear and nonstationary [46]. Multifractal
detrended fluctuation analysis shows a clear advantage in the
multifractal characterization of nonlinear and nonstationary
time series [34, 47-49]. It was applied to characterize mul-
tifractal features of current density at different potentials in
the present work.

@ Springer
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Hurst exponent H was computed based on detrended
fluctuation analysis [34] when segment size s ranges from
Smin=16to s,;,=512. The values of H are larger than 1.0,
are less than 1.5, decline with the increase of the applied
potential (7 V to 13 V), and then increase (13 V to 16 V)
(see Fig. 7), which indicates that current density is nonsta-
tionary signals [34, 48, 50]. At the lower potentials (7 V
and 10 V), the values of H (1.29 and 1.22) are closer to
1.5, which reveals the current fluctuation behavior at low
potentials is characterized by Brown noise because of the
non-uniform corrosion [34]. However, the values of H
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Fig.7 Change curve of Hurst exponent H with applied potentials £
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(1.12 and 1.17) at higher potentials (13 V and 16 V) are
closer to 1.0, and the current density fluctuation behavior
has the characteristics of 1/f noise [34].

Multifractal spectrum can express some information
associated with the dynamics of the current density time
series. Figure 8a displays multifractal spectra f(a) ~a of
current density at different potentials. The curves show a
single hump and right-skew structures with a high level
of similarity and exhibit typical features of the multifrac-
tal spectrum [51]. For the quantitative analysis, the area
of the spectrum S is computed. The inverse proportional
relationship between the area of the spectrum S and the
applied potentials is shown in Fig. 8b. The current density
time series records the amplitude of the current density
fluctuation varying with time; the amplitude represents
energy of the current density fluctuation [47, 52]. So we
think that the area of the spectrum S of the current density
time series hides total information on the energy of cur-
rent density fluctuation. The inverse proportional relation-
ship suggests that the energy of current density fluctua-
tion decreases with the increase of the high potential, and
the multifractal property of the multifractal spectrum is
weakened, which prove that the two-phase Ti-48Al-2Cr-
2Nb alloy is more conducive to uniform corrosion at high
potentials [26].

Surface morphology observation

Surface morphology after CA corrosion at different
potentials is provided as shown in Fig. 9. The corrosion
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morphology is related to the applied potential and the micro-
structure of Ti-48Al-2Cr-2Nb alloy. There are three typical
corrosion patterns appearing on the corroded surface at each
potential: pit corrosion (marked by white arrows), selective
corrosion of the lamella that is not parallel to the surface,
and grain boundary corrosion (marked by red arrows) (see
Fig. 9). The pit corrosion is closely related with the direc-
tion of the lamella and is manifested on the parallel surface
lamella. The selective corrosion of y-TiAl lamella attributes
to the fast dissolution rate of y-TiAl compared with a,-Ti;Al
and is most non-evident on the corroded surface at 16 V.
The grain boundary corrosion can be found on the corroded
samples at 7 V and mainly appears on the corroded samples
at 10 V, 13V, and 16 V. In addition, the depth of the grain
boundary corrosion is larger at 10 V and 13 V than that at
16 V (marked by red arrows) (see Fig. 9). By naked eye,

Fig.9 SEM in SE mode of cor-
roded surface:a7V,b 10V, ¢
13Vv,d16V

it is difficult to evaluate the degree of roughness of cor-
roded samples accurately; combined with the above result
of the change curves of C,/C, and the applied potentials (see
Fig. 5), we conclude that the high potential makes a uniform
corrosion when the applied potential is higher than 10 V.
Figure 10a exhibits a cross-section of the corroded sam-
ple at 16 V with clean water and without ultrasonic clean-
ing. The corroded layer has large pores formed by oxygen
formation and loose lamellar structures (see Fig. 10a), which
are independent of the direction of the lamella. The X-ray
elemental mapping images (Fig. 10b, c¢) verify that the cor-
rosion layer is rich titanium, the lamellar structure is mainly
a,-Ti;Al phase, and the y-TiAl phase in Ti-48Al-2Cr-2Nb
alloy is preferentially corroded. Figure 10d-f proves that the
corroded layer consists some oxides, the Cr element almost
dissolves, and the Nb element is partially soluble.
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Fig. 10 a SEM microstructure
in BSE mode and X-ray map-
ping of the corroded sample
after CA corrosion at 16 V: b Ti

(a) SEM
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Discussion

Two-phase Ti-48Al-2Cr-2Nb alloy consists of alternating
y-TiAl and a,-Ti;Al, which have different dissolution behav-
iors. Compared to the a,-Ti;Al phase, the y-TiAl phase is
preferentially corroded because of the higher content of Al
(see Fig. 10a). The difference in dissolution rate between
v-TiAl and «,-Ti3Al is the most important factor affecting
surface roughness. In addition, the dissolution behavior of
special structures (such as grain boundary) is another major
factor influencing the surface roughness. Capacitance ratio
C,/C, cooperating surface morphology observation can
verify the above result (see Fig. 5 and Fig. 9).

The local and global fluctuations of the current density of
CA corrosion ascribe to the dissolution behavior of Ti-48Al-
2Cr-2Nb alloy and electrochemical system structure. Non-
uniform corrosion (for example, pit corrosion, the prefer-
ential corrosion of y-TiAl, and grain boundary corrosion)
of the alloy results in major fluctuations of current density
in the earlier stage, and uniform dissolution causes small
fluctuations in the later period (see Fig. 5). There are six
control variables in the electrochemical system when the
applied potential is not more than 13 V, and there are seven
control variables when the potential is 16 V.

In general, non-uniform corrosion is more likely to
occur at low potential, which results in frequent and
irregular changes of current density. On the contrary,
the higher the potential, the easier the uniform corro-
sion, and the energy of local fluctuation of the current
density becomes weaken. So, the area of the spectrum S
collaborating with Hurst exponent H can well reflect the
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evolution characteristics of the different corrosion behav-
ior (see Figs. 8 and 7).

Conclusion

The nonlinear dynamic behavior of the current density
time series of CA of Ti-48 Al-2Cr-2Nb alloy was carried
out from various perspectives combined with LSV, EIS,
and SEM, and conclusions could be drawn as follows:

1 The surface of the corroded samples firstly coarsens
with the increase of the potential (7 V to 10 V) and then
becomes smoother with the increasing potential (10 V to
16 V), which testifies that a higher potential contributes
to obtaining smoother surface.

2 The saturation correlation dimension with increasing
applied potentials in electrochemical dissolution of
Ti-48 Al-2Cr-2Nb alloy reveals that the corrosion behav-
ior of the alloy changes from non-uniform corrosion to
uniform corrosion.

3 The multifractal characteristics of electrochemical dis-
solution of Ti-48Al-2Cr-2Nb alloy also reflect a shift in
corrosion behavior.
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