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ABSTRACT

The devices would subject transient thermal shocks (TTS) during operation under extremely harsh conditions of
nuclear fusion reactors, which inevitably exert significant impact on the microstructure and performance of
structural materials. In this work, a reduced activation VCrFeTa, ,W,, 5 high-entropy alloy (HEA) was developed
by vacuum arc melting. The effects of electron beam induced TTS on its microstructure, microhardness, and cor-
rosion properties were investigated. The results indicate that the weight fraction of each phase changes after TTS,
showing a significant decrease in the content of BCC1 phase and an increase in the content of BCC2 and Laves
phases. The content of BCC1 phase continues to decrease slightly with increasing the power of TTS. Besides, the
microhardness of the alloy increases from ~673 HV to ~714 HV after TTS treatments. In the reduced activation
HEA, TTS results in a relatively low corrosion current density of ~0.472 pA/cm? in 3.5 wt% NaCl solution,
around one-third of the current density observed in the as-cast sample. Furthermore, the VCrFeTa, ,W, , HEA af-
ter TTS exhibits a pitting potential of ~1.165 Vgcg, which is much higher than that of the as-cast sample. The re-
fined composite multiscale entropy method is employed to analyze the influence of TTS on current fluctuation
behavior during the corrosion process. The reduced activation VCrFeTa, ,W, , HEA exhibits excellent properties
in harsh environments after TTS, thereby showing advantageous property in the field of nuclear structural mate-
rials. Moreover, TTS is an efficient and controllable strategy for the improvement of the HEAs’ microstructures
and performances.

© 20XX

1. Introduction

in HEAs [6]. The HEAs exhibit excellent resistance to radiation damage
under heavy ion bombardment, as well as high resistance to helium

High-entropy alloy (HEA) shows great potential in the future nuclear
structural materials owing to its excellent mechanical and physical
properties, such as high yield strength, irradiation resistance and excel-
lent ductility [1-5]. It was reported that the compositional complexity
exerted a large effect on ion-irradiation induced swelling and hardening
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bubble formation, compared to W, Ni and steel [7-10], indicating that
HEAs are ideal structural materials under extreme irradiation condi-
tions.

The plasma-facing materials (PFMs) used in the first wall of nuclear
fusion devices suffer extreme thermal radiation during operation. It is
reported that the PFMs are subjected to a quasi-stationary heat load of
10 MWem~2 and a slow transient heat load of 20 MWem~2 [11,12],
which could cause thermal fatigue, cracking, and melting of PFMs
[13-19]. Therefore, a harsh service environment in transient thermal
shock (TTS) in a nuclear reactor would severely limit the lifetime of
PFMs [11,16,20,21]. Over the past decades, tungsten and its compos-

Note: Low-resolution images were used to create this PDF. The original images will be used in the final composition.
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ites have been considered as one of the most promising PFMs candi-
dates for fusion reactors due to their excellent physical and chemical
properties, such as high melting point and thermal conductivity, low
sputtering yield and tritium retention [11,15,17,20-23]. However, re-
peated electron irradiations may lead to obvious surface roughening,
cracks, and extruded structure in W-Zr/Sc,03 composites [24]. Com-
mercial bulk W exhibits large cracks with increasing the power density
and pulse number under electron beam irradiation and high-intensity
pulsed ion beam [25]. It has been reported that thermal shock failure
tends to occur in materials with an increasing temperature gradient
[26]. Several recent studies have examined the interaction of TTS with
the newly developed HEAs. The CoCrFeNiMn HEA coatings with an
FCC solid solution and nano-oxides structures exhibited high phase sta-
bility and excellent mechanical properties after TTS, with only minor
cracks on the surface [27]. More importantly, a fine-grained layer with
~80 um thickness was generated on the surface of
CrFeCoNiMn, 75Cuq o5 HEA after laser shock peening treatment with a
laser pulse of 18 J, and the microhardness increased significantly [28].
However, the effect of rapid thermal load on reducing the microstruc-
tures and performance of activation HEAs remains unexplored. Thus, a
fundamental understanding of this phenomenon is critical for the opti-
mization of reduced activation HEAs.

In this work, a reduced activation refractory HEA, VCrFeTa, ,W o,
was synthesized and investigated by TTS tests using electron beams to
confirm its microstructure and performance. In addition, the corrosion
behavior of the VCrFeTa, ,W, , HEA was also analyzed and discussed.

2. Experimental details
2.1. Sample preparation

Ingots with a nominal chemical composition of VCrFeTag ;W 5 (mo-
lar ratio) were synthesized by vacuum arc-melting in a Ti-gettered and
high-purity argon atmosphere. The metallic elements (V, Cr, Fe, Ta, and
W) with a purity of > 99.9 wt% were used because they are reduced ac-
tivation elements with special properties [29]. The prepared ingots
were then cut into small samples with a size of 20 mm (length)
X 20 mm (width) X 2 mm (thickness). All the samples were cleaned
with alcohol in an ultrasonic bath. The TTS tests were performed using
a SEB (M) — 100A vacuum electron beam bombardment furnace (Guilin
Strong Numerical 89 Control Vacuum Equipment Co., Ltd., China). Dur-
ing the electron beam bombardment, the chamber pressure of the fur-
nace was kept below 102 Pa. Additionally, the working voltage and the
action time of the beam were set as 30 kV and 200 ms, respectively.
The beam spot diameter was 5 mm, and the field frequency was 64
lines. The waveform frequency was set in rectangular 5 K. Two batches
of parallel TTS tests were conducted with beam powers of 15 kW and
17 kW and the corresponding experimental parameters were listed in
Table 1. The as-cast, reduced activation HEA sample was denoted as SO,
while the samples exposed to beam powers of 15 kW and 17 kW were
denoted as S1 and S2, respectively.

2.2. Microstructure and properties characterizations

X-ray diffraction (Bruker D8, Karlsruhe, Germany) was conducted to
analyze the phase evolution of the alloys using Cu K, radiation with a
tube voltage of 40 kV and a scan speed of 10°/min. The phase composi-

Table 1
Electron beam parameters for the VCrFeTa,,W,, HEA samples during the
TTS.

Samples Power Voltage Time Field frequency Line frequency
kW) kv) (ms) (Hz) (Hz)
S1 15 30 200 64 5000

S2 17 30 200 64 5000

tion of each sample was determined by using JADE 6 software. The
phase content was analyzed by the whole pattern fitting and Rietveld
refinement (WPF Refinement) method. During the calculations, a crys-
tallographic model of each phase was created by the atomic substitu-
tion, which was taken from Inorganic Crystal Structure Database
(ICSD). The microstructure and morphology were characterized by us-
ing a Zeiss Supra55 scanning-electron microscope (SEM). The Vickers
microhardness tests were performed by using a load of 200 g and a
dwelling time of 15 s. The average value of Vickers microhardness was
taken from at least 12 indents for each sample. The electrochemical
measurements were tested on a PARSTAT 2273 electrochemical work-
station with a standard three-electrode cell system. A saturated calomel
electrode (SCE) and a platinum electrode were employed as the refer-
ence electrode and auxiliary electrode, respectively. The alloy sample
with a size of 5 mm X 5mm X 2 mm was used as a working electrode,
and the corrosion medium consisted of 3.5 wt% NaCl solution. The
open circuit potential (OCP) of the sample was held for 10-30 min to
achieve a stable voltage. The electrochemical impedance spectroscopy
(EIS) experiments were performed at the OCP with a test frequency of
10 mHz~100 KHz. The potentiodynamic-polarization tests were ap-
plied to 10-2 A/cm? with a scan rate of 100 mV/min. The potentiody-
namic-polarization experiment was stopped when the current density
exceeded 10 mA/cm2. Both the OCP and potentiodynamic-polarization
experiments were performed at least three times to ensure the repro-
ducibility of the results.

2.3. Refined composite multiscale entropy (RCMSE) technique

The refined composite multiscale entropy (RCMSE) technique was
implemented to analyze the dynamical complexity of the current fluctu-
ations. This method has been applied to analyze various phenomena,
including the serrated flow in alloys [30-33], chaos [34], and physio-
logical data [35,36]. A higher complexity (sample entropy) value was
attributed to “meaningful structural richness” inherent in a data set,
while a lower value corresponds to less spatially-correlated behavior. In
this work, the RCMSE method was used to analyze the metastable pit-
ting-fluctuation data for samples, S1 and S2, which are represented by
the current spikes in the passive region of a given potentiodynamic-
polarization curve [37]. A step-by-step guidance relevant to the analy-
sis of metastable pitting data was listed as follows.

(1) The data outside the metastable pitting region are omitted;

(2) The underlying corrosion data trend is eliminated according to
the fitting by using a moving average method;

(3) The kg coarse-grained time series are constructed from the
detrended data set, and defined as yi’j [38]:

Jrtk—1

Vij = ! Z pljs
T =Dtk

Y1 o<k < o @

T
where x; is the iy point from the detrended time-series data, 7 is
the scale factor, N is the total number of data points from the
series data, and k is an indexing factor that designates at which
data point to initialize analysis.

(4) Vectors with a given yy for each t are created;

vi={ iviaevin ) @

where M = N/z, and each y; ; is determined using Eq. (1).
(5) The template vectors, y;:lin, of dimension m = 2 are created;

<i<N-ml <k

Yii = { VeiViiel oo -yi,,-+m_1} i1
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(6) The distance between two template vectors via the infinity norm
is measured to determine whether they are matched;
dai" = ”y;'m - J’IT'm”oo = max {|yf,j - yf,1| |yir+m—1,j - y;’r+m—l,l|} <
where r is a predefined tolerance value, which is typically 0.15
times of the standard deviation of the data [39-41]. Two vectors
are considered as a match if d;lm is less than r.
Steps (1) - (4) are repeated for m = m+ 1.

The RCMSE value is calculated and denoted as the sample
entropy for this investigation. The first sum of the number of

)
®

matching pairs are used, nkmﬂ and n[(":’ ! for k from 1 to t and the
solved by using the following equation [38]:
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Fig. 1. XRD patterns of the reduced activation VCrFeTa, ;W 5 HEAs.
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3. Results and discussion

The X-ray diffraction patterns of SO, S1, and S2 are shown in Fig. 1.
It can be seen that the SO sample consisted of two body-centered-cubic
(BCC) phases as well as a Laves phase. After TTS, the characteristic
peaks of the Laves phase in S1 and S2 samples were more pronounced
than that of SO. Besides, the main peak near 43.5° of S1 and S2 was sig-
nificantly broadened, indicating that the grains of the BCC1 phase in S1
and S2 was significantly refined after TTS. The Debye-Scherrer [42,43]
formula was used to estimate the grain size.

D = KA/ (Bcos6) (6)

where D is the grain size; K is a constant related to the definition of p
and 0.89 in this work; p is the line broadening at half the maximum in-
tensity; A is the X-ray wavelength (copper K,, A = 0.154056 nm); 0 is
the diffraction angle.

It can be calculated that the grain sizes of SO, S1 and S2 are 168 nm,
106 nm, and 97 nm, respectively. In addition, the peak positions of the
BCC1 phase in S1 and S2 have shifted slightly to higher angles. Accord-
ing to the Bragg equation[44,45], the lattice constants of the BCC1
phase in SO, S1, and S2 were calculated to be 0.2937 nm, 0.2925 nm,
and 0.2920 nm, respectively. Therefore, after TTS, the VCrFeTag ,W »
HEAs exhibited greater changes in the phase structures, grain sizes and
lattice constants.

SEM equipped with EDS was applied to determine the phase mi-
crostructure and chemical composition of SO, S1, and S2. Fig. 2 presents
the SEM images of the VCrFeTag ,W, , HEAs. The SO displayed a clear
dendrite structure, as shown in Fig. 2(al). The white region in Fig. 2
(a2) indicated a Laves phase with the inter-dendritic structure, while
the gray and black regions were composed of the BCC1 and BCC2
phases with dendritic structure, respectively. The chemical composi-
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Fig. 2. SEM surface images of samples SO, S2 and S2.
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tions of the different regions are listed in Table 2. It can be seen that the

Table 2
Chemical compositions in different regions of SO analyzed by EDS (atomic
percentage, at%).

Region v Cr Fe Ta w

Overall 31.15 + 0.21 29.97 + 0.31 28.58 + 0.40 5.01 = 0.59 5.29 * 0.08
White 15.98 + 0.18 23.30 = 0.21 38.75 *+ 0.32 21.96 * 0.49 /
Gray 35.57 £0.21 33.72 £ 0.19 21.95 +0.21 2.76 £ 0.31 6 = 0.07
Black 32.41 = 0.18 26.72 = 0.16 39.49 + 0.24 1.39 + 0.11 /

Table 3
The contents (wt%) of BCC1, BCC2 and Laves phases in SO, S1, and S2 alloys.
Samples SO S1 S2
Phase
BCC1 94.5 73.6 72.8
BCC2 2.4 5.4 5.5
Laves 3.1 21.0 21.7
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Fig. 3. Microhardness of samples SO, S1 and S2.
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black region was rich in V and Fe. The gray region mainly consisted of
V, Cr, and W. The white region was mainly composed of Fe and Ta. In
addition, the nanoscale white Laves particles Fe,Ta were randomly dis-
tributed in the dendritic matrix. Fig. 2(b-c) show the SEM surface im-
ages of S1 and S2. No obvious difference was observed from these fig-
ures, indicating that the alloy surface melted and solidified rapidly after
TTS to achieve a homogenous surface layer having uniform alloy com-
position. A droplet-like solidification structure was distributed around
snowflake-like dendrites due to the rapid temperature drop after TTS.
The S2 alloy exhibited a finer microstructure and a smaller droplet-like
structure than the S1 alloy, suggesting that an increase in the TTS
power promoted the melting of the surface and enhanced the fluidity.
In addition, a higher solidification rate resulted in a finer surface mor-
phology. Fig. 2(b3-c3) present the cross-sectional backscatter diagrams
for S1 and S2. It can be seen that the remelted layer had a thickness of
~50 um at 15 kW and 60 um at 17 kW. Compared with Fig. 2(a3), the
Laves phase was greatly refined after TTS with a higher content than
that in the as-cast alloy. As listed in Table 3, the content of BCC1 phase
decreased significantly after TTS, while those of BCC2 and Laves phases
increased.

As shown in Fig. 3, the microhardness of SO, S1, and S2 were ~673

HV, ~714 HV and ~736 HV, respectively. The significant enhancement
of the microhardness of reduced activation HEA after the TTS could be
attributed to the grain refinement of the surface layer. The increased
microhardness was consistent with the increase in the Laves phase con-
tent at a higher electron-beam power.
Fig. 4(a) shows the polarization plots of SO, S1 and S2 that were ex-
posed to 3.5 wt% NaCl solution. The fitted corrosion current density
(I.orr) and self-corrosion potential (E.,) data are listed in Table 4. The
E_r represents the potential of materials in an OCP and the I, is used
to calculate the corrosion rate of the material. Generally, I, is mainly
applied to evaluate the corrosion resistance of samples, followed by
E r and the passivation range [46,47].

As shown in Fig. 4(a), S1 and S2 exhibited unique metastable and
serration corrosion behaviors in NaCl solution, which were completely
different with the as-cast one. At the beginning of the anodic-
polarization curve, the corrosion current density of the samples exhib-
ited a rapid upward tendency with an increase in scanning voltage, in-
dicating that the samples possessed an active dissolution process in the
initial stage of corrosion. As the scanning voltage increased, all samples
demonstrated passivation behaviors, and formed a protective passiva-
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Fig. 4. (a) Potentiodynamic-polarization plots; (b) and (c) Nyquist plots; (d) and (e) Bode plots; (f) equivalent circuit for the HEAs of the electrochemical impedance

spectroscopy (EIS) in 3.5 wt% NaCl solution at room temperature.
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Table 4
Electrochemical parameters and equivalent circuit parameters for EIS of samples SO, S1, and S2 with different processes in 3.5 wt% NaCl solution.
Alloys Ecorr (Vscr) Teorr (pA/cm?) Epit (Vsce) Rs (Q cm?) R; (Q cm?) R, (Q cm?) Q: Q2
Y, (F/cm?) n Y, (F/cm?) n
SO -0.483 1.361 0.881 2.84 262.8 1.32 x 104 1.44 x 104 0.76 4.57 x 1073 0.71
S1 -0.411 0.472 1.165 5.06 101.3 6.71 x 105 1.45 x 105 0.83 3.01 x 10-5 0.77
S2 - 0.494 0.547 1.112 3.14 41.7 4.17 x 10° 1.80 x 103 0.86 4.51 x 1075 0.73

tion film to prevent the further corrosion and dissolution. The small
corrosion potential represented a low chemical stability, and a high cor-
rosion tendency of materials in the corrosion solution [48,49]. It could
be observed that the Ey; (pitting potential) was improved after the sur-
face treatment from 0.881 Vg in the as-cast condition to 1.165 Vgcg
and 1.112 Vg in S1 and S2, respectively. The I, values of S1 and S2
in 3.5 wt% NaCl solution were 0.472 pA/cm? and 0.547 pA/cm?, re-
spectively, much smaller than that of SO, indicating that the corrosion
resistance of the HEAs was significantly improved after TTS.

During the electrochemical reaction, the passivation film has a pro-
tective effect and could effectively reduce the current density during
the corrosion process, and improve the corrosion resistance [48,50].
Fig. 4(b-e) display the Nyquist and Bode plots of SO, S1 and S2 in
3.5 wt% NacCl solution for OCP. The Nyquist curves are all semicircular
arcs with a concave center below the X-axis. The radius of the imped-
ance indicates the quality of corrosion resistance, in which a larger arc
radius corresponds to a higher corrosion resistance [49,50]. It can be
seen that the Nyquist curve of S1 presents the largest arc radius, fol-
lowed by those of S2 and SO, indicating the corrosion resistance of these
alloys followed the order of S1 > S2 > SO0.

The Bode plots of SO, S1, and S2 suggested that the resistance value
of SO is one order of magnitude lower than those of S1 and S2, and the
resistance value of S1 is slightly larger than S2. Meanwhile, the stable
phase angles in a range of 60 ~ 70° and inclined impedance-modulus
values appear at low and medium frequencies, which indicated the
presence of a barrier oxide film on the surface was expected to have a
capacitive response. Based on the shape of the Bode plots, S1 and S2 has
a quadratic constant, while SO has a first-order constant, which could
be ascribed to the elemental segregation, structural inhomogeneity and
surface defects of the as-cast samples. The equivalent circuit diagram in
Fig. 4(f) shows the best fitting results of experimental data. The first
part was related with a surface covered with a complete passivation
film, and the circuit was composed of a solution resistance Rg, and a
passivation film capacitor Q;. The second part was applied to character-
ize the charge-transfer process in the weak and sensitive areas of the
passivation film, in which the circuit consisted of a solution resistance
R; in the weakened area, the charge transfer resistance R,, and the ca-
pacitance Q, in the weakened area.

Table 4 lists the fitted parameters of the EIS. The Y is the scale fac-
tor of the capacitance impedance, and inversely proportional to the ca-
pacitance impedance. The n refers to the dispersion degree of the ca-
pacitance [50,51]. After TTS, the Y, value of the VCrFeTa, ,W,, HEA
decreased, while the n in Q, increased, indicating that a more protec-

tive passivation film with a reduced porosity was formed on the sur-
face [49]. The charge-transfer resistance R, in the weak region of the
passivation film increased from 1.32 X 10* Q cm? in the as-cast state
to 6.71 x 105 Q cm? in S1 and 4.17 X 105 Q cm? in S2. At the same
time, the sensitive and weak area of the passivation film, the S1 pre-
sented the largest polarization resistance (R, R, = R; + Ry), while
the SO displayed the smallest. The higher the charge transfer resis-
tance, the more difficult it is for ions to transfer through the capacitor.
Thus, the corrosion performance of the alloys followed in the order of
S1 > S2 > S0. The results of the EIS were consistent with the poten-
tiodynamic-polarization experiments.

The dissolution morphologies of SO, S1 and S2 after the polarization
tests are shown in Fig. 5. As exhibited in Fig. 5(a), the dendrite edge dis-
played a rough V-rich region in the SO alloy after the polarization test.
The inset image revealed that the Laves phase between the dendrites
maintains morphological features due to the V-rich region being at-
tacked by CI” ions that typically occurred during localized corrosion.
These results indicated that the Laves phase possessed a higher corro-
sion resistance than the BCC phases, and SO exhibited phase boundary
corrosion. It can be seen from the corrosion morphologies of S1 and S2
alloys shown in Fig. 5(b-c) that only a few hemispherical pits were dis-
tributed on the surfaces. The treated surface layer had network-shaped
Laves phase, which endowed the BCC solid-solution phases with a
highly-protective layer, and thus improved the corrosion resistance of
the alloy. According to the features in Fig. 5(b-c), it can be observed
that the number of corrosion pits on the alloy surface increased with in-
creasing the power of the TTS. In addition, the reduced corrosion resis-
tance was consistent with the results of the polarization tests.

The corrosion resistance of the alloy was improved after TTS. The
Ep; of the VCrFeTag W, alloy was determined to be 1.165 Vg at
15 kW and 1.112 Vg at 17 kW, which exceeded that of stainless steels
in 3.5 wt% NaCl solution. Fig. 6 compares the Ey; and I o, of this work
with conventional corrosion-resistant alloys [48,52] and some reported
HEAs [49,51-60]. Most HEAs exhibited higher E,,;; values than conven-
tional corrosion-resistant alloys [48,49,52], such as stainless steels, Ni-
alloys, and Ti-alloys. In particular, the HEAs with a BCC structure ex-
hibited both low I and high E;; values, suggesting that this type of
HEA was capable for applications in the fields of seawater desalination,
naval weapons and chemical vessels. As for the VCrFeTa, ,W, , HEA af-
ter TTS by the electron beam, the E,;; value was even higher than the re-
ported FCC and FCC + BCC dual-phase HEAs, as well as most BCC
HEAs. This feature indicated the TTS strategy has potential application
prospects in improving the corrosion resistance of materials.

Fig. 5. SEM surface images of the VCrFeTa, ,W, » HEAs after potentiodynamic polarization in 3.5 wt% NaCl solution. (a) SO, (b) S1, and (c) S2.



6
| ® Alalloys
20 ® Cu-aloys
A Ni-alloys
158 > Ti-alloys
s1 & Stainless steel
o, @ FCC HEAs
1.0 52 S0 ¥ FCC+BCC HEAs
ﬁj! ¥ @ BCC HEAs
=5 2 | Y This work
st X7 3
NN
et _y ‘/;../ 2y,
0.0k (AN T A g
S P %)
05+ . L s
.10 1 1 1 1 1
-05 0.0 05 1.0 15 20 25

loorr (HA/CM?)

Fig. 6. Comparison of Ey;; and I, values for the VCrFeTa, ,W, , HEAs, conven-
tional corrosion-resistant alloys, and some reported HEAs in the 3.5 wt% NaCl
solution.

Fig. 7(a) shows the RCMSE analysis results for S1 and S2 with scale
factors ranging from 1 to 20. Both curves were found to increase with
increasing the scale factor, suggesting a complex behavior of current
fluctuations [61]. Furthermore, the curve for S1 was higher than that
for S2 when the scale factors were above 10. A larger sample-entropy
value indicated that the fluctuations of S1 contained more complex
behavior than those for S2. Conversely, the fluctuations in S2 exhib-
ited a lower sample-entropy value, indicating a less spatially correla-
tion and more random behavior.

The sample-entropy curves over a given range of scale factors were
integrated to quantitatively analyze and compare the results of Fig. 7
(a). The corresponding area under the curve was denoted as Agg, and a
higher value corresponded to a more complex current fluctuations [62].
It was found that these values were 24.89 and 24.12 for S1 and S2, re-
spectively. After comparing with the results of Table 3, there was a pos-
itive correlation between Agg and R;, values, indicating that the samples
with more complex behavior of metastable pitting-current fluctuations
exhibited a greater corrosion resistance.

Statistical analysis was performed on the metastable pitting current
fluctuations for the surface-modified samples. The complementary cu-
mulative distribution function (CCDF) was calculated via the following
equation.

C(S) = / “p (8")as’ )
S

where C(S) is the integral of the probability distribution function of
the current fluctuations, S, from S to infinity. For the current investiga-
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tion, a current fluctuation magnitude of 0.2 pA/cm? was employed as
the noise threshold [49]. Fig. 7(b) features the distribution of S1 and
S2. It can be seen that the electron beam energy was significantly de-
pendent on the current fluctuation amplitude. Specifically, the increase
in beam energy greatly increased the likelihood of great current fluctu-
ations during metastable pitting. Furthermore, S1 with a smaller distri-
bution of current fluctuations was more resistant to corrosion, suggest-
ing that the corrosion resistance and the complexity of current fluctua-
tions were inversely related to the magnitude of current fluctuations
during metastable pitting.

Compared with S2, a higher complexity value of S1 corresponded to
a greater corrosion resistance and current-fluctuation distribution with
a lower magnitude of current fluctuations. The relation between com-
plexity and corrosion resistance of the sample could be explained as fol-
lows. The S2 displayed a rougher surface than S1, representing its more
random surface topology [63]. Consequently, the more random surface
profile would result in a lower spatial correlation of anodic reactions
during metastable pitting, and thus a less dynamically complex. Con-
versely, the current spikes on smooth surface would exhibit a higher de-
gree of spatial correlation and more complex behavior. In terms of the
statistical analysis, the current spike of S1 has a smaller magnitude for
SI, as shown in Fig. 7(b), indicating a reduced probability of the nucle-
ated metastable pit propagation and hence a higher corrosion resistance
[64].

4. Summary

In this work, the effects of TTS on the microstructures and corrosion
properties of the reduced activation VCrFeTa, ;W , HEAs were investi-
gated. It was found that the as-cast VCrFeTa, ,W, , HEAs were consisted
of BCC1, BCC2 phases as well as a Laves phase. After the TTS treatment,
the Laves phases content increased, while the BCC1 phase content re-
duced greatly. The grain size was refined and the microhardness was
enhanced from ~673 HV to ~714 HV. After the TTS treatment, the cor-
rosion resistance of this alloy was improved with a low corrosion cur-
rent density of ~0.472 pA/cm? in 3.5 wt% NaCl solution. A new pitting-
current serration behavior was observed in the passivation area, as de-
termined by the potentiodynamic polarization curves. Dynamical and
statistical analyses of the metastable pitting-current fluctuations re-
vealed that the corrosion resistance was related to current-fluctuation
distributions with a lower overall spike magnitude and a higher dynam-
ical complexity.

The reduced activation VCrFeTa, ;W , HEA after TTS treatment ex-
hibited outstanding mechanical properties and corrosion resistance.
Therefore, the TTS could be performed as an efficient surface modifica-
tion technique to improve the mechanical properties of HEAs. Although
the modification is limited by the penetration depth of the electron
beams, these issues could be addressed by increasing the energy density

(b)

[
y

0.01¢ il

Cumulative Distribution Function (C(S))

10 10%
Current Fluctuation Magnitude (5) (A/em®)

Fig. 7. (a) Sample entropy vs. scale factor for S1 and S2; (b) CCDFs for the metastable pitting-current fluctuations for S1 and S2.
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and treatment time. Therefore, the TTS treatment opened up new op-
portunity to functionalize HEA materials with better performance.
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