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An urgent need arises for alloys that possesses superior ductility and good corrosion resistance, essential for
applications in highly harsh environmental conditions. The corrosion resistance and mechanical properties of
CoCrFeNiAlp 3 high-entropy alloy seamless tubes (HEASTSs) are investigated in this study. Electron Channeling
Contrast Imaging (ECCI) and Electron Backscatter Diffraction (EBSD) techniques reveal the presence of abundant
dislocations within the inner crystals, highlighting the alloy’s excellent deformation ability. The formation of the
B2 phase significantly influences corrosion behavior, with higher B2 content promoting pit propagation and
enhancing pitting corrosion. Corrosion test results demonstrate the superior pitting corrosion resistance of TR-22
tubes, attributed to their lower B2 phase content and effective coverage by a protective passive film formed by
Al, Cr, and Fe. X-ray photoelectron spectroscopy (XPS) analysis further elucidates the correlation between B2
phase content and corrosion resistance, emphasizing the importance of controlling B2 content to optimize
microstructure. Overall, this study provides valuable insights into enhancing the corrosion resistance and me-
chanical properties of high-entropy alloy seamless tubes, contributing to the development of advanced materials
in engineering applications.

1. Introduction

Metal tubes are widely utilized across various industries for their
exceptional mechanical, chemical, and processing properties. These
tubes play a crucial role in numerous applications from construction to
aviation. In recent years, the increasing emphasis on energy develop-
ment has underscored the importance of pipeline storage and trans-
portation, particularly in clean energy sectors. This growing demand
necessitates materials that can meet stringent requirements, driving the
exploration of innovative alloys such as high-entropy alloys (HEAs).

High-entropy alloys (HEAs) represent a recent advancement in alloy
development, characterized by their unique composition of multiple
principal elements. This high-entropy effect results in a simple solid-
solution structure, offering flexibility in adjusting strengthening pha-
ses and yielding outstanding mechanical properties. Various phases,
including L1, structure y' phase p[1-7], D09 structure y” phase p[8-12],
B2-phase precipitates p[13-15], hard ¢ p[16-19], and intermetallic
compounds pP[20-23] contribute to the mechanical strength of HEAs.
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Additionally, HEAs demonstrate notable corrosion resistance due to the
role of specific elements. For instance, research by Chai et al. on
face-centered-cubic (FCC) -structured FeCoNiCrx (x = 0, 0.5, 1.0) p[24]
alloy revealed that the passivation layer effectively prevents corrosive
agents, such as Cl" ions, from penetrating the base metal, thereby
enhancing corrosion resistance of alloys. Ni provides excellent oxidation
and corrosion resistance in alloys, particularly in acidic and alkaline
environmentsp [25], while Co synergistically enhances overall corrosion
resistance when combined with nickel and chromium (Cr). Moreover,
aluminum (Al), despite its controversial role, can form a protective Al20s
passivation film in oxidizing environments p[26,27], albeit prone to
localized corrosion (pitting) in chloride-containing environments.
However, the inclusion of Mo in aluminum-containing alloys has been
shown to effectively mitigate pitting corrosion issues. These findings
underscore the potential of HEAs to not only deliver superior mechan-
ical properties but also to withstand corrosive environments, making
them promising candidates for applications in sectors such as trans-
portation, infrastructure, and marine engineering. By harnessing the
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synergistic effects of the alloy composition, HEAs offer a compelling
solution to address the dual challenges of mechanical strength and
corrosion resistance in demanding operating conditions.

Despite the promising properties of HEAs, research in this field has
been limited, primarily due to challenges related to high strength and
work hardening. Among various HEA systems, the FCC CoCrFeNiAlg 3
HEA p[28], reinforced by nano-precipitate phases, displays external
work-hardening properties and favorable processing characteristics. It
possesses excellent capacity of deformation in the room temperature and
outstanding fracture toughness in the cryogenic temperaturep [29,30],
which are potential for being applied at wide temperature range.

Previous works have demonstrated that CoCrFeNiAly 3 outperforms
conventional materials like 316 L steelp [31,32] in terms of corrosion
resistance. This competitive advantage positions CoCrFeNiAly 3 HEA as
a promising candidate for the fabrication of seamless pipes, particularly
for use in cryogenic, high-pressure, and corrosive environments. Thus,
there is an opportunity to achieve an optimal balance between me-
chanical properties and corrosion resistance.

This investigation focuses on exploring the mechanical properties of
HEAs across different tube diameters and their corrosion resistance
within a 3.5 % NaCl solution environment. By examining high-entropy
alloy seamless tubes (HEASTS), this study aims to significantly expand
the scope of research in this field, providing valuable insights for future
applications.

2. Experiment preparation
2.1. Samples production

The samples were prepared from forged ®44x600 mm (diameter x
length) rods of our prior work. Initially, the ®44 x600 mm rods undergo
annealing and softening at 1100°C for 90 min, followed by piercing to
create primary ®44x7 mm (diameter x thickness) tube blanks. These
primary tube blanks are then cold-rolled to form ®34.5x4.5 mm cold-
rolled tubes. Subsequently, the annealing, softening, and cold rolling
processes are repeated to produce seamless tubes with the sizes of
®25x3 mm, ®22x2 mm, and ®10x1 mm. Following each cold rolling
step, the tubes undergo bright annealing, softening, straightening, and
pickling to ensure a smooth surface finish.

2.2. Characterization and analysis of specimens

The phase composition of seamless tubes was determined by a Smart
Lab 9 kW X-ray diffraction (XRD) system with Cu-a radiation, followed
by microstructure characterization using scanning-electron microscope
(SEM) with a ZEISS Gemini 450 operated at 20 keV, along with electron
microscopy energy spectrometer (EDS). The grains in the tubes were
analyzed using electron backscatter diffraction (EBSD), and their texture
was represented by inverse pole figures (IPFs) corresponding to the
deformation direction. To further investigate the dislocation and
strengthen mechanical of tubes, the deformed microstructure was also
conducted by electron channeling contrast imaging (ECCI) and high-
resolution transmission electron microscopy (TEM) with a JEM-2010.
Two-step polishing methods made the TEM samples. The TEM samples
were first mechanically ground to a thickness of 40 pm, then twin-jet
electro-polished with a solution of HCIO4:CoH50H=1:9.

2.3. Mechanical and corrosion performance testing

Tensile test at a strain rate of 1x10% s™! at 298 K, using WDW-200D
microcomputer controlled electronic universal testing machine with a
sample gauge length of 50 mm. To assess corrosion resistance, electro-
chemical testing was performed with the Gamry Reference 600 + elec-
trochemical comprehensive tester. Additionally, the composition of
corrosion products was investigated through X-ray photoelectron spec-
troscopy (XPS, Thermo-Scientific), with Al Ka (1486.6 eV, 150 W)
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serving as the X-ray source. XPS spectra was analyzed via Advantage
software.

3. Results

3.1. Phase and Microstructure Evolution of High-Entropy Alloy Seamless
Tubes

The phase and microstructures of the high-entropy alloy seamless
tubes (HEASTs) are illustrated in Fig. 1. Fig. 1(a) provides picture of
seamless tube, with the cross-sectional sizes from ®44x7 mm to
®10x1 mm. EDS maps (Fig. 1b) reveal that all the alloying elements (Al,
Co, Cr, Fe, Ni) distribution, with the Al segregation in the grain
boundaries. As given by Table 1, shows the compositions of each tube.
The X-ray diffraction patterns of CoCrFeNiAlj 3 seamless tubes under-
going cold rolling and annealing processing are depicted in Fig. 1(c),
revealing the presence of a single FCC crystal structure as the main
phase. The Al-rich phase is confirmed by TEM as B2, and Fig. 1(d) shows
the microstructure and selected area electron diffraction (SAED)
patterns.

Fig. 2(a-c) delineate the grain-size diagram, with the inverse pole
figures inserting. Following annealing at 1100°C for 90 minutes, CoCr-
FeNiAly.3 HEASTs of diverse specifications exhibit nearly completed
recrystallization. Increased rolling deformation corresponds to a
reduction in the average annealed grain size. Specifically, TR-25 exhibits
an average grain size of 35.7 pm, TR-22 has an average grain size of 33.1
pm, and TR-10, experiencing the highest deformation, has a grain size of
29.4 pm, indicating significant grain refinement. Moreover, B2 precip-
itation is primarily found in the grain boundaries (GBs), as seen in Fig. 2
(e-f). The B2 phase contents of TR-25, TR-22 and TR-10 HEASTSs are
0.4 %, 0.29 % and 1.17 %, respectively.

3.2. Tensile behavior and fracture microstructure

Fig. 3(a) displays the engineering stress-strain curves of HEASTSs
tested at 298 K, showing the tensile ductility also dropped from 48 % to
35.8 %, while yield strength increased and ultimate tensile strength was
reduced, from 279 to 308 MPa and from 680 to 610 MPa, respectively.
The higher yield strength of TR-10 is caused by its smaller grain size and
higher B2 phase composition. Overall, it seems that HEASTs exhibit a
monotonically reduced strain hardening rate (SHR, ) until the final
instable failure. However, the strain hardening curves of HEASTs display
a small profile of up-turn in the range of ~0.1 to ~0.3. The similar
phenomenon was also reported in other HEAs with low stacking faults
energy which is generally related to the transition of deformation
mechanism. Compared with the strain hardening behavior of TR10, the
TR-25 and TR-22 possess a slightly higher strain hardening capability
with larger uniform elongation (35.8 %). Serrated fluctuation in the SHR
curve is caused by the dynamic strain failure of the alloy, which has been
reported in many literatures and will not be discussed in this paper.

Fig. 4(a) displays the fracture morphologies of samples tested at
298 K. The observation reveals the ductile dimples in both specimens,
further supporting the good plasticity. Additionally, the difference is
that the dimples of TR-10 are shallower, as compared to the other two,
which is consist the plasticity values in all specimens.

3.3. Potentiodynamic polarization test and microstructure of the
corrosion surface

Table 1 displays the potentiodynamic polarization test results. The
polarization curve is used to evaluate the alloy’s resistance to corrosion.
Better corrosion resistance of the alloy is indicated by lower corrosion
current density (I.,y) and greater polarization voltage (Eoq). Addi-
tionally, a higher pitting potential (Ey,;) suggests better resistance to
pitting corrosion. Table 1 displays E cor, Icorr, Epit, and Ry, values of tubes
in a 3.5 wt% NaCl solution. It is observed that as the proportion of B2



Y. Wu et al.

()

(©) | orcc ——TR-10
——TR22
——TR-25
3
& § g %
&>
=
g
=
=
A A A
L b Iy
30 40 50 60 70 80 90

20 (degree)

Journal of Alloys and Compounds 1010 (2025) 177143

Fig. 1. The morphologies and structures of HEASTs. (a) The macroscopic views of STs with various diameters, as followed by TR-44: ®44x7 mm; TR-34.5:
®34.5x4.5 mm TR-25: $25%x3 mm; TR-22: ®22x2 mm; and TR-10: ®10x1 mm; (b) SEM-EDS maps showing the distribution of Al, Co, Cr, Fe, Ni of initial speci-
mens; (c) The XRD pattern for samples; (d) Bright filed TEM image the SAED pattern for B2 phase.

Table 1

Chemical compositions (at%) of tubes.
Tubes/elements(at%) Al Co Cr Fe Ni
TR—-25 7.79 22.26 22.85 22.77 24.33
TR—-22 7.38 23.09 24.27 22.14 23.12
TR—-10 6.82 22.99 23.22 23.29 23.68

phase increases, the average R, increases, and both Ej;; and I, decrease.
This indicates a negative correlation between R, and Ep;, and a positive
correlation between I, and the content of the B2 phase, respectively.
These findings suggest that the B2 phase can worsen passivation and
facilitate pitting corrosion. Table 2

Fig. 5 presents Tafel curves of HEASTs samples in a 3.5 wt% NaCl
solution. The anodic curves demonstrate a direct transition from the
corrosion potential to the stable passive region, indicating spontaneous
passivation of all the samples in the solution. As the potential further
increases, the current density (I.o) rises rapidly, signifying the occur-
rence of stable pitting corrosion, and such a potential is usually regarded
as the pitting potential (Ey;)r [33,34]. Fig. 5(b) compares the obtained
Ieorr and Ep. Corrosion current density I.o and polarization R, can be
obtained from Tafel equation p[35]:

I
ICOT!‘ = T B EE. % (1)
exp(“Gosr)
0.0591
Rp=—; )
lCDﬂ

where, I (A/cmz) is anode current, I o (A/cm2) is corrosion current
density, E is potential, § is slope of anode Tafel curve, and 0.0591 is the
conversion factor that converts the base e of the natural logarithm to the
base 10 of the common logarithm. It is noticed that R, increases and Ep;;
and I, decrease when the proportion of B2 phase increasing. In other
words, R, correlate negatively with the content of the B2 phase while Ep;;

and I, correlate positively. It demonstrates that the B2 phase can
worsen passivation and facilitate pitting corrosion.

3.4. X-ray photoelectron spectroscopy

The surface analysis of passive films was conducted, using the X-ray
photoelectron spectroscopy as shown in Fig. 6. The presence of various
elements and their oxidation states were detected and analyzed. The C
peak detected at 284.8 eV might be attributed to external contamina-
tion, while the presence of O indicates oxidation of the metal surface,
forming corresponding oxides and hydroxides. According to the XPS
database, Al 2p spectra show the presence of Al (72.6 eV) and A1%*
(75.6 eV). The Co 2p3/2 spectra reveal metallic Co-metal (777.8 eV),
Co?t (780.5 eV), Co®* (783.1 eV), and CoZt (786.2 V), attributed to
monopole charge-transfer transitions. Similarly, the Cr 2p3/2 spectra
exhibit the Cr 2p3/2 spectra exhibit Cr-metal (573.6 eV), Crg;r
(576.1 eV), and Crﬁ}f (577.3 eV). The Fe 2p3/2 spectra display metallic
Fe?™ (707.6 eV), Fe*™ (710.0 €V), and Fe*' (712.6 eV), while the Ni
2p3/2 spectra consist of Ni-metal (852.4 eV), Nizs (853.8 eV), and Nify
(855.8 eV). At low passive potentials, water (H0) is adsorbed on the
metal surface according to chemical reactions (3)-(5).r[36]:

H,0(aq) + M—H,0 + M 3)
H,0(aq) + MOH—M +H"(aq) + e~ @)
H,0(aq) + MO—M + 2H" (aq) + 2e~ 5)

With increasing passive time, partial metal hydroxides (M(OH)y) are
dehydrated to form dense metal oxides (MxOy), which play a major role
in the protective properties of the passive film.
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4. Discussion
4.1. Deformation mechanisms

Fig. 7 According to the above mechanical results and fracture
morphology, it can be concluded that the difference in properties is
closely related to the microstructure. In order to further analyze the
difference, the mechanism was discussed by TEM. B2 phase reinforce-
ment is a common way of FCC high intensity, in many systems of FCC
P[13-15]. According to the results of EBSD (Fig. 2d-f), the TR-10 has a
larger content of B2 than the TR-25 and the TR-22, and while the dif-
ference in content is modest, it produces changes in yield strength. The
TEM characterization of TR-10 after 20 % strain confirms the disloca-
tions pinning-up by the B2 phase in the GBs, as shown in Fig. 8. In Fig. 8
(c), the dislocations are obstructed by GBs, except for B2 particles.

Besides the dislocation slipping, the twinning is another plastic

deformation mechanism of materials. The TEM image as well as its
selected SAED pattern also confirms the existence of deformation twins,
as shown in Fig. 9(a) and (b). After tension deformation, the twin
boundary acts as the barrier to dislocation movement and eventually
produces the dislocation bands near two sides of a twin p[37] The bright-
and dark-field TEM images (Fig. 9(c) and the inset) reveal several thin
deformation twins, as evidenced by the SAED pattern. When the
deformation twins form, the dislocation movement will be hindered by
the twin boundaries. The role of twin boundaries is similar to that of
grain boundaries. This means that the deformation twins will decrease
the mean free path of dislocation, eventually enhancing the strength
through dynamic Hall-Petch effect P[38,39]. On the other hand, the
twinning can active the ne slipping systems and promote more dislo-
cation slipping when the original dislocations are hindered by twin
boundaries. Besides, the twins can also accommodate more dislocations
and enhance the dislocation storage capacity, and thus improve the
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Fig. 4. The fracture topographies of (a)TR-25, (b)TR-22, and (c)TR-10 HEASTs.
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Table 2

Ecorr, Icorr, Epie and Ry, of tubes in 3.5w.t % NaCl solution.
Alloys Ecorr(mV) Leor(pA/cm®) Epic (mV) R,
TR-25 —0.2079- 0.2126 0.173 0.2779
TR—22 —0.2327 0.2389 0.292 0.2473
TR—-10 —0.1968 0.0625 0.035 0.9456

plasticity p[40,41]. Based on above results and analyses, the role of
deformation twins and refined grains in the dislocation motion is
probably the main reason for the good balance of strength and ductility
in the TR-25 and TR-22 HEASTs. However, dense and narrow parallel
single nanotwins (Fig. 9d-g), even the multiple-twins emitted from the
matrix interface were observed in deformed TR-10 specimens. Narrow
twin bands offer more interface, making dislocations difficult to pass
through and limiting the plasticity of the material. Obviously, the above
twinning-related processes significantly contribute to the enhanced
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strain hardening capacity of HEASTs at both temperatures.

In particular, multiple-twinning at TR-25 and TR-25 confers more
sustainable strain hardening in the stretched sample p[42]. Meantime,
compared with narrow twins, multiple-twins observed sample can
further lead to more pronounced strain-hardenability of materials,
which is consist with the corresponding SHR.

4.2. Corrosion resistance

The corrosion test results demonstrate that TR-22 tubes exhibit su-
perior pitting corrosion resistance, correlating well with their lower B2
phase content p[43,44]. The corrosion test results demonstrate that
TR-22 tubes exhibit superior pitting corrosion resistance, correlating
well with their lower B2 phase content.

Al, being more reactive than Fe, Co, Ni, and Cr, tends to dissolve
preferentially in a corrosive environment, forming a protective passiv-
ation film that acts as a barrier to corrosion. Consequently, the AINi-rich
and Cr-depleted B2 phase becomes a preferred site for initiating pitting
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Fig. 5. (a) Polarization curves of CoCrFeNiAly 3 HEASTs with different specifications in the 3.5 wt% NaCl solution;(b) Variation of polarization resistance (Rp),
corrosion current density (I.,) and pitting potential (Ey;) of the annealed CoCrFeNiAly 3 HEASTs in 3.5 wt% NaCl solution.
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Fig. 6. (a)The XPS spectra of the passive films formed on STs. (b) displays the spectra of TR-25 STs; (c) are the protection result of TR-22 STs; (d) present the XPS

spectra of TR-10 STs.

corrosionp [45]. Moreover, the presence of Cl ions further exacerbates
corrosion by promoting competitive adsorption and permeation p[46,
47]. The resulting chemical reaction couple, facilitated by the
high-energy interface of the precipitated phase, accelerates the corro-
sion process. The metal ions ionized into solution and combined with
OH’ to form coordination complex ((MOH)y, M = Fe, Ni, Cr, Co, Al) at
GBs, as followed chemical reaction:

O, + 2H, O+ 4e” —40H" (6)

M+2Cl"~ —-MCl; +2e” (@]

Cl" ions migrate to this interface, thereby promoting the corrosion
process '[48,49], as depicted by yellow balls and purple arrow in right
up side of Fig. 9(a). The surface of TR-22 sample, with fewer pitting
nucleation sites, is primarily covered by the protective passive film
formed by Al, Cr, and Fe in the matrix, preventing further corrosion, as
shown in Fig. 9(b).

A semi-quantitative examination of elemental composition and oxide
formation using X-ray photoelectron spectroscopy (XPS) clarifies the
correlation between B2 phase concentration and corrosion resistance. As
shown in Fig. 10, the variation in Al, Cr, Ni, Co, and their oxides are
indicated individually. During passivation, aluminum readily generates

aluminum oxide (Al20s) or aluminum hydroxide (Al(OH)s). As the B2
phase concentration increases, the presence of Al-rich area causes to
more Al to be oxidized, resulting in the formation of additional Al-Os or
Al(OH)s in the passivation film. Increased B2 content reduces the
quantity p[22,43,44,50,51]. Reduced Cr-rich areas lead to increased B2
distribution along GBs, resulting in more severe pitting and decreased
pitting potential P[52]. Furthermore, when the B2 level rises, the pro-
portion of oxides of elements such as Ni and Co, which are less prone to
corrosion, gradually increases in the passive layer. It suggests a deeper
level of pitting corrosion, which results in the progressive production of
a passive film within the sample. The dynamic variations in elemental
oxides with varied B2 concentration highlight the necessity of regulating
the B2 phase content to maximize microstructure and corrosion resis-
tance in the CoCrFeNiAly 3 alloy.

5. Conclusion

In conclusion, this work sheds light on the mechanical properties and
corrosion resistance of CoCrFeNiAly3 HEASTs across various pipe di-
ameters in a 3.5 % NaCl solution. Our findings emphasize the excep-
tional mechanical properties of the tubes, which is principally related to
work-hardening and  precipitation-strengthening = mechanisms.
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Z=[111]

Fig. 7. The TEM images of TR-10 tube after 20 % strain. (a) A TEM image
showing B2 particles distribute at the GBs, and it SAED pattern; (c) The
enlarged image of dislocations pinned by B2 particle.

However, it highlights the significant impact of precipitates in impeding
the improvement of corrosion resistance.

(1) The outstanding comprehensive mechanical properties of STs
with different diameters result from abundant dislocations,
deformed-twining and precipitation-phase strengthening.
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(2) Density deformed twinning endows the excellent ductility, more
sustainable strain hardening, and lead to more pronounced
strain-hardenability.

(3) The corrosion resistance of the seamless tubes is notably influ-
enced by the ratio of the B2 phase. Notably, the TR-22 STs exhibit
the least presence of the B2 phase, correlating with superior
pitting resistance. Remarkably, despite the reduced B2 phase
content, the mechanical properties of these tubes demonstrate a
tensile strength of 650 MPa, showcasing an optimal balance be-
tween mechanical robustness and corrosion resistance across the
three pipe specifications.

This study not only indicates the first examination of high-entropy
alloy seamless tubes but also provides valuable insights into the devel-
opment of advanced materials tailored for harsh environmental condi-
tions. By advancing our understanding of the interplay between
microstructure, corrosion resistance, and mechanical properties, this
research contributes to the ongoing quest for innovative materials with
enhanced performance and durability in engineering applications.
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Nanotwins

Fig. 8. The microstructures of HEASTs. (a) A TEM image showing deformed twins and stacking faults (SFs). (b) and (c) shows the deformed twins and their HRTEM

image of TR-22 tubes; The parallel nanotwins in the TR-10 samples.
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