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Abstract

The CoCrFeNiMn High-Entropy Alloy (HEA) with 0, 0.5 and 1.0 at.% Carbon (C) addition
has been evaluated by mechanical and corrosion testing, including tensile, wear and
corrosion resistance testings. The result shows that the medium of 0.5 at.% C addition into
HEA brings higher tensile toughness with 27,213.6 MPa%, less wear damage (0.37 mm?)
and superior thermodynamic stability (0.73 Vgcg), compared with that of the other two
compositions. The tensile fracture observation points out that the high C addition embrittles
the HEA with poorer toughness and wear resistance with content increasing to 1.0 at.%.
The HEA material with 0.5 at.% C addition has high corrosion potential and the lowest
corrosion current density, indicating that the appropriate C-alloying plays a significant
role in determining the corrosion properties of HEA. The current study shall provide
meaningful instruction for high-performance C-alloyed HEA development.
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1. Introduction

High-entropy alloy (HEA) exhibits remarkable properties of high strength, wear
resistance and corrosion resistance properties when compared among the metals and
alloys [1-3]. This kind of alloy is composited with five or more nominally equiatomic
multi-component elements, forming a simple face-centered cubic (FCC) or body-centered
(BCC) crystal structure [4-7].

To further improve the mechanical and corrosion-resistant properties of HEA, the
alloying method is adopted. In the previous studies, the minor content of Al, Ti and Mo
has been evaluated as an addition element of HEA [8]. The result shows that the structure
of HEA changes from single-phase to dual-phase or multi-phase structures after cold
work and heat treatment. In detail, Shukla et al. [9] proposed one alloyed CoCrFeNi HEA
with 6.7 at.% Al, and the yield and tensile strength improved around 300 and 400 MPa,
respectively. In the meanwhile, the uniform elongation improves a little. Qi et al. [10]
systemically studied the addition of (Alp3Tip2)x (x = 0.25, 0.5, 0.75 and 1) into the CoCrFeNi
HEA system. The highest product of tensile strength and elongation to fracture was
achieved with x = 0.5 of (Alp3Tip2)x, and the underlying strengthening mechanism came
from the precipitates. More importantly, the addition of Al and Ti reduced the corrosion
current density and passivation current density of the CoCrFeNi HEA with outstanding
pitting corrosion resistance.
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Recently, the interstitial solution elements, such as C [11,12], N [13,14] and O [15,16],
play an interesting role in determining the mechanical and corrosion properties of HEA.
Ye et al. [15] systemically studied the effect of N and O elements on the microstructural
evolution and mechanical properties of the interstitially solutioned NbTiZrHf HEA sam-
ples. The result shows that the critical shear stress of dislocation nucleation improves in
interstitial-containing NbTiZrHf HEA. In addition, Stepanov et al. pointed out that the
addition of C will bring solid-solution-strengthening M;Cj3 carbides with the C content
increasing, resulting in a hardness improvement of more than 70%. Ko and Hong et al. [17]
analyzed the contribution of 1.84 at.% C addition in CoCrFeMnNi HEA, an improvement of
127 MPa on yield stress by C-induced friction stress associated with interstitial solution and
carbide strengthening. In the meanwhile, the C addition refined the grain size and brought
further grain-refinement strengthening effect. The C alloy method induces considerable
scratch and wear resistance improvement accompanied with hardness [18]. Meanwhile,
the previous studies of the C effect on the corrosion behavior are still in progress [19-21].
The results illustrate that the C-alloying plays a significant role in improving the corrosion
resistance in chlorinated concrete solution with the content of C increasing to 0.5 at.%.
Nevertheless, more C addition will deteriorate the pitting corrosion resistance and the
toughness of CoCrFeMnNi HEA. The underlying mechanism has been discussed, while
some details, such as the changes in fracture mechanism, wear damages and the electro-
chemical impedance depending on the C content are still unclear.

The present study will further reveal the Carbon-alloying effect on the fracture, wear
and corrosion behavior of CoCrFeMnNi HEA, with content ranging from 0 to 1.0% at.%.
As the solid-solution-strengthening mechanism plays an important role in mechanical and
corrosion-resistant properties’ improvement for further industrial applications. Thus, the
current study systemically explores the mechanical and corrosion behaviors of HEA under
various C content and points out the appropriate carbon content window for HEA design.

2. Experimental Section

The C-alloyed HEA materials were fabricated by the arc-melting method, repeated
four times. The ingot was cooled in furnace, and have further annealing treatment under
1100 °C for 120 min. The detailed preparation process can be referred to our previous
work [22], and the chemical composition of the casting HEAs is listed in Table 1. The
changes in microstructural evolution influenced by the C addition were studied by a
Rigaku SmartLab (Tokyo, Japan) 9 kW diffractometer on a Cu target using a 26 range from
20° to 90° X-ray detection (XRD) and a Keyence VHX-7000 stereo-optical microscope (OM),
respectively (Osaka, Japan).

Table 1. The chemical composition of C-alloyed HEA (at.%).

Co Cr Fe Mn Ni C
0C 19.90 20.00 19.90 21.30 18.90 0.00
05C 19.90 19.75 19.80 21.20 18.80 0.55
1.0C 19.70 19.70 19.70 21.07 18.80 1.03

The tensile test was carried out under a Zwick/Roell Z250 (Ulm, Germany) with a
strain rate of 0.5 mm/min, and repeated 3 times for each sample; the cross-section scale
of the sample is 3.9 x 1.1 mm?, and the gauge length is 15 mm. The counter-grinding
test was performed against a GCr15 bearing steel with a loading of 500 gf, rotation of
400 rpm under 10 min, and the tested sample diameter is 3 mm. The wearing test was
carried out under 20 °C and an air conditioner was adopted for temperature controlling.
In the meanwhile, the fracture and wear damages were observed by an OM and an EOL
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7900F scanning electron microscope (SEM, Tokyo, Japan). The electrochemical tests were
performed in 3.5 wt.% NaCl solution with exposure area of 7 x 10 mm?. The electrochemical
measurements were carried out using a Gamry Refence 600 + electrochemical workstation
(Warminster, PA, USA). A traditional three-electrode system was employed, in which the
HEA sample was used as the working electrode, a platinum sheet with the surface of
10 cm? as the auxiliary electrode, and saturated calomel electrode (SCE) as the reference
electrode. The potentiodynamic polarization measurements were scanned at a scanning
rate of 0.333 mV /s. The eroded sample surface was also observed under the SEM for further
study and comparison. All the electrochemical experiments were conducted at 25 £ 1 °C,
and each measurement was repeated three times to ensure the accuracy of the experiments.

To further explore the corrosion mechanism of the Carbon-alloyed HEAs, the samples
were immersed in a 3.5 wt.% NaCl solution for 12 h. Then, X-ray Photoelectron Spectroscopy
(XPS, ESCALAB 250Xi T, Thermo Fisher Scientific, Waltham, MA, USA) testing was used to
examine the properties of the passive film on the sample surface of HEA.

3. Results and Discussion
3.1. Microstructure Observation

As illustrated in Figure 1a, the XRD shows that C addition up to 1.0 at.% will not
change the phase structure of the C-alloyed HEA, and only an FCC (face-centered cubic)
structure is observed. Although the 1.0 C HEA shall have carbides precipitated along the
grain boundary, the content and size of the carbides are too small to be detected. The
OM observation of 0 C, 0.5 C and 1.0 C HEAs points out that grain size of the 0.5 C HEA
(66.7 £ 24.6 mm) is larger than that of the 0 C (12.5 & 6.9 mm) and 1.0 C (33.3 £ 11.4 mm)
HEAs, as shown in Figure 1b—d. It is interesting that the 0 C HEA has a bi-model structure,
where the large grains are surrounded by small grains. However, this characterization is
not found in the 0.5 C and 1.0 C HEAs. In addition, the inserted SEM observation illustrates
that the carbides are abundant along the grain boundary in the 1.0 C HEA. What is more,
no macro-cracks were observed in all three kinds of HEA materials.

3.2. Tensile and Wear Properties

The tensile curves of the tested samples are illustrated in Figure 2a, where the yield
and tensile strength of the 0 C, 0.5 C and 1.0 C HEAs are 441 & 13 MPa and 633 £ 5 MPa,
520 &+ 3 MPa and 667 & 9 MPa, as well as 592 + 9 MPa and 749 + 4 MPa, respectively. To
directly compare the toughness among these three samples, the product of strength and
elongation (PSE) is studied. The PSE of the 0 C, 0.5 C and 1.0 C HEAs are 23,104.5 MPa%,
27,213.6 MPa% and 19,324.2 MPa%, respectively. It reveals that the 0.5 C HEA has remark-
able toughness compared with the other two samples. Furthermore, the ratios of tensile
strength to yield strength of 0 C, 0.5 C and 1.0 C are 1.43, 1.28 and 1.26, indicating that all
three kinds of HEA has remarkable work-hardening capacities. Thus, the solid-solution-
and carbide-strengthening mechanisms work in C-alloyed HEA, leading to higher tensile
strength in C-alloyed HEAs. However, the plastic ductility attributed to carbides weakens
in 1.0 C HEAs, where the plastic elongations of 0 C, 0.5 C and 1.0 C HEAs are 36.5 & 4%,
40.8 + 2% and 25.8 + 6% [23,24]. The fracture observation under SEM is exhibited in
Figure 2b—d. It is found that the dimples of the 0 C HEA are much larger and deeper than
those of the 0.5 C and 1.0 C HEAs, corresponding with the stronger work-hardening capac-
ity of the 0 C HEA verified by the tensile test. With the C content increasing, the dimples of
the 1.0 C HEA become much smaller and shallower than those of the 0 C and 0.5 C HEAs.
The deteriorated ductility results from the carbides, along the grain boundaries [25]. This is
because the limited ductility restricts the growth and coalescence of dimples, and the high
distribution density of carbides disperses the nucleation of dimples [26,27].
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Figure 1. (a) XRD of C-alloyed HEA, and (b—d) OM observation of 0 C, 0.5 C and 1.0 C HEAs with
detailed SEM observation inserted.
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Figure 2. (a) The tensile curves of the tested HEA samples, and (b-d) the fracture observation of 0 C,
0.5 C and 1.0 C HEAs under SEM. (b) 0C; (¢) 0.5 C; (d) 1.0 C.
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The morphology of the wear damages is displayed in Figure 3, where the wear volumes
of the 0 C, 0.5 C and 1.0 C HEAs are 0.44 mm?, 0.37 mm?, and 0.40 mm?3, respectively. In
addition, according to the profile of the wear pit, the 0.5 C HEA has slight wear damages.
These experiment results support that the C addition shall improve the resistance to
wear damages, attributing to solid-solution- and carbide-strengthening mechanisms [28].
Furthermore, taking into consideration the PSE results, the 0.5 C HEA samples exhibit the
balance of strength and ductility which achieves the lowest wear damages.
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Figure 3. The morphology and profile of worn trace in (al,a2) 0 C, (b1,b2) 0.5 C and (c1,c2) 1.0 C HEAs.

3.3. Corrosion Resistance

The potentiodynamic polarization curve of tested HEAs in 3.5 wt.% NaCl solution
is shown in Figure 4a, where the corrosion potentials of the 0 C, 0.5 C and 1.0 C HEAs
are —0.343 Vgcg, —0.262 Vgcg, and —0.287 Vgcg, and the corrosion current densities are
734 x 1077 A/cm?,2.19 x 107% A/cm? and 3.31 x 1072 A/cm?, respectively. The current
results illustrate that the 0.5 C HEA has the highest corrosion resistance in NaCl solution,
but the corrosion current density, i.e., corrosion rate, of 0.5 C is also the lowest in these
investigated materials, as shown in Table 2. Luo et al. [20] reported a similar result—that
the CoCrFeMnNi HEA with a 0.5 at.% C addition has the better corrosion resistance among
the C-alloyed HEAs (C at.% between 0 and 0.8). The underlying mechanism shall be
attributed to the enrichment of Cr and Co elements in the passive film. Nevertheless, the
further increment of C-alloying in HEAs will promote the formation of Cr- and Co-rich
carbides, leading to the depletion of Cr and Co elements within passive film [21]. To reveal
the corrosion characteristics, the SEM observation of the corroded samples is illustrated in
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Figure 4b—d, where the depth and area of corrosion pits in the 0.5 C HEAs are much lower
compared with that of the 0 C and 1.0 C HEAs. Furthermore, the density of corrosion pits
in the 0.5 C HEA is lower than that of the others, corresponding with the higher corrosion
current density [7,29,30].

10" 10° 10 107 10° 10° 10 107

i .em2
Ioore | A-CM

Figure 4. (a) The polarization curve of the tested HEA samples, and (b—d) the observation of corroded
0C,05Cand 1.0 CHEAs.

Table 2. Ecorr and icorr Of the three HEAs in 3.5% NaCl solution.

Co Co0.5 Cc1
Ecorr/MVscE —343.22 —264.57 —284.76
icorr/A-cm ™2 7.34 x 1077 2.19 x 1077 3.31 x 1077

Furthermore, Figure 5 shows the XPS fitting results of Ols, Co 2p3/2, Cr 2p3/2,
Fe 2p3/2, Mn 2p3/2, and Ni 2p3/2 of the CoCrFeMnNiCy, HEA passivation film after
immersion in 0.5 mol/L NaCl solution for 12 h. Co2p3/2 is composed of metallic Co (Co°,
777.91 eV) peak, CoO (780.18 eV) peak, and Co(OH); (782.17 eV). From the peak intensity of
each cobalt component, it can be seen that the Co element of the three alloys mainly exists as
Co®. Cr 2p3/2 can be decomposed into three component peaks: metallic Cr (Cr°, 574.6 eV),
Cr,03 (576.6 €V) and Cr(OH)3 (578.1 eV). It can also be determined that the main forms of
Cr in the passivation film are Cr and Cr,O3. A large number of studies have shown that the
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CryO3 component is very beneficial for forming a dense and stable passivation film on the
alloy surface [29,31,32]. The present study divides Fe 2p3/2 into four component peaks,
i.e., metallic Fe (Fe?, 707.9 eV), Feox™* (709.3 eV), Feoy®* (710.7 €V) and Feny* (712.7 €V).
Ni 2p%/2 mainly exists in the form of metallic Ni (Ni’, 852.3 eV). Ni is not easily oxidized
and exists at the interface between the passivation film and the alloy. The metallic Ni layer
can hinder the movement of ions, thereby improving the corrosion resistance of the alloy.
The percentages of Co 2p3/2, Cr 2p3/2, Fe 2p3/2, Mn 2p3/2 and Ni 2p3/2 peaks of the
surface passivation film formed after the 0 C, 0.5 C and 1.0 C HEAs were immersed in
3.5% NaCl solution for 12 h are marked in Figure 5. The ratio of Cr,O3/(Cr + Cr(OH)3) first
increases and then decreases with the increase in C content, indicating that the passivation
film has stronger protection for the substrate at the 0.5 C HEA [33].
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Figure 5. XPS spectra of HEA after immersion in 3.5 wt.% NaCl solution for 12h: (a) Ols; (b) Co 2p3/2;
(c) Cr2p3/2; (d) Fe 2p3/2; (e) Mn 2p3/2; (f) Ni 2p3/2. The red line in the figure is the line using to
calculated the fraction of each component, the gray line is the obtained curves.
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4. Conclusions

The influences of C addition on the microstructural evolution, mechanical properties,
and corrosion resistance of CoCrFeNiMn HEA are discussed in the current study. The
results illustrate that C has an obvious improvement in the yield with PSE of 27,213.6 MPa%
and tensile strength, while sacrificing the plasticity due to the carbides. In addition, with
the balance of strength and plasticity, the 0.5 C HEA exhibits better wear resistance of
0.37 mm?3. In the meanwhile, the 0.5 C HEA exhibits better thermodynamic stability in a
3.5 wt. % NaCl solution with the lowest corrosion potential of 2.19 x 10~7 A/cm?. This is
due to the ratio of Cr,O3/(Cr + Cr(OH)3) being the highest in the 0.5 C HEA, exhibiting
stronger protectiveness on the substrate. In future studies, the other alloying candidates
and the precision settings of temperature, time and atmosphere under heat treatment will
be further considered to optimize the mechanical properties of HEAs. In the meanwhile,
application-specific tests, such as fatigue, creep and stress-corrosion cracking testing will
be carried out the performance of HEAs with designed alloying and heat treatment.
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