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Abstract

Reducing corrosion and wear has been a challenge to metal components in the marine
environment for a long time. However, the problem of high cost and low efficiency
hinder the discovery of new anti-tribocorrosion multi-principal element alloy (MPEA).
This study reported a significant reduction in both wear and corrosion of single-phase

CoCrNi MPEA through in-situ Laser-directed energy deposition (L-DED), that had
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only half tribocorrosion rate than pre-alloyed samples. Further, structure evolution
mechanism of in-situ samples was revealed under different scales and interaction
mechanism of tribocorrosion was clarified in detail. The results show that in-situ
samples had finer cells and higher microhardness due to solid solution strengthening
and nano-precipitation strengthening. The higher Cr203/Cr(OH)s ratio, higher Rct, and
a lower Ipass, indicated a denser and more protective passive film of in-situ samples.
Further, in-situ sample demonstrated superior tribocorrosion resistance which was
mainly due to lower corrosion-intensified wear loss (Wc) value. Moreover, load
intensified the material loss of interactions between wear (W) and corrosion (S). This
work will provide breakthrough in the wear-corrosion trade-off of MPEA design and

promote the application of anti-tribocorrosion MPEAS in marine equipment.
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1 Introduction

With the rapid development of technology, it is becoming more and more important to
accelerate the exploration and development of marine resources. However, corrosion
and wear are ubiquitous in the moving parts of marine engineering and seriously reduce
the service life of equipment such as the hydraulic transmission system of ships and
deep-sea submersibles, gear sets of tidal power generation and tidal turbines, and
feeding parts in deep-sea mine cars [1]. Normally, tribocorrosion involves pure
corrosion, pure wear, and the interaction between corrosion and wear [2]. Under the
synergistic effects, the loss rate of material is much higher than that under pure
corrosion or pure friction conditions, which constitute a huge challenge for marine
material engineering [3,4].

Compared with traditional alloys (nickel-based alloys [5], stainless steel [6], copper

alloys [7]), the new MPEA proposed by Yeh et al. [8] is composed of almost equal



atoms or a significant proportion of various main elements and has excellent mechanical
performance due to high entropy [9,10]. The classic CoCrNi alloy has a single Face-
Centered Cubic structure, short-range chemical, and lattice distortion [11,12], and has
been widely studied with various processes [13-15]. The CoCrNi alloy prepared by arc-
melting under argon atmosphere reached a yield strength of 350 MPa, ultimate tensile
strength of 794 MPa and an elongation of 20% [16]. Ren et al. [15] successfully
prepared CoCrNi MPEA with Arc Melting, the result shows that low Stacking fault
energy (SFE), high lattice friction stress, and chemical short-range order (CSRO)
provide additional strengthening and toughening, thereby significantly improving the
wear resistance under low temperature. In addition, the slow diffusion effect in CoCrNi
has a beneficial effect on the high-temperature performance and exhibits higher
oxidation resistance than CoCrFeMnNi and SS 304 [14]. Dong et al. fabricated CoCrNi
alloy by using plasma arc melting, and the sample showed excellent oxidation
resistance and corrosion resistance [17]. CoCrNi prepared by LPBF showed high
strength and high toughness [18]. Ma et al. [19] synthesized CoCrNi MPEA with a wear
rate of 3.8>10°° mm3N*m and corrosion current density of 2.7x107® A/cm? by spark
plasma sintering. Obviously, under different preparation processes, the microstructure
formation process of CoCrNi alloy is different, which will lead to different properties
of the alloy.

As a revolutionary technique, Laser-directed energy deposition (L-DED) has
significant advantages in complex structural component manufacturing [20-22]. By
melting and solidifying metal powders, metal components are built layer by layer to
manufacture equipment parts with various complex shapes. Recent studies have
demonstrated that L-DED can successfully produce MPEAs with controllable
microstructures and excellent performance characteristics [23-26]. Melia et al. [27]
successfully prepared low-porosity, high-strength, and high-ductility bulk
CoCrFeMnNi parts through the L-DED process. However, L-DED requires alloy
powders with good fluidity [28] as raw materials, and has strict requirements on powder
preparation techniques [27], powder humidity[29], particle morphology [30], size
distribution [31], sphericity [32], oxygen content [33], and composition [34]. Therefore,



the high cost, low success rate, and low efficiency of preparing alloyed spherical
powders have hindered the development of new MPEAs suitable for additive
manufacturing. Although pre-alloyed powders can be replaced by mechanical mixing
of single powders, the effect about different powder pre-alloyed forms on structure of
additive manufactured MPEA is still unclear. Due corrosion and wear have been a
challenge to metal components in the marine environment, and the material loss rate
during tribocorrosion is much higher than that under pure corrosion or pure friction
conditions. There are few reports on how the in-situ alloying influences the mechanical
properties and marine protection properties of MPEA.

Herein, CoCrNi alloy was successfully prepared by using pre-alloyed powder and
mechanically mixed powder, and the influence of in-situ about microstructure, anti-
corrosion, and tribocorrosion behavior was invested. The microstructure of different
samples was studied by using characterization techniques, and the above conclusions
was combined with the of electrochemical and tribocorrosion results. The synergistic
effect between wear and corrosion was quantitatively calculated. Finally, the intrinsic
reasons for in-situ alloying on microstructure and protective properties of MEPA was
obtained. This work will provide breakthrough in the wear-corrosion trade-off of
MPEA design and promote the application of anti-tribocorrosion MPEAs in marine

equipment.
2 Experiments

2.1 materials and preparation

Co, Ni powder with particle size of 50-150 um, Cr powder with particle size of 15-45
um (considering that Cr has the highest melting point, a smaller particle size was used),
and CoCrNi pre-alloyed powder (Co:Cr:Ni=1: 1: 1, 50-150 pwm) were used as raw
materials. The microstructure and particle size of different powders were shown in Fig.
S1. The samples were prepared by using an ACunity directed energy deposition system
equipped with KUKA robot, Oerlikon powder feeder, Laser-Line laser system, and
ACunity coaxial nozzle. Argon (purity =99.999%) was used as powder carrier gas and

shielding gas in the L-DED process. As shown in Fig. 2, powder blend was mixed in



an Al203 tank by using a ball mill for 2 h. The typical process parameters were: laser
power of 850 W, deposition rate of 10 mm/min, a hatch spacing of 0.8 mm, overlap rate
of 60%, shielding gas flow of 14 L/min, carrier gas flow of 5 L/min, and spot diameter
of 2 mm. Each cladding layer was clad in a reciprocating manner, and the cladding

direction was rotated 90 “between layers. The sample dimensions were 45>45>25 mm.
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Fig. 1 The diagram of the L-DED process.
2.2 Characterizations

Samples were ground with SiC emery paper, and polished with 0.5 um diamond
suspension solutions, aqua regia was used to etch the sample. An X-ray diffractometer
(XRD, ADVANCE D8) with Cu-Ka radiation was used to characterize phase of
samples, the scanning range was 30°-100¢, scanning speed was 5¢/min, and a step length
was 0.02°. The scanning electron microscope (SEM, GeminiSEM300) equipped Bruker
EBSD detector, and optical microscope (OM, Axio Observer 5) were used to observe
the microstructure. and the AZtecCrystal software was used to process images. Further,
the Electron Probe X-ray Micro-Analyzer (EPMA, JXA-iHP200F) was taken to value
the elements distribution. The X-ray photoelectron spectroscopy (XPS, Axis Ultra DLD)
was used to characterize passive film. The TEM samples were processed by double-jet
electropolishing technique and observed by transmission electron microscopy (TEM,
Talos F200x). The microhardness was valued with a microhardness tester (VH3300),

the load was 0.02 kg, and time was 10 s.



2.3 Corrosion and tribocorrosion tests

A three-electrode electrolytic cell and electrochemical workstation (Autolab
PGSTAT302N, Metrohm) were used to perform electrochemical experiments. The
sample was working electrode with an area of 1 cm?. A platinum sheet was used as the
counter electrode, and an Ag/AgCl electrode was used as the reference electrode. Firstly,
a potentiostatic polarization (PS) at -1 V for 200 s was tested to remove the oxide film,
followed by open circuit potential (OCP) for 3600s, and electrochemical impedance
spectroscopy (EIS) was tested. The test parameters were frequency range of 100000-
0.01 Hz and AC signal interference of 10 mV. Subsequently, a Potentiodynamic
polarization (PD) test was performed at -0.1-1.5 V (vs OCP), the scan rate was 1 mV/s.
All experiments were tested with 3.5 wt% NaCl solution at room temperature to
simulate seawater environment.

Tribocorrosion tests were carried out by using a friction tester (UMT TriboLab) with
homemade liquid cell and linear reciprocating sliding mode (Fig. 2). The loads were 1,
5, and 9 N, the sliding distance was 3 mm with friction frequency of 2 Hz and time of
30 min. The grinding ball was SisN4 with a diameter of 4.5 mm. During the process,

the Ag/AgCl electrode was the reference electrode and the Pt electrode was the counter

electrode. Three types of tribocorrosion experiments were carried out as below:
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Fig. 2 The schematic of the tribocorrosion process.
(1) Open circuit potential conditions: After the sample was immersed in the solution,

the OCP was recorded for 4800 s and the friction time was 1800 s.



(2) Potentiodynamic polarization conditions: After the sample was immersed in the
solution for 30 min, a PD scan was performed at -0.1-1.5 V (vs OCP), 1 mV/s, and the
friction coefficient was recorded at the same time.

(3) Cathodic protection conditions (-0.9 V, vs RE): The cathodic protection condition
was taken to eliminate the impact of corrosion during friction, the friction conditions
were consistent with the OCP conditions. All experiment for each sample was repeated
at least 3 times.

The worn surface morphology was valued by laser confocal microscope. The wear rate

was calculated by the formula (1):

V
W=r71 (1)
Where W is the wear rate (mm® N2 m™), V is the total friction corrosion volume (mm?3),
F is the applied load (N), and L is the total sliding distance (m).
Tribocorrosion is a degradation process of bonded materials associated with corrosion,
wear, and synergistic effects. The total volume loss during tribocorrosion is calculated

by using the following formula:

T=Wy+Co+S (2)
The total volume loss(T) is equal to the pure corrosion loss, the pure mechanical wear
loss(W), and the interaction 10ss(S).

W =W, + W, (3)
Where Wo is the pure wear loss in the absence of corrosive media, Wc is the loss caused

by wear due to corrosion.

S=We+Cy (4)
The additional loss caused by friction-corrosion interaction is consists of corrosion-
intensified wear (Wc) and wear-intensified corrosion (Cw) [35,36].

MXI,xt
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Where I2 is corrosion current under static conditions. I2-11 is the difference in corrosion
current measured between sliding and no sliding [35]. tis sliding time, F is the Faraday
constant, p is the density of the alloy, M is the atomic mass of the metal, and n is the

number of charges involved in the oxidation reaction.

3 Results and analysis

3.1 Initial microstructures

Fig. 3 showed the typical microstructure of L-DED CoCrNi alloy prepared by pre-
alloyed powder. The pre-alloyed sample had obvious anisotropy along different planes
and obvious molten pool boundaries. Further, traces of the molten pool gradually

accumulated layer by layer were shown in the XZ plane, which was owing to the

cladding direction rotating 90° between adjacent depositions during the cladding path

design process. The L-DED samples in the XZ plane show an uneven grain size
distribution and obvious molten pool characteristics due to the high cooling rate (Fig. 3
(d)), the equiaxed cells mainly appeared inside the molten pool, while columnar cells

appeared at the bottom of molten pool (Fig. 3 (e, e1, e2)).
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Fig. 3 The microstructure of pre-alloyed samples at different areas: (a, d, €) the OM

image; (b, ¢) the EBSD image.



Fig. 4(a) showed the phase composition of different samples and powders. Both
samples and pre-alloyed powder had a typical FCC structure, and the diffraction peaks
of all samples were (111), (200), and (220). In addition, the (111) peak of the pre-alloyed
samples were stronger than that of the powder and In-situ samples. Pre-alloyed samples

had preferred growth orientation on the (111) crystal plane.
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Fig. 4 The microstructure and phase of different samples: (a) the XRD patterns of
powder and different samples; The EPMA maps of (b, b1, b2, b3) pre-alloyed samples
and (c, c1, c2, ¢3) in-situ samples; the microstructure of (d, d1) pre-alloyed samples and

(e, el) in-situ samples.

Fig. 4 (d, d1) and Fig. 4 (e, el) were surface microstructures of the pre-alloyed sample
and in-situ sample, respectively. At low magnification (Fig. 4(d, e)), the grains of
different orientations in the pre-alloyed samples had very obvious characteristics.
However, a very obvious fish-scale molten pool feature appeared in the in-situ sample
which may be due to the different melting points of different powders during the
solidification process of the in-situ sample. At high magnification, the surface structure
of both samples was equiaxed cells (Fig. 4(d1, el)). In addition, the EDS results show

that there was a segregation of Co and Cr elements within and between the cells in the



in-situ sample (Fig. S2). Fig. 4(b, ¢) showed the EPMA image of the sample surface.
The composition of Co, Cr, and Ni in the pre-alloyed samples was roughly the same as
the composition of the powder, while the element content of in-situ samples was
different from the pre-designed composition. Which may be caused by the melting point
difference between Co, Cr, and Ni powder. Both samples had Co and Cr segregation
within and between the cells, with Co enriched within the cell and Cr enriched at the
cell boundaries. The segregation phenomenon of the pre-alloyed samples was stronger

than that of the in-situ samples.

Fig. 5 The EBSD map of (a-c) pre-alloyed samples and (d-f) in-situ samples: (a, d) IPF;
(b, ) KAM,; (c, f) pole figures.

Besides the cell zones differences, there also were significant disparities in grain zones.
Fig. 5 showed the EBSD results of the pre-alloyed samples and the in-situ samples,
including inverse pole figure (IPF), kernel average misorientation (KAM), and pole
figures. The pre-alloyed sample had a relatively irregular grain morphology and
presented a complex orientation distribution. The grain growth direction was parallel to
the heat flow direction during the melting and deposition process, showing a classic
molten pool morphology. The grain morphology of the In-situ sample was relatively
regular, and some grains were larger. Grain refinement was also shown in the adjacent
overlapping area. In addition, the pre-alloyed sample had a higher KAM value,
especially near the grain boundary, showing a significant misorientation gradient, which
was related to the accumulation of dislocations generated during the pre-alloyed process.

The KAM of the in-situ sample was mainly concentrated in the overlapping area. The



pole figures showed that the texture of the alloyed samples was weak and the orientation
distribution was more random. The pole figures of In-situ samples showed a stronger
preferred orientation, especially in the {100} direction, where the high strength points
were more concentrated. The maximum orientation density of in-situ samples was
higher (13.23) than that of pre-alloyed samples (4.21).

In summary, the pre-alloyed samples had refined and more irregular grains, and the
dislocation accumulation near the grain boundaries was more serious. The in-situ
samples had more regular grains. Further, the dislocations accumulate at the grain

boundaries and cladding overlap areas, and the preferred orientation of In-situ samples

was more obvious.
-

500 nm

Fig. 6 The TEM of in-situ samples: (a, ) TEM images; (b) HAADF image; (d) HRTEM
image; (e) SADP image.

To further elucidate the cell structure and matrix of the sample, TEM analysis was used
to observe the in-situ samples. Obvious intergranular features and information about
the existence of dislocations was observed in fig. 6(a, ¢). Further, according to the

HAADF image (fig. 6(b)), there were some nano-scale oxide particles in the In-situ
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sample, which were mainly concentrated in the intergranular area. This may be due to
the Co, Cr, and Ni single powders had different melting points, and a few powders were
melting and oxidized under the action of the laser, then tiny oxide particles entered into
the molten pool and solidification into the intergranular area during the cell nucleation
and solidification. In addition, according to the selected area diffraction pattern (SADP)
image from (fig. 6(e)), the In-situ sample along the [100] zone axis exhibited a typical
disordered FCC structure, which was consistent with the previous XRD results.
According to the Ellingham diagram, the Gibbs free energy of Cr.0s formation remains
significantly more negative than that of CoO or NiO across all relevant temperatures,
indicating that Cr possesses a much stronger oxygen affinity than Co and Ni [37]. This
thermodynamic tendency suggests that chromium oxide formation is more favorable
under both storage and processing conditions. During L-DED, these oxides undergo
dynamic evolution through a solid solution—reprecipitation mechanism [38].
Specifically, metal-oxygen bonds partially dissociate within the molten pool, and upon
solidification, new metal-oxygen complexes re-form while being redistributed by
Marangoni convection. This process allows nanoscale oxides to be uniformly dispersed
in the matrix despite their density mismatch. As solidification proceeds, surface tension
drives the consolidation of these oxides into regular-shaped inclusions that solidify
together with the metallic matrix.

Fig. S3 showed the microhardness results of different samples. The average hardness
of the pre-alloyed sample was about 245 HVo.2, while the hardness of the in-situ sample
was about 319 HVo2. The introduction of microstructural heterogeneity is one of the
mechanisms for strengthening MPEA alloys [39]. The organization in the pre-alloyed
sample is more uniform, while the in-situ sample has an inhomogeneous microstructure
due to the uneven composition. In addition, nano-metal-oxides are used as a
strengthening phase, and the particles hindered the movement of dislocations, thereby
increased the hardness of the material. Ultimately, the synergistic strengthening led to
a relatively high microhardness of the In-situ sample.

3.2 Electrochemical corrosion results
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Fig. 7 The electrochemical performance of different samples: (a) Potentiodynamic

polarization plots; (b) Nyquist plots; (c) Bode plots; (d) The equivalent circuit model.

Table 1. The fitting results of various samples.

Samples  Ecorr lcorr I pass Rs Q Ret

(V) (nA/lcm?)  pAlcm?  (Qcm?)  (uF/cm?) " (Q cm?)
pre- -0.2638 29.85 3.5371 20.84 16.86 0.9127 789500
alloyed
in-situ -0.3124 30.73 0.9775 21.3 26.17 0.8828 952900

The electrochemical experiments were obtained to distinguish the anti-corrosion

proprieties of different samples (Fig. 7). Obviously, each sample showed obvious

passivation process behavior. In addition, the in-situ sample had a wider passivation

zone and a smaller lpass of 0.9775 pA/cm?. The Ecorr and lcorr value was further obtained

by the tafel extrapolation method. Both samples had similar lcorr, but the pre-alloyed

sample had a higher Ecorr. In summary, due to the heterogeneous structure caused by

uneven element distribution, the in-situ samples had a lower corrosion potential and

therefore had a higher corrosion tendency, the in-situ sample had a lower lpass during



the passivation process, which indicates that the sample has formed a better passivation
film.

Further, EIS results show that the Nyquist plots of both samples were typical
semicircular arcs, which is due to a large amount of charge transfer occurring at the
interface between the solution and the alloy. Generally, the arc size of the Nyquist plot
can well reflect the impedance of the alloy passive film, and the impedance of the
passivation film is positively correlated with the size of the arc diameter. The equivalent
circuit was shown in Fig. 7(d), where Rs was the solution resistance. CPE was double-
layer capacitance. Rct was the charge transfer resistance. The Rct of two samples were
in the same order of magnitude, but the value of the in-situ sample was higher,
indicating that the anti-corrosion performance about its passive film was higher, which

was consistent with the potentiodynamic polarization results.

The constant phase angle element Q was Calculated by the following formula[40]:

Zepg = TONE (-1<n<1) (7)

In which Yo represents proportional factor, j represents imaginary, ® represents

frequency, and CPE is pure capacitance.

Fig. 8 The sample surface after the PD test: (a, b) pre-alloyed samples; (c, d) in-situ
samples.

Fig. 8 showed the surface morphology of different samples after the potentiodynamic
polarization test. All the samples surface showed morphological characteristics similar
to the prepared metallographic state. Both CoCrNi samples were corroded, and

dissolved along the cell intragranular and cell boundaries, further, the dissolution along



grain boundaries was also found. According to the EPMA results in Fig. 4(b, c), there
was a typical Co, Cr element segregation phenomenon in the cell and cell boundaries
of L-DED samples, which leads to the characteristics of local corrosion behavior. In
addition, due to the relatively uniform distribution of Cr elements between the in-situ
cell was smaller than that of pre-alloyed samples, the in-situ samples had smaller
corrosion depth difference between cell and cell boundaries.

After samples were immersed in 3.5 wt% NaCl solution for 24 h, the XPS test was used
to characterize the passive film. The fine spectra of Ous, Cr2ps2, Co2psi2, and Ni2psr2
were respectively shown in Fig. S4, Fig. S5. Where Co was consisted of Co [41] and
Co0304 [42], Ni was consisted of Ni, NiO, and Ni(OH)2 [43]. Cr was consisted of Cr
[44], Cr203 [45] and Cr(OH)3 [46]. The two samples had similar spectral characteristics.
Co and Ni had the highest metal peaks, while oxide and hydroxide peaks of Cr were the
highest, which means that the passive films of both samples were mainly composed of
oxidized Cr203 and hydroxide Cr(OH)s. Extensive studies have shown that Cr oxide
and hydroxide are the main components of the passive film [47], and the relative
concentration of Cr played a vital role in determining the anti-corrosion performance.
Further, trace amounts of Co and Ni were observed in the passive film. The amount of
NiO oxide formed in the passive film was minimal, which was attributed to the
excellent oxidation resistance of Ni [48]. A dissolution of Co and Ni elements occurred
during the formation of passive film compared with matrix alloy components. The
analysis data were in good agreement with Cast CoCrNi [49]. The Co oxide and
hydroxide present in the passive film are generally considered to have ionic and
electronic conductivity, making it difficult to effectively protect the alloy matrix [50].
Therefore, the wider passivation zone and excellent local corrosion resistance of single-
phase MPEA are mainly attributed to the high content of Cr.O3 present in passive film.
Besides, related studies also showed that the selective dissolution mechanism of Ni can
promote the formation of chromium oxide and chromium hydroxide in the passive film
[51], and the reaction process is as follows. NiO and Ni(OH)s can also stabilize the

passive film [52].



2Ni,Cr + 3H,0 - 2xNi%**(aq) + Cr,05(s) + 6H* + (6 + 4x)e” (8)

Ni,Cr + 3H,0 — 2xNi**(aq) + Cr,0H;(s) + 3H" + (3 + 2x)e™ (9)

The contents of different components in the passive film were further calculated (Fig.
9). The contents of Co oxide and Co hydroxide in both samples were relatively close.
The passivation film on the surface mainly consists of oxides and hydroxides, such as
C0304, Cr20s, and NiO, with extremely low metal content. However, with increasing
etching depth, the O content in the coating significantly decreased, while the contents
of elemental Co, Cr, and Ni gradually increased. Furthermore, the content of metal
oxides gradually increased, while the content of metal hydroxides gradually decreased.
Notably, the Cr content on the inner side of the passivation film was significantly higher
than that on the outer surface. Finally, after prolonged etching, the composition became
close to that of the metal coating. Overall, these results indicate that although both
samples formed oxide passivation films, there are differences in the composition and
stability of the passivation films. The contents of nickel oxide and nickel hydroxide in
the in-situ sample were significantly reduced, and the content of cobalt oxide was also
significantly reduced. The protective performance of the passive film can be further
evaluated by calculating the ratio of Cr203/Cr(OH)s [53,54]. The increase in
Cr203/Cr(OH)s ratio led to a better barrier property. The in-situ sample had a higher
Cr203/Cr(OH)s, indicating that passive film on in-situ samples had better corrosion

resistance. The above result was consistent with previous EIS results.
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Fig. 9 The XPS results of pre-alloyed sample (a, c, €) and in-situ sample (b, d, f): (a, b)

XPS full scan spectrum; (c, d) Atomic fraction summary; (e, f) Different valence ions

content in the passivation film.

3.3 Tribocorrosion behavior

Fig. 10 (a, b) showed the OCP of samples before, during, and after tribocorrosion. As

friction started, passive film was scratched, resulting in wear scars and OCP suddenly

dropped. While the OCP gradually returned to the initial potential as friction ended. The

potential of the metal during friction should theoretically correspond to its

thermodynamic equilibrium potential, which was usually much lower than the open



circuit potential. Therefore, the OCP observed during friction was caused by the
galvanic couple established between de-passive and passive areas [55]. The OCP
changes of samples during the tribocorrosion process were discussed in detail as follows.
The OCP of both samples showed a gradual stabilization phenomenon. However, the
OCP of both samples under 1 N and 5 N loads first increased and then gradually
decreased and stabilized, while the OCP under a load of 9 N continued to decrease and
finally stabilized in the region. Usually, the OCP value at the friction stage reflects the
passivation response of the sample after the passive film on the sample surface was
quickly mechanically removed [56]. Due to strong passivation ability, the OCP of
samples under loads of 1 N and 5 N showed an increasing trend at the initial stage. But
as the load was 9 N, the mechanical interaction seemed to exclude re-passivation,
therefore the measured potential remained at a low value as long as there is sliding.
Further, the corrosion product was continuously being removed by mechanical action
during the coupled process of friction and corrosion, so that the fresh metal surface was
continuously exposed to the electrolyte, and the anodic dissolution dominated by CI-
gradually accelerated, resulted in a decrease in OCP value. The characteristics of the
wear surface deteriorated as the load increased, thus more wear debris and corrosion
pits were generated, thereby promoting the rate of corrosion reaction. Therefore, with
the increase of load, the open circuit potential in the friction stage decreased.

The coefficient of friction (COF) of samples showed a first rising and then falling fact,
the COF value decreased with the increase of load. During the friction-corrosion
process, the protective oxide film on the metal surface is continuously destroyed, and
the corrosion is continuously intensified, so that the friction coefficient is continuously
reduced [57]. As the load increased, the contact surface was subjected to greater
pressure, a higher load led to an increase of plastic deformation on the surface, and
higher local work hardening reduced the tendency of adhesive wear. As a result, the
mechanical interlocking effect on the sample surface became smoother, thereby
reducing the friction coefficient. In addition, the in-situ sample entered a stable trend
earlier than the pre-alloyed sample, especially under 5 N and 9 N loads. This is because

in-situ samples were usually able to form a stronger oxide film during the friction



process, thus reaching a stable friction coefficient at an earlier time point. The research
results of Mischler et al. [58] show that under tribocorrosion conditions, the self-healing
property of the alloy oxide film is a key factor in the stability of the friction coefficient.
The in-situ samples had stronger corrosion resistance and passive film self-healing
ability (consistent with the electrochemical and XPS results mentioned above), so its
friction coefficient stabilized earlier.

To further evaluate the tribocorrosion behavior, the PD curve scan was executed during
the friction process, as shown in Fig. 10(c, d). The current density of the sample after O
V increased with the increase of load. The current density of the sample under 9 N load
earlier entered a stable state during the scanning process from negative potential to
positive potential. Further combined with the friction coefficient curve, as potential
changes from negative to positive, the surface of the sample gradually passivated and
corroded. Gradually, the COF of the sample decreased and finally tended to be stable
due to the gradual generation of corrosion products. Lastly, Fig. 10(e-f) showed the
tribocorrosion behavior of samples at CP conditions. Since the cathode potential
inhibited the corrosion behavior of the alloy, the sample surface was only affected by
mechanical wear in the NaCl solution [59]. The COF of samples slowly decreased as
the friction progressed and eventually stabilized.

In summary, the wear rates of samples under various conditions were shown in Fig.
10(g). The samples at CP condition had the smallest wear rate because the
electrochemical corrosion was suppressed by cathode reduction. Under OCP conditions,
the corrosion products on the scratches were continuously removed by mechanical
action during grinding ball reciprocating sliding, so that the fresh metal surface was
continuously exposed to the electrolyte, and the wear rate was higher than pure
mechanical wear. Lastly, the samples under pd conditions had the largest tribocorrosion
wear rate due to accelerated electrochemical corrosion. In addition, under different
loads and different electrochemical conditions, In-situ has the smallest wear rate. The
wear-corrosion mechanism and the interaction reason between the wear and corrosion

of CoCrNi samples will be described in detail in the next section.
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Fig. 10 The tribocorrosion results of different samples: (a, b) the tribocorrosion under
OCP conditions; (c, d) the tribocorrosion under PD conditions; (e, f) the tribocorrosion

under -0.9 V conditions; (g) the wear rate of in-situ and pre-alloyed samples.



-]

I

4wn

—

603pm G §§“ LI |

II I e, 3
LIRS

"r"‘eiu”i E}E

o

I

s f-5 ~
A ‘ —

=)

= =

-.
) .-

Fig. 11 The morphology of wear tracks on (a-c) pre-alloyed samples and (d-f) in-situ
samples at a load of 5 N: (a, d) at CP condition; (b, e) at OCP condition; (c, f) at PD
condition.

Fig. 11 showed the SEM image and EDS results of the wear track under load of 5 N.
The wear track width of the in-situ sample was smaller than that of pre-alloyed samples
under various conditions. In addition, the sample under CP conditions had the smallest
wear track width due to pure mechanical wear. However, since there was no external
negative potential to inhibit corrosion, the passive film on the sample surface was

destroyed during the friction process, and the samples under OCP conditions corroded



with the action of ClI-, so the wear track width was further increased. Further, as the

potential was scanned from negative to positive at PD conditions, the dissolution

corrosion intensified [60]. The synergistic effect between corrosion and wear ultimately

led to largest wear track width. The wear track surface had typical plowing groove

characteristics, and the local shallow plowing marks indicated slight abrasive wear,

which should be caused by the plowing effect of the detached wear debris [61]. The

wear mechanism of samples under different conditions was typical abrasive wear.

3.4 Synergistic effects between corrosion and wear

Table 2. The summary of various wear volume components for CoCrNi alloy after

tribocorrosion.

pre-alloyed samples

in-situ samples

sample

1IN SN 9N 1IN SN 9N
T mm? 9.044E-04 8.075E-03 9.929E-03 8.744E-04 2.941E-03 5.617E-03
W mm? 8.766E-04  8.048E-03  9.749E-03 8.365E-04 2.902E-03  5.474E-03
Wo mm? 3.378E-04 1.928E-03 3.300E-03 2.921E-04 1.082E-03 2.516E-03
Wc mm?® 5.388E-04 6.120E-03  6.449E-03 5.445E-04 1.820E-03 2.958E-03
C mm?® 2.783E-05 2.711E-05 1.805E-04 3.783E-05 3.916E-05 1.425E-04
Co mm3 1.008E-06 1.908E-06 1.908E-06 1.964E-06 1.964E-06 1.964E-06
Cw mm?3 2.592E-05 2.520E-05 1.786E-04 3.587E-05 3.719E-05 1.406E-04
S mm? 5.647E-04 6.145E-03 6.627E-03 5.803E-04 1.857E-03  3.099E-03
SIT % 62.440 76.103 66.746 66.371 63.142 55.173
C/W % 0.03175 0.00337 0.01852 0.04523 0.01349 0.02604

Firstly, the comparison of pure wear and the effect of wear on corrosion for the samples

was conducted. The in-situ sample exhibited a 37% lower mechanical wear volume (Wo)



under various loads. Given that the pre-alloyed and in-situ samples possess similar
microstructures and compositions, the classical Archard wear equation (Equation 15)
was applied. Since the wear rate is inversely proportional to material hardness, the In-
situ sample exhibited a lower pure mechanical wear volume due to higher hardness.
Further, the in-situ samples exhibited a higher pure corrosion loss than the pre-alloyed

samples, which was aligned with lcorr in table S1.

KWL
V=— (10)

Where V was wear volume, K was wear coefficient, W denoted applied normal load, L
was sliding distance, and H was the material hardness.

Further, interaction between wear and corrosion was performed. The wear loss caused
by corrosion (Wc) of in-situ samples was 40% lower than that of pre-alloyed samples,
except under 1 N load. Which was attributed to the in-situ sample formed a denser
passive film, and stabilized the surface condition during reciprocating mechanical
scratching and thereby mitigated corrosion-induced wear acceleration. At low loads,
the OCP of the pre-alloyed samples required a longer stabilization time compared to
the in-situ sample (as shown in Fig. 10(a, b)), led to an unstable surface state that
resulted in increased corrosion-induced wear under the 1 N load. Additionally, the
wear-intensified corrosion loss (Cw) was evaluated. Since the corrosion resistance of
the in-situ sample was lower than the pre-alloyed samples, the Cw of the in-situ sample
after mechanical reciprocating scratching was 40% higher than that of the pre-alloyed
sample, except under a 9 N load. This was because high mechanical interactions
inhibited re-passivation, continuously exposed fresh metal surfaces to the electrolyte,
which led to an accelerated anodic dissolution dominated by Cl~ ions, lowering OCP

and making Cw the primary mechanism of failure.
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Fig. 12 The summary of various wear volume components for (a-c) pre-alloyed samples
and (d-f) in-situ samples after tribocorrosion: (a, d) 1 N load; (b, €¢) 5 N load; (c,f) 9 N
load.

Lastly, by calculating the additional loss of tribocorrosion interaction(S), it was found
that the S of pre-alloyed samples exhibited values twice those of the in-situ sample.
However, the values of both samples were Close at the load of 1 N, indicating that load
increased the additional loss caused by friction-corrosion interaction. Higher loads
increase contact pressure and plastic deformation, prompting the passive film to be
mechanically removed more frequently and to a greater depth [62]. For all samples,
C/W=0.1, the in-situ sample exhibited 31% higher C/W values than the pre-alloyed
sample. These results suggest that wear loss wear was the dominant reason for material
loss, and in-situ samples experienced lower wear loss than pre-alloyed samples. Wear
accelerates material degradation by removing corrosion products or protective layers
that form on top of the material and exposing the bare material to a corrosive
environment [63]. Kotlyar et al. [64] found that even when the effect of corrosion is
small, the synergistic effect between wear and corrosion is quite significant.

In conclusion, the L-DED CoCrNi alloy experienced primarily wear loss during
tribocorrosion (Fig. 12), with corrosion-intensified wear loss due to the reciprocating

damage of passive film playing a key role. The in-situ sample exhibited a higher



corrosion current density during tribocorrosion, led to higher Cw. Moreover, the load
intensified the material loss of interactions between wear and corrosion. Ultimately, the
in-situ sample demonstrated superior mechanical properties, contributed to its enhanced

tribocorrosion resistance.

4 discussions

Due to the difference in melting points (Co: 1495 <C, Cr: 1907 <C, Ni: 1455 <C), an
inhomogeneous melting process and inhomogeneous molten liquid phase distribution
will occur during the L-DED process. As a result, a local concentration gradient will be
generated inside the molten pool, which will lead to enhanced Marangoni convection
and more intense molten pool flow [65]. The complex molten pool flow disrupted the
stable cell growth, increased the transformation from columnar to equiaxed cells during
solidification on in-situ samples, thus there were more equiaxed cells existed in in-situ
samples than pre-alloyed samples (Fig. 13(a-b)). However, the pre-alloyed samples
have a uniform distribution of elements, a more stable molten pool flow, and a slower
cooling rate, resulted in the solute elements having enough time to diffuse. The cell
boundaries are less affected by the composition segregation and become smoother. The
cell boundaries of pre-alloyed samples become thicker due to the enrichment of Cr and
Ni (Fig. 4).

In addition, due to liquid phase separation, the solute concentration in local areas is
uneven, resulting in a higher solid solution strengthening effect in some areas. Although
the overall composition uniformity is poor, the segregation area at the microscale led to
local strengthening. To explore this compositional inhomogeneity phenomenon, a 100
um elemental composition concentration line scan was performed on the sample surface
by using EPMA (Fig. 13(c, f)). The element distribution on the surface of the In-situ
sample was more uneven. In addition, the nanoscale particle precipitates (Fig. 6) present
in the in-situ samples hindered the dislocation movement. Finally, the sample had a

higher microhardness.
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Fig. 13 The microstructure of (a, c, €) pre-alloyed samples and (b, d, f) in-situ samples:
(a, b) OM image; (c-f) EPMA line scan.

As shown in Fig. 14, due to the Cr, Ni content of In-situ samples was higher than that
of pre-alloyed samples, thus the passive film of in-situ samples had a higher
Cr203/Cr(OH)s ratio, higher Rct, and a lower lpass. However, the uneven phenomenon
resulted in different corrosion trends between different regions, and the uneven
phenomenon aggravated the corrosion process. Therefore, in the accelerated corrosion
stage after the passive film was broken, the in-situ sample had a relatively uneven
structure, and the corrosion rate was higher than that of pre-alloyed samples. Finally,
the excellent anti-corrosion of CoCrNi alloy resulted in the loss in the tribocorrosion
process mainly being wear loss, thus the in-situ samples had better tribocorrosion

resistance due to their superior mechanical properties.
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Fig. 14 Schematic of tribocorrosion mechanism on L-DED CoCrNi samples.

5 Conclusion

In this paper, CoCrNi alloy was successfully prepared by using pre-alloyed powder and
in-situ powder, and the influence of in-situ alloying on microstructure, corrosion
performance, and tribocorrosion behavior was discussed. The synergistic effect
between wear and corrosion was quantitatively calculated.

(1) Owing to the in-situ powder promoted the transformation from columnar to
equiaxed during solidification, the in-situ samples had finer cells while pre-alloyed
samples had finer and more irregular grains.

(2) Solid solution strengthening and nano-precipitation strengthening led to higher
microhardness of in-situ samples.

(3) The in-situ CoCrNi samples had a higher Cr203/Cr(OH)s ratio, higher Rct, and a
lower Ipass, indicated a denser and more protective passive film.

(4) The samples were mainly wear loss during tribocorrosion, with Wc playing the main
form. The in-situ sample exhibited a higher Cw due to uneven structure. And the load
intensified the material loss of interactions between wear and corrosion. The in-situ
sample demonstrated superior tribocorrosion resistance.
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