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Enhancing mechanical strength and
tribological performance in tin bronze
alloys via rolling treatment
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This study electroplates a 2 pm thick Al layer on mild steel, then uses wire-arc directed energy
deposition (DED) to deposit Cu-4.2Sn alloy, forming a composite material which is subsequently cold-
rolled. It investigates the microstructure, mechanical properties, and tribological behavior before and
after rolling, along with underlying mechanisms. It indicates that Al coating completely suppresses
penetration cracks on the steel side of the tin bronze/steel bimetal. After rolling, tin bronze grains are
significantly refined (from 47.6 pm to 15.2 um) with numerous twins formed, reducing matrix
dislocation density. Compared to wire-arc DED alloy, rolled alloy hardness increases by 78%, yield
strength by 51%, and tensile strength by 30%. Tribological tests indicate, under dry friction and
simulated seawater conditions, the rolled alloy’s coefficient of friction (COF) and mass loss decrease
by 30% and 24% respectively. Analysis of corrosion-friction synergy reveals interaction loss accounts

for 13%, dominated by friction-promoted corrosion (11%).

Owing to excellent fatigue resistance, wear resistance, tin bronze is widely
used in high wear-resistant structural components such as plain bearings,
axle shafts, guide rails and rocker arms'~. As a bearing material, tin bronze is
often composite with steel plate to form tin bronze/steel bimetallic material.
In recent years, with the innovation of material preparation technology,
coating techniques such as arc spraying’, plasma spraying’, laser cladding’,
and cold spraying technology” have become mainstream methods for
preparing tin bronze alloy layers on steel substrates, gradually replacing
traditional techniques like powder sintering and continuous casting and
rolling technology. However, the fusion cladding layer prepared by arc
spraying and plasma spraying has defects such as oxidation, holes and
unmelted particles; laser cladding realizes metallurgical bonding, but the
process cost is high and there are problems such as over-thickness of the
fusion zone, holes and thermal cracks; the cold spraying process overcomes
the oxidation and thermal deformation problems of the traditional thermal
deposition process, but it fails to form a complete metallurgical bonding, and
there is a certain degree of porosity in the coating.

Wire-arc DED is a process that uses an arc as a heat source to melt
welding wire material. By rapidly scanning the surface of dissimilar metal
substrates with low line energy, molten droplets transition into micro-melt
pools and solidify quickly, resulting in a material layer with special prop-
erties and achieving strong bonding between the cladding layer and the

substrate®. The thermal input of this process lies between that of arc welding
and arc spraying. The micro-melt pool on the substrate surface moves with
the arc, and during the rapid heating and cooling process, the cladding layer
forms a dense and uniform non-equilibrium solidified structure, endowing
it with excellent wear resistance and corrosion resistance. Currently, arc
deposition processes represented by cold metal transfer (CMT) technology
have been extensively studied for the preparation of nickel-based alloys,
copper alloys, and babbitt alloys"". For example, Zhou et al. used this
technology to prepare babbitt alloys and NAB/steel bimetallic composite
materials, both of which demonstrated significant performance
advantages'*"*. However, during service, although the tin bronze layer
prepared using the wire arc DED technology possesses the unique advantage
of non-equilibrium solidification microstructure, its room-temperature
tensile strength and hardness fail to meet the increasingly stringent design
specifications for high-performance military engine bearing materials
without subsequent treatment. Especially in sliding bearing applications in
corrosive environments such as ship propulsion bearings and submarine oil
and gas extraction equipment, the material surface is simultaneously sub-
jected to electrochemical corrosion and friction damage'>'°. This manifests
as a significant weakening of grain boundary bonding strength after the
penetration of corrosive media, leading to friction-induced fatigue cracks
rapidly propagating along tin-enriched phase aggregation zones, forming a
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corrosion-wear coupled failure mechanism. This composite damage mode
is difficult to effectively suppress through surface coating technology under
traditional lubrication conditions, and has become the core bottleneck
constraining the application of tin bronze in severe corrosion-friction
environments. Currently, scholars have adopted plastic deformation pro-
cesses such as compression, spinning, and extrusion to process tin-bronze
alloys. For example, Ebrahimi et al. " used equal-channel angular pressing
(ECAP) to process as-cast dilute Cu-Sn alloys, improving corrosion resis-
tance by 182% via grain refinement. Moharami'" found that cumulative
rolling bonding (ARB) could reduce the porosity of CuSn10P1 alloy, refine
grain size to 6.5-22 um, and shift the wear mechanism from predominantly
adhesive/abrasive wear to oxidative/mild abrasive wear, resulting in a sig-
nificant reduction in wear rate. Hui et al. '* obtained Cu9.7Sn tubes with
ultrafine grains and 753 MPa tensile strength through thermal spinning.
Currently, extensive research has been conducted on the wear behavior
of tin bronze; however, there remains a significant gap in research on

corrosion-wear behavior following plastic deformation. Therefore, this
study aims to enhance the strength and wear resistance of the alloy by
adjusting the microstructure of the tin bronze layer through rolling-induced
line-arc directed energy deposition (DED), while conducting an in-depth
analysis of wear behavior under corrosive conditions to elucidate the
intrinsic mechanisms linking rolling-induced microstructural changes to
service performance metrics (including strength and corrosion-wear resis-
tance). These findings provide a theoretical basis for addressing failure
challenges in harsh operating environments such as marine equipment and
chemical machinery, thereby expanding the application scope of such
materials in high-end equipment fields.

Results and discussion

Microstructure

Figurel shows the cross-sectional morphology of the tin bronze/steel. The
element distribution map shows that there are penetration cracks mainly
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Fig. 1 | Cross-sectional morphology of tin bronze/steel. Original: a SEM, b line scan result at point 1 (penetration crack) in a, ¢ line scan result at point 2 (interface) ina in
b, d-f element distribution maps; after aluminum plating: g SEM, h-k element distribution maps, I line scan results at point 3 (interface) in g.
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composed of Cu and Sn on the steel base side. In contrast, Fig. 1g—1 shows
the cross-sectional morphology of a tin bronze deposition layer wire-arc
deposited on an Al-plated steel substrate. A transition layer consisting
mainly of Al with a thickness of approximately 6-7 um was formed at the
interface, and the penetration cracks at the interface disappeared. It indicates
that during the wire-arc deposition process, the steel substrate is in direct
contact with a liquid phase rich in Al butlow in Cuand Sn, rather than liquid
tin bronze. The enrichment of Al at the interface effectively blocks the direct
contact between Cu, Sn, and especially Sn-which significantly promotes the
formation and propagation of penetration cracks-and the steel substrate,
thereby inhibiting the initiation and propagation of penetration cracks.

Figure 2a show the calculated strengthening energies of Cu-Sn and Cu-
Al atoms at Fe grain boundaries. The strengthening energies of both systems
are positive, indicating that the diffusion of these atoms into Fe grain
boundaries weakens the grain boundary strength. Furthermore, their
weakening effects are primarily due to chemical contributions, leading to
significant changes in the interatomic interactions at Fe grain boundaries.
Additionally, in these two systems, the strengthening energy, mechanical
contribution, and chemical contribution of the Cu-Al system are sig-
nificantly lower than those of the Cu-Sn system, indicating that while the
Cu-Al system may weaken Fe grain boundaries to some extent, it poses a
relatively minor threat to grain boundary strength. In contrast, the
strengthening energy of the Cu-Sn system is relatively high, resulting in
significant weakening of grain boundaries, particularly due to the combined
effect of Cu and Sn atoms. This is primarily because the atomic radius of Sn
differs significantly from that of Fe, leading to severe local distortion.
Figure 2b shows the charge density distribution at pure Fe grain boundaries
and Fe grain boundaries containing Cu and other atoms. The upper part
shows the charge density at Cu-containing grain boundaries, while the lower
part shows the charge density at grain boundaries containing other atoms.
The combined effect of Cu and Sn atoms significantly reduces the charge
density at grain boundaries, particularly between Fe(1) and Fe(-1), resulting
in a noticeable weakening of the strength of Fe grain boundaries (Fig. 2(b,)).
Therefore, the substrate Fe grain boundaries are easily pulled apart under
the thermal stress of arc deposition, providing a pathway for atoms in the
liquid tin bronze to spread along the grain boundaries. Cu atoms and Sn
atoms diffuse into the Fe grain boundaries, leading to the rapid propagation
of penetration cracks. In contrast, the combined effect of Cu and Al atoms
does not significantly weaken the charge density between Fe(1)-Fe(-1), and
the Fe(1)-Fe(-1) bond retains its high strength, thus posing a smaller threat
to grain boundary strength, and penetration cracks are effectively
suppressed.

Figure 3 shows the microstructure of the wire-arc DED Cu-4.25n and
the rolled alloy. The SEM and TEM images reveal that the Cu-4.2Sn alloy
contains almost no precipitates, likely due to the rapid non-equilibrium
cooling during wire-arc deposition, which suppresses precipitation of the
secondary phase. During wire-arc DED process, high-temperature droplets
(liquid Cu-Sn alloy) solidify rapidly at cooling rates of up to 10>~10° K s 7***!,

severely limiting atomic diffusion. Although the equilibrium solid solubility
of Sn in Cu at room temperature is only about 0.5%, rapid cooling “freezes”
Sn atoms in the Cu matrix, forming a metastable supersaturated solid
solution rather than precipitating equilibrium phases. This phenomenon is
similar to the formation of supersaturated a(Al) solid solutions in rapidly
solidified aluminum alloyszz. Therefore, the amount of second phase
(CusSn) precipitated in the alloy is extremely small. Figure 3h shows the
presence of a large number of dislocations in the wire-arc DED Cu-4.2Sn
matrix. This may be due to the formation of supersaturated solid solution by
rapid solidification, the alloy produces lattice distortion, which directly
increases the dislocation density; simultaneously, the thermal stresses in the
alloy aggravate the plastic deformation, further distorting the lattice, which
increases the dislocations density in the matrix. After rolling, deformation
twins appear in the matrix, and dislocations nearly vanish. This phenom-
enon can be attributed to the fact that the migration of the twin boundary
during twin formation captures and annihilates dislocations. For example,
research by Kou et al. found that in pure Cu with low stacking fault energy,
fixed steps on twin boundaries can absorb dislocations through the climb of
Frank partial dislocations, leading to a reduction in dislocation density”*.
This effect may be more pronounced in Cu-4.2Sn alloys because the addition
of phosphorus further reduces the stacking fault energy (approximately
20-40 mJ m 7, significantly lower than that of pure Cu (70-100 mJ m?))”.
Low stacking fault energy promotes twinning-dominated deformation,
inhibiting dislocation slip while enhancing the dislocation-capturing ability
of twin boundaries.

Figure 4 presents the EBSD analysis results of the Cu-4.25n alloy. The
images indicate that the wire-arc DED Cu-4.25n alloy exhibits a random
texture, with a maximum texture pole density of 3.58. The rolled alloy shows
enhanced texture effects, particularly for the (110) and (111) planes, with a
maximum texture pole density of 10.33. Figure 4c, h show the Kernel
Average Misorientation (KAM) images of the Cu-4.2Sn alloy. Before rolling,
the KAM image of the wire-arc DED Cu-4.25n alloy is predominantly blue,
with only scattered green/yellow areas at the grain boundaries. This indi-
cates that before rolling, the grain orientation within the tin bronze is
consistent (low strain), while the atomic arrangement at grain boundaries is
irregular, resulting in inherent lattice strain. This causes the crystal orien-
tation difference at grain boundaries to be relatively larger than within the
grains, reflecting inherent defects at the grain boundaries. After rolling, due
to the low dislocation energy, a large number of twins formed in the Cu-
4.25n matrix (Fig. 3). The formation of twins is accompanied by sudden
changes in local crystal orientation, resulting in a significant increase in
green and yellow regions (representing high orientation differences) in the
KAM image. Twinning increases the deformation energy within the
material through grain segmentation and orientation differences induced by
twin boundaries””, thereby promoting work hardening in the alloy.
Figure 4d, i display the distribution of grain boundary misorientation angles
for both alloys, with high-angle grain boundaries ( > 15°, red lines) dom-
inating. As shown in Fig. 4e, the grain size of the wire-arc DED Cu-4.25n
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Fig. 3 | Microstructure of the alloys: wire-arc DED alloy. a SEM image, b EDS spectrum corresponding to a, ¢ magnified area of a, g TEM image, h SAED pattern; rolled
alloy: d SEM image, e EDS spectrum corresponding to d, f magnified area of d, I TEM image, j SAED pattern.

alloy ranges from 5 um to 149 um, with an average grain size 0of 47.6 pm. The
rolled alloy exhibits smaller and more uniform grain sizes, concentrated
between 10 pm and 25 pum, with an average grain size of 15.2 pm.

Mechanical property

FigureSindicates the mechanical property test results for the samples. In
Fig.2a, the variation in microhardness is represented by color intensity. The
wire-arc DED Cu-4.25n alloy is primarily depicted in blue, with hardness
values ranging from 95 HV to 115 HV. The rolled alloys, indicated in yellow
and red, are much harder than the wire-arc DED alloys, with hardness
values ranging from 175 HV to 205 HV. Figure 5b shows the stress-strain
curves of the alloys. For clarity and comparison, Table 1 lists the 0.2% yield
strength (YS), ultimate tensile strength (UTS), and elongation (EL). The
results demonstrate that rolling significantly improves the alloy’s strength,
with yield strength and tensile strength increasing by 51% and 30%,
respectively. Figure 5 reveals that rolling reduces the grain size of Cu-4.25n,
and the formation of fine grains contributes to Hall-Petch strengthening”®**:

O'=0‘0+KHP/\/E (1)

where d is the grain size, ois the yield stress, oy is the corresponding stress for
a single crystal or large-grained material, and Kyp is a material constant that
can be theoretically predicted. The grain size d is inversely proportional to
the yield stress, meaning smaller d results in higher strength. The formation
of deformation twins in the rolled alloy matrix (Fig. 3g) impedes dislocation
motion, refines subgrains, and enhances interfacial strengthening, while
rolling results in work-hardening of the alloys, which results in a significant
increase in the mechanical properties. Furthermore, Fig. 3 shows that the
reduction in the size of the second phase in the alloy after rolling can
generate a dispersion strengthening mechanism, which hinders dislocation

movement during tensile deformation and significantly increases deforma-
tion resistance. Additionally, after rolling, when grains form preferred
orientations, the angle between the slip planes and slip directions and the
applied external force increases. According to Schmid’s law’*"', higher stress
is required to activate slip, thereby significantly enhancing the alloy’s
strength.

Figure6shows the fracture surface morphology of the alloy before and
after rolling. For the wire-arc DED alloy, numerous deep ductile dimples can
be observed on the fracture surface (Fig.6a), which correspond to the plastic
strain of the alloy during the tensile test™, exhibiting typical high elongation
ductile fracture characteristics. In contrast, the tensile fracture surface of the
rolled alloy exhibits cleavage planes (Fig. 6b), which are typical of quasi-
cleavage fracture, indicating poor plasticity of the alloy. This is consistent
with the tensile test results (Table 4). Since the fracture of the copper layer
during tensile testing indicates that the alloy has failed, the steel substrate is
not analyzed further.

Tribological properties

Figure 7 displays the COF versus distance curves for the Cu-4.2Sn alloys.
During the initial stage, the friction pair begins to contact the alloy surface
and gradually presses into it. Due to the inherent roughness of the alloy
surface, the friction pair must withstand a certain amount of compressive
stress, accompanied by the friction process, to gradually penetrate the sur-
face layer, with the friction coefficient increasing gradually during this
process. During the wear stage, after penetrating the wear surface layer, the
friction coefficient reaches its peak within a short period of time and then
rapidly decreases; subsequently, the friction coefficient gradually stabilizes.
Under dry friction conditions, abrasive particles generated between the
grinding surfaces are dispersed between the two surfaces, leading to fluc-
tuations in the friction coefficient. During wet friction, simulated seawater
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Fig. 4 | EBSD analysis results of the alloys: wire-arc DED alloy. a IPF, b polar diagram, c KAM, d grain boundary misorientation map, e grain size distribution plot; rolled
alloy: f IPF, g polar diagram, h KAM, i grain boundary misorientation map, j grain size distribution plot.

has some lubricating effect, so the friction coefficient of the alloy is more
stable throughout the process and is less than that of dry friction. By
comparison, it is found that the COF values of wire-arc DED alloy (0.86,
0.75) are higher than those of the rolled alloy (0.59, 0.54) throughout the
friction process. To effectively evaluate the wear resistance of the two
samples, the ratio of hardness to Young’s modulus (H/E) and yield pressure

(H*/E?) were introduced”. The H/E value indicates the alloy’s ability to resist
elastic strain failure, while the H’/E* value indicates resistance to plastic
deformation™. The higher the H/E and H’/E’ values, the better the wear
resistance. To determine the hardness Hy and E of the two alloys, the
experimental results were analyzed using Eqs. (2) to (5)”7, with the
experimental data listed in Table 2. The results indicate that the elastic
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Table 1 | Tensile properties of Cu-4.2Sn alloys

YS /MPa
185.5+4.3

UTS /MPa
287.7+5.1

EL /%
37.3+3.1

Alloy
wire-arc DED Cu-4.2Sn

modulus changes very little before and after rolling. The elastic modulus of
the alloy is approximately 120 GPa. This is because the elastic modulus is
determined by the interatomic bonding force, while rolling, as a macro-
scopic plastic processing technique, primarily alters the microstructure and
mechanical strength of the material rather than the atomic-scale crystal
properties™. The H/E and H’/E values of the rolled alloy are significantly
higher, further confirming its superior wear resistance compared to the
unrolled state.

Hy = Fpp/Ac = Fpp/26.450% )
hc = hmax - €p(h)/S (3)
1/E =1 —-v)/E+ (1 —v)/E )

E, = v//(2B/A)S ©)

where F,,,,, is the maximum indentation load; Ac is the indentation area; h,
is the indentation depth under maximum load; p(h) is the corresponding
load; the value of the correction exponent ¢ is 0.72 (Berkovich indenter); S is
the unloading curve slope; E, is the Young’s modulus of the material; 3 is the
asymmetric correction constant of the indenter, where 5 =1.034 for the
Berkovich indenter; E; and v; are the Young’s modulus and Poisson’s ratio of
the indenter material, respectively; the Berkovich indenter is composed of
diamond; E; = 1141 GPa; v; = 0.07.

Figure 8 shows the worn surface morphologies of the samples in the dry
friction condition and in simulated seawater. In Fig. 8a, the wire-arc DED
Cu-4.25n alloy matrix undergoes deformation during repeated friction and
wear, with noticeable flaking marks, irregular pits, torn edges, and wrinkled
structures caused by plastic deformation. During friction, the temperature
rises, causing the Cu alloy material to adhere to the counterface, forming
metallic adhesion and leading to adhesive wear. Due to the low hardness of
the matrix, material spalls from the surface under frictional wear loads,
initiating fatigue cracks. These cracks propagate continuously, eventually
leading to the spalling of the matrix material; thus, the dominant wear
mechanisms of the matrix are fatigue wear and adhesive wear. This is similar
to the findings of Kurtulus et al. *’, who observed cracks forming in the
coating when studying the wear process of Al,O; coatings, indicating that
the main wear mechanism of Al,O; coatings is fatigue-induced. At this
point, the wear track surface clearly exhibits numerous unspalled layers and
deep spalling pits formed after layer detachment (Fig. 8b). Micro-area

composition analysis of the wear track reveals the presence of O elements at
different positions, indicating that frictional heat generated during the
relative sliding of the friction pair causes oxidation of the alloy surface. This
phenomenon is also clearly demonstrated in the research conducted by
Boztepe et al. *’. In friction and wear experiments conducted on heat-treated
D3 cold-work steel samples, the presence of the oxide layer confirmed by
EDS analysis directly revealed the significant frictional heat effect generated
during sliding, which also caused oxidation wear in the alloy.

In simulated seawater, although the surface of the alloy also exists in the
exfoliation layer peeling off the leftover pits, but the depth of the abrasion
marks is much smaller than the dry friction condition samples. In addition,
in simulated seawater media, the surface of Cu alloys is susceptible to
localized corrosion (e.g., pitting, intergranular corrosion) and the formation
of corrosion pits or loose films of corrosion products (e.g., CuO, Cu,0O, Cu
(OH),)***. During friction, the corrosion products are dislodged due to
mechanical loading and form fine particles, which become new abrasive
grains, thus creating a furrow morphology on the alloy surface during
friction (Fig. 8e).

Figure 9 shows the worn surface morphologies of the rolled alloys.
The occurrence of adhesive wear depends on the localized softening
and adhesion of the contact surfaces. However, the increased hardness
of the alloy after rolling makes it difficult for surface protrusions to
undergo plastic deformation and interlock with each other. During
sliding, the hard protrusions of Si;N, grinding balls, which have higher
hardness than the copper alloy, embed into and plow the softer sub-
strate surface. During the friction process, the Hall-Petch strength-
ening effect induced by fine grains enhances the alloy’s resistance to
plowing, while twin boundaries act as barriers to dislocation move-
ment, reducing surface plastic deformation during wear deformation
and inhibiting the formation of adhesion points. Additionally, the
reduced plasticity of the alloy makes it difficult for the material to
achieve plastic deformation buffering through lateral flow during
grinding and cutting, thereby reducing the probability of surface
adhesion points and tearing phenomena, and promoting a shift in the
wear mechanism toward furrow wear dominance. In a simulated sea-
water environment, the friction process continuously peels off loose
corrosion products, with the remaining product film acting as a hard
layer, gradually transforming from a protective layer on the alloy
surface into an abrasive source. Although friction heat is partially offset
by seawater cooling, it still accelerates corrosion reactions and product
formation, promoting the continuous conversion of corrosion pro-
ducts into abrasive sources, ultimately forming furrow wear mor-
phology on the alloy surface.

Comparing the depth and volume of the wear morphology (Table
3), the friction coefficient (Fig. 7) and H/E ratio (Table 2), it is evident
that the friction resistance of the alloy has been enhanced after rolling.
The primary reason lies in the formation of high-energy twin boundaries
in the alloy matrix during the rolling process, which significantly
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Fig. 6 | Fracture surface morphology of the alloy:
wire-arc DED alloy. a SEM, b magnified mor-
phology; rolled alloy: ¢ SEM, d magnified
morphology.
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Fig. 7 | Friction test results. a COF of samples variation curves with time; b COF comparison graph.

Table 2 | Data parameters for nanoindentation experiments

Sample Hgy (GPa) E (GPa) HIE H3/E?
Wire-arc DED 2.3+£0.2 121.2+1.1 1.9%x1072 8.63x10°*
Rolled 3.2+0.3 119.5+£1.3 2.7x1072 2.23x107°

enhances the material’s ability to resist plastic deformation, crack pro-
pagation, and adhesion, thereby effectively suppressing wear mechan-
isms during friction. Additionally, the grain size and precipitate phase
size of the rolled tin bronze have both decreased (Figs. 2 and 3). Through
grain refinement strengthening, dispersion strengthening, and the work
hardening effect induced by cold rolling, the alloy’s hardness and
deformation resistance have been enhanced, thereby suppressing abra-
sive cutting and material peeling; simultaneously, the enhanced texture

effect increases the activation stress of slip systems, reduces the surface
deformation layer, and lowers grain boundary stress concentration,
ultimately significantly improving the alloy’s wear resistance.

Synergistic effect of corrosion-friction

Figure 10 shows the potentiodynamic polarization curves for fresh samples
and during friction in simulated seawater. It can be seen that in the static
environment, the alloy has a passivation zone in the anodic section (wire-arc
DED Cu-4.25n: 0.1-0.8 V, rolled: 0.01-0.8 V), while the potentiodynamic
polarization curve of the alloy does not exhibit a clear passivation zone during
dynamic friction. Since the cathodic polarization region of the potentiody-
namic polarization curve is mainly affected by diffusion limitation and has the
least effect on the Tafel behavior of the oxygen reduction reaction”, the
anodic polarization region is selected for fitting. Table 4 shows the fitting and
calculation results of corrosion current density (icor) for wire-arc DED Cu-
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4.2Sn and rolled alloys. For fresh samples, the corrosion potentials of the two
samples are similar, about -0.3V, but the i, of the rolled alloy
(1.15x 107> A cm ™) is larger than that of the wire-arc DED Cu-4.25n alloy
(8.11 x 107° A cm ™). Due to the high distortion energy at grain boundaries
and the distribution of a large number of irregularly arranged atoms, as well as
the abundance of impurity elements and defects, the electrochemical activity
at grain boundaries is higher than that inside the grains*™*. Therefore,
compared with coarse grain alloys, after rolling, fine grain alloys have more
initial active atoms, which is conducive to the free movement of corrosion
ions and reduces the passivation ability of the alloy. In addition, the twin grain
boundary crystal defects and high energy state in the rolled alloy make it a
preferential corrosion site, so the corrosion resistance of the rolled alloy is
lower than that of wire-arc DED Cu-4.2Sn. During the friction process, the
corrosion product film on the alloy surface was destroyed continuously, the
polarization curves of the two alloys shifted to the right obviously, and the
corrosion potentials of the two alloys decreased to -048V and -0.5V,
respectively. At this time, the i, of wire-arc DED Cu-4.25n alloy and rolled
alloy were 1.07 x 10 *Acm > and 5.02 x 10~> A cm >, respectively, which
were higher than that of static state, and the corrosion resistance of the alloys
decreased.

Figure 11 shows the mass loss of the alloy in dry friction condition, and
simulated seawater and deionized water. It can be seen from the fig. that the
mass loss of the alloy after rolling is less than that of Cu-4.2Sn alloy in dry
and wet friction environments. This further confirms the improvement of
friction and wear resistance of the alloy after rolling. The mass loss (M;) of
the alloy in simulated seawater can be expressed by Eq. 67

Mt =Mf+Mc +AMS:Mf+Mc +Mcf +Mfc (6)

where M is pure wear weight loss, M, is pure corrosion weight loss, AM; is
weight loss due to corrosion and wear interaction (AM;). AM; is the sum of

corrosion weight loss due to wear M rand wear weight loss due to corrosion
Mj.. M can be calculated by Faraday’s law™:

oW

My = @)

where i is the corrosion current, ¢ is the experimental duration (S), W is the
relative atomic mass, # is the change in valence of elements during corro-
sion, Fis Faraday’s constant (96,487 C*), p is the density of the alloy. W and
n are 64 g'mol ' and 2, respectively. After calculating the values of M. and
M., the mass loss increment M caused by corrosion is obtained by sub-
tracting the remaining terms from the total mass loss Mt. Table 5 and Fig. 12
show the mass loss components caused by different factors and the corre-
sponding proportions for friction and wear for 30 minutes respectively. The
mass loss increment caused by the interaction between corrosion and
friction and wear of the two materials accounts for 13%, and the increment
of friction promoting corrosion is larger than that of corrosion promoting.

First of all, Cu alloy corrosion in marine environment will form Cu,O
and Cu,CI(OH); primarily composed of corrosion product film (as shown
in the reaction formula®'). Although the surface film can provide limited
protection, the film hardness is low, toughness is poor, and the bonding
force with the substrate is weak. During friction and wear, the surface film is
highly prone to mechanical peeling or brittle fracture, resulting in the direct
exposure of the base metal to the corrosive medium. The surface of nascent
Cu exhibits higher electrochemical activity (Cu*/Cu standard electrode
potential 0.34 V), in the medium containing dissolved oxygen and chloride
ions, it will cause severe anodic dissolution, and the corrosion current
density can be increased by 1-2 orders of magnitude (Table 4). It is worth
noting that the corrosion products of Cu mostly present loose and porous
structure, which makes it difficult to realize the self-healing function of
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Fig. 9 | The worn surface morphologies of rolled samples. a Dry friction, e in simulated seawater; b, f the enlarged part in a, €; ¢, g the 3D morphology of the grinding surface,
d the distribution of elements in b.

Table 3 | The parameters of wear surfaces formed by frictional wear of the Cu-4.2Sn and rolled alloy

Alloy Maximum depth /um Average depth /um Volume /pm?
Wire-arc DED Cu-4.2Sn dry 127.2+8.7 458+4.2 2.0+£0.3x10®
Wire-arc DED Cu-4.2Sn seawater 24.3+3.2 6.7+1.9 6.8+0.7 x 10°
Rolled-dry 108.6 +5.3 43.1+25 1.2+02x10°

surface film, thus forming a self-accelerating failure mechanism of

5
o “mechanical wear-film destruction-accelerated corrosion-product loosen-
ess-secondary wear”.
10 -
Cu— Cut +e” 8)
05
; Cut +CI™ — CuCl ©)
2
= 00 1 CuCl 4 Cl — CuCl,- (10)
0 2CuCl + 20H™ — Cu,0 + H,0 + 2C1- (11)
2 Cu™ +1/20,+e — CuO (12)
CuO + H,0 — Cu(OH), (13)
log i /A-cm2 2CuCl,- + 30H™ 4 2e~ — Cu,CI(OH), + 3CI~ (14)

Fig. 10 | Potentiodynamic polarization curves for fresh samples and during friction

o Secondly, friction-induced surface plastic deformation (such as
in simulated seawater.

ploughing groove formation and micro-asperity fracture) can induce sig-
nificant microstructural damage, such as high-density dislocations and
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grain boundary exposure. This microheterogeneity leads to differences in
local electrochemical activity, forming a microbattery effect between local
anodes (freshly deformed areas) and cathodes (undeformed or oxide film
residual areas). For example, Cu atoms in deformed areas are more active

Table 4 | Electrochemical parameters of samples in simulated
seawater before and during wear condition

Sample Ecorr (V) icorr (A-cm?)
wire-arc DED Cu-4.2Sn —-0.30 8.11x107°
rolled —-0.30 1.15x10°°
wire-arc DED Cu-4.2Sn friction —0.48 1.07x107*
rolled-friction —0.50 5.02x10°°

Mass loss /mg

Fig. 11 | Mass loss of the sample after 30 min of friction.

Table 5 | Percentage of every damage mechanism for 30 min
wear of samples in simulated seawater

Samples Mass loss caused by different interaction components (mg)
Mt Mf Mc Mcf Mfc

wire-arc DED  2.96 2.58 4.84x107° 6.24x1072 0.31

rolled alloy 2.23 1.93 6.87x10°° 3.0x1072 0.26

and become anodes for preferential dissolution, while undamaged oxide
film areas act as cathodes for O, reduction reactions (O, + 2H,O + 4" —
40H ™), forming localized corrosion with a corrosion rate much higher
than uniform corrosion. If wear debris generated by wear remains on the
contact surface, a crevice corrosion environment will be formed, which will
further aggravate localized corrosion. Therefore, friction and wear not only
eliminate the kinetic barrier of product film but also promote localized
corrosion of alloy, which greatly promotes the mass loss increment due to
corrosion.

Thirdly, corrosion has a limited promotion effect on the friction of Cu
alloy. The corrosion products of Cu are less ductile, have a weak cutting
ability when used as abrasive particles, and have a limited role in promoting
wear. Although the surface layer softening caused by corrosion® may
increase the material removal rate, its thickness is usually only a few to
dozens of micrometers, which is far less than the material peeling depth in a
single contact during the friction process (up to hundreds of micrometers),
and thus contributes little to the overall wear amount. In addition, it takes
time (from minutes to hours)*™ for corrosion to cause visible damage
(such as pitting corrosion pits and surface roughening), while the
mechanical peeling in wear is an instantaneous process’>. On the same
time scale, wear has directly removed a large amount of material and
damaged the protective film through mechanical action, while corrosion
only causes slight surface roughness or local embrittlement, and has not
significantly changed the wear mechanism (such as from adhesive wear to
abrasive wear). The wear resistance of Cu alloys mainly depends on the
matrix hardness and lubrication conditions. The degradation of surface
properties caused by corrosion has a far less significant impact on the wear
rate than the direct effect of mechanical peeling. Therefore, the mass-loss
increment of friction promoted by corrosion is less than that of corrosion
promoted by friction.

In this study, a comparative analysis was conducted on the micro-
structures, mechanical properties, and tribological behavior of the wire-arc
DED Cu-4.25n alloy before and after cold rolling. Additionally, a decoupling
analysis was performed on the corrosion and friction interactions of the
alloy, leading to the following conclusions:

(1) The results indicate that the Al-coated alloy resolved the issue of
penetration cracks on the steel side at the tin bronze/steel interface.

(2) Compared with the wire-arc DED Cu-4.25n alloy, the grain size of the
rolled alloy decreased by 68%, and a large number of twins are
generated in the matrix. The yield strength and hardness of the alloy
increase by 51% and 78%, respectively.

(3) In simulated seawater, both the COF and mass losses are lower than
those of the samples in dry friction condition. After rolling, the friction
damage of Cu-4.2Sn alloy changes from adhesive wear to furrow wear.
Compared with the wire-arc DED Cu-4.25n alloy, the rolled alloy
exhibits better wear resistance. The mass losses of the samples in the
dry friction condition and simulated seawater decrease by 23% and
25%, and the COF decreased by 31% and 28%, respectively.

Fig. 12 | Percentage of every damage mechanism
for 0.5 h friction of samples in simulated seawater.
a wire-arc DED Cu-4.2Sn, b rolled alloy.

£
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(4) The i, of therolled alloys is slightly higher than the wire-arc DED Cu-
4.28n alloy for freshly immersed samples, but it showed stronger
synergistic performance in resisting corrosion and friction.

(5) The decoupling analysis indicates that in the interaction, the loss
caused by the interaction between friction and corrosion accounted for
13%, among which the effect of friction promoting corrosion is
dominant (accounting for approximately 11%).

Methods

Materials and methods

For sample preparation, S212 wire with a 1.6 mm diameter was
employed, while the substrate used was a 2 pm Al-plated mild steel
with dimensions of 200 mm x 200 mm X 2 mm. Their compositions
are detailed in Table 6. The CMT wire-arc deposition equipment used
in this study is illustrated in Fig. 13. The wire-arc deposition system
consisted of a Yaskawa MA1400 robot, a DX200 control cabinet, and
an RD350 digital inverter power supply. Wire-arc DED uses a molten
droplet transition to complete the sample preparation by adjusting the
process parameters through the control panel. Argon is used as the
shielding gas during deposition. The deposition parameters are shown
in Table 7. Subsequently, the prepared plates were cold-rolled with a
1% reduction per pass until a total deformation of 20% was achieved,
resulting in rolled bimetallic composites.

Table 6 | Chemical composition (wt%) of S212 wire and
mild steel

alloy Fe C P Sn Cu
S212 - - 0.13 4.2 Bal
mild steel Bal <0.08 <04 <0.025 <0.025

(a) Control
A |

Deposition path

Schematic diagram

Microstructure characterization

The fabricated samples underwent wire cutting for sectioning, followed by
progressive abrasion wiath SiC paper up to a 5000-grit surface finish.
Subsequently, they were finely polished using 1.0 um diamond suspension.
Etching was performed with (5 g FeCl; + 2 mL HCI 4+ 95 mL C,HsOH)
solution. Microstructural analysis was conducted using a scanning electron
microscope (SEM; Mon FEI, USA) integrated with energy-dispersive X-ray
spectroscopy (EDS). Grain size characterization of the alloy was achieved via
electron backscatter diffraction (EBSD; INCA Crystal EBSD), with results
analyzed using AZtecCrystal software. Transmission electron microscopy
(TEM; TalosF 200X, Thermo Fisher, USA) operated at 200kV was
employed for detailed sample observation.

Mechanical and friction performance testing

Mechanical property tests were performed at a constant strain rate of
1.5 mm-s " at 25 °C using a CMT 5105 testing machine. A microhardness
tester (FM-700) was used to evaluate the hardness of the samples under a
300 gfload. Hardness measurements were taken at 100 pm intervals in the x
and y directions, and a 5x5 array was used to map the hardness values. In
this experiment, a nanoindenter equipped with a diamond Berkovic
indenter tip was used to test the micro-mechanical properties of arc-
deposited alloys and their rolled states. The test parameters were a max-
imum load of 6N, a loading/unloading rate of 200 mN-s !, and a load
holding time of 5 s.

Reciprocating friction and wear tests were conducted using an MSR-2T
friction tester. To avoid galvanic corrosion between the Cu-4.25n alloy and
the grinding ball, a non-conductive silicon nitride ceramic ball was selected.
The tests were performed under a 15 N load at a speed of 3 m'min ™', with a
3 mm reciprocating stroke for 1800 s. The corrosive friction medium was a
simulated seawater solution, the composition of which is shown in Table 8.
The samples were weighed before and after the experiment using an elec-
tronic balance with a sensitivity of 0.01 mg. Finally, 3D morphology

rolls —

cold-rolled

Rolling process

Fig. 13 | Sample preparation. a Wire-arc DED equipment, b sample preparation process.

Table 7 | Wire-arc DED parameters in the experiment

parameters Current (A) Frequency (Hz) Swing (mm)

Voltage (V)

Speed (cm-min~") Line-energy (J-cm™") Energy density (J-cm?)

Value 65 10 24 0.6

4 84.6 1523.4
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Table 8 | Components of the simulated seawater (ASTM D1141, g/L)

NaCl MgCl, Na,SO,

CaCl, KCl

NaHCOj4 HaBOg SrCl, NaF

24.53 5.2 4.09 1.16

0.695

0.201 0.027 0.025 0.003

(OLS4000 laser confocal microscope) and SEM morphology were observed
on the test specimens.

Simulated seawater was used for the electrochemical test solutions and
the temperature was maintained at 25 °C during the electrochemical tests.
Tests were performed on fresh samples and samples during friction with
kinetic potential polarization in the ranges of -1.2V to 1.3V and -1 V to
0.4 V. The equipment and parameters used for the tests were similar to those
used in previous study'’ and are not described here.

First-principles calculations

This study employs the vienna ab-initio simulation package (VSPA)”
software to conduct first-principles calculations, analyzing the influence of
different atoms (Cu, Sn, Al) on Fe grain boundaries in tin bronze. The VASP
software can precisely determine the physical structure, electronic structure,
and system energy of grain boundaries through a series of convergent cal-
culations. Additionally, first-principles tensile test calculations were per-
formed to investigate the effects of different atoms on the strength of Fe
grain boundaries, thereby analyzing the roles of various elements in the
formation and suppression of penetration cracks. The visualization for
electronic and structural analysis (VESTA) software is used to visualize the
results of the VASP first-principles calculations. By reading the VASP
output file CONTCAR using VESTA, crystal boundary models and crystal
boundary models after different atomic substitutions were plotted, enabling
the physical structure of the crystal boundaries to be intuitively visualized.
Additionally, by reading the CHGCAR file using VESTA, charge density
distribution maps can be plotted.

According to the Rice-Wang grain boundary embrittlement model™,
the effect of other atoms on the strength of Fe grain boundaries can be
measured by the strengthening energy (E,), which is calculated using the
following Eq. (8):

__ rFe Fe, X
Estr - Esep - Esep

(15)

Efe‘; is the separation energy of pure Fe grain boundaries, Ef:l;x is the
separation energy of Fe grain boundaries containing other atoms.

To further investigate the mechanism by which doped atoms affect
grain boundary strength, the strengthening energy can be decomposed
into mechanical contributions E,,.; and chemical contributions
Ecpen®. The specific values of the mechanical and chemical contribu-
tions can be calculated by considering a series of systems. Taking the Cu/
Fe system as an example, system A represents an ideal Fe grain boundary
model and the two fracture surface models obtained after the separation
of the Fe grain boundary. System B is a pure Fe grain boundary model
containing one Fe vacancy and its fracture surface model, which is
obtained by removing one Fe atom from system A. System C is a crystal
boundary model with Cu atoms doped into pure Fe crystal boundaries
and its fracture surface model, where the Cu atoms occupy the positions
of the Fe vacancies in system B. System D is the crystal boundary model
and fracture surface model obtained by removing the doped Cu atoms
from system C. The mechanical contribution is caused by local structural
changes and can be considered as the difference between the separation
energies of systems B and D:

E,o=E% — EP

mec sep sep

(16)

Chemical contributions arise from changes in interactions caused by
the chemical properties of different atoms. The difference in separation
energy between pure Fe grain boundary system A and Fe-vacant system B is
due to the removal of Fe atoms. The difference in separation energy between

Cu-containing grain boundary system C and Cu-vacant system D is due to
the removal of Cu atoms. Therefore, the formula for calculating chemical
contributions is as follows:

Epem = (E?ep - Esip) - (Escep - EsDep> (17)
Reinforced energy can be calculated using Eq. (11):
Ey = Eypen + Ecpem = E;:p - Escep (18)

Data availability
The dataset used and analyzed during the current study is available from the
corresponding author upon reasonable request.
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