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A B S T R A C T

Introduction. Silicon bronzes are widely used in critical friction units due to their combination of corrosion resistance, 
machinability, electrical conductivity, and satisfactory mechanical properties. Electron beam additive manufacturing (EBAM) is 
promising for the production of complex parts, but it forms a large columnar grain structure, leading to anisotropy of properties 
and limiting their practical application. Methods of severe plastic deformation (SPD), such as multi-axis forging and rolling, are 
effective for refining the structure, eliminating anisotropy, and increasing strength. However, their effect on the overall properties of 
silicon bronzes has not been sufficiently studied. Purpose of the work. The purpose of this study is a comparative analysis of the 
effect of the structural state of silicon bronze on its mechanical characteristics and tribological properties under dry sliding friction. 
Research methods. Samples in five structural states were obtained by electron-beam additive manufacturing (1), hot rolling (2), 
multi-axis forging (3), rolling at room temperature (4), and low-temperature annealing after rolling (5). The structure of the samples 
was investigated by optical metallography and transmission electron microscopy. Mechanical tests were carried out by tensile testing 
of double-sided dog-bone samples and Vickers microhardness testing. Tribological tests for dry sliding friction against 52100 steel 
were carried out with a constant load and speed. During friction, the friction coefficient (FC), vibrations in the normal and tangential 
directions, and acoustic emission (AE) were recorded. A detailed analysis of the surface and subsurface layer of friction tracks 
was performed using confocal laser scanning microscopy, as well as scanning electron microscopy with energy-dispersive X-ray 
spectroscopy (EDS). Results and discussion. The microstructure of the samples after EBAM exhibits large columnar grains, while 
after hot rolling it shows large equiaxed grains with twins. Multi-axial forging results in the formation of subgrains (lamellae) (<100 
nm) with a high dislocation density. Rolling leads to further refinement of the original grains and the formation of elongated submicron 
grains. Low-temperature annealing forms more equiaxed submicron grains (100–200 nm) with a reduced dislocation density and 
high-angle boundaries. Samples with a coarse-grained structure have low strength and hardness. After SPD, the strength and hardness 
increase significantly, and the relative elongation decreases compared to the original material. Low-temperature annealing provides 
maximum strength with partial restoration of ductility and a decrease in hardness. The smallest and most stable friction coefficient, 
as well as minimum vibration amplitudes (especially in the tangential direction), were recorded for samples after SPD. The greatest 
wear occurred for the sample in the as-received condition (hot rolling). SPD reduces wear by 2.1–2.2 times compared to the hot-
rolled and EBAM samples. Low-temperature annealing increases wear by 10% relative to the sample after rolling. The predominant 
wear mechanisms were determined to be: mixed (adhesive-oxidative) for bronze after EBAM; adhesive for hot rolled; and oxidative 
for samples after SPD. Based on metallographic studies, it was found that the depth of subsurface deformation is maximum for 
coarse-grained samples (145–155 μm) and decreases by 3.3–4.7 times after SPD. Conclusion. A comprehensive study has revealed a 
decisive influence of the structural state of 96% Cu-3% Si-1% Mn bronze on its key properties. The use of SPD methods (multi-axial 
forging and rolling) has proven to be highly effective in dramatically improving the mechanical and tribological properties of silicon 
bronze, regardless of the original production method (hot-rolled steel or electron beam additive manufacturing).
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Introduction
Silicon bronzes, a class of copper-based alloys containing 1–4 wt.% silicon, are widely used in various 

industries due to their unique combination of high corrosion resistance, good machinability, excellent 
electrical and thermal conductivity, and satisfactory mechanical and antifriction properties. These alloys 
are commonly employed in the manufacture of plain bearings, bushings, gears, valves for aggressive media, 
and electrical components [1]. Conventionally, silicon bronze products are produced via casting followed 
by thermomechanical processing (e.g., rolling, forging, pressing) or through powder metallurgy routes.
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Binary Cu-Si alloys with silicon contents below 5 wt.% consist of a single-phase face-centered cubic 
(FCC) α-Cu solid solution [2]. The addition of manganese refines the dendritic grain structure without 
altering the phase composition, as demonstrated in cast Cu-3Si alloy [3, 4]. This grain refinement is accom-
panied by improvements in ductility, tensile strength, and hardness. It has been established that significant 
alterations in solid-phase reactions can be achieved by modifying the processing scale, temperature, or 
initial microstructure [5]. While heat treatment can influence the microstructure and phase composition of 
silicon bronzes [6], the low-silicon α-Cu solid solution is not susceptible to phase transformations [7].

Recently, wire and electron beam additive manufacturing (WEBAM) has garnered significant interest for 
fabricating silicon bronze components. This highly productive technique enables the creation of complex, 
custom geometries with minimal machining allowances. However, an inherent characteristic of additively 
manufactured metals, including those produced by WEBAM, is epitaxial solidification, which leads to the 
formation of coarse columnar grains [8]. This microstructure results in pronounced anisotropy of mechani-
cal properties and can adversely affect tribological characteristics, thereby limiting the application of these 
materials in highly-loaded friction units that require isotropic behavior.

Severe plastic deformation (SPD) techniques, such as equal-channel angular pressing (ECAP), multi-
axis forging, and rolling, are highly effective for mitigating these drawbacks and enhancing the mechanical 
properties of alloys, including silicon bronze. SPD methods can significantly refine the coarse, columnar 
grain structure, transforming it into an ultrafine-grained (UFG) or nanocrystalline (NC) state with equiaxed 
grains, thereby eliminating anisotropy. The resultant grain boundary strengthening leads to substantial im-
provements in strength and hardness. A subsequent short-term, low-temperature annealing step is often 
employed to partially relieve internal stresses and improve ductility without sacrificing a significant portion 
of the strength gained from strain hardening. This balance is critical for tribological applications requiring 
a combination of high strength and wear resistance.

Previous research has demonstrated the efficacy of SPD; for instance, hydrostatic extrusion of C65500 
bronze (an analog of 96% Сu-3% Si-1% Mn) increased its tensile strength and yield strength by 45% and 
130%, respectively, compared to the commercial counterpart [8]. Similarly, the transformation of a colum-
nar grain structure into an equiaxed, twinned one was achieved in a 96% Сu-3% Si-1% Mn alloy through 
drawing followed by softening annealing [9]. These findings confirm that SPD is a viable strategy for mi-
crostructural refinement and property enhancement in silicon bronzes. However, a review of the literature 
indicates that the potential of specific SPD methods, particularly multi-axis forging and rolling, for process-
ing silicon bronzes remains insufficiently explored.

Therefore, the purpose of this work is to conduct a comparative study of the mechanical and tribologi-
cal properties of a silicon bronze in different structural states. The following tasks were defined to achieve 
this purpose:

1. Perform microstructural characterization.
2. Conduct mechanical testing.
3. Perform tribological tests under dry sliding friction conditions.
4. Analyze the friction surface and subsurface deformation layers after sliding.

Methods
Silicon bronze samples were produced using a wire-feed electron beam additive manufacturing (WE-

BAM) machine to fabricate layer-by-layer deposits from a 96% Сu-3% Si-1% Mn wire onto steel substrates. 
The printing parameters for these block-shaped samples were implemented in accordance with modes de-
tailed in reference [11]. These samples correspond to the first structural state, characterized by large colum-
nar grains, and are designated herein as Sample 1.

The second structural state comprises a material with large equiaxed grains and annealing twins, 
characteristic of the microstructure found in commercial hot-rolled bar stock. Samples in this condition are 
designated as Sample 2.

The third structural state features a subgrain structure consisting of submicron lamellae, formed by 
subjecting the WEBAM-fabricated samples (Sample 1) to severe plastic deformation via multi-axial forging 
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at room temperature. The process was conducted at a constant crosshead speed of 10 mm/s until a degree of 
deformation of ε = 0.5 was achieved along each of the three geometric axes of the sample. These samples 
are designated as Sample 3.

The fourth structural state is a material with submicron grains, produced by further processing Sample 
3 through multiple passes of room-temperature rolling to a total strain of ε = 0.75. These samples are 
designated as Sample 4.

The fifth structural state comprises a material with near-equiaxed submicron grains, produced by 
subjecting Sample 4 to a low-temperature annealing at 200 °C for 30 minutes. The heat treatment was 
conducted in a laboratory muffle furnace, followed by rapid quenching in a large volume of water. These 
samples are designated as Sample 5.

The mechanical properties of the samples were determined by tensile testing standard double-sided 
blade specimens on a Testsystems UTS-110M universal testing machine at a crosshead speed of 1 mm/min. 
Vickers microhardness was measured using a Tochline-TBM hardness tester by indenting the samples with 
a diamond pyramid under a load of 100 N (HV10).

Metallographic analysis of samples in the rolled and as-printed conditions was performed using an 
Olympus LEXT 4100 laser scanning confocal microscope. The fine microstructure of samples after severe 
plastic deformation was characterized by transmission electron microscopy (TEM) using a JEOL JEM-
2100 microscope.

For tribological testing, plate-shaped samples were prepared for sliding contact against 6 mm diameter 
balls made of ShKh15 (AISI 52100 equivalent) bearing steel. Tests were conducted under dry sliding 
conditions at a velocity of 100 mm/s under a normal load of 20 N. During friction, acoustic emission signals 
and vibration amplitudes were recorded. Vibration accelerations were measured in both the normal (parallel 
to the applied load) and tangential (parallel to the friction force) directions. The morphology of the resulting 
wear tracks was examined using scanning electron microscopy (Thermo Fisher Scientific Apreo S LoVac) 
and laser scanning microscopy (Olympus LEXT 4100).

Results and Discussion
Wire and electron beam additive manufacturing (Sample 1) results in the formation of a large columnar 

grain structure (Fig. 1, a). The grain width ranges from 150 to 600 μm, with lengths often significantly 
exceeding 1 mm. This microstructure results from directional solidification under the pronounced thermal 
gradient of the melt pool during layer-by-layer deposition. Samples in the as-received hot-rolled condition 
(Sample 2) exhibit a microstructure of nearly equiaxed grains with annealing twins (Fig. 1, b), with grain 
size ranging from 200 to 500 μm.

Multi-axial forging (Sample 3) produces a highly deformed substructure characterized by significant 
azimuthal misorientation, arising from strain-induced grain subdivision and refinement. The subgrain 
structure consists of curved, submicron lamellae with thicknesses below 100 nm, formed during non-
uniform deformation in the forging process. This state is also characterized by a high dislocation density. 
Subsequent rolling (Sample 4) further refines the structure into elongated submicron grains (Fig. 1, d). The 
selected area electron diffraction (SAED) pattern exhibits a substantial increase in azimuthal misorientation, 
with reflections degenerating into nearly continuous rings, indicating extreme grain refinement. This grain 
formation likely results from recovery and dynamic recrystallization processes during severe plastic 
deformation [12].

Low-temperature annealing (Sample 5) after rolling reduces the dislocation density and promotes the 
formation of nearly equiaxed submicron grains, ranging from 100 to 200 nm in size (Fig. 1, e).

Tensile testing revealed that the different structural states exhibit distinct combinations of strength and 
ductility (Fig. 2, a–c). The WEBAM-fabricated and as-received hot-rolled samples (Sample 1 and Sample 2) 
demonstrated the lowest strength but highest ductility. Their ultimate tensile strength (UTS) was nearly 
identical, at 340–346 MPa. However, their yield strength differed significantly, by approximately a factor 
of two, with the WEBAM sample exhibiting a characteristically low yield stress, a known trait of structures 
formed by electron beam printing [13].
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Severe plastic deformation via multi-axial forging (Sample 3) and the associated microstructural 
changes resulted in a significant increase in both ultimate tensile strength (Fig. 2, a) and yield strength 
(Fig. 2, b) compared to the as-received hot-rolled and WEBAM-fabricated materials. This enhancement is a 
consequence of strain hardening according to the Hall-Petch relationship [14]. The UTS increased to 525 
MPa and 519 MPa and the yield strength to 403 MPa and 298 MPa, while the relative elongation decreased 
from 70–100% to 18.1% (Fig. 2, c). Subsequent rolling (Sample 4) after forging further increased the UTS 
by 88 MPa and the yield strength by 376 MPa (Fig. 2, a, b), but reduced the relative elongation from 18.1% 
to 9.2%, compared with multi-axial forging (Fig. 2, c).

Low-temperature annealing (Sample 5) after rolling resulted in the highest strength values among all 
samples, with a UTS of 1022 MPa and a yield strength of 1,008 MPa (Fig. 2, a, b). Furthermore, this 
annealing improved the material’s ductility, increasing the relative elongation from 8.2% to 12.2%.

Hardness represents a mechanical characteristic equally as important as strength and ductility  
(Fig. 2, e). The WEBAM-fabricated (Sample 1) and as-received hot-rolled (Sample 2) samples exhibit the 
lowest microhardness values of 0.86 GPa and 0.96 GPa, respectively (Fig. 2, d), which can be attributed to 
their coarse-grained microstructures [15, 16]. Severe plastic deformation via multi-axial forging (Sample 3) 
resulted in a threefold increase in microhardness compared to the coarse-grained Sample 1 and Sample 2. 
This enhancement stems primarily from grain refinement and the development of a high dislocation 
density. At the microstructural level, these changes produce strengthening through dislocation interactions 
and a substantial increase in dislocation density during deformation, directly reflected in the measured 
microhardness. A higher degree of deformation achieved through subsequent rolling (Sample 4) after multi-
axial forging resulted in the maximum microhardness of 3.34 GPa among all investigated samples – 18% 
greater than after forging alone.

                       a                                                                  b                                                                  c

Fig. 1. Images of typical structure of 96% Cu-3% Si-1% Mn bronze samples.  
Samples 1 (a), 2 (b), 3 (c), 4 (d) and 5 (e)

                            d                                                                         e  
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Low-temperature annealing (Sample 5) reduced the microhardness by approximately 7% relative to 
Sample 4, due to dislocation density reduction through recovery and polygonization processes.

During sliding friction, the coefficient of friction (CoF) undergoes significant evolution (Fig. 3, a). 
Initially, all bronze samples exhibited a high CoF, attributable to running-in processes within the steel-
bronze tribological pair. During this initial stage, pre-existing oxide films are removed, forming a clean 
bronze surface. The interaction with this nascent surface results in significantly increased adhesion due 
to the enhanced molecular component of the friction force [17]. Subsequently, as the surface layer wears 
and sliding conditions evolve, the CoF may either increase or decrease, depending on the dominant wear 
mechanism and the specific characteristics of wear track formation.

The recorded friction coefficient data show that the CoF decreased over the first 15–25 minutes. For 
Sample 1 (WEBAM), this running-in stage transitioned into a period of steady-state sliding friction. The as-
received hot-rolled sample (Sample 2) exhibited a sinusoidal CoF dynamic with a period of approximately 
25 minutes, indicating a cyclical process of friction layer formation and degradation. A similar pattern was 
observed for the multi-axially forged sample (Sample 3), though with a longer period of about 30 minutes. 
Both Sample 2 and Sample 3 were characterized by a relatively monotonic increase and decrease in CoF 
within these intervals. In contrast, sliding for Sample 4 (forged + rolled) featured more frequent but lower 
amplitude CoF fluctuations, with a period of roughly 13 minutes. Sample 5 (forged + rolled + annealed) 
demonstrated oscillatory CoF behavior without a clearly defined periodicity.

The average CoF values, derived from the experimental data, are presented in Fig. 3, b. The results 
indicate that the highest average CoF is characteristic of the electron beam printed Sample 1. Sample 2 

                                          a                                                                                                  b

                                          c                                                                                                  d
Fig. 2. Mechanical properties of 96% Cu-3% Si-1% Mn bronze samples
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(hot-rolled) and Sample 5 (forged + rolled + annealed) exhibited slightly lower values. Severe plastic 
deformation via multi-axial forging and subsequent rolling (Sample 3 and Sample 4) led to a significant 
reduction in the average CoF – by 9% to 25% – compared to the coarse-grained (Sample 1 and Sample 2) 
and heat-treated (Sample 5) conditions.

Vibration acceleration signals were recorded from two accelerometers during tribological tests. The 
accelerometers were mounted to record signals in the direction of normal pressure and friction forces, 
enabling detailed monitoring of the tribosystem’s dynamic behavior.

During friction of the printed bronze (Sample 1), vibration accelerations in the normal (Fig. 4, a) and 
tangential (Fig. 4, b) directions reached values of ~4.4 m/s² and ~5.8 m/s², respectively. In the normal 
direction, vibrations occurred uniformly from the test onset, while fluctuations in the tangential direction 
showed no pronounced periodicity.

The as-received Sample 2 exhibited vibration accelerations of ~6.7 m/s² in the normal direction and 
~9.7 m/s² in the tangential direction. In this case, significant fluctuations in acceleration amplitude were 
observed only in the tangential direction, substantially exceeding those recorded for other samples.

Sliding of bronze deformed by multi-axial forging (Sample 3) showed vibration accelerations of ~3.1 
m/s² in the normal direction and ~3.6 m/s² in the tangential direction, with sufficiently uniform vibration 
acceleration amplitude and no significant fluctuations.

During friction of bronze deformed by rolling (Sample 4), vibration accelerations measured ~3 m/s² 
in the normal direction and ~3.2 m/s² in the tangential direction were the lowest levels among all samples 
investigated. Unlike other samples, amplitude fluctuations in the normal direction exceeded those in the 
tangential direction.

The heat-treated bronze Sample 5 displayed vibration acceleration amplitudes of ~3.5 m/s² in the normal 
direction and ~4.7 m/s² in the tangential direction. Annealing after severe plastic deformation by rolling 
resulted in increased vibration amplitude during sliding in both normal and tangential directions.

The difference in vibration acceleration amplitude between tangential and normal directions (Dv, Fig. 
4, c–e) reflects changes in sliding friction conditions. Values closer to zero indicate more stable sliding 
friction. Higher tangential vibration amplitude suggests intense adhesive bonding (sticking) between the 
steel ball and bronze disk. When this bonding ruptures, the stick phase transitions to slip (stick-slip mode), 
causing sharp increases in tangential vibration acceleration. Normal direction vibrations likely result from 
wear particle formation and surface deterioration.

The data indicate that the most stable sliding occurs with Sample 4 (SPD by rolling) and Sample 3 
(multi-axial forging). Conversely, Sample 1 (WEBAM) and Sample 2 (as-received) exhibit high-amplitude 
vibration accelerations during sliding with significant directional differences, suggesting strong adhesive 

                                          a                                                                                                b
Fig. 3. Coefficients of friction vs. time during sliding tests (a) and their average values (b)
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                                  a                                                                                               b

                                  c                                                                                               d
Fig. 4. Change in vibration acceleration amplitude during sliding friction in the normal (a) and tangential 

(b) directions, their difference (c), and average value (d)

interaction in the sliding pair. Low-temperature annealing (Sample 5) increased the Dv value, indicating 
enhanced adhesion during testing.

Previous studies [18] have established that the energy and median frequency (MF) of acoustic emission 
(AE) signals can characterize sliding friction modes. In this work, acoustic emission was detected and 
recorded using a sensor mounted on the sample during sliding friction. The AE signal waveforms were 
analyzed to determine the average values of energy (Fig. 5, a) and median frequency (Fig. 5, b).

                                           a                                                                                                  b
Fig. 5. Average energy (a) and median frequency (b) of acoustic emission (AE)
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The results show a successive reduction in AE energy during sliding from coarse-grained Sample 1 to 
Sample 3, accompanied by a corresponding increase in MF. Sample 4 (rolled and heat-treated) exhibited 
the absolute minimum AE energy and maximum MF. Conversely, Sample 5 showed increased AE energy 
and reduced MF compared to Sample 4.

Comparison between vibrometry and acoustic emission data reveals a consistent pattern: AE energy 
increases in sliding modes characterized by high vibration acceleration amplitudes. This correlation occurs 
because significant stick-slip vibrations generate repeated impacts between contact asperities. The rupture 
of adhesive bonds and associated impacts excite powerful elastic waves in the material, consequently 
increasing AE energy. Conversely, these conditions reduce the median frequency, primarily due to adhesive 
bond rupture. Previous research [18] demonstrated that viscous crack formation in materials causes short-
term MF drops. Additionally, changes in sliding friction conditions – such as wear particle formation, 
development of thick abrasion-resistant oxide layers, and surface layer deterioration – also affect the 
frequency characteristics of AE signals [19–21].

The current study confirms variations in friction and wear conditions across bronzes with different 
structural states, consistent with vibrometry data, friction coefficient measurements, and examination of 
worn surfaces.

Analysis of the wear track surfaces revealed characteristic wear features of silicon bronze in different 
structural states (Fig. 6). Sliding of Sample 1 produced a rough worn surface characterized by: light areas 
with relatively large wear grooves, smoother dark tribo-oxidized regions, and material displaced to the 
track periphery through plowing (Fig. 6, a). These features indicate the combined action of at least two wear 
mechanisms, specifically adhesive-oxidative wear.

The worn surface of the as-received Sample 2 (Fig. 6, b) exhibits curved wear grooves and plowing, 
with no oxidation traces, along with deformed material buildups resulting from adhesion-mediated transfer. 
In this process, plasticized bronze initially adheres to the steel counterface, then detaches and re-adheres to 
the disk’s wear track surface. The absence of oxidation suggests a predominantly adhesive wear mechanism.

Sliding of Sample 3 (multi-axial forged) yields a wear track surface almost entirely covered by a uniform 
black layer of oxidized material (Fig. 6, c). The adhesive wear areas are small (250–500 μm) and contain 
oxide inclusions. The absence of plowing indicates insignificant plastic deformation of the material, which 

                         a                                                                  b                                                                 c

                     d                                                                    e
Fig. 6. Optical images of the wear track surfaces of 96% Cu-3% Si-1% Mn bronze samples.  

Samples 1 (a), 2 (b), 3 (c), 4 (d) and 5 (e)
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is expected since Sample 3 underwent severe plastic deformation, acquiring higher hardness and lower 
ductility through work hardening.

The friction track surface of Sample 4 resembles that of Sample 3 (Fig. 6, d), indicating the predominance 
of oxidative wear. Apparently, from the sliding onset, an oxidized layer forms through adhesive transfer 
and compaction of wear particles. This layer exhibits resistance to mechanical impact and remains adherent 
to the bronze substrate, unlike more ductile samples that are susceptible to plastic deformation and cannot 
provide stable support for surface oxide layers.

Low-temperature annealing of Sample 5 after rolling resulted in the formation of slightly more extensive 
adhesive wear areas (Fig. 6, e) compared to Samples 3 and Samples 4. This phenomenon results from 
increased material plasticity and reduced load-bearing capacity, consequently enhancing adhesive wear 
components.

The worn surfaces of the ball bearing steel counterparts (balls) were examined to validate the findings 
obtained from the bronze samples (Fig. 7). The observed wear patterns confirm the previously identified 
differences in wear mechanisms across bronze structural states.

In cases of predominantly adhesive wear, a bronze transfer layer formed on the ball surface (Fig. 7, 
b). This layer consists of material transferred through adhesive wear from the ductile as-received bronze 
(Sample 2).

Under predominant oxidative wear, a black oxide layer formed on the ball surface (Fig. 7, c). These 
oxides accumulated in micro-depressions and represent detached surface layers from the work-hardened 
bronzes manufactured via multi-axial forging (Sample 3) and rolling (Sample 4).

Significant oxidation of the low-temperature annealed sample (Sample 5) resulted in oxide layer 
formation covering substantial portions of the wear track, which correspondingly contributed to oxide 
deposition on the ball surface.

Under mixed adhesive-oxidative wear conditions, cyclic formation and removal of the surface layer 
occurred within the wear track. Consequently, neither plastic bronze transfer nor stable oxide layers became 
established on the ball surface (Fig. 7, a).

The worn surfaces of the bronze samples were further characterized using scanning electron microscopy 
(SEM) equipped with energy-dispersive X-ray spectroscopy (EDS), as shown in Figs. 8 and 9. The 
backscattered electron (BSE) images in Figs. 8, a–e reveal the worn surfaces of all bronze samples, displaying 
distinct bright and dark regions. The BSE image contrast is governed by the local elemental composition, 
wherein elements with lower atomic numbers appear darker. Consequently, darker areas correspond to 
more heavily oxidized regions.

In this context, Sample 1 exhibits a worn surface with predominantly gray and bright areas, indicating 
limited oxidation (Fig. 8, a). The grayscale intensity further reveals that although oxides are present on the 
worn surface of the as-received Sample 2 (Fig. 8, b), they are confined to small, isolated areas of material 
adhered during the wear process. In contrast, Sample 3, Sample 4, and Sample 5 display extensively 

                        a                                                              b                                                            c
Fig. 7. Typical optical images of the ball surface after sliding against Sample 1 (a), Sample 2 (b), Samples 3–5 (c)
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                         a                                                               b                                                        c

                           d                                                        e
Fig. 8. SEM BSE images of the wear track surfaces of 96% Cu-3% Si-1% Mn bronze. Sample 1 (a), Sample 

2 (b), Sample 3 (c), Sample 4 (d) and Sample 5 (e)

                           a                                                               b                                                                 c

                     d                                                       e

Fig. 9. EDS oxygen maps on the wear track surfaces of 96% Cu-3% Si-1% Mn bronze. Sample 1 (a), Sample 2 
(b), Sample 3 (c), Sample 4 (d) and Sample 5 (e)
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oxidized worn surfaces resulting from sliding on the severely plastically deformed (SPD) and strengthened 
materials (Figs. 8, c–e). The EDS elemental maps presented in Figs. 9, a–e confirm the presence of oxygen 
across these worn surfaces.

Fig. 10 presents the wear track profiles and corresponding cross-sectional area data. The obtained profiles 
(Fig. 10, a) reveal that sliding against Sample 1 and Sample 2 produced wear tracks with pronounced edge 
pile-ups. These pile-ups result from plastic deformation (ploughing) of the coarse-grained bronzes by the 
steel counter-body. In contrast, the SPD-strengthened Samples 3–5 exhibit no such pile-ups.

                                      a                                                                                                    b
Fig. 10. Cross-sectional profiles of wear tracks (a) of 96% Cu-3% Si-1% Mn bronze and their areas (b)

Measurements of the wear track cross-sectional areas (Fig. 10, b) indicate that the most severe wear 
occurred during sliding against Sample 2 (as-received condition). The wear volumes for Sample 1,  
Sample 3, and Sample 4 were lower than that of Sample 2 by factors of 1.6, 2.1, and 2.2, respectively. Wear 
was minimal during friction against the rolled bronze (Sample 4), being 2.2 times and 1.5 times lower than 
that of the hot-rolled and WEBAM-fabricated samples, respectively. The application of low-temperature 
annealing after rolling (Sample 5) increased wear by 10% compared to the condition obtained by rolling 
alone (Sample 4).

To analyze the effect of structural state on the subsurface deformation of silicon bronze induced by 
sliding friction, the regions beneath the worn surfaces were examined (Fig. 11). In coarse-grained Sample 
1 and Sample 2 (Figs. 11, a, b), deformation bands are unevenly distributed across grains with different 
orientations relative to the loading axis. This is evidenced by developed systems of shear bands oriented at 
various angles to the sliding plane. The deformation zone extends to a depth of up to 50 μm below the worn 
surface in Sample 2, resulting from strong adhesive bonding within the friction pair. This adhesion causes 
the bronze material to stretch in the direction of the friction force, with the effect being most pronounced 
near the contact surface. Adhesive interaction is less intensive during sliding of Sample 2, consequently 
resulting in shallower plastic deformation penetration.

The SPD-processed samples (Figs. 11, c–d) consist of refined grains with high dislocation densities, 
making the identification of distinct deformation bands challenging. Instead, these samples exhibit curved 
shear bands and distorted grains. A thin tribological layer is visible immediately beneath the worn surfaces 
in these samples.

For quantitative assessment of subsurface deformation, the maximum penetration depth was measured. 
The results demonstrate that both the depth of plastic deformation penetration in the bronze (Fig. 12) and 
the wear behavior (Fig. 10) are governed by the material’s mechanical characteristics (Fig. 2), which are in 
turn determined by its structural state.



OBRABOTKA METALLOV MATERIAL SCIENCE

Vol. 27 No. 4 2025

                       a                                                            b                                                           c
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Fig. 11. Metallographic images of bronze 96% Cu-3% Si-1% Mn below the worn surfaces. Sample 1 (a),  

Sample 2 (b), Sample 3 (c), Sample 4 (d) and Sample 5 (e)

Fig. 12. Depth of penetration of plastic  
deformation below the worn surface

Conclusions

Experimental studies of the mechanical, tribological, and structural characteristics of a silicon bronze in 
different structural states – ranging from coarse-grained (produced by electron-beam additive manufacturing 
and hot rolling) to submicron-grained (resulting from severe plastic deformation via multi-axial forging and 
rolling) – yield the following conclusions:

1. The manufacturing method significantly influences the structural state of silicon bronze. Wire and 
electron-beam additive manufacturing (WEBAM) and hot rolling produce very large grains (150–600 μm 
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