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A B S T R A C T

Low-carbon steel is widely used in ships, bridges, and automobiles owing to its combination of plasticity, 
toughness, and economy. However, its relatively low surface hardness and limited wear resistance fail to satisfy 
the stringent surface property requirements of advanced manufacturing. Conventional surface modification 
techniques often suffer from one or more limitations, such as high heat input, weak interfacial bonding, or low 
processing efficiency, which hinder the long-term stability of surface enhancement. Here, we propose a highly 
efficient heat-source-free cold manufacturing method. This approach applies high-frequency ultrasonic vibration 
to the material surface, enabling controllable modulation of its microstructure. For Q235 steel, treatment at 
2000 J increases nanohardness from 5.52 to 22.34 GPa, while reducing the wear rate from 13.56 × 10− 6 to 
3.02 × 10− 6 mm3 N− 1 m− 1 at room temperature. The process exhibits notable advantages of low stress 
(<30 MPa), minimal temperature rise (~280.6 ◦C), and short duration (<6 s). Moreover, the surface generates a 
gradient nanostructure about 10 μm thick, with the grain size refined from ~5 μm to ~300 nm. Overall, we 
propose an efficient and economical strategy that is anticipated to enhance the surface properties of steel and 
other metals by tailoring their microstructure, thereby expanding their practical applications.

1. Introduction

Friction and wear are among the most pervasive failure modes in 
engineering systems, with wear-induced component damage accounting 
for a major fraction of equipment failures [1–3]. Moreover, studies 
indicate that frictional losses account for nearly one-fourth of global 
energy consumption [4–6]. Therefore, improving the wear resistance of 
materials is vital for extending service life, enhancing energy efficiency, 
and reducing maintenance costs [7–10]. Low-carbon steels such as Q235 
are widely used in construction, bridges, ships, vehicles, and mechanical 
components owing to their excellent plasticity, weldability, toughness, 
and cost-effectiveness [11–13]. However, their inherently low surface 
hardness and poor wear resistance often lead to plastic deformation and 
wear failure under frictional contact or heavy loading, thereby limiting 
their further application in high-end manufacturing, energy equipment, 
and precision transmission systems [14–17].

To enhance the surface properties of metallic materials, researchers 

have proposed and developed various strengthening strategies [18–22]. 
In general, these approaches can be classified into two categories: one 
involves constructing a hard surface layer for external strengthening, 
while the other tailors the internal microstructure to form a gradient 
structure for internal optimization. Representative techniques of the 
former include physical vapor deposition (PVD) [23], chemical vapor 
deposition (CVD) [24], laser cladding [25], thermal spraying [26], 
carburizing [27], nitriding [28], and carbonitriding [29]. For example, 
Liu et al. employed laser cladding to produce a Ni-Ti-based gradient 
coating on Ti6Al4V, and although the local temperature exceeded 1000 
◦C, the process markedly enhanced its wear and corrosion resistance 
[30]. Yang et al. applied a dual-layer plasma boron-carbon diffusion 
process to form an Fe2B boride layer and an Fe5C3 transition layer on the 
surface of Q235 steel, thereby enhancing its high-temperature wear 
resistance, despite the entire treatment requiring 8 h [31]. Although 
such methods can significantly enhance hardness and wear resistance, 
they generally suffer from high thermal energy consumption, complex 
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processing, and poor coating adhesion [18,23,25,32].
By contrast, gradient structural design introduces a gradual variation 

in grain size
or microstructural features from the surface to the interior, achieving 

a synergistic combination of surface hardness and core toughness, and 
thus emerging as a research focus in recent years [19]. Techniques such 
as surface mechanical attrition treatment (SMAT) [33], surface me
chanical grinding treatment (SMGT) [34], surface mechanical rolling 
treatment (SMRT) [35], ultrasonic shot peening [36], ultrasonic nano
crystal surface modification (UNSM) [37] and laser shock peening [38]
have been widely used to construct gradient nanostructures, enabling a 
balance between strength and toughness. For instance, Chan et al. 
generated a high-density nanotwinned structure on the surface layer of 
304 stainless steel via surface mechanical treatment, markedly 
increasing surface hardness while preserving favorable ductility, but the 
technique suffers from limited controllability [39]. Ren et al. used laser 
shock processing that generates GPa-level pressure waves to refine the 
surface grains of Ti6Al4V alloy, resulting in a substantial increase in 
hardness [40]. Lu et al. employed the UNSM technology to induce severe 
plastic deformation on the material surface through high-frequency 
impact, thereby achieving grain refinement and enhancing surface 
hardness; this process typically neither alters the material’s chemical 
composition nor leads to the formation of new species or phases [41]. 
Overall, existing methods still struggle to achieve the construction of 
gradient structures in a highly efficient, low-energy, and 
low-thermal-impact manner [19,20,42]. Thus, developing an efficient, 
economical, and controllable surface-strengthening strategy with 
cold-manufacturing characteristics is urgently needed.

In this context, we selected Q235 steel as the research subject and 
proposed an efficient, heat-source-free strategy for constructing gradient 
nanostructures. This strategy aims to apply high-frequency ultrasonic 
vibration (UV) to the material surface to precisely regulate the micro
structure of the near-surface layer, thereby generating a gradient 
nanostructure and significantly enhancing surface hardness and wear 
resistance. Notably, the nanohardness of Q235 steel increased from 
5.52 GPa to 22.34 GPa after treatment with an input energy of 2000 J, 
while the entire process featured low stress (< 30 MPa), a modest tem
perature rise (~ 280.6 ◦C), and an ultrashort processing time (< 6 s). In 
addition, at room temperature (RT), the wear rate of the sample 
decreased from 13.56 × 10− 6 to 3.02 × 10− 6 mm3⋅N− 1⋅m− 1, while the 
maximum wear depth was reduced from 8.03 μm to 2.67 μm. Mean
while, the wear mechanism transformed from plastic deformation and 
adhesive wear to brittle spalling and fatigue wear. Mechanistic analysis 
reveals that the performance enhancement primarily arises from the 
synergistic effect between a Fe2+/Fe3+ composite oxide layer (~1.5 μm 
in thickness) and a gradient nanostructured layer (~10 μm in depth), 
both induced to form by UV. In summary, this work provides a new cold- 
manufacturing approach that is both efficient and economical for 
enhancing the surface performance of steel and other metallic materials, 
demonstrating broad potential for engineering applications.

2. Experimental method

2.1. Materials preparation

Q235 steel plates with a thickness of 2 mm were purchased from 
Dongguan Xinyao Metal Materials Co., Ltd. The plates were first cut into 
8 mm × 8 mm square specimens using low-speed wire electrical 
discharge machining (WEDM; SOD-ICK AP250L). The specimens were 
then sequentially ground with 800–2000 grit sandpapers and polished 
with 0.1 μm diamond suspension to achieve a mirror finish, yielding the 
original Q235 steel samples used for subsequent experiments. Com
mercial WC balls (9.5 mm diameter) with a hardness of ~15 GPa were 
purchased from Ningbo Haishu Runchang Cemented Carbide Co., Ltd. 
and used as counter bodies in the subsequent wear tests.

2.2. Tribological testing

The original and UV-treated Q235 steel samples were subjected to 
dry sliding wear tests in an air atmosphere at RT using a ball-on-disk 
tribometer (Rtec MFT-5000, USA). All tests were conducted for 30 min 
under a load of 50 N, a wear track radius of 4 mm, and a fixed sliding 
speed of 100 rpm. After testing, all samples were ultrasonically cleaned 
with alcohol and deionized water to remove surface residues, and the 3D 
morphology and wear volume of the wear tracks were subsequently 
evaluated.

2.3. Characterization of multi-scale structures

The microhardness of both the original and treated Q235 steel 
samples was measured using a Vickers microhardness tester (FM-16 
ARS9000, FUTURE-TECH, Japan) under a static load of 120 gf and a 
dwell time of 12 s. Furthermore, the surface hardness and modulus of the 
samples were evaluated using a nanoindenter (TI950, Hysitron). The 
surface morphology and volume loss of the samples after wear testing 
were analyzed using a white light interferometer (Bruker Contour GT-X 
3D). All samples were further characterized for their surface 
morphology and elemental distribution using a field-emission scanning 
electron microscope (SEM; FEI QUANTA FEG 450). The surface 
elemental composition and chemical states of the samples were further 
analyzed using X-ray photoelectron spectroscopy (XPS; Thermo Scien
tific, USA) with an Al Kα X-ray source (photon energy: 1.4867 keV). The 
XPS spectra were calibrated with reference to the C 1 s peak at 284.8 eV, 
and the characteristic peaks were analyzed using Avantage 6.6 software. 
Phase constitutions of the samples were identified using an X-ray 
diffraction (XRD, Rigaku MiniFlex 600) at a scanning rate of 2 ◦/min 
over a 2θ range of 10◦ to 90◦. Grain orientation across the sample cross- 
sections was characterized by electron backscatter diffraction (EBSD; 
Nordlys Max3, Oxford Instruments, UK) with a step size of 100 nm, and 
subsequently inverse pole figure (IPF), phase distributions, grain size 
distributions, kernel average misorientation (KAM) maps, and pole fig
ures were obtained using AZtecCrystal software. Atomic structures on 
the cross-sections of the ultrasonically treated samples were analyzed 
using transmission electron microscopy (TEM; JEM-2100F, JEOL Ltd.), 
and TEM samples were prepared using an FEI Scios SEM/FIB dual-beam 
system.

3. Results and discussion

3.1. Effect of ultrasonic vibration treatment on surface mechanical 
properties

The experimental procedure employed in this study is schematically 
illustrated in Fig. 1(a). The Q235 steel samples were first subjected to UV 
treatment, followed by wear testing. As can be seen, the square ultra
sonic horn contacts the surface of Q235 steel under a certain pressure 
and applies vibration at a frequency of 20 kHz. Notably, UNSM employs 
a hard spherical tip in a small-area point-contact mode and scans along a 
predefined path [43], whereas this method acts on the surface via sur
face contact, leading to a markedly higher processing efficiency. After 
ultrasonic treatment, the samples were subjected to ball-on-disk wear 
tests using WC balls as the counterbodies. The dark-gray regions visible 
on the surface of the treated sample represent areas where UV influ
enced the material to a certain depth. Microhardness tests were per
formed on the original Q235 steel samples and those treated with UV at 
different energies, using a 3 × 3 array with 1 mm spacing, and the results 
are shown in Fig. 1(b). It is evident that the microhardness of the sample 
increases progressively with increasing ultrasonic energy. The average 
microhardness values of the original sample and those treated with ul
trasonic energies of 250, 500, 1000, and 2000 J were 168.7, 299.8, 
359.3, 467.3, and 469.9 HV, respectively. For the following reasons, 
subsequent investigations in this study primarily focus on the samples 
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treated at 2000 J. First, the samples processed at 2000 J exhibit slightly 
higher microhardness than those treated at 1000 J. Second, higher input 
energy results in a deeper affected layer and potentially extended service 
life. Finally, excessively high energy may induce severe plastic defor
mation, accompanied by increased surface roughness, the accumulation 
of microcracks, or even catastrophic fracture.

Fig. 1(c) shows the load-displacement curve obtained through 
nanoindentation testing. The samples treated at 2000 J exhibit a 
markedly smaller indentation depth than the original samples. The 
surface hardness of the sample increased substantially from 5.52 GPa in 
the original state to 22.34 GPa after treatment, whereas the surface 
modulus decreased slightly from 260.05 GPa to 246.07 GPa, as illus
trated in Fig. 1(d). Increased hardness may be associated with the for
mation of new surface species and phases, as well as pronounced 
microstructural refinement. A slight reduction in modulus may be 
related to the presence of microstructural defects (such as intergranular 
gaps), compositional heterogeneity, and the intrinsic structural char
acteristics of the surface layer. Given that wear resistance is generally 

positively correlated with surface hardness [44], it can be inferred that 
the samples subjected to 2000 J UV treatment exhibited a certain 
improvement in wear resistance. Fig. 1(e) shows optical images of the 
Q235 steel samples before and after the 2000 J UV treatment. It can be 
observed that the surface of the treated sample darkened noticeably and 
exhibited a certain degree of plastic deformation.

The thermal infrared image captured during the 2000 J UV treat
ment is presented in Fig. 1(h). Specifically, t1, t2, t3, and t4 correspond to 
the stages of initial contact between the horn and the sample surface, 
near the completion of processing, immediately after separation, and 
shortly after the process had concluded, respectively. The corresponding 
maximum temperatures (Tmax) were 65.49 ◦C, 263.52 ◦C, 280.58 ◦C, and 
212.26 ◦C, respectively. Additionally, the Tₘₐₓ and load data recorded 
throughout the entire UV process were extracted and plotted as curves, 
as shown in Fig. 1(f) and (g). It can be seen that the 2000 J UV treatment 
lasted less than 6 s, with a Tmax of 280.58 ◦C and a peak load below 
30 MPa. In a striking contrast to conventional methods, this process 
operates with a markedly shorter duration than carburizing [27] or 

Fig. 1. (a) The schematic diagram of the UV treatment and wear experiment. (b) Comparison of the surface microhardness of Q235 steel after UV at different 
energies with the original sample. (c-e) The load-displacement curves, nanoindentation hardness and modulus, and optical images of Q235 steel before and after UV 
treatment at an input energy of 2000 J. (f-g) The surface temperature and load curves of Q235 steel treated by UV with an energy of 2000 J. (h)Thermal infrared 
images acquired during UV processing of Q235 steel at an energy of 2000 J.
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coating deposition (hours) [23], a temperature rise well below that of 
laser cladding (>1000 ◦C) [30] or the phase-transition point of Q235 
steel (>700 ◦C) [45], and an applied load far lower than the GPa-level 
stresses typical of laser shock peening [40] and UNSM [37]. The inset 
in Fig. 1(g) distinctly illustrates the rapid periodic fluctuations of the 
load under UV.

To examine whether UV treatment enhances surface oxidation and 
thereby contributes to the surface darkening observed after the 2000 J 
treatment, thermal oxidation experiments were conducted at the same 
temperature (280 ◦C) for comparison. As shown in the insets of Fig. 2(a- 
d), at 280 ◦C the sample surfaces gradually change from metallic silver 
to yellow and purple after thermal oxidation for 6 s, 1 min, and 3 min, in 
contrast to the dark grayish-blue appearance observed after the 2000 J 
ultrasonic vibration treatment. Meanwhile, the corresponding EDS re
sults indicate that the surface oxygen contents of the samples are 
approximately 4%, 5%, 8%, and 31%, respectively. These results indi
cate that UV treatment promotes surface oxidation more effectively than 

thermal oxidation alone.
In summary, these results demonstrate that the UV technique 

employed in this study offers the distinct advantages of rapid processing, 
low load, and low temperature rise, while significantly enhancing the 
surface hardness of Q235 steel and promoting surface oxidation.

3.2. Wear behavior and surface morphological analysis

To directly investigate the influence of UV on wear resistance, ball- 
on-disk wear tests were performed at RT on both original Q235 steel 
and samples treated with UV at different energies. Fig. 3(a), (c), and (e) 
present 3D morphologies of the wear tracks on the original sample and 
those treated with 500 J and 2000 J UV. With increasing ultrasonic 
energy, the wear tracks gradually became narrower and shallower, 
accompanied by a slight increase in surface roughness. Compared with 
the 500 J sample, the original sample exhibited pronounced plastic edge 
upwarping during wear, whereas no such feature was observed on the 

Fig. 2. (a-c) SEM morphologies and optical images of Q235 steel surfaces after thermal oxidation at 280 ◦C for 6 s, 1 min, and 3 min, along with the corresponding 
EDS analyses. (d) SEM morphologies and optical images of Q235 steel surfaces after UV treatment at 2000 J, together with the corresponding EDS results.
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2000 J sample after wear. From the cross-sectional profiles, the 
maximum depths of the wear tracks for the original, 500 J, and 2000 J 
samples were determined to be 8.03 μm, 4.11 μm, and 2.67 μm, 
respectively, as shown in Fig. 3(b), (d), and (f). The area of the wear 
profile is 2033.6 μm2 (S1) for the original sample, 978.5 μm2 (S2) for the 
500 J treated sample, and 452.6 μm2 (S3) for the 2000 J treated sample 
by using the integral method [46].

The three curves in Fig. 3(g) represent the time-dependent co
efficients of friction (COF) at RT for the original sample (gray), the 500 
J-treated sample (blue), and the 2000 J-treated sample (red), respec
tively. At the initial stage, the COF for all three samples increased 
rapidly and then gradually stabilized. To further elucidate the evolution 
of the COF curves, the surface roughness (Sa) of regions R1, R2, and R3 
was quantitatively analyzed before and after wear. As shown in Fig. 3(i), 
the Sa of regions R1, R2, and R3 after wear increased from 34 nm to 
815 nm, increased from 176 nm to 309 nm, and decreased from 504 nm 
to 418 nm, respectively. Among these regions, R1 exhibits the most 

pronounced change in Sa, with numerous deep pits observed in the 3D 
morphology shown in Fig. 3(a). Owing to the as-received sample's 
relatively high plasticity and low hardness, it undergoes compressive 
deformation induced by the WC ball during the initial stage of sliding, 
resulting in pronounced plastic deformation with limited material 
removal. As the surface layer is progressively disrupted, the friction 
process gradually transitions into a wear-dominated stage. This process 
coincides with the experimentally observed transition from an initially 
sharp friction noise to a more stable sliding sound. It helps explain the 
rapid decrease in the COF from an initial value of ~0.42 (the highest 
among the three samples) to ~0.16, followed by a gradual increase to 
approximately 0.20 at 1800 s. Because the Sa of region R2 before wear 
lies between that of R1 and R3, and the 500 J UV treatment induces a 
certain degree of surface oxidation accompanied by increased hardness, 
the initial COF is approximately 0.097 (the lowest among the three 
samples). Furthermore, since the Sa of the R2 region increased only 
slightly after wear, its COF subsequently rose marginally and remained 

Fig. 3. (a-b) 3D wear surface morphologies and corresponding cross-sectional profiles of the original Q235 steel. (c-d) 3D wear surface morphologies and cross- 
sectional profiles of the sample treated with UV at 500 J. (e-f) 3D wear surface morphologies and cross-sectional profiles of the sample treated with UV at 
2000 J. (g) Coefficient-of-friction curves of the original, 500 J-treated, and 2000 J-treated samples as a function of time. (h) Comparison of wear rates of samples 
treated with different UV energies. (i) Surface roughness of regions R1, R2, and R3 before and after wear.
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stable at ~0.10. Region R3 exhibits the highest Sa before wear, and the 
surface hardness is further increased after the 2000 J UV treatment, 
resulting in an initial COF of 0.29, which is higher than that of the 500 J 
sample but lower than that of the as-received sample. Furthermore, as 
the Sa of region R3 decreases after wear, the COF decreases continuously 
during sliding and ultimately stabilizes at ~0.21. These results indicate 
that UV treatment can effectively reduce the COF overall. Although the 
hardened layer at 2000 J may be deeper, increased surface roughness 
and oxide film hardness resulted in a higher COF than the 500 J sample. 
To further quantify the wear resistance, the wear rate of the samples was 
calculated according to the following Eq. (1): 

ω =
Vloss

L ∗ F
(1) 

Here, Vloss denotes the total wear volume (mm³), L represents the 
sliding distance (m), and F refers to the applied normal load (N) [47]. As 
shown in Fig. 3(h), the wear rates calculated from Eq. (1) were 13.56, 
6.52, and 3.02 × 10− 6 mm3 N− 1 m− 1 for the original, 500 J, and 2000 J 
samples, respectively. UV treatment at 2000 J increased the wear 
resistance of the sample to approximately 4.5 times that of the original 
one, demonstrating that this technique can substantially improve the 
wear resistance of Q235 steel. Moreover, this approach offers a prom
ising and efficient pathway operating under low-load and 
low-temperature-rise conditions to enhance the wear resistance of other 
steels and metallic materials.

Fig. 4(a) compares the surface SEM morphologies of Q235 steel in 
the original and 2000 J treated states before the wear test. The surface of 

the treated sample shows a corrugated and pit-rich morphology due to 
plastic deformation, in contrast to the smooth and flat surface of the 
original one. As shown in Fig. 4(b) and (c), the surface of the sample 
treated at 2000 J is covered by a black layer approximately 1.37 μm 
thick. The energy-dispersive spectroscopy (EDS) results at positions P1 
and P2 (Table 1) show oxygen contents of 47.18% and 11.96%, 
respectively, indicating that the black layer consists of iron oxides. Fig. 4
(d) presents the SEM morphology of the wear track on the original 
sample, where a clear boundary separates the worn and unworn regions. 
The worn surface exhibits extensive layered deposits accompanied by 
warping and groove features. High-magnification images in Fig. 4(e) 
and (f) show that as sliding wear progresses, the surface experiences 
extensive peeling and pronounced plastic deformation, with grooves of 
varying depths distributed across the exposed substrate. Moreover, the 
presence of small wear debris suggests that abrasive wear also occurs 
throughout the process. In contrast, the sample subjected to 2000 J UV 
treatment exhibits distinctly different morphological features, as shown 
in Fig. 4(g-i). The wear track becomes narrower with shallower grooves, 
while the extent of surface peeling is markedly reduced. High- 
magnification SEM image (Fig. 4(i)) reveals abundant brittle spalling 
pits, indicating that the wear mechanism evolves from plastic defor
mation to brittle spallation. This transition is closely associated with 
surface hardening and microstructural refinement induced by UV 
treatment. Further inspection of Fig. 3(f) shows that the maximum wear 
track depth (~2.67 µm) exceeds the oxide layer thickness (~1.37 µm), 
indicating that the WC counterbody has penetrated the oxide layer and 
entered direct contact with the substrate. Correspondingly, the SEM 

Fig. 4. (a) SEM images of the original Q235 steel and the sample treated with 2000 J UV before wear testing. (b-c) The cross-sectional morphology of the sample 
after 2000 J UV treatment was observed at different magnifications. (d-e) SEM morphologies of the worn surfaces of the original Q235 steel at different magnifi
cations. (g-i) SEM morphologies of the worn surfaces of the 2000 J UV-treated Q235 steel at varying magnifications.
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images reveal characteristic wear features of the substrate. Moreover, 
the worn debris generated by brittle spallation in this region is similar to 
conventional debris and may further exacerbate the wear process to 
some extent.

Further EDS analyses were performed at positions P3, P4, P5, P6, P7, 
P8, P9, and P10, and the corresponding results are summarized in Table 1. 
The oxygen contents in the peeling regions corresponding to positions 
P3, P5, P7, and P10 are 46.21%, 45.26%, 49.64%, and 44.42%, respec
tively, indicating that these areas are composed of oxides formed during 
wear and that oxidative wear occurred in the process. At the exposed 
substrate positions P4, P6, P8, and P9, the oxygen contents are 6.84%, 
9.62%, 21.18%, and 20.54%, respectively, suggesting that the heat 
generated during wear induced partial oxidation of the substrate. The 
higher oxygen content in the treated samples is attributed to initial 
oxidation caused by the temperature rise during UV treatment. The W 
content on the surfaces of these samples is only 0.01%, indicating that 
no significant adhesion of the counterbody to the sample surface 
occurred. Other trace elements are inherent constituents of Q235 steel 
and therefore not discussed further here. Furthermore, the principal 
element in Q235 steel exhibits an inverse complementary relationship 
with oxygen. For instance, an increase in oxygen content corresponds to 
a decrease in iron content.

Distinct wear morphologies are observed for the WC balls after wear 

tests against different samples. Fig. 5(a-c) presents the SEM morphol
ogies of the WC balls after sliding against the as-received Q235 steel 
sample, together with the corresponding EDS results. The WC ball ex
periences relatively mild self-wear under this condition. Its surface is 
covered with abundant large flake-like and densely aggregated partic
ulate oxides generated from the as-received Q235 steel sample during 
sliding, indicating a pronounced transfer of the oxide layer formed on 
the steel surface. This further suggests that strong adhesive interactions 
occur during sliding, which is likely related to the high surface plasticity 
of the as-received Q235 steel sample. In contrast, sliding against the 
2000 J treated Q235 steel results in more pronounced wear of the WC 
ball, with its surface mainly decorated by a limited amount of small 
flake-like debris and abundant dispersed particulate matter, as shown in 
Fig. 5(d) and (f). The EDS results in Fig. 5(e) further indicate that the 
flake-like and particulate materials adhering to the WC ball surface 
originate from the transfer of the oxide layer on the sample surface. 
These features indicate that the friction process is dominated by brittle 
spalling, which is closely associated with the pronounced increase in 
surface hardness and brittleness after the 2000 J treatment. The transfer 
film formed in both cases reduces the direct contact between the WC ball 
and the sample surface to some extent and promotes a transition of the 
friction process toward a more stable and mild wear state.

Overall, under wear conditions of 50 N and 100 rpm, the original 

Table 1 
Summary of elemental distribution in the wear tracks of Q235 steel before and after 2000 J UV treatment.

Point 
(No.)

Element content (at%)

O Fe Si Mn C Ni Cr S P W

P1 47.18 50.22 2.14 0.07 0.17 0.06 0.1 0.04 0.01 0.01
P2 11.96 86.73 0.37 0.56 0.01 0.13 0.21 0.01 0.01 0.01
P3 46.21 51.28 1.87 0.23 0.01 0.24 0.08 0.06 0.01 0.01
P4 6.84 92.12 0.46 0.24 0.02 0.13 0.12 0.05 0.01 0.01
P5 45.26 52.61 1.63 0.20 0.02 0.13 0.12 0.01 0.01 0.01
P6 9.62 89.48 0.28 0.31 0.02 0.12 0.13 0.02 0.01 0.01
P7 49.64 47.82 1.92 0.33 0.10 0.08 0.07 0.02 0.01 0.01
P8 21.18 76.96 0.93 0.47 0.04 0.17 0.17 0.06 0.01 0.01
P9 20.54 76.79 0.92 0.65 0.23 0.38 0.32 0.15 0.01 0.01
P10 44.42 54.22 0.45 0.52 0.01 0.11 0.24 0.01 0.01 0.01

Fig. 5. (a-b) SEM morphologies and corresponding EDS results of the WC balls after sliding against the as-received Q235 steel. (c) High-magnification SEM 
morphology of the area marked by the pink frame in (a). (d-e) SEM morphologies and corresponding EDS results of the WC balls after sliding against the Q235 steel 
treated by 2000 J UV. (f) High-magnification SEM morphology of the area marked by the blue frame in (d).
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Q235 steel underwent pronounced plastic deformation. Its wear mech
anism was dominated by adhesive wear and supplemented by oxidative, 
abrasive, and fatigue wear. In contrast, the samples treated with 2000 J 
UV exhibited wear behavior predominantly characterized by brittle 
spallation and fatigue wear, with minor involvement of oxidative, 
abrasive, and adhesive wear.

3.3. Surface chemical states and phase composition

Both the original and treated samples were characterized using XPS 
to investigate the reason for the enhanced wear resistance. Fig. 6(a) 
shows the Fe 2p spectrum of the original Q235 steel sample. The Fe 2p 
spectrum exhibits two distinct peaks located at 706.58 eV and 
710.32 eV, which are attributed to Fe and Fe3O4, respectively, ac
counting for 11.96% and 88.04%. Fig. 6(b) shows the O 1 s spectrum of 
the original Q235 steel sample, where Fe–O (529.73 eV), C––O 
(531.25 eV), and C–O (532.25 eV) peaks can be observed, with pro
portions of 48.77%, 28.31%, and 22.92%, respectively. These results 
demonstrate that the surface of the original Q235 steel sample contains 
Fe3O4 along with minor organic carbon oxides. Fig. 6(c) presents the Fe 
2p spectrum of the Q235 steel sample subjected to 2000 J UV treatment. 
It can be seen that the spectrum is mainly composed of two peaks located 
at 709.09 eV and 711.13 eV, corresponding to Fe (II)–O and Fe (III)–O 
[48], with proportions of 44.14% and 55.86%, respectively. Unlike the 
original sample, where Fe is present in a mixed-valence form (Fe3O4), 

the sample treated with 2000 J UV exhibits Fe2+ and Fe3+ species as 
independent oxidation states. This indicates that UV promotes oxidation 
and alters the valence-state distribution of iron. Fig. 6(d) shows the O 1 s 
spectrum of the treated sample. The spectrum consists of three compo
nents corresponding to M–O (529.93 eV), C––O (531.89 eV) and C–O 
(533.48 eV) bonds, with proportions of 69.69%, 22.45% and 7.86%, 
respectively. Compared with the original sample, the M–O component 
increases markedly, whereas the C––O and C–O components decrease 
significantly, indicating that UV treatment promotes metal oxidation 
and strengthens the formation of metal–oxygen bonds. These results 
further verify that UV enhances the oxidation effect during the treat
ment process.

According to the XRD results in Fig. 7, the Fe3O4 layer on the surface 
of the original sample is only several tens of nanometers thick, and the 
substrate is primarily composed of Fe (110), (200), and (211) crystal 
planes. The substrate of the treated sample retains the same crystal 
planes, but distinct diffraction peaks of Fe2O3 and Fe3O4 appear on the 
surface, consistent with the XPS results. It can be concluded that UV 
treatment leads to the formation of a high-hardness iron oxide layer on 
the sample surface, composed of coexisting Fe2+ and Fe3+, which pro
vides the basis for its markedly enhanced wear resistance.

3.4. Microstructural changes induced by ultrasonic vibration treatment

As the microstructure exerts a substantial influence on the wear 

Fig. 6. (a-b) XPS spectra of Fe 2p and O 1 s on the surface of the original Q235 steel. (c-d) XPS spectra of Fe 2p and O 1 s on the surface of Q235 steel after 2000 J 
UV treatment.
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resistance of materials [49], it was subjected to systematic character
ization and analysis. Owing to the low fraction of the β-Fe phase in Q235 
steel, the α-Fe phase was adopted as the reference for EBSD analysis. 
Fig. 8(a-c) present the IPF orientation, phase, and grain size distribution 
maps of the cross-section of the original Q235 steel sample, respectively. 
It can be observed that the sample exhibits a polygonal equiaxed 
microstructure with a body-centered cubic (BCC) crystal structure. The 
grains show a certain degree of orientation anisotropy, consistent with 
the XRD results, and the average grain size is approximately 5 μm. Fig. 8
(d) shows the KAM map of the original sample, where blue and green 
regions correspond to low and high dislocation densities, respectively, 
indicating that the overall dislocation density of the original sample is 
relatively low. The pole figure in Fig. 8(e) displays the orientation dis
tributions for the (100), (110), and (111) crystallographic planes of the 
original sample. It is evident that the pole distributions are predomi
nantly diffuse, with only weak localized orientation concentrations, and 
the maximum orientation intensity reaches 8.36. These observations 
indicate a weak overall texture with largely random grain orientations 
and no discernible preferred orientation, consistent with a typical 
polycrystalline equiaxed

ferritic microstructure.
In contrast, the samples subjected to 2000 J UV treatment retained 

the BCC crystal structure but exhibited significant and uniform grain 
refinement, as shown in Fig. 8(f-h). The most pronounced grain-refined 
layer is approximately 10 μm thick, with an average grain size of 
~545 nm, where grains around 300 nm are the most numerous. This 
provides a strong rationale for the sample to have better wear resistance 
than the as-received Q235 steel, even after the oxide layer has worn 
away. Fig. 8(i) shows that the treated sample exhibits a higher dislo
cation density, indicating that UV induces intense plastic deformation 
and dislocation accumulation. Fig. 8(j) presents the pole figures of the 
treated sample, showing that the pole distributions of the (100), (110), 
and (111) planes transform from a diffuse state to locally concentrated 
regions. Distinct orientation strengthening is observed in certain areas, 
with the maximum pole intensity reaching 11.86. These results 
demonstrate that high-energy UV induces grain reorientation and 
texture strengthening while simultaneously promoting grain refinement 
and dislocation activity. Collectively, this microstructural evolution es
tablishes a basis for the substantial improvements in mechanical and 
wear performance.

To further investigate the microstructural evolution, the sample 
subjected to the 2000 J UV treatment was characterized and analyzed 
using TEM. As shown in Fig. 9(a), the cross-sectional TEM image reveals 
that the grain size gradually increases from the surface toward the core 
of the sample. Based on the EDS results shown in Fig. 9(b), the surface 

layer of the sample is identified as an a compact Fe-containing oxide 
with a thickness of approximately 1.5 μm. By contrast, the indentation 
depth in the nanoindentation test is approximately 200 nm (Fig. 1(c)), 
which is far smaller than the oxide layer thickness, indicating that the 
indentation response is dominated by the oxide layer itself. In the 
remaining regions, the elemental distribution appears uniform, with no 
evident elemental segregation observed. Fig. 9(c-e) presents high- 
magnification TEM images of the regions labeled R1, R2, and R3, with 
corresponding average grain sizes of approximately 20.36 nm, 
31.54 nm, and 60.42 nm, respectively. A distinct boundary is observed 
in the R3 region, where the grains near the core exceed 130 nm in size.

Numerous studies have demonstrated that nanocrystalline materials 
containing ultrafine grains and a high density of grain boundaries can 
provide fast atomic diffusion pathways, leading to a markedly enhanced 
atomic diffusion rate [50–58]. Accordingly, it is reasonable to infer that 
the pronounced grain refinement induced by UV in this work provides 
effective diffusion pathways for O or Fe atoms, thereby facilitating the 
oxidation process. Molecular dynamics simulations were further 
employed to investigate the mobility of Fe atoms. As shown in Fig. 10(a), 
the mean square displacement (MSD) of Fe atoms in the 2000 J UV 
treated sample reaches ~0.63 Å², which is markedly higher than that of 
the sample subjected to thermal treatment at 280 ◦C (~0.06 Å²). As 
shown in Fig. 10(b), under thermal treatment at 280◦C, the displace
ment r of an individual Fe atom remains stable at approximately 0.3 Å 
over the time interval from 300 to 900 ps. By contrast, in the 2000 J UV 
treated sample, the displacement r of an individual Fe atom increases 
from approximately 1 Å at 300 ps to 3.3–4 Å at 900 ps, indicating an 
accelerated atomic migration rate. Thus, the enhanced oxidation 
induced by UV arises from a synergistic mechanism: UV activates Fe 
atomic mobility, while the associated grain refinement and high density 
of grain boundaries provide rapid diffusion pathways for O or Fe atoms. 
Benefiting from this synergistic mechanism, the Q235 steel treated by 
2000 J UV ultimately formed an oxide layer with micrometre-scale 
thickness, which is substantially thicker than the nanometre-scale 
oxide layers formed under conventional short-time thermal oxidation 
conditions.

Fig. 9(f-h) shows the high-resolution TEM images of the purple- 
marked regions and their corresponding fast fourier transform (FFT) 
patterns. It can be observed that the atomic spacings in the three regions 
are 0.116 nm, 0.145 nm, and 0.192 nm, respectively. With increasing 
depth, the atomic structure evolves from a disordered amorphous sur
face with minor crystalline domains, via a crystallinity-dominated 
mixed state containing limited amorphous regions, to a fully crystal
line structure. The FFT patterns in the insets also demonstrate this 
evolution: the diffraction halos progressively disappear, diffraction 
spots increase in number and sharpen, and ultimately only well-defined 
spots remain. The selected-area electron diffraction (SAED) results 
further reveal that region R4 corresponds to the (222) and (422) planes 
of Fe3O4 and the (024) plane of Fe2O3, as shown in Fig. 9(i). By com
parison, Fig. 9(j) reveals that region R5 retains the (222) and (422) 
planes of Fe3O4, while the Fe2O3 plane transforms to (214). Fig. 9(k) 
shows that region R6 is primarily composed of the (211) and (110) 
planes of Fe. The TEM results are consistent with the XPS and XRD an
alyses, further confirming that the 2000 J UV treatment induces the 
formation of a composite oxide layer containing both Fe2+ and Fe3+ on 
the sample surface. By combining the TEM and EBSD analyses, it can be 
confirmed that the treated sample develops a gradient nanostructure in 
the surface layer with a thickness of approximately 10 μm. It can be 
concluded that the formation of gradient nanostructures and Fe-rich 
oxide layers constitutes the critical microscopic mechanism to signifi
cantly enhance the surface hardness and wear resistance of the samples. 
Based on all the results presented above, it can be inferred that the oxide 
layer (~22 GPa) of the sample exhibits a nanoindentation hardness far 
exceeding that of conventional nanocrystalline iron (~10 GPa), owing 
to the synergistic effects of multiple factors: pronounced microstructural 
refinement, the formation of new species and phases, and the presence 

Fig. 7. XRD patterns of Q235 steel before and after UV at an energy of 2000 J.
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of quasi-amorphous/amorphous structures within the oxide layer. 
Overall, the UV method delivers energy via high-frequency vibrations to 
enhance atomic mobility, meanwhile triggering interfacial or structural 
transformations and promoting the formation of new phases and species.

3.5. Wear mechanisms before and after ultrasonic vibration treatment

Integrating all the results of the present work, a schematic was 
constructed to illustrate the evolution of the wear mechanisms in Q235 
steel before and after 2000 J UV treatment, as shown in Fig. 11.

In the original state, the original Q235 steel exhibits uniformly 
distributed coarse grains. After the 2000 J UV treatment, the grain size 
gradually increases from the surface toward the core, exhibiting a 
distinct grain refinement feature. Meanwhile, an iron-containing oxide 
layer forms on the surface, although its thickness is less than that of the 
grain-refined region. In the stable wear state, the original Q235 steel 
exhibits deep and broad wear tracks accompanied by distinct edge 
bulges induced by plastic deformation. Numerous wear debris, peeling, 
and grooves are observed within the wear track, indicating that the 
dominant wear mechanism is adhesive wear, accompanied by minor 

Fig. 8. (a-e) IPF coloring, phase, grain size distribution, KAM maps, and pole figure of the cross-section of the original Q235 steel. (f-j) Corresponding IPF coloring 
map, phase map, grain size distribution, KAM map, and pole figure of the cross-section of Q235 steel after 2000 J UV treatment.
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oxidative, abrasive, and fatigue wear. In contrast, the samples subjected 
to UV treatment exhibited distinctly shallower and narrower wear tracks 
without any edge bulging, indicating a significant reduction in plastic 
deformation. Although a small amount of wear debris remains within 
the wear track, grooves are scarcely visible, and the amount of peeling is 
markedly reduced. It is noteworthy that the interior of the wear track on 
the original samples appears relatively flat and smooth, whereas the 
treated samples display a serrated morphology with micro-pits produced 
by brittle spalling. The primary wear mechanism shifts to fatigue wear, 
accompanied by minor amounts of abrasive, oxidative, and adhesive 
wear.

As evidenced by the results, UV treatment facilitates the formation of 
a surface oxide layer and constructs a gradient nanostructure through 
grain refinement. These alterations significantly improve the material's 
surface hardness and wear resistance, eventually transforming its wear 
behavior from plastic deformation to brittle spalling.

4. Conclusion

In this work, a heat-source-free cold manufacturing strategy based on 
UV surface modification is proposed to significantly enhance the wear 
resistance of Q235 steel. The samples were subjected to UV treatments 
with energies of 250, 500, 1000, and 2000 J, resulting in an increase in 
microhardness from 168.7 HV to 299.8, 359.3, 467.3, and 469.9 HV, 
respectively. For the 2000 J treated sample, the surface nanohardness 
increased from 5.52 to 22.34 GPa, with the treatment featuring a low 
load (< 30 MPa), a mild temperature rise (~280.6 ◦C), and a short 
duration (< 6 s). Under RT, 50 N, and 100 rpm conditions, the original 
sample exhibited a wear rate of 13.56 × 10− 6 mm3 N− 1 m− 1, showing 
pronounced plastic deformation and adhesive wear. After the 2000 J 
treatment, the wear rate decreased to 3.02 × 10− 6 mm3 N− 1 m− 1, with 
the maximum wear depth reduced from 8.03 μm to 2.67 μm, and the 
wear mechanism changed to brittle spalling and fatigue wear. The re
sults show that UV treatment not only generates a ~1.5 μm thick 

Fig. 9. (a) Cross-sectional TEM image of the Q235 steel sample after 2000 J UV treatment. (b) The EDS results corresponding to (a). (c-e) High-magnification TEM 
images of the regions labeled R1, R2, and R3 in (a). (f-h) High-resolution TEM images and the corresponding FFT diffraction patterns from the purple-marked regions 
in (c-e). (i-k) SAED results corresponding to the R4, R5, and R6 regions marked in (c-e).
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composite oxide layer containing Fe2+ and Fe3+ on the surface but also 
induces the formation of a ~10 μm gradient nanostructure, thereby 
enhancing surface hardness and wear resistance. Hence, our results 
provide an efficient and cost-effective strategy that enables surface 
property enhancement of steel and other metallic materials under rapid, 
low-load, and low-temperature-rise conditions, showing significant po
tential for engineering applications.
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