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A B S T R A C T

The effects of the ultrasonic nanocrystal surface modification (UNSM) treatment on the microstructure, me
chanical properties, and tribological behavior of the pure tungsten (W) were investigated. The tribological 
properties of W were evaluated under dry sliding conditions and the coefficient of friction (COF) was reduced 
from 0.62 for the untreated sample to 0.5 and 0.42 after the UNSM treatment with reference and optimized 
conditions, respectively. A significant improvement of 38 % in the wear resistance was achieved for the UNSM 
treatment with optimized conditions. It was found that the wear mechanisms shift from severe abrasive and 
adhesive wear to primarily mild abrasive wear with a substantial reduction in wear severity.

1. Introduction

Given its substantially lower energy consumption, ultrasound is 
classified as a green technology [1]. It has been extensively employed in 
materials processing and manufacturing processes for decades. The in
dustrial applications encompass a wide range of sectors, including, but 
not limited to, metals casting [2,3], metal forming [4,5], welding [6,7], 
and machining [8,9]. Ultrasound has also been utilized as a 
post-processing technique for modifying the microstructure and 
improving the properties of materials [10–12]. Acoustic softening [13], 
reduction in friction coefficient [14], residual stress removal [15], and 
homogenization of molten metals [16] have been mentioned as the main 
physical effects of ultrasonic vibration, enabling its wide range of ap
plications in the manufacturing chain.

Extensively studied in numerous research endeavors over the past 
decades, the ultrasonic nanocrystal surface modification (UNSM) tech
nique stands as a highly advanced application of ultrasounds in mate
rials processing [17]. This process involves inducing surface severe 
plastic deformation (S2PD) on the material’s surface by applying a static 
load with repetitive impacts from a hard material (typically tungsten 
carbide - WC) vibrating at an ultrasound frequency of 20 kHz [18]. 
Utilizing this process, mechanical properties can be enhanced by 
tailoring the surface microstructure into the ultrafine-grained (UFG), a 

formation of a gradient structure, and the high density of defects like 
dislocations, twins, and stacking faults [19]. Structure modification in 
this process is associated with a remarkable increase in surface hardness 
[20], beneficial compressive residual stress [21], and a reduction in the 
surface roughness and friction coefficient [22].

The major advantage of the UNSM treatment is the significant 
improvement in the fatigue lifetime of materials, which may be mainly 
attributed to the compressive residual stress and the formation of the 
UFG structure within the surface layer [23]. Significant surface hard
ening at a wide range of materials introduced the UNSM treatment as an 
effective method for improving tribological properties [24]. Inducing 
the higher corrosion resistance is another advantage of the UNSM 
treatment, which has been reported in the literature [25]. In 17–4PH 
stainless steel, the (110) and (211) textures, in addition to reduced 
surface roughness, have been mentioned as reasons for improved 
corrosion resistance [26]. The UNSM treatment has also been utilized to 
reduce surface porosities following additive manufacturing [27]. As one 
of the most recent applications, UNSM has been shown as an effective 
technique for enhancing the resistance of materials against hydrogen 
embrittlement [28].

Tungsten (W), a refractory metal with one of the highest melting 
points and density among all elements, has extensive applications across 
various industries. The applications include the production of high- 
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performance electrodes for lighting industries [29], thin films in semi
conductors [30], catalysts for environmental applications [31], and 
plasma-facing components in fusion reactors [32,33]. The attention to
wards microstructure tailoring to create a nanostructured W has 
significantly increased in recent decades due to its superior performance 
and extended lifespan. It has been proven that nanostructured W has a 
higher radiation resistance since grain boundaries act as effective sites 
for trapping defects and releasing He atoms [34]. Various methods like 
powder metallurgy [35], equal channel angular extrusion (ECAP) [36], 
and high-pressure torsion (HTP) [37] have been employed for the 
manufacturing of bulk UFG W. Nevertheless, due to the limited size of 
components by such processes, surface modification techniques have 
also been evaluated in this regard. Efe et al. [38] examined the grain 
refinement in pure W through surface deformation by machining. Gou 
et al. [39,40] employed surface mechanical attrition treatment (SMAT) 
for creating the nanocrystalline grain structure in W. Their results 
showed that the SMAT-treated W had greater hardness, bending 
strength, compressive residual stress, and toughness compared to the 
coarse-grained W. In a very recent research, Wang et al. [41], combined 
mechanical grinding and thermal annealing to achieve a UFG structure 
on the surface of pure W.

W and its alloys are also a material option for tribological applica
tions due to their pronounced wear resistance, especially at elevated 
temperatures [42]. It has been shown that the tribological properties of 
W are extremely related to the initial microstructure and environment 
temperature [43,44]. Jiang et al. [45] investigated the tribological 
behavior of W in the temperature range of 25–1000 ◦C. They reported a 
decrease in the friction coefficient as a function of time and temperature 
and observed a maximum wear rate at 250 ◦C. Ding et al. [46] explored 
the correlation between microstructure, temperature, and wear 
behavior of W. They showed that at elevated temperatures sub-grains 
evolved from low-angle grain boundaries (LAGBs) to high-angle grain 
boundaries (HAGBs), where the wear rate was reduced due to the 
improved deformability and generation of oxide layers.

Despite the previously conducted research on methods like laser 
shock peening (LSP) of pure W [47] and ultrasonic surface treatment of 
W heavy alloy [48], there is still a lack of information on the surface 
modification of W alloys. In the present work, for the first time, we 
investigated the effect of UNSM treatment on the microstructure and 
tribological properties of commercial pure W. Providing a detailed 
microstructural characterization, the grain refinement mechanisms, 
texture evolution, tribological properties and the optimum UNSM 
treatment parameters have been reported and discussed. The results 
obtained from this work aim to develop a new technique for surface 
modification of pure W and even other refractory hard metals to create a 
nanostructured surface layer, which can be utilized in various related 
applications.

2. Materials and methods

2.1. Sample preparation

The pure W samples with dimensions of 10 × 10 × 4.8 mm3 were 
provided by the manufacturer Plansee Group Functions Austria GmbH 
[49]. The sample were produced by powder metallurgy (PM) and 
normalized by forging. The forged samples were exposed to a stress 
relieving treatment by thermal annealing. The production process re
sults in a grain structure that is highly elongated, forming needle-like 
grains aligned parallel to the forging direction, with diameters of 5–10 
μm and lengths of approximately 25 μm [50]. The purity of the sample 

was > 99.97 of W in wt% and the remaining portion consists of the 
primary elements listed in Table 1.

2.2. UNSM treatment

The UNSM treatment was carried out on the top surface of the W 
samples at different static loads, vibration amplitudes, and scanning 
numbers, as given in Table 2 for each sample. A 2.38 mm in diameter 
semi-spherical WC was utilized as a tip. The UNSM treatment setup and 
scanning strategy for the experiments are schematically displayed in 
Fig. 1. A constant scanning speed of 1000 mm/min was used for all the 
samples. The second UNSM scan for the samples #S3, #S4 and #S7 was 
conducted in the perpendicular direction compared to the initial scan, as 
shown in Fig. 1 (hereafter these samples will be referred to as cross- 
scanned samples). Continuous air blowing was provided during the 
UNSM treatment to keep the surface clean and to prevent local heating 
at the contact interface. The UNSM treatment has already been applied 
to tantalum (Ta), which is a refractory metal, with a melting point above 
2000 0C [51].

2.3. Roughness, hardness, and residual stress

The surface roughness and wear track dimensions of the samples 
were measured using an optical 3D surface profilometer (Alicona 
InfiniteFocus G5, Bruker, Austria). The hardness of the samples was 
measured using a microhardness tester (Duramin-A300, Struers, 
Denmark) at a load of 980 mN and a dwell time of 15 sec. The residual 
stress of the samples was measured using an XStress 3000 G2 portable 
device (Stresstech Inc., USA). Measurement parameters for W with CrKα 
radiation: diffraction angle 125◦ referring to [211] lattice plane, Pois
son`s ratio of 0.27, Young`s modulus of 400 GPa.

2.4. FE-SEM and EBSD characterizations

The electron microscopy investigation was carried out using a field 
emission scanning electron microscope (FE-SEM: Zeiss UltraPlus, Ger
many) equipped with Oxford Instruments Symmetry electron- 
backscattered diffraction (EBSD: Oxford Instruments, UK) and energy 
dispersive spectroscopy (EDS: X-MaxN 80, Oxford Instruments, UK) 
detectors. The results were further post-processed by Oxford AZtec
Crystal software (version 3.1). For EBSD sample preparation, the cross- 
section of the samples (perpendicular to the scanning plane) was pol
ished through the standard method followed by the final polishing via 
0.25 µm colloidal silica suspension. An acceleration voltage of 20 kV, 
working distances of 15 mm (for EBSD) and 8.5 mm (for EDS), step sizes 
of 50 nm (for higher magnifications scans) and 200 nm (for lower 
magnification scans) were chosen as parameters for EDS-EBSD analysis. 
The inverse pole figures (IPF) maps were extracted along the X-direction 
parallel to the scanning direction. The densities of geometrically 
necessary dislocations (GND) were calculated for a/2 < 110 > Burger’s 

Table 1 
Chemical composition of pure W sample [49].

Al Fe Si Cd Cr K Mo N Cu Ni C O Pb

1 8 1 1 3 1 12 1 1 2 6 2 1

Table 2 
Selected UNSM treatment parameters used in the experiments.

Sample ID #S1 #S2 #S3 #S4 #S5 #S6 #S7

Static load (N) 50 65 50 65 50 50 50
Vibration amplitude (µm) 30 30 30 30 40 50 40
Number of scans 

(repetitions)
1 1 2 2 1 1 2
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vector and α= 3 as the constant value using a 3 × 3 Kernel size. The 10◦

was used as the HAGB threshold for calculating the grain size.

2.5. Tribological properties

The tribological properties of the samples were carried out using a 
universal tribometer (Nanovea T2000, USA) under dry conditions in 
accordance with ASTM G133–05 standard. The tribo testing conditions 
are listed in Table 3. During the testing, the coefficient of friction (COF) 
was recorded. The specific wear rate (SWR) of the samples was quan
tified according to the wear volume, applied normal load, and total 
sliding distance. The wear volume of the samples was calculated using 
the depth and width of the wear track. The tribo tests were repeated to 
ensure data repeatability and effectiveness of UNSM treatment on fric
tional behavior and wear resistance. In this study, an average value of 
the COF and SWR data was reported.

3. Results and discussion

3.1. Microstructural evolution

The initial microstructure of the as-received (untreated) sample is 
shown in Fig. 2. As can be seen in Fig. 2(a), the as-received sample shows 
a columnar structure including parallel pillars with the same crystallo
graphic texture. Such a structure can be explained by the directional 
pressing and sintering procedures during the manufacturing of the 
samples through the conventional PM process. It is worth mentioning 
here that the columnar structure perpendicular to the surface was spe
cifically designed to minimize the de-lamination. With higher magnifi
cation in Fig. 2(c), it is revealed that each pillar involves smaller grains 
with an average size of 4.54 μm (Table 4). As represented by the GND 
dislocation map in Fig. 2(d), the grain interior is almost free of dislo
cations, grain boundaries look smooth, and the triple point angles are 
close to the equilibrium value of 120◦, indicating a fully annealed 
structure.

3.1.1. Effect of static load
The cross-sectional EBSD images of samples #S1 and #S2 with two 

different magnifications are depicted in Fig. 3 showing the influence of 
the static load of the UNSM treatment on microstructure. Considering 
the higher magnification images in Fig. 3(b and e), the UNSM treatment 
resulted in S2PD in the topmost surface of the samples, and accordingly, 
a large number of LAGBs have been formed. Based on the GND map in 
Fig. 3(c and f), it can be seen that the dislocation density has been 
significantly increased in the top-surface region of the treated samples. 
Unlike the #S1 sample, a sheared structure (highlighted by dashed lines 
in Fig. 3(d)) has been formed in the #S2 sample, as a result of using a 
higher static load. According to Fig. 3 and the statistical information 
given in Table 4, it was revealed that by a 30 % increase in the static 
force from 50 N to 65 N, the LAGB fraction and GND density were 
increased by 14 % and 7 %, respectively. Comparing #S1 and #S2 
samples in Fig. 3, one can identify that increasing the static load of 
UNSM treatment mainly resulted in greater dislocation densities and 
LAGBs fraction and it did not change the microstructure morphology as 
well as grain refinement depth in pure W.

3.1.2. Effect of cross-UNSM scanning
The influence of the second UNSM scanning was explored and the 

obtained results for the samples #S3 and #S4 are presented in Fig. 4. 
Based on Table 2, similar UNSM treatment parameters of the samples 
#S1 and #S2 were used for the samples #S3 and #S4, but with repeating 
the scan in a perpendicular direction. As can be observed in Fig. 4(a and 
f), the UNSM cross-scanning led to a significant distortion, and a wavy 
structure was formed with estimated depths of 160 µm and 190 µm, 
respectively for the samples #S3 and #S4. According to Fig. 4(a-e), the 
UNSM cross-scanning of the sample #S3 resulted in de-lamination, 
which can be attributed to the brittle characteristics of W. A similar 
de-lamination has been reported by Gou et al. [39,40] during the SMAT 
treatment of W. According to Fig. 4(b and c), the laminates at the top 
surface region indicate a fibrous structure, and the elongated grains 
encompass a large density of dislocations due to the remarkable 
compressive deformation. On the other hand, the subsurface region 
(Fig. 4(d and e)) represents a remarkably different microstructure 
including equiaxed newly formed grains with low to medium-angle 
grain boundaries (MAGBs) within the elongated old grains with 
HAGBs. According to the EBSD data given in Table 4, the laminated area 
(#S3–1) has higher dislocation density, but a lower LAGB fraction, 
compared to the subsurface region (#S3–2). The de-lamination at the 
top surface of the #S3 sample can be attributed to the outstanding 
compressive deformation at the top surface region during the second 
UNSM scanning. It seems that by the significant increase in the dislo
cation density, the work hardening capacity of W, which is known as a 
relatively brittle metal, has been exhausted and consequently 
de-lamination failure happened. On the other hand, the formation of the 
sub-grains and the lower dislocation density in the subsurface region 
(Fig. 4(d and e)) exhibits a progressive dynamic recovery during the 
multiple UNSM scan. Such a process can be explained through the pol
ygonization of initial dislocations formed during the first scan and the 
developed recovery throughout the second UNSM scan.

Unlike the #S3 sample, the de-laminated region is not visible in the 
#S4 sample, and the microstructure of the top surface is like those 
observed in the subsurface area in the #S3 sample. In this condition, the 
top surface area of the #S4 sample exhibits a large fraction of LAGBs and 
MAGBs with an increased density of dislocations (Fig. 4(g and h)). Ac
cording to the reported data in Table 4, the dislocation density and the 
fraction of LAGBs and MAGBs in the #S4 sample are very close to the 
subsurface region of the #S3 sample (#S3–2). Based on these observa
tions, it can be interpreted that using higher static loads in the multiple 
UNSM scanning does not improve the microstructure and dislocation 
density and only results in more severe delamination in a way that the 
laminated layers were removed during the UNSM treatment.

Fig. 1. Schematic view of the UNSM treatment setup and the scanning strategy 
used in this study.

Table 3 
Tribo testing conditions.

Applied normal load (N) 10
Reciprocating linear speed (mm/min) 500
Stroke (mm) 5
Duration (min) 10
Environment Dry and room temperature
Counter ball material Stainless steel 440
Counter ball diameter (mm) 6
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3.1.3. Effect of vibration amplitude
In order to investigate the influence of vibration amplitude during 

the UNSM treatment of W, the cross-section of samples #S5 and #S6 are 
exhibited in Fig. 5. Compared to the sample #S1 (Fig. 3(a-c)), by 
increasing the vibration amplitude to the 40 µm and 50 µm, respectively 
in #S5 and #S6 samples, the microstructure of pure W varies signifi
cantly during the UNSM treatment. Unlike the #S1 and #S6 samples, the 
UNSM treatment with an intermediate amplitude of 40 µm deformed 
homogeneously along the scanning direction, and a deformed layer with 
an estimated depth of 120 µm in the top surface of the sample #S5 is 
formed (Fig. 5(a)). Considering the brittle nature of pure W, such a 
smooth and homogeneous deformation without cracking and de- 
lamination indicates that the UNSM treatment had the optimum pa
rameters in the sample #S5. The microstructure of the top surface region 
of the #S5 sample with higher magnification is shown in Fig. 5(b and c). 
A nano-grained structure with a rough depth of 10 µm was formed in the 
top surface area as a result of the UNSM treatment (Fig. 5(b)). Beneath 
this layer, elongated grains formed a fibrous structure and some LAGBs 
and MAGBs are visible within these grains.

On the other hand, under a greater amplitude value of 50 µm in the 
#S6 sample, W exhibited a less ductile behavior during the UNSM 
treatment, and the depth of the deformed layer was around 45 µm, 
which was significantly shallower than the #S5 sample. In this condi
tion, one can see a similar microstructure and close densities of dislo
cations, HAGBs, and MAGBs in the samples #S1 and #S6. The periodic 

behavior of W in terms of the amplitude of the UNSM treatment can be 
attributed to the dislocation’s interactions and the level of dislocation 
annihilation during the ultrasonic-assisted plastic deformation. It has 
been well documented that the dislocation annihilation is proportional 
to the density of acoustic energy [52,53]. While low-amplitude vibra
tions do not influence dislocation activities, using higher values of ul
trasonic amplitude results in the annihilation of dislocations and thus 
leads to an effective reduction of dislocation densities [54,55]. On the 
other hand, if the acoustic intensity (proportional to the amplitude) 
exceeds the specific threshold, which is called the dynamics yield point, 
ultrasonic waves can activate the dislocation generation sources and 
lead to dislocation accumulation [56].

Based on those mentioned above, microstructural evolution can be 
interpreted in the samples #S1, #S5, and #S6 with different amplitudes 
of 30 µm, 40 µm and 50 µm, respectively. In sample #S1, the induced 
acoustic energy was insufficient for the comprehensive dislocation 
annihilation, and the ductile deformation during the UNSM treatment 
was not enabled due to the high density of dislocations (see Table 4 and 
Fig. 2(a-c)). On the other hand, using the intermediate amplitude of 
40 µm in the sample #S5, the lower dislocation density (see Table 4) 
through the activation of dislocation annihilation, caused a more pro
nounced ductile deformation during the UNSM treatment. It should be 
noted that there is still a high density of dislocations in the sample #S5 
(Fig. 5(c)) indicating the competition of two rival mechanisms: (i) 
dislocation generation as a result of strain hardening, and (ii) acoustic 
softening due to the dislocation annihilation; however, the overall 
behavior of the W was a ductile deformation during the UNSM treatment 
in this sample. According to the EBSD data given in Table 4, the sample 
#S6 shows a lower density of dislocations compared to the samples #S1 
and #S5; however, the microstructure of this sample in Fig. 5(d) does 
not represent a ductile deformation. This contradiction can be explained 
through the de-lamination and removal of S2PD layers during the UNSM 
treatment like those observed for the #S4 sample in Fig. 4(f-h). It seems 
that using the greater vibration amplitude (higher acoustic energy) in 
the #S6 sample led to the activation of dislocation generation sources 
and the higher density of dislocations resulted in the brittle behavior of 
W during the UNSM treatment. Therefore, a severe de-lamination 
occurred, and the S2PD layers were removed from the beneath layers 
with lower dislocation density remaining at the top surface of the sample 
#S6 (Fig. 5(f)).

Such a periodic behavior in terms of vibration amplitude was 

Fig. 2. IPF map and the corresponding pole figure components (a, b), higher magnification of IPF map and GND map (c, d), respectively.

Table 4 
The statistical EBSD data for different samples in this study.

% 
LAGB 
(2–5◦)

% 
MAGB 
(5–15◦)

% 
HAGB 
(>15◦)

GND (×1014 

m− 2)
Average grain 
size (μm)

Untreated 14.5 16.2 69.3 6.73 4.54
#S1 38.1 29.8 32.2 32.3 0.63
#S2 43.6 26.1 30.2 36.8 0.6
#S3–1* 25.5 21.3 53.2 37.6 0.5
#S3–2* 30 31.5 38.5 25.1 0.75
#S4 29.3 32.3 34.4 23.4 0.65
#S5 19 18.2 62.8 28.2 0.63
#S6 23 24 53 20.67 0.67
#S7 15.6 19.5 64.9 23 0.51

* #S3–1 and #S3–2 correspond to the top (Fig. 4(b)) and subsurface (Fig. 4(d)) 
regions of sample #S3, respectively.
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Fig. 3. Cross-sectional EBSD analysis with different magnifications for (a-c) #S1 and (d-f) #S2 samples: (a, d) IPF-x maps, (b, e) pattern quality maps, and (c, f) 
GND maps.

Fig. 4. Cross-sectional EBSD analysis with different magnifications for (a-e) #S3 and (f-h) #S4 samples: (a, f) IPF-x maps, (b, d, g) pattern quality maps, and (c, e, h) 
GND maps.
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reported by other researchers [57]. For instance, Samigullina et al. [12]
investigated the ultrasonic treatment of severely deformed nickel and 
showed that there is an intermediate optimum vibration amplitude in 
which the density of dislocations within the UFGs is minimized and the 
material has the minimum internal energy. In another research on the 
ultrasonic treatment of duplex stainless steel, it has been reported that 
enhanced ductility can be achieved by using the optimum amplitude 
[58].

3.1.4. Grain refinement mechanism
According to the EBSD data provided in Table 4, the UNSM treatment 

resulted in remarkable grain refinement in W. The average grain size 
was decreased from 4.5 µm in the untreated sample to less than 0.7 µm 
in the UNSM-treated samples. Investigating the possible mechanisms for 
such significant grain refinement is also important, as it can help to 
achieve the optimum UNSM treatment parameters for advanced prop
erties. For this purpose, the cross-sectional EBSD analysis of the sample 

Fig. 5. Cross-sectional EBSD analysis with different magnifications for (a-c) #S5 and (d-f) #S6 samples: (a, d) IPF-x maps, (b, e) pattern quality maps, and (c, f) 
GND maps.

Fig. 6. Cross-sectional EBSD analysis with different magnifications for the sample #S7: (a, c) IPF-x maps, (b) pattern quality map.
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#S7 is presented in Fig. 6. As discussed in sub-Section 3.1.2, pure W 
represents a ductile behavior using the intermediate vibration ampli
tudes. Through the UNSM cross-scanning under this condition, a wavy 
configuration with an estimated depth of 100 µm was formed in the 
sample #S7 (Fig. 6(a)). It is essential to mention here that the nano
structures at the top surface layer retain columnar structures, which is 
important for fusion (see Fig. 6(a)). At higher magnifications, a unique 
vortex structure is visible at the top surface region. As highlighted by 
arrows in Fig. 6(b), grains within the vortex structure as well as those 
around the top surface are nano-scaled and a UFG region can also be 
seen around the nano-structured area. While the average grain size of 
the sample #S7 is given as 0.51 µm in Table 4, the grain size in regions 1 
and 2 in Fig. 6(c) (vortex structure areas) are 0.34 µm and 0.39 µm, 
respectively. Considering Fig. 6(b and c), nanograins mainly posed 
HAGBs and formed a random texture, which both are the characteristics 
of recrystallized grains. The vortex structure seems to be formed as a 
result of collision, rotation, and rolling over of grain layers during the 
cross-UNSM scanning, which was perpendicular to the direction of the 
first scan. Such an S2PD can provide accumulated strain, which is the 
required activation energy for recrystallization. On the other hand, 
observation of LAGBs and MAGBs close to the nanograined regions can 
be regarded as occurring in the recovery process.

In order to verify the assumption of the occurrence of recovery and 
recrystallization and explore the grain refinement mechanism, the sta
tistical EBSD data needs to be evaluated. According to Table 4, there are 
correlations among variations in the grain size, fraction of grain 
boundaries, and dislocation densities of the samples. Almost all samples 
after UNSM treatment exhibit higher dislocation densities, LAGB, and 
MAGB fractions, but lower HAGBs and grain sizes compared to the un
treated sample. In the samples #S1 and #S2 with maximum LAGBs 
fractions of 38 % and 43 %, it seems that polygonization of dislocations 
into the low-angle grain sub-boundaries has been the dominant mech
anism during the UNSM treatment. With double UNSM treatment in the 
samples #S3 (#S3–2) and #S4, the misorientation angle of grain sub- 
boundaries increased and LAGBs gradually evolved to MAGBs. The 
maximum fraction of MAGBs and the lower fraction of LAGBs compared 
to the samples #S1 and #S2 suggest the domination of dynamic re
covery in the samples #S3 (#S3–2) and #S4. It is worth mentioning here 
that the grain size was slightly increased during the dynamic recovery 
process, which can be attributed to the limited migration of grain sub- 

boundaries due to the interaction with lattice dislocations. The 
maximum density of dislocations and a lower fraction of LAGBs in the 
#S3–1 sample imply that the top surface layers were delaminated before 
activation of the dislocation polygonization and dynamic recovery 
mechanisms. Likewise, in the #S5 sample, due to the dislocation anni
hilation and lower density of dislocations, the recovery mechanisms 
were not complete and a lower fraction of LAGBs and MAGBs were 
formed. Eventually, in the #S7 sample due to the most S2PD and greater 
stored strain energies, the dynamic recrystallization was activated dur
ing the cross-UNSM treatment and the minimized grain size, LAGBs, and 
dislocation density as well as maximum HAGBs, like the untreated 
material, implying a well-developed recrystallization, especially at the 
top surface area and vortex regions with maximum stored strain. Based 
on the above-mentioned mechanisms, the grain refinement steps can be 
summarized as the schematic illustration in Fig. 7. According to the 
suggested mechanisms, the grain refinement during the UNSM treat
ment of W includes four main steps of cold deformation, dislocation 
polygonization, dynamic recovery, and dynamic recrystallization. A 
similar grain refinement mechanism has been reported for W during the 
SMAT [39,40], grinding and subsequent annealing [41], and explosive 
deformation [59].

Texture analysis is another way, which can be employed for inves
tigating microstructural evolution and dominant mechanisms. For this 
purpose, the inverse pole figures of the samples are presented in Fig. 8, 
and the analyzed textures are summarized in Table 5. The untreated 
sample exhibits a more random texture with the maximum intensity of 
< 111 > ||SD (scanning direction is equal to rolling direction). 
Following the UNSM treatment, the intensity of < 111 > ||SD compo
nent decreased significantly. In addition, the < 110 > ||SD component, 
which is known as rolling texture in BCC metals [60], was intensified 
after the UNSM treatment. The rolling texture especially in the samples 
#S3 and #S4 due to the multiple scanning, and in the samples #S5 and 
#S6 because of higher acoustic energy was the dominant texture. On the 
other hand, the < 110 > ||SD component in the sample #S7 is weakened 
significantly, and increasing the intensity of < 111 > ||SD and 
< 100 > ||SD components provided a more random texture similar to 
the untreated sample. These observations support the previous discus
sion on the activation of the recrystallization mechanism in sample #S7.

Fig. 7. Schematic illustration of grain refinement mechanisms during the UNSM treatment.
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3.2. Hardness and residual stress

The effect of the UNSM treatment with different parameters in the 
samples #S1 (reference condition) and #S5 (optimized condition) on 
microhardness, residual stress, and the full width at half maximum 
(FWHM) XRD peak values are compared with the untreated sample and 
results are plotted as shown in Fig. 9. The surface hardness of the 

untreated sample after the UNSM treatment was increased significantly 
by 31 % for the sample #S1, and by increasing the vibration amplitude 
in the sample #S5, it was reduced slightly to 567 HV. The increase in the 
surface hardness can be attributed to grain refinement and the increase 
in the dislocation density, caused by S2PD through the UNSM treatment. 
On the other hand, a reduction in surface hardness in the sample #S5 
can be related to its lower dislocation density than the sample #S1, as 
reported in Table 4. Based on the measured residual stress in Fig. 9, the 
UNSM treatment led to relieving the tensile residual stress of 400 MPa 
and induced a beneficial compressive residual stress in the top surface of 
the material. It can be seen that the homogeneous deformation with 
higher depth in the sample #S5, resulted in a greater compressive re
sidual stress compared to the sample #S1 with a shallower deformation 
layer (see Fig. 3(a) and 5 (a)). Fig. 9 also shows that the UNSM treatment 
resulted in the XRD peak broadening and an increase in the FWHM 
values, which can be attributed to the lattice distortion and reducing the 
crystalline size as a result of S2PD. Similar effects of the UNSM treatment 
on increasing the surface hardness and FWHM values and the intro
duction of the compressive residual stress have been reported for a wide 
range of materials [61,62]. Moreover, the observed trend in the present 
work is similar to the reported results for W by other surface treatment 
processes like SMAT [39,40] and LSP [47].

Fig. 8. The IFP texture components along scanning direction (SD), normal direction (ND), and transverse direction (TD) for different samples: as-received (a), #S1 
(b), #S2 (c), #S3–1 (d) (top region), #S3–2 (beneath region) (e), #S4 (f), #S5 (g), #S6 (h), #S7 (i).

Table 5 
Area fraction of the main texture components for different samples in this study.

< 111 > //SD (%) < 110 > //SD (%) < 001 > //SD (%)

Untreated 27 22.6 17.9
#S1 14 25.6 31.2
#S2 13.9 29.8 28
#S3–1* 16 39.7 16.7
#S3–2* 14.1 32.2 24.6
#S4 16 36 28.2
#S5 18 50.2 8.02
#S6 10.8 37.6 22.3
#S7 18.5 21.2 35.3

* #S3–1 and #S3–2 correspond to the top layers (Fig. 4(b)) and subsurface 
region (Fig. 4(d)) of sample #S3, respectively.
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3.3. Tribological properties

3.3.1. Coefficient of friction and wear resistance
Fig. 10 shows the dry frictional behavior of the untreated and UNSM- 

treated #S1 (reference condition) and #S5 (optimized condition) sam
ples as a function of sliding time against a stainless steel 440 counterface 
ball. It is obvious that the COF of the untreated sample increased at the 
beginning of the test and reached a COF value of about 0.41. With 
continuing the reciprocating sliding, the COF gradually increased, 
where it reached a COF of 0.62 at the end of the reciprocating sliding 
test. It was confirmed from the frictional behavior of the UNSM-treated 
samples that both samples (#S1 and #S5) had two distinct running-in 
and steady-state phases. It can be noticed that the running-in period of 
the UNSM-treated samples was close, but the COF of the sample #S5 
with optimized UNSM parameters was lower than the reference sample 
#S1. The UNSM-treated samples #S1 and #S5 demonstrated a stable 
COF of about 0.50 and 0.42 in the steady-state phase throughout the 

tribological testing of 10 min of reciprocating sliding, respectively. This 
can be associated with the change in surface roughness after UNSM 
treatment, where the running-in period is the initial phase of friction 
during the interaction of the highest asperities of the surfaces leading to 
lesser contact resistance due to a change in the true contact area at the 
interface between the sample and the counterface ball. In other words, 
as the samples started wearing out, the surface was smoothed resulting 
in a reduction in surface roughness due to the complete formation of 
blunt asperities and less wear debris generation at the contact interface 
during the reciprocating sliding. However, it seems for the untreated 
sample that the surface asperities were not completely worn out until the 
reciprocating sliding time of 10 mins resulting in the generation of wear 
debris at the contact interface. These surface smoothing and wear debris 
generation phenomena can be confirmed by different levels of fluctua
tions for the untreated and UNSM-treated samples, where the sample 
#S5 had the lowest fluctuation of frictional behavior. A stable frictional 
behavior with a relatively low COF of the UNSM-treated sample is of 

Fig. 9. Variation of microhardness, residual stress, and FWHM values for the untreated, #S1, and #S5 samples (error bars represent the standard deviation).

Fig. 10. Frictional behavior of the untreated and UNSM-treated samples.
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interest to enhance the performance and extend the service life of 
components by increasing the mechanical properties and wear resis
tance. It was confirmed that there is a possibility of controlling the COF 
to achieve a stable frictional behavior, which may lead to various ben
efits, including improved energy efficiency, component longevity, and 
contribution to smoother operation. It is believed that the dominant 
factor in controlling the frictional behavior of W is the change in surface 
roughness after UNSM treatment, but for sure the increased mechanical 
properties, especially surface hardness and compressive residual stress 
shown in Fig. 9 are also important factors to be considered: lower sur
face roughness after UNSM treatment under dry conditions generally has 
many effects: smoother surfaces tend to reduce the COF because there 
are fewer asperities (peaks and valleys) to cause mechanical interlocking 
between surfaces in contact which may lead to a lower friction force. 
With fewer asperities, the real area of contact (the points where the two 
surfaces touch) is reduced, which diminishes the resistance to sliding. 
However, this is more noticeable at lower loads; at higher loads, even 
smoother surfaces can deform, increasing contact area and possibly 
increasing friction. Higher surface hardness has also significant effects 
on both the COF and wear resistance of the UNSM treated sample under 
dry conditions. For example, a harder surface is less likely to deform 
under load, which reduces the real area of contact between the two 
surfaces. As a result, the friction coefficient may be reduced because 
there is less interlocking deformation between the mating surfaces. It 
also tends to have lower adhesive forces at asperity junctions, which are 
points where surface peaks make contact. This reduction in adhesion 
further contributes to a lower friction coefficient, especially under dry 
conditions. Higher compressive residual stress in a material can have 
notable effects on the COF, particularly under dry conditions. For 
example, compressive residual stress tends to inhibit surface roughness 
from deforming or breaking down during sliding contact, leading to less 
mechanical interlocking between surfaces. This may result in a lower 
COF since the surfaces can glide more easily over each other. However, 
it is worth mentioning that the effect of compressive residual stress on 
the COF is usually minor compared to its impact on wear resistance. It is 
worth mentioning that Jiang et al. reported a running-in stage and also 
stable COF with a value of 0.5 for the untreated W against an Al2O3 
counterface ball under dry conditions [45]. Again, the same authors 
with the same tribo pair pointed out that a high fluctuation in the 

frictional behavior occurred due to the roughness variation of the W 
samples [43]. Furthermore, Ding et al. also reported that the COF of the 
W against an Al2O3 counterface ball at room temperature under dry 
conditions was 0.45 [46].

Fig. 11 shows the 3D images of the wear tracks and their cross- 
sectional profiles for the untreated and UNSM-treated samples. It 
seems from these 3D images that the UNSM treatment remarkably 
increased the wear resistance of the untreated sample (see Fig. 11 (a)) 
regardless of UNSM treatment parameters. The exact cross-sectional 
wear track profiles were obtained to calculate the SWR of the samples. 
It is confirmed from the cross-sectional profiles that the UNSM treatment 
had significantly shallower and narrower wear track profiles (see Fig. 11
(b and c)) compared to that of the untreated sample, where the influence 
of the sample #S5 was more pronounced than that of the sample #S1. 
This means that the UNSM treatment with optimized conditions 
demonstrated a more beneficial influence on the wear resistance of the 
sample than the UNSM treatment with reference conditions thanks to 
the difference in surface roughness, higher compressive residual stress, 
and higher depth of deformed layer. Fig. 11 also shows the cross- 
sectional profiles of the untreated and UNSM-treated samples in a lon
gitudinal (X-axis) direction (Fig. 11 (d)) and in a transverse (Y-axis) 
direction (Fig. 11 (e)), respectively. It is clear that the width and depth of 
the wear track formed on the surface of the untreated sample were wider 
and deeper than those of the wear track formed on the surface of the 
UNSM-treated samples. It was observed that pileups on both sides of the 
wear tracks were generated at different heights due to the pushing effect 
of the counterface that accumulated the wear debris and formed an 
oxide layer on the surface of the wear track. The calculated SWR of the 
untreated, UNSM-treated #S1 and UNSM-treated #S5 samples was 
0.0106 mm3/N × m, 0.007526 mm3/N × m and 0.006572 mm3/ 
N × m, respectively. It can be concluded according to the calculated 
SWR of the samples that the UNSM treatment with reference (#S1) and 
optimized (#S5) conditions increased the wear resistance of the un
treated sample by about 29 % and 38 %, respectively. The obvious 
correlation between the friction coefficient and wear behavior was 
observed, where the lower the friction coefficient the higher the wear 
resistance. The increase in wear resistance of the untreated sample by 
UNSM treatment is associated with changes in surface roughness, sur
face hardness, and compressive residual stress. It is well-known that 

Fig. 11. 3D images of the wear tracks for the untreated (a) and UNSM-treated #S1 (b) and #S5 (c) samples. Corresponding cross-sectional profiles along the X-axis 
(d) and Y-axis (e).
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UNSM-induced surface roughness usually leads to improved wear 
resistance because smoother surfaces experience less abrasive and ad
hesive wear under dry conditions. Higher hardness improves wear 
resistance because harder materials are more resistant to plastic defor
mation, cutting, and material removal. Under dry reciprocating sliding 
conditions, where wear occurs primarily due to mechanical abrasion or 
adhesion, a harder surface is better able to withstand these forces. In the 
case of higher compressive residual stress, it tends to increase the load- 
carrying capacity of the surface. This makes the material more resistant 
to plastic deformation, thereby reducing the likelihood of material being 
removed during sliding under dry conditions. It also improves resistance 
to surface fatigue, which can cause material loss over time, especially 
under dry conditions, where there is no lubrication to alleviate stress.

3.3.2. Wear mechanisms
When pure W and stainless steel 440 interact under dry sliding 

conditions, the wear mechanisms are influenced by the material prop
erties of both materials. In this study, the wear mechanisms of the two 
different mated materials were investigated by characterizing the worn- 
out surface of the wear track formed on the surface of the untreated and 
UNSM-treated samples and the counterface ball that came into contact 
with the samples. It is worth mentioning that commercially available 
balls made of stainless steel 440 without surface treatment were used in 
this study. Fig. 12 shows the SEM images of the wear track at various 

magnifications after the reciprocating sliding test under dry conditions. 
As shown in Fig. 12 (a1), the counterface ball abraded the pure W sur
face creating grooves and scratches, which indicated a significant 
abrasive wear mechanism. The width of the wear track was about 
765 µm in the untreated sample, as shown in Fig. 12 (a2). At higher 
magnification of the SEM image (Fig. 12 (a3)), severe material degra
dation and plastic deformation with an uneven and rough surface 
texture were observed. The deep grooves suggest that abrasive wear is 
the primary wear mechanism likely from hard particles and asperities 
sliding along the surface and creating parallel scratches on the worn-out 
surface. It is obvious by the highest magnification of the SEM image 
(Fig. 12 (a4)) that the surface was plastically deformed confirming the 
signs of wear-induced material flow and detachment. These occurred 
due to the high contact pressure, which caused the untreated pure W to 
yield. Jiang et al. and Ding et al. studied the wear mechanisms of W 
against an Al2O3 counterface ball under dry conditions at room and high 
temperatures [45,46]. Both concluded that the main wear mechanisms 
at room temperature were abrasive, adhesive, and fatigue due to the 
brittleness of W. As shown in Fig. 12 (b1), the counterface ball abraded 
the surface of the #S1 sample creating grooves and scratches, which 
were less pronounced than in the untreated sample suggesting a 
reduction in abrasive wear. It is clear from Fig. 12 (b2) that the width of 
the wear track for the #S1 sample was about 620 µm indicating reduced 
material removal of about 19 % compared to the untreated sample. At 

Fig. 12. Low- and high-magnification SEM images of the wear track generated on the surface of the untreated (a) and UNSM-treated #S1 (b) and #S5 (c) samples. 
Figures (a1-c1) and (a2-c2) correspond to the wear tracks edge and center, respectively. The higher magnifications images (a3-c3) and (a4-c4) were taken from the 
wear tracks center region.
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higher magnification of the SEM image (Fig. 12 (b3)), relatively less 
material degradation and plastic deformation with an uneven and rough 
surface texture were also observed. The relatively deep grooves suggest 
that abrasive wear is the primary wear mechanism. The highest 
magnification of the SEM image (Fig. 12(b4)) confirmed that the 
microcracks indicated surface fatigue wear, where the contact stress has 
caused the micro-crack initiation and further propagation. There is less 
evidence of plastic deformation, likely due to the UNSM treatment 
increasing the surface hardness and resistance to plastic flow. For the 
sample #S5 with optimized UNSM parameters, Fig. 12 (c1) shows the 
least wear with the shallowest grooves and minimal visible damage 
compared to the untreated and UNSM-treated #S1 samples. It suggests 
that the surface has a high wear resistance, likely due to a deeper 
deformed layer in the sample #S5 (see Fig. 3(a) and 5 (a)). In addition, 
abrasive wear and plastic deformation are significantly reduced 
compared to the untreated and single UNSM-treated samples. The 
deformation of the edge of the wear track, as shown in Fig. 12 (c1), 
indicated minor localized plastic deformation. It is clear from Fig. 12(c2) 
that the width of the wear track was about 490 µm indicating the least 
reduced material removal of about 36 % and 21 % compared to the 
untreated and #S1 samples. At higher magnification of the SEM image 
(see Fig. 12 (c3)), the surface of the wear track is relatively rough, but it 
has fewer cracks and signs of severe wear compared to the untreated and 
#S1 samples. The highest magnification of the SEM image (see Fig. 12
(c4)) showed a smeared wear particle on the surface of the wear track. In 
conclusion, the untreated pure W against a stainless steel 440 ball under 
dry conditions, severe wear with significant abrasive wear and surface 
deformation mechanisms dominated. The UNSM treatment with refer
ence conditions demonstrated moderate wear with signs of abrasive 
wear, cracking, and reduced plastic deformation. The UNSM-treated 
sample with optimized conditions showed the least wear with abrasive 
wear being supplemented by minimal oxidative wear. It was confirmed 
that the UNSM treatment seemed to have reduced the overall wear 
severity compared to the untreated sample.

Fig. 13 shows SEM-EDS analysis of wear tracks generated on the 
surface of the untreated and UNSM-treated samples under dry sliding 

conditions. Fig. 13 (a1, b1, and c1) presents the backscattered electron 
(BSE) images showing the morphology of the wear tracks discussed 
previously. Fig. 13 (a3, b3, c3, and d3) depicts the oxygen map 
demonstrating a low presence of oxygen across the wear track, sug
gesting minimal oxidative wear, while the #S1 sample exhibited a bit 
higher oxygen compared to the untreated and #S5 samples. It is worth 
pointing out that in the case of the sample #S1, there was a moderate 
increase in oxygen signal along the wear track, suggesting that oxidative 
wear is beginning to contribute. The presence of oxygen could indicate 
the formation of an oxide layer, which might provide some protective 
effect and help reduce wear. The absence of a significant oxygen signal 
indicates that oxidation likely did not play a major role in the wear 
mechanisms for the interaction of W against a stainless steel 440 inter
action under dry conditions. Fig. 13 (a4, b4, c4, and d4) presents the Fe 
map showing a uniform presence of Fe along the wear track. This is 
expected because Fe is likely transferred from the counterface ball made 
of stainless steel 440. The atomic percent ratio of oxygen to tungsten (O/ 
W) for the wear tracks was obtained as 0.44, 0.41 and 0.34 for the un
treated, S1 and #S5 samples, respectively.

Fig. 14 presents the SEM images of the wear scar (W transfer) 
generated on the surface of the counterface ball. As shown in Fig. 14
(a1), The wear scar on the surface of the counterface ball appears quite 
large with rough and uneven morphology, which indicates significant 
material deformation and transfer in the untreated sample. Fig. 14 (a2) 
shows a closer observation, which indicated noticeable wear debris and 
grooves along the sliding reciprocating direction. This suggests abrasive 
wear due to the hard stainless steel counterface, which likely caused 
micro-cutting or plowing of the softer pure W sample. Severe roughness 
within the wear scar, with substantial debris and fragmented material 
visible is shown in Fig. 14 (a3). These particles are likely to wear debris, 
indicating that adhesive wear or material transfer might also be 
contributing to the wear mechanism, alongside abrasion. As shown in 
Fig. 14 (b1), the wear scar generated on the surface of the counterface 
ball reciprocated against the #S1 sample appeared somewhat reduced 
compared to the untreated sample, suggesting that the UNSM treatment 
with reference conditions has had a positive effect on wear resistance. At 

Fig. 13. SEM-EDS images of wear tracks generated on the surface of the untreated (a) UNSM-treated #S1 (b) and #S5 (c) samples.
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Fig. 14. Low- and high-magnification SEM images of the wear scar generated on the surface of the counterface ball came into contact with the untreated (a) and 
UNSM-treated #S1 (b) and #S5 (c) samples.

Fig. 15. SEM-EDS images of the wear scar generated on the surface of the counterface ball that came into contact with the untreated (a), UNSM-treated #S1 (b) and 
#S5 (c) samples.
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a higher magnification shown in Fig. 14 (b2), the wear scar is still 
evident, but with a smoother appearance compared to the untreated 
sample. This indicates less severe abrasive wear, which may be due to 
the increased hardness and formed nanostructured surface layer 
resulting from the UNSM treatment. At the highest magnification (see 
Fig. 14 (b3)), smaller debris particles are visible, and there are fewer 
deep grooves compared to the untreated sample. The wear mechanism 
appears to be a combination of mild abrasion with some adhesive in
teractions, as evidenced by the finer debris particles. Upon treatment- 
optimized parameters in the sample #S5, the wear scar is further 
reduced compared to both the untreated and #S1 samples, suggesting 
that under this condition UNSM treatment has further enhanced wear 
resistance (see Fig. 14 (c1)). As shown in Fig. 14 (c2), the magnified 
view revealed a relatively smooth wear track with fewer grooves and 
wear particles, which suggests that the deeper deformed layer through 
the optimized UNSM treatment effectively resisted the abrasive forces 
from the W sample. The highest magnification shown in Fig. 14 (c3) 
presents minimal debris and very fine wear particles indicating that the 
UNSM treatment in the sample #S5 has led to primarily mild abrasive 
wear with very limited adhesive interaction. The wear track appears 
quite smooth, suggesting that the surface has retained much of its 
integrity and has resisted significant deformation. In summary, as the 
depth of the deformed layer increases, the wear mechanisms shift from 
severe abrasive and adhesive wear to primarily mild abrasive wear, with 
a substantial reduction in wear severity. This progression highlights the 
effectiveness of UNSM treatments, particularly with optimized condi
tions, in enhancing the surface hardness and wear resistance of pure W 
when sliding against a stainless steel 440.

Fig. 15 shows the SEM-EDS images of the wear scar generated on the 
surface of the counterface ball that came into contact with the untreated 
and UNSM-treated samples under dry conditions. In the untreated 
sample Fig. 15 (a1), the wear scar appeared more pronounced with 
clearer material deformation. In contrast, the UNSM-treated samples 
shown in Fig. 15 (b1 and c1) exhibited finer, more dispersed wear pat
terns. The BSE images shown in Fig. 15 (a1, b1 and c1) confirmed that 
the wear scar size decreased from 730 µm, 690 µm and 610 µm for the 
untreated, #S1, and #S5 samples, respectively. This reduction means 
that less wear occurred after UNSM treatment, which further increased 
the wear resistance by applying UNSM treatment with optimized pa
rameters. The distribution of Fe on the wear scar is shown in Fig. 15 (a2, 
b2 and c2), which confirms that Fe is sparsely within the wear scar with 
decreasing intensity for the counterface ball that came into contact with 
the UNSM-treated samples. This trend suggests less transfer or removal 
of Fe from the counterface ball in the UNSM-treated samples. The 
removed Fe from the counterface ball was lesser for the #S5 sample than 
the #S1 sample. In addition, the untreated sample showed more Fe 
scattered within the wear scar indicating possible abrasive wear. In 
contrast, the reduced Fe presence in Fig. 15 (b2 and c2) implies less 
adhesion due to the modified surface by UNSM treatment. Fig. 15 (a3, b3 
and c3) shows the distribution of W on the wear scar, which was 
transferred from the W sample. It suggests adhesive wear, where ma
terial from the W sample adheres to the stainless steel counterface ball. 
The amount of W transferred appears to decrease in the UNSM-treated 
samples (see Fig. 15 (b3 and c3)), indicating that the UNSM treat
ments helped to reduce adhesive wear. The distribution of O on the wear 
scar is shown in Fig. 15 (a4, b4 and c4). The minimal oxidative wear was 
confirmed, which does not seem to play a major role at the contact 
interface. UNSM treatment appears to reduce the wear scar size, limit Fe 
and W transfer, and result in a more dispersed wear pattern. This implies 
a shift towards milder abrasive wear with reduced adhesion. The 
modified surface with a work-hardened surface layer generated by 
UNSM treatment likely minimizes contact area, decreasing direct metal 
contact and reducing material transfer.

4. Conclusions

The influence of the UNSM treatment with various parameters on 
microstructure evolution and tribological properties of the commer
cially pure W were explored and the primary conclusions are summa
rized as follows: 

– Increasing the static load of the UNSM treatment resulted in a higher 
density of dislocations and LAGBs fraction, while there was an in
termediate optimum value of the vibration amplitude in which ma
terials exhibited more pronounced and homogeneous deformation 
with maximum depth of deformed layer.

– By repeating the UNSM treatment scan in a perpendicular direction, 
de-lamination and material removal occurred on the top surface 
because of the brittle nature and limited work hardening capacity of 
the material. However, there was a refined region with nanoscale 
grain size observed beneath the de-laminated area.

– The UNSM treatment led to an increase in the surface hardness and 
XRD peak broadening. The surface residual stress was also changed 
from the tensile state of ~ 430 MPa for the untreated sample to a 
compressive state of ~ − 100 MPa after UNSM treatment.

– A significant grain refinement was observed from 4.54 µm for the 
untreated condition to values less than 0.7 µm for the ultrasonically 
treated samples. Considering the variation trends of the crystallo
graphic texture, grain boundaries fraction, dislocation density, and 
average grain size, a grain refinement mechanism including the 
dislocation polygonization, dynamic recovery, and dynamic recrys
tallization were suggested.

– The steady-state COF of the untreated sample was 0.62, which was 
reduced to about 0.50 and 0.42 after UNSM treatment with reference 
and optimized parameters, respectively. The UNSM treatment with 
reference and optimized parameters increased the wear resistance of 
the untreated sample by about 29 % and 38 %, respectively.

– The main wear mechanisms at room temperature were abrasive, 
adhesive, and fatigue due to the brittleness of W, where the UNSM 
treatment seemed to have reduced the overall wear severity 
compared to the untreated sample.
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