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Abstract: Bulk metallic glasses (BMGs) exhibit exceptional properties, but are difficult to machine due to their high hardness 
and brittleness. In this study, we propose a novel hybrid machining strategy integrating cold plasma (CP) pretreatment with 
ultrasonic vibration-assisted micromilling (UVAM), termed CP-UVAM, to overcome these challenges. We reveal the fundamental 
mechanism by which CP independently optimizes machining: it transforms the BMG surface from hydrophobic to superhydrophilic 
(contact angle<10°) through oxidation and the introduction of polar groups, thereby enhancing lubricant penetration. Crucially, 
CP treatment increases the near-surface free volume, significantly improving plastic deformability, as evidenced by nanoindentation 
(15%‒20% reduction in the first pop-in force) and nanoscratching tests. Four methods—conventional milling (CM), CP-assisted 
milling (CPAM), UVAM, and CP-UVAM—were systematically compared. While CPAM alone delivered the best surface finish 
and least tool wear, UVAM achieved a 29.02% cutting force reduction at the cost of severe tool edge chipping. The synergistic 
CP-UVAM approach retained the force reduction advantage of UVAM (34.36% reduction vs CM) while dramatically mitigating 
UVAM-induced tool damage, reducing edge chipping by 43.97%, and achieving superior surface consistency (a surface roughness 
of 2.601 µm in the stable state). This study demonstrates that CP independently enhances BMG machinability and works synergistically 
with UVAM, enabling high-precision micromilling of this challenging material through the combination of plasma-induced plasticity 
and wettability with ultrasonic vibration-assisted force reduction.
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1 Introduction 

Bulk metallic glasses (BMGs), which are charac‐
terized by an amorphous atomic structure, exhibit ex‐
ceptional mechanical properties, such as high strength 
and corrosion resistance. These attributes make them 
ideal for biomedical implants and microelectromechan‐
ical applications. However, their lack of grain boundar‐
ies also makes them difficult to machine, with conven‐
tional micromilling (CM) causing rapid tool wear and 

surface defects (Chen et al., 2022). Thermal-based tech‐
niques such as laser machining carry the risk of induc‐
ing crystallization above the glass transition tempera‐
ture, while shear band formation during deformation 
generates microcracks that compromise surface integ‐
rity (Zhang and Huang, 2019).

Prior research has predominantly focused on op‐
timizing conventional machining parameters to address 
these challenges. For instance, studies by Xie et al. 
(2017) emphasized the critical role of spindle speed and 
feed rate in preventing surface defects such as melting 
and crystallization, which are detrimental to the amor‐
phous structure. However, contrasting findings by Wang 
et al. (2020a) suggested that spindle speed has a min‐
imal impact on surface roughness (at least under 
their experimental conditions)—a discrepancy poten‐
tially caused by unexplored high-strain-rate machining 
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regimes. Further investigations have elucidated the 
complex interplay of other parameters in this process. 
For example, Ray et al. (2019) demonstrated that the 
axial depth of cut significantly influences cutting forces, 
which increase with depth and decrease with higher 
spindle speeds; lower feed rates were interestingly 
found to increase forces due to plowing effects. Com‐
plementing this, Wang et al. (2020b) highlighted the 
significant role of the feed ratio, identifying a critical 
value for pronounced size effects, and found that burr 
size is more sensitive to feed rate and axial depth than 
to spindle speed.

The aforementioned work highlights the intricate 
balance required in parameter selection for BMG ma‐
chining to manage forces, surface quality, and defects. 
However, these studies collectively reveal a fundamen‐
tal limitation: optimization within the framework of CM 
is inherently constrained by the material’s intrinsic brit‐
tleness and thermal sensitivity (Chen et al., 2022). Ad‐
justing process parameters alone is often insufficient 
to overcome these inherent property barriers, indicat‐
ing a pressing need for innovative machining strate‐
gies that can actively alter the machining interface or 
the material’s local properties to enable high-quality 
processing with low damage.

Cold plasma-assisted machining (CPAM) pres‐
ents a complementary strategy by directly modifying 
the near-surface properties of BMGs. In applications 
of this technology, Liu et al. (2021) and Mustafa et al. 
(2019) demonstrated plasma’s effectiveness in machin‐
ing titanium and Inconel alloys. Later, a pivotal study 
by Wang et al. (2024) on atmospheric pressure cold 
plasma jet (APCPJ)-assisted micromilling of BMGs 
confirmed that APCPJ pretreatment could markedly im‐
prove machinability, specifically achieving reductions 
in surface roughness (up to 38.2%) and cutting forces 
(up to 30.9%). This improvement was attributed to a 
plasma-induced increase in near-surface free volume, 
which promotes the formation of multiple shear bands 
and thereby improves ductility (Lv et al., 2022).

Despite these promising results, this foundational 
research was conducted under dry machining condi‐
tions, which inherently limit the scope of application. 
It focused exclusively on the mechanical and micro‐
structural modifications induced by plasma, leaving a 
key physicochemical effect unexplored: the plasma-
mediated transformation of the BMG surface from hy‐
drophobic to hydrophilic. This change in wettability, 

which could drastically improve the penetration and 
efficacy of coolants and lubricants, represents an un‐
tapped avenue for process enhancement. Exploiting this 
effect is particularly crucial for limiting heat accumu‐
lation and the risk of temperature-induced crystalliza‐
tion at high material removal rates (Bakkal et al., 2004), 
but these challenges are not addressable in a dry ma‐
chining context.

Moreover, despite the advancements in CPAM and 
the separate progress in ultrasonic vibration-assisted 
micromilling (UVAM), no prior study has systemati‐
cally investigated the synergistic effects of combining 
cold plasma (CP) pretreatment with ultrasonic vibra‐
tion for BMG machining. The combined potential of 
plasma-enhanced surface modification and UVAM’s 
intermittent cutting mechanism remains unexplored, 
particularly in addressing BMGs’ dual challenges of 
brittleness and thermal sensitivity. This study bridges 
this gap by pioneering an integrated approach, exam‐
ining how plasma treatment can augment UVAM by im‐
proving lubricant penetration, reducing cutting forces, 
and suppressing shear band formation, while also mit‐
igating heat-induced crystallization. Our work aims to 
establish a hybrid machining strategy that unlocks 
higher precision and efficiency for BMG micromill‐
ing applications.

2 Materials and methods 

2.1 Materials

The experiments utilized Vitreloy 1 (Zr41.2Ti
13.8Cu12.5Ni10Be22.5 (atomic percentage)), a bench‐
mark Zr-based BMG selected for its exceptional prop‐
erties. The Vitreloy 1 samples (25 mm×25 mm ×2 mm) 
were polished to ensure measurement consistency, as 
shown in Fig. 1a. To eliminate surface effects in the 
water contact angle measurements, nanoindentation, and 
nanoscratching tests, all samples underwent standard‐
ized preparation of ultrasonic cleaning in ethanol fol‐
lowed by complete drying.

2.2 Experimental protocol

We employed a systematic experimental approach 
to evaluate the effects of CP treatment (Fig. 1b) and mi‐
cromilling (Fig. 1c) on BMGs. The treatment of BMGs 
was performed using a state-of-the-art plasma processor 
from ZHEN HUA-plasma Co., Ltd., China. To ensure 
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that the plasma was uniformly distributed across the 
surface of the BMGs, a motion table system (Fig. 1d) 
was used to facilitate the movement of the BMG sam‐
ples beneath the plasma jet, enhancing the consistency 
and quality of the plasma treatment. The parameters of 
the plasma treatment for the BMG samples are listed 
in Table 1.

The investigation began with comprehensive ma‐
terial characterization, where water contact angle mea‐
surements (SL250, KINO, USA) were made to quantify 
the plasma-induced surface wettability changes, and na‐
noindentation and nanoscratching tests (NHT2, Anton 

Paar, Austria) were used to assess mechanical property 
changes, including Young’s modulus; moreover, plas‐
ticity characteristics were determined through analysis 
of pop-in events and friction coefficients. To ensure the 
reliability of the nanoscratching results, each test was 
repeated three times (designated scratch tests #1, #2, 
and #3) under identical conditions. This repetition en‐
abled verification of the consistency of the measured 
parameters, and included the analysis of pop-in events 
and friction coefficients. The reported data for Young’s 
modulus and plasticity are derived from this statistically 
validated set of repeated measurements.

Building upon these material property evaluations, 
the machining performance was examined across four 
distinct micromilling approaches: CM, CPAM, UVAM, 
and CP combined with UVAM (CP-UVAM). The mill‐
ing parameters are listed in Table 2. The micromilling 
tool had a nominal diameter of 1 mm and was made 
of cemented carbide with a diamond-like coating. The 
tool parameters are listed in Table 3. To ensure the re‐
liability of the performance evaluation, three consecu‐
tive grooves (designated grooves #1, #2, and #3) were 
machined under each experimental condition. This 

Table 1  Plasma treatment parameters

Parameter

Working gas

Gas pressure (MPa)

Operating temperature

Nozzle diameter (mm)

AC power frequency (kHz)

Total treatment time (s)

Specification

Compressed air

0.4

Approximately 50 °C

2

18–25

50, 100, 150, 200

Fig. 1  BMG sample and the experimental process: (a) polished sample; (b) schematic diagram of plasma treatment; 
(c) schematic diagram of the micromilling process; (d) experimental setup of plasma treatment for a BMG sample; 
(e) experimental setup of the micromilling process for a BMG sample
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design served two purposes: first, to verify the repeat‐
ability of the results by providing multiple datasets for 
each key metric, and second, to accumulate sufficient 
cutting length to induce a consistent and comparable 
level of tool wear for observation and analysis. Each 
method’s effectiveness was then evaluated using three 
key metrics: the surface quality was analyzed by con‐
focal laser microscopy (LSM900, Zeiss, Germany), the 
cutting forces were measured with a dynamometer 
(9256, Kistler, Switzland), and the tool wear was 
assessed via optical microscopy (HR-2500, HIROX, 
Korea). Data and observations from all three grooves 
were utilized in this assessment.

3 Results and discussion 

3.1 Surface wettability

The investigation into the effects of CP treatment 
on the surface wettability of BMG was conducted by 
measuring contact angles across a range of treatment 
times: 0 (i.e., untreated), 50, 100, 150, and 200 s. The 
contact angles were quantified at six distinct points per 
treatment duration to ensure comprehensive coverage 
and accuracy of the data. The results of these investi‐
gations are presented in Fig. 2a.

The untreated BMG samples exhibited an average 
contact angle of 65.582° with a narrow standard devia‐
tion (SD: 2.859°), reflecting uniform hydrophobic prop‐
erties. The 50 s plasma treatment drastically reduced 
the angle to 27.574° (SD: 2.902°), confirming the rapid 
enhancement of surface hydrophilicity. Extending the 
treatment to 100 and 150 s further lowered the an‐
gles to 24.296° (SD: 3.237°) and 17.848° (SD: 3.348°), 
respectively, although the increased deviations sug‐
gested slight inhomogeneity in the effect of the plasma. 
At 200 s, all contact angles were under 10°, indicating 
a transition to superhydrophilicity; this is likely due to 
extensive surface oxidation or topographic changes in‐
duced by prolonged plasma exposure.

These results demonstrate that CP treatment ef‐
fectively modulates BMG wettability, with longer du‐
rations yielding progressively more hydrophilic sur‐
faces. At the 200 s mark, the contact angles on all mea‐
sured points were 0°, indicating that the values fell be‐
low the measurable threshold of the contact angle mea‐
surement system (which cannot measure angles under 
10°). The mechanism by which plasma treatment re‐
duces the wettability (or enhances the hydrophilicity) 

Table 2  Milling parameters used in the experiments

Parameter

Spindle speed (r/min)

Feed rate (mm/min)

Depth of cut (µm)

Frequency (kHz)

Specification

22000

30

10

19.89

Table 3  Milling tool parameters

Parameter

Nominal diameter (mm)

Number of flutes

Helix angle (°)

Shaft width (mm)

Shaft length (mm)

Material base

Coating

Hardness (HV)

Temperature resistance

Nominal diameter (mm)

Specification

1

2

30

4

50

Cemented carbide

Diamond-like coating

>7000

Up to 500 °C

1

Fig. 2  Surface wettability of BMG by CP treatment: (a) water 
contact angle of a BMG sample; (b) mechanism of transition 
from hydrophobic to superhydrophilic
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of Zr-based BMG surfaces primarily involves plasma-
induced oxidation and surface functionalization, as 
shown in Fig. 2b. Reactive oxygen species (O•) gener‐
ated in the plasma interact with the Zr-rich surface, 
forming a hydrophilic oxide layer (e.g., ZrO2) and in‐
troducing polar functional groups (e.g., –OH) through 
oxidation and hydrolysis (Yamamura et al., 2010). Si‐
multaneously, plasma etching removes organic contam‐
inants and creates nanoscale roughness, amplifying wet‐
tability via the Wenzel effect. Prolonged treatment (e.g., 
200 s) leads to complete surface coverage by hydro‐
philic groups and optimal topography, driving the con‐
tact angle to under 10° (superhydrophobicity); the syn‐
ergy between chemical modification and physical rough‐
ening enables this transition. These findings underscore 
the impact of plasma treatment duration on BMG sur‐
face wettability. Therefore, subsequent plasma-treated 
specimens were all pretreated for 200 s to ensure con‐
sistent surface wettability.

3.2 Mechanical properties

Nanoindentation tests were conducted to compare 
Young’s modulus and pop-in phenomena between 

untreated BMG and BMG treated with plasma for 
200 s. These tests were carried out at maximum loads 
of 20 and 50 mN. The summarized results for a max‐
imum load of 20 mN are displayed in Fig. 3a, while 
those for a maximum load of 50 mN are presented in 
Fig. 3b.

Under a load of 20 mN, the average Young’s mod‐
ulus for the untreated BMG samples was 126.382 GPa, 
with a standard deviation of 721 MPa, reflecting a high 
degree of material stiffness and elasticity. For the CP-
treated BMG, the average modulus decreased slightly 
to 124.476 GPa and had increased variability (standard 
deviation of 913 MPa). This minor reduction suggests 
a slight alteration in the elastic properties due to plasma 
treatment. Under a load of 50 mN, Young’s modulus 
for the untreated BMG samples averaged 128.545 GPa 
with a significant SD of 1795 MPa, suggesting con‐
siderable variability in material responses. For the 
plasma-treated samples, the modulus decreased slightly 
to 126.944 GPa, with a reduced SD of 1150 MPa. This 
reduction in the modulus and its variability compared 
to untreated samples suggests a subtle softening of the 
material, which aligns with the trend of observations 
at 20 mN.

Fig. 3  Nanoindentation and nanoscratch results of BMG samples: (a) Young’s modulus and first pop-in phenomena 
under a maximum load of 20 mN; (b) Young’s modulus and first pop-in phenomena under a maximum load of 50 mN; 
(c) nanoscratch results for BMGs without plasma treatment; (d) nanoscratch results for BMGs with plasma treatment

470



J Zhejiang Univ-Sci A   2026 27(5):466-478    |

The most notable difference lies in the first pop-in 
phenomenon. Under a maximum load of 20 mN, the 
average force required to initiate the first pop-in event 
decreased from (8.80±1.81) mN in untreated samples 
to (7.51±0.88) mN in plasma-treated samples. This re‐
duction in the pop-in initiation force indicates a lower 
critical stress for initial plasticity, likely due to plasma-
induced surface modifications (e.g., a reduced energy 
barrier for shear transformation zone activation (Liu 
et al., 2023)). A similar trend was observed under 50 mN 
loading, where the pop-in force dropped from (25.67±
3.44) mN (untreated) to (20.53±1.72) mN (treated), rep‐
resenting a more significant reduction (approximately 
20%) compared to the 20 mN case (approximately 
15%). These results imply that plasma treatment facil‐
itates earlier yielding during indentation, which may 
have critical implications for micromilling processes 
where controlled initiation of plasticity is needed.

In the deformation of BMGs, pop-in events in the 
force‒displacement curves are associated with the nu‐
cleation and propagation of shear bands (Schuh and 
Nieh, 2003). The overall deformation behavior of BMGs 
is characterized by displacement bursts (plastic steps), 
which correspond to sudden shear band activity, sepa‐
rated by elastic deformation regimes (Puthucode et al., 
2008). The force at which the first pop-in occurs marks 
the onset of shear band nucleation (rather than dislo‐
cation nucleation, since BMGs lack crystalline defects). 
The lower pop-in initiation force observed in CP-
treated BMGs suggests that the treatment facilitates 
the shear band formation, thereby enhancing the plastic 
deformability.

In addition to nanoindentation tests, nanoscratch‐
ing tests were conducted to examine the progression of 
the tangential force Ft in response to a linearly increas‐
ing normal force Fn applied over a scratch length of 
500 µm. To eliminate external influences, this experi‐
ment was repeated three times. The results are displayed 
in Figs. 3c and 3d, where Fig. 3c presents the tangen‐
tial force trajectories for untreated BMGs, and Fig. 3d 
presents the tangential force trajectories for BMGs with 
plasma treatment.

The tangential force profiles are strongly influ‐
enced by the pop-in phenomenon, which is even more 
pronounced in this case due to prominent force spikes. 
Notably, CP treatment significantly alters the response 
of the BMG samples. The tangential force curves for the 
plasma-treated BMGs exhibit markedly greater stability 

than those of the untreated samples. In the untreated 
BMGs (Fig. 3c), the force profiles display substantial 
irregularities, featuring abrupt jumps or spikes. These 
spikes, which are linked to the pop-in phenomenon, re‐
flect discrete shear band nucleation; this is consistent 
with observations from nanoindentation tests. Their 
presence suggests sudden rises in frictional resistance 
due to shear band initiation during scratching. More‐
over, the erratic force fluctuations indicate nonuniform 
deformation behavior and poor mechanical stability. 
In contrast, the plasma-treated BMGs (Fig. 3d) dem‐
onstrate significantly smoother force progression with 
fewer and less pronounced spikes. This improvement 
implies that plasma treatment effectively modifies the 
BMG surface or near-surface microstructure, yielding 
a more stable and consistent scratch response. The re‐
duced number of pop-in events and smoother frictional 
profiles further suggest that plasma treatment enhances 
the plastic deformability of BMGs, likely by improv‐
ing ductility or suppressing brittleness. As such, this 
enables better accommodation of scratching-induced 
stresses.

3.3 Micromilling performance

3.3.1　Milling force

The results of the investigation of cutting forces 
during the micromilling of BMGs using various assisted 
milling approaches are shown in Fig. 4a. The analysis 
of CM revealed a clear trend of increasing cutting forces 
across the three grooves (#1, #2, and #3). The initial 
forces were relatively low but rose significantly by 
the third groove, predominantly due to tool wear and 
the inherent material properties of BMGs, such as high 
hardness and limited plastic deformability. Sudden 
spikes in cutting forces—particularly in groove #2—
indicated areas of substantial tool wear. This led to a 
stable state in groove #3 with a high total average cut‐
ting force of 861 mN, reflecting the variability and chal‐
lenge of maintaining consistent cutting conditions.

CPAM initially exhibited behavior similar to CM, 
with an average cutting force of 321 mN at the begin‐
ning of groove #1. An initial spike in groove #1 resulted 
in a comparatively high total average cutting force of 
413 mN for this groove. However, from groove #2 on‐
ward, the forces stabilized significantly, suggesting im‐
proved control over tool wear and process stability due 
to the CP treatment. By the stable state in groove #3, 
the total average cutting force was reduced to 681 mN, 
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Fig. 4  Micromilling performance of BMGs under various milling strategies: (a) average cutting force of grooves machined 
by different milling methods; (b) surface roughness of grooves machined by different milling methods; (c) tool wear of CM; 
(d) tool wear of CPAM; (e) tool wear of UVAM; (f) tool wear of CP-UVAM; (g) exemplary measured edge chipping size 
of a flute from side and end views using ImageJ; (h) total tool edge chipping size by different milling methods
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representing a significant reduction of 20.90% com‐
pared to CM. This observation aligns with the findings 
of Wang et al. (2024), who reported a 23.3%–30.9% de‐
crease in cutting forces during CP-assisted micromilling 
of BMGs under dry conditions. The consistency in the 
direction and magnitude of force reduction supports 
the established mechanism wherein plasma-induced 
increases in near-surface free volume enhance the plas‐
tic deformability, thereby reducing the specific cutting 
energy. Additionally, the total standard deviation at the 
stable state within groove #3 decreased by 31.90% to 
49 mN. Furthermore, the standard deviation between 
the three grooves decreased by 48.84%, from 293 to 
150 mN, indicating enhanced stability and reduced 
variability.

UVAM demonstrated a substantial reduction in 
the initial cutting force in groove #1 to 168 mN, repre‐
senting a 39.79% and 47.66% decrease compared to 
CM and CPAM, respectively. However, this reduction 
was not sustained beyond groove #1, with noticeable 
increases in cutting forces and standard deviations oc‐
curring from groove #2 onward due to significant tool 
wear. By groove #3, the process reached a stable state 
with a total average cutting force of 611 mN—a 29.02% 
reduction compared to CM. This level of force reduc‐
tion is in accordance with the range (up to 30%) re‐
ported for UVAM of various difficult-to-cut materials, 
including BMGs, as documented by Shan et al. (2020) 
and Gao et al. (2024). The primary mechanism—
intermittent cutting leading to lower average forces—
is thus validated for BMG micromilling. However, the 
concurrent rise in force variability and standard devia‐
tion observed in our results points to an accelerated 
and unstable tool wear process under UVAM. This is 
a specific challenge that is not often highlighted in 
force-focused literature but is nonetheless crucial for 
process reliability (Chen et al., 2022). Despite the im‐
proved average forces, UVAM exhibited a major issue 
with increased total standard deviation within the 
grooves themselves, resulting in a 65.16% rise from 
73 to 120 mN compared to CM in groove #3.

CP-UVAM demonstrated the most promising re‐
sults, characterized by an almost linear increase in the 
total average cutting force in groove #1 to approxi‐
mately 500 mN, without any sudden bursts. This re‐
sulted in the highest total average cutting force in groove 
#1 but also facilitated a quick transition to a stable state. 
Despite the initially high forces, CP-UVAM held the 

force level from groove #1 nearly constant and achieved 
the lowest stable-state average cutting force in groove 
#3 at 565 mN, representing a 34.36% reduction com‐
pared to CM. This synergistic force reduction exceeds 
the individual contributions of CPAM (20.90%) and 
UVAM (29.02%), suggesting a nonadditive enhance‐
ment effect. While direct comparisons are scarce due 
to the novelty of this hybrid approach, such a result 
logically integrates the known benefits: the plasma-
induced surface plasticity likely lowers the specific cut‐
ting resistance, upon which the intermittent action of 
UVAM operates more effectively, leading to greater 
net force reduction. This means that CP-UVAM also 
exhibited the most substantial reduction in the stan‐
dard deviation between grooves, with a 90.22% de‐
crease to 29 mN compared to CM. Additionally, the 
combination of CP and UVAM effectively mitigated the 
increased total standard deviation observed in UVAM 
within groove #3, reducing the increase compared to 
CM from 65.16% to 6.97%.

To conclude, CPAM and UVAM each succeeded 
in reducing the average cutting forces at the stable 
state compared to CM by 20.90% and 29.02%, respec‐
tively. Such findings are consistent with and extend the 
respective bodies of literature for these individual tech‐
niques (Gao et al., 2024). CPAM additionally enhanced 
the process stability by reducing the standard devia‐
tion between grooves by 48.84% and the standard de‐
viation at the stable state by 31.90%. Overall, in terms 
of exerted cutting forces, the combined approach of 
CP-UVAM emerged as the most effective for micro‐
milling BMGs, with a decrease in average cutting forces 
at the stable state of 34.36% compared to CM. This 
method further reduced the cutting forces achieved by 
CPAM and UVAM individually and, through syner‐
gistic effects, suppressed the decrease in process sta‐
bility observed with UVAM, achieving a 90.22% re‐
duction in the standard deviation between grooves com‐
pared to CM. The superior and stable force performance 
of CP-UVAM underscores the value of our hybrid strat‐
egy, as it effectively combines the force-reduction mer‐
its of both techniques while counteracting the key lim‐
itation of standalone UVAM—increased instability.

3.3.2　Surface quality

The findings on surface roughness are graphically 
depicted in Fig. 4b. CM of BMGs showed a clear pro‐
gression of surface degradation across the grooves; the 
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surface roughness measurements revealed a consistent 
increase in roughness from groove #1 to groove #3. 
The average surface roughness increased from 1.273 
to 1.863 µm, with the standard deviation between the 
grooves being 0.311 µm. This significant increase in 
surface roughness indicates severe tool wear, leading 
to substantial degradation of surface integrity. This trend 
of deteriorating surface quality with progressive tool 
wear in conventional BMG machining is consistent 
with observations in prior studies (Wang et al., 2024), 
which have attributed it to BMG’s low fracture tough‐
ness and tendency for brittle fracture, thus leading to 
unstable chip formation and surface damage.

CPAM demonstrated a more stable and consis‐
tent surface quality compared to CM. Despite a higher 
initial surface roughness in groove #1 (1.629 µm), the 
consistency in surface quality was higher, with mini‐
mal increases in roughness and lower standard devia‐
tions across the grooves. The average surface rough‐
ness increased only slightly to 1.701 µm in groove #2 
and remained steady at 1.698 µm in groove #3. The 
standard deviation between the grooves was 0.040 µm, 
indicating a more uniform and stable milling process. 
This is further evidenced by the fact that the surface 
roughness in the stable state was reduced by 8.87% 
compared to CM. The observed improvement in sur‐
face finish and, more notably, the dramatic enhance‐
ment in process stability (evidenced by reduced stan‐
dard deviations) align with and extend the findings of 
Wang et al. (2024); they reported roughness reductions 
of 37.7%–38.2% in dry CP-assisted milling of BMGs. 
While the percentage reduction is more modest in our 
lubricated study, the critical improvement is consis‐
tent. This supports the proposed mechanism whereby 
a plasma-induced free volume increase promotes more 
stable plastic deformation and mitigates brittle frac‐
ture, leading to a more predictable and uniform surface 
generation. Moreover, the standard deviation at the sta‐
ble state and the standard deviation between the grooves 
were reduced by 53.01% and 87.01%, respectively. 
These improvements can likely be attributed to the en‐
hanced plastic deformability of the material following 
CP treatment, which contributed to reduced tool wear 
and, consequently, a well-maintained surface quality.

UVAM exhibited a substantial increase in surface 
roughness and defects after groove #1, leading to sig‐
nificant surface degradation; the average surface rough‐
ness increased from 2.273 µm in groove #1 to 2.854 µm 

in groove #3. The standard deviation between the 
grooves was 0.301 µm, reflecting high variability and 
significant tool wear. The additional impact generated 
by ultrasonic vibrations created high stress on the tool 
and surface, exacerbating the wear and leading to pro‐
nounced surface defects. This finding presents a nu‐
anced perspective compared to some literature that has 
primarily highlighted UVAM’s benefits for force re‐
duction and surface finish in other materials (Li et al., 
2025). Our results for BMGs indicate that vibrational 
energy—while reducing average forces—can acceler‐
ate tool degradation in this hard, brittle material, which 
in turn severely compromises surface quality. This aligns 
with the caution raised by Chen et al. (2022) regard‐
ing surface deterioration and tool damage in UVAM 
of BMGs when parameters exceed an optimal window, 
underscoring the material-specific challenges of apply‐
ing UVAM to BMGs.

CP-UVAM showed far more promising results. 
The influence of CP on this approach was similar to 
the improvements observed when comparing CPAM 
to CM. The topographies indicated minimal pitting 
and surface defects, with a relatively uniform texture 
throughout all the grooves. This is also quantitatively 
reflected in the development of the surface rough‐
ness measurements. The average surface roughness for 
groove #1 was 2.405 µm, increasing slightly to 2.507 µm 
in groove #2 and 2.601 µm in groove #3. The standard 
deviation between the grooves was 0.098 µm, which 
is 67.48% smaller than that of UVAM; this demon‐
strates a decisive synergistic effect. While standalone 
UVAM degraded the surface quality, CP pretreatment 
effectively counteracted this effect. The plasma-induced 
surface plasticity and improved lubricant wettability 
likely mitigated the abrasive and impact-related wear 
mechanisms exacerbated by vibrations, leading to more 
stable tool conditions and consequently a more consis‐
tent surface. This synergy in achieving stable surface 
generation is a novel finding, as no prior study has in‐
vestigated the combined approach of CP-UVAM for 
BMGs. Additionally, the standard deviation in the sta‐
ble state was reduced by 17.01%, and the surface rough‐
ness in the stable state decreased by 8.85%.

Overall, the pretreatment of BMGs with CP re‐
sulted in significant improvements in surface quality 
and process stability. CPAM led to more stable and 
consistent surface quality compared to CM. This same 
trend was observed when comparing CP-UVAM with 
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UVAM, confirming the previous investigations of en‐
hanced surface wettability and plastic deformability 
resulting from CP treatment. These findings collectively 
affirm that plasma modification addresses core insta‐
bility issues in BMG machining. The stark contrast 
between the degrading surfaces in UVAM and the sta‐
bilized surfaces in CP-UVAM powerfully illustrates that 
the benefits of vibration-assisted machining for BMGs 
are fully realizable only when coupled with a surface-
conditioning strategy such as CP treatment to manage 
tool-material interactions. This conclusion is also re‐
flected in the cutting force results.

3.3.3　Tool wear

As seen in Fig. 4c, the two primary defects ob‐
served on the cutting tool are flank wear and edge chip‐
ping. The milling tool used in this study has two flutes 
(cutting edges), which are numbered sequentially as 
Flute 1 and Flute 2. The flank wear is particularly visi‐
ble from the side view of Flute 1; it is characterized by 
the abrasion of the diamond-like coating of the milling 
tool. This wear can lead to increased friction and heat 
generation during the milling process, which in turn 
increases the wear rate of the tool. Moreover, the re‐
moval of the coating exposes the underlying material 
to further wear and potential failure, compromising the 
cutting efficiency and precision of the tool. Edge chip‐
ping, on the other hand, occurred primarily at Flute 2 
and is visible from the profile, side, and top views. The 
edge chipping size was quantified using ImageJ soft‐
ware (Fig. 4g). After setting a scale, the software mea‐
sured the area of edge chipping (when present) from 
both the side and top views for each cutting edge. The 
total edge chipping area per tool was calculated by sum‐
ming the measurements from both views and both cut‐
ting edges, providing a comparative metric for tool wear 
assessment across milling experiments. The area of the 
chipped edge was 0.045 mm2, which aligns with the 
typical tool failure modes reported in CM of hard, 
brittle BMGs, where high intermittent stresses often 
lead to catastrophic edge fractures rather than gradual 
flank wear. This is likely the reason for the drastic de‐
terioration in the exerted cutting forces and resulting 
surface quality, especially in groove #3 for the CM ap‐
proach. The presence of edge chipping can significantly 
affect the surface finish of the milled grooves. This type 
of wear is often caused by the high mechanical stresses 
and impact forces encountered during milling of hard 
materials such as BMGs.

Optical microscopy images of the milling tool 
using CPAM are displayed in Fig. 4d. Similar to the 
findings regarding cutting forces and surface quality in 
the CPAM approach, the tool wear in CPAM is mini‐
mal compared to CM. The primary negative conse‐
quence regarding tool wear in CM, edge chipping, did 
not occur in CPAM. Furthermore, the flank wear on the 
flutes is significantly less pronounced than in CM. Mi‐
nor flank wear is visible from the side view of Flute 1, 
which is not noticeable from the profile and top views. 
The flank wear on Flute 2 is slightly more pronounced—
as seen in the side view—but it is still minimal com‐
pared to CM. This dramatic suppression of edge chip‐
ping strongly supports the mechanism proposed by 
Lv et al. (2022) and is also evidenced by our nanoin‐
dentation results: the plasma-induced increase in free 
volume and enhanced plastic deformability at the BMG 
surface allow for stress relaxation and more stable ma‐
terial removal, thereby reducing the high-impact, brit‐
tle fracture events that cause tool edge failure. The ab‐
sence of chipping in CPAM is a more significant ben‐
efit than the general flank wear reduction reported in 
plasma-assisted machining of crystalline alloys (Liu 
et al., 2021), thus highlighting the unique value of CP 
for mitigating the brittleness of BMGs. In summary, 
the observations of tool wear are in line with the in‐
vestigations of cutting force and surface quality, which 
clearly showed consistent material removal. This con‐
sistency is reflected in the minimal tool wear observed 
in the CPAM.

The morphology of the used milling tool from 
UVAM is displayed in Fig. 4e. UVAM resulted in se‐
vere tool wear in the form of extensive edge chipping 
on both flutes. The edge chipping on Flute 1 is partic‐
ularly drastic. The chipped area is more than twice as 
large, with 0.074 mm2 compared to 0.031 mm2 in CM, 
as observed from the side view. Additionally, the depth 
of the chipping—visible in the top view—is almost 
three times larger, measuring 0.041 mm2 compared to 
0.014 mm2 in CM. Furthermore, edge chipping oc‐
curred on both flutes. Flute 2, although not as severely 
affected as Flute 1, still shows a total chipped area of 
0.027 mm2 compared to 0.045 mm2 in CM. This severe 
and accelerated edge chipping (a 217.70% increase in 
total area) provides a critical, physically observable ex‐
planation for the force instability and surface degrada‐
tion reported in Section 3.3.2. It also corroborates the 
concern raised by Chen et al. (2022) regarding potential 
tool damage in UVAM of BMGs. The high-frequency 
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impact in UVAM appears to exacerbate, rather than al‐
leviate, the brittle fracture-induced tool failure mech‐
anism in BMGs, a finding that contrasts with UVAM’s 
often-reported tool life benefits in machining more duc‐
tile materials. This underscores the material-specific 
challenges and risks of applying UVAM to BMGs with‐
out compensatory strategies. Furthermore, this severe 
tool wear is likely the reason for the drastic deteriora‐
tion in surface quality observed throughout the mill‐
ing process.

Fig. 4f shows the morphology of the used CP-
UVAM milling tool. The CP pretreatment of the surface 
had a positive effect on tool wear. While Flute 2 is af‐
fected by some prominent edge chipping, Flute 1 only 
shows minor flank wear. Quantitatively, the size of the 
chipped edge on Flute 2 is almost half that of UVAM 
alone, with a total edge chipping size of 0.064 mm2 
compared to the severe edge chipping of 0.115 mm2 
on Flute 2 in UVAM. Most importantly, the synergis‐
tic CP-UVAM approach reduced the total edge chip‐
ping by 43.97% compared to standalone UVAM. This 
indicates that the plasma pretreatment effectively miti‐
gated the primary drawback of UVAM. The mechanism 
behind this is twofold: first, the plasma-softened sur‐
face layer reduces the instantaneous impact stress on the 
tool edge during each vibration cycle; second, the im‐
proved surface wettability ensures better lubricant ac‐
cess to the cutting zone, reducing friction and heat. This 
synergistic protection is a novel finding, demonstrating 
that CP pretreatment can expand the viable window of 
parameters for UVAM of BMGs by making the tool 
less susceptible to vibration-induced fracture. Never‐
theless, the total edge chipping size of the tool in CP-
UVAM, at 0.064 mm2, is still higher than the 0.045 mm2 
in CM and of course than the complete absence of edge 
chipping in CPAM. This explains why, despite the low 
cutting forces applied, there was still a slightly nonuni‐
form texture on the BMG surface.

The total edge chipping sizes of the tool are graphi‐
cally depicted in Fig. 4h. CM exhibited significant tool 
wear, primarily in the form of flank wear and edge chip‐
ping. The edge chipping on Flute 2—with an area of 
0.045 mm2—likely contributed to the significantly de‐
teriorated surface quality, especially in groove #3. In 
contrast, CPAM demonstrated minimal tool wear com‐
pared to CM. The detrimental edge chipping observed 
in CM did not occur in CPAM, and the flank wear on 
the flutes was much less pronounced. This observation 

of minimal tool wear aligns with the consistent mate‐
rial removal and stable surface quality noted in CPAM, 
supporting the notion that CP treatment enhances the 
tool longevity and performance.

UVAM was accompanied by severe tool wear, in 
particular extensive edge chipping on both flutes. The 
chipped area on Flute 1 was more than twice as large 
as in CM, and the depth of the chipping was almost 
three times larger; there was a total edge chipping size 
of 0.142 mm2, which is an increase of 217.70% com‐
pared to CM. This severe tool wear likely caused the 
drastic deterioration in surface quality observed in the 
milling process from groove #2 onward.

CP-UVAM showed more promising results than 
UVAM alone. The pretreatment of BMG with CP re‐
duced the severity of edge chipping, particularly by pre‐
venting chipping on one flute and reducing the edge 
chipping size on the other, where the chipped edge size 
was only approximately half that of UVAM alone. How‐
ever, the total edge chipping size in CP-UVAM was 
still 43.97% higher than that in CM with 0.064 mm2, 
indicating that while CP treatment mitigated some wear 
effects, it could not entirely prevent edge chipping. This 
analysis of tool wear demonstrates the complementary 
roles of each technique: CPAM excels at preventing tool 
damage by conditioning the material, UVAM markedly 
reduces forces but at a high cost to tool integrity, and 
CP-UVAM successfully integrates both of these bene‐
fits, achieving significant force reduction while main‐
taining tool condition far better than UVAM alone. This 
optimal trade-off and synergy are central to the practi‐
cal viability of the proposed strategy.

4 Conclusions 

We demonstrated that CP treatment significantly 
enhances micromilling of BMGs by transforming their 
surfaces from hydrophobic to super hydrophilic, im‐
proving coolant penetration and reducing shear band 
initiation resistance. This result was confirmed by na‐
noindentation and scratch tests. The increased plastic 
deformability resulting from CP alone enabled smoother 
material removal; accordingly, this approach achieved 
the best surface quality and minimal tool wear, high‐
lighting its standalone efficacy. Meanwhile, ultrasonic 
vibration reduced cutting forces through high-frequency 
oscillations but also caused severe tool edge chipping, 
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degrading surface quality over time. However, the com‐
bined CP-UVAM approach synergistically mitigated 
these drawbacks: CP lubrication and deformability 
improvements counteracted the ultrasonic vibration-
induced tool wear, while ultrasonic vibration force re‐
duction complemented CP material softening, resulting 
in stable cutting forces, minimal edge chipping, and su‐
perior surface consistency. These findings underscore 
the pivotal role of CP—both independently and in hy‐
brid processes—in overcoming the challenges of ma‐
chining brittle amorphous alloys. Therefore, this hybrid 
approach offers a promising pathway for advanced 
BMG machining strategies.
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