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ARTICLE INFO ABSTRACT

Handling editor: M Meyers Tungsten alloys are widely employed in the fields of optics, medicine, and high-energy physics due to their
exceptional physical properties. However, their inherent hardness, brittleness, and significant phase disparity
present substantial challenges for precision & ultra-precision machining, including severe tool wear and surface
defects. This research introduces ultrasonic elliptical vibration cutting (UEVC) with cemented carbide tools. It
draws from the experience of UEVC of tungsten alloys with natural diamond tools in successfully achieving
nanoscale surface. Comparative experiments involving cutting processes with and without the application of
ultrasonic elliptical vibration were conducted to evaluate tool wear, chip formation, surface integrity, and the
evolution of subsurface microstructures. The findings reveal that UEVC significantly suppresses tool wear and
enables the formation of defect-free surfaces (Sa = 115 nm) compared to conventional cutting. The subsurface
features a uniform, nanocrystalline layer (~1000 nm in depth, with grain sizes ranging from 50 to 100 nm) and a
broader dislocation distribution. This research corroborates the beneficial effects of ultrasonic vibrations in
UEVC. It attributes the suppression of surface defects during the material removal process to the continuous
ultrasonic impacts exerted by the tool. These impacts promote the proliferation, long-range motion, and inter-
action of dislocations, leading to a transition from brittle fracture to ductile removal modes, thereby supporting
the prevailing “ultrasonic theory."
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1. Introduction

95W-3.5Ni-1.5Fe alloys (referred to hereafter as tungsten alloys), are
fabricated through liquid-phase sintering by embedding quasi-spherical
single-crystal tungsten particles into a ductile Fe-Ni solid solution ma-
trix [1,2]. Tungsten alloys exhibit remarkable physical properties,
including high density (16.0-18.8 g/cm®), high hardness, excellent
high-temperature strength and creep resistance, as well as low
deuterium-tritium retention rates and low sputtering yields. These at-
tributes make tungsten alloys highly sought after in fields such as optics,
medicine, and high-energy physics. Typical applications include optical
lens molds, reaction chambers linings for large-scale high-energy
physics experiments [3], and plasma-facing components such as divertor
armor layers [4]. Consequently, tungsten alloys are recognized as stra-
tegically significant materials.

Despite their advantages, tungsten alloys pose substantial challenges
in conventional machining due hardness (27-32 HRC) and brittleness
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(with a room-temperature elongation of only 0.01% for single-crystal
tungsten particles) [5]. Material removal is predominantly governed
by brittle fracture, resulting in severe tool wear and difficulties in
achieving satisfactory surface quality. Furthermore, the bimodal me-
chanical properties of tungsten alloys (wherein the tungsten phase is
hard and brittle, and the nickel-iron bonded phase is soft and viscous),
lead to substantial disparities in material response. These differences
induce alternating loads during machining, exacerbating tool wear and
making tungsten alloys exceptionally difficult to process.

Ultrasonic elliptical vibration cutting (UEVC) superimposes ultra-
sonic elliptical vibration onto the tool tip to generate an elliptical motion
trajectory. It has been widely employed to enhance the machinability of
difficult-to-machine materials [6]. Numerous researchers have explored
the use of UEVC combined with natural diamond tools to investigate
ultra-precision machining of tungsten alloys, focusing on material
removal mechanisms, surface formation dynamics, and process optimi-
zation. For instance, Pan et al. [7] developed a roughness prediction
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model for tungsten alloys in UEVC using convolutional neural networks.
Yin et al. [8,9] conducted comparative studies on ductile surface gen-
eration mechanisms in UEVC of tungsten alloys by varying phase dif-
ferences and ultrasonic vibration combinations, highlighting the role of
strain rate. However, these studies primarily provided phenomenolog-
ical analyses of surface roughness and hardness without delving into the
microstructural evolution. Wang et al. [10-15] employed molecular
dynamics simulations using LAMMPS to analyze the effects of cutting
parameters, including rake angle and tool edge radius, on the
ultra-precision machining of single-crystal tungsten. He concluded that
the intermittent stress peaks during UEVC can exceed the activation
thresholds of most slip systems in single-crystal tungsten, thereby
addressing its low dislocation mobility. Bai et al. [16] investigated
generation mechanisms of ductile surface in UEVC of tungsten alloys
through a multi-scale coupling framework based on dislocation density.
He identified the nucleation and migration of dislocations as the critical
factors enabling ductile surface formation in UEVC of tungsten alloys.
Collectively, these studies highlight the efficacy of UEVC with natural
diamond tools in achieving ultra-precision machining of tungsten alloys.

However, natural diamond cutting tools, with edge radii ranging
from 5 to 50 nm, are primarily suited for ultra-precision machining.
Their high cost, limited cutting parameters (e.g., cutting speeds of 0.5-2
m/min, cutting depth of 1~5 pm, and feed rates of 5~15 pm/rev), and
reliance on ultra-precision machine tools result in high machining costs,
low efficiency, and restricted applicability to large-sized components.
Conversely, tools made from cubic boron nitride (CBN), polycrystalline
cubic boron nitride (PCBN), and cemented carbide offer greater adapt-
ability, durability, and cost-effectiveness, are predominantly used for
semi-precision and precision machining (The industry consensus is to
require surface roughness between 0.8 pm and 0.16 pm with a tolerance
grade of IT7 to IT5 for precision and 1.6 pm-0.8 pm with a tolerance
grade of IT8 to IT7 for semi-precision machining). Many researchers
have investigated precision machining of tungsten alloys using CBN,
PCBN, and cemented carbide tools. Sreejith et al. [17] compared elec-
trical discharge machining (EDM) with rough and finish turning using
AlTiN-coated cemented carbide tools on a CNC turning center. The re-
sults indicated that even the best-performing finish turning yielded a
surface roughness as high as 0.8 pm. Wang et al. [18] evaluated the
cutting performance of different tools in turning of tungsten alloys,
finding that TiAIN-coated cemented carbide tools demonstrated superior
tool life (15 km) under optimized conditions. Mike et al. [19] conducted
turning experiments on high-purity tungsten (W > 99.9%) using
different tool materials, concluding that only PCD and PVD
(TiAIN-TiSiN)-coated cemented carbide tools achieved satisfactory
performance, albeit with limited surface roughness improvements (Ra
= 1.1-1.7 pm). Nandam et al. [20] explored cutting experiments on
tungsten alloys with a focus on cooling methods, introducing liquid ni-
trogen for forced cooling to mitigate the adverse effects of cutting heat
on the tool. The results indicated that cryogenic cooling with liquid
nitrogen effectively removed cutting heat from the machining zone,
improving the machinability of tungsten alloys. Compared to conven-
tional water-based cooling, this method reduced surface roughness by
approximately 20% (from Ra 1.2 pm to Ra 1.0 pm), decreased cutting
forces by about 50%, and extended tool life nearly threefold.

In summary, existing research on cutting tungsten alloys using
cemented carbide tools is relatively limited and primarily focuses on two
approaches: exploring different tool materials and controlling cutting
temperatures. Nevertheless, the issues of high cutting forces/heat, se-
vere tool wear, and the inability to further enhance surface machining
quality remain unresolved. Some researchers propose that the impact
effect generated by ultrasonic elliptical vibration combined with natural
diamond tools induces localized high pressure in the cutting zone. This
effect is attributed to the extremely sharp cutting edge of natural dia-
mond tools (approximately 5~50 nm), which creates an exceptionally
small tool-workpiece contact area and leads to localized high pressure.
These conditions significantly influence the material removal
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mechanism of tungsten alloys by inducing microstructural evolution [9,
21,22]. This insight prompts us to consider: the cemented carbide tools,
which lack such a small tool-workpiece contact area in cutting process,
how would the introduction of ultrasonic elliptical vibration affect the
material removal mechanism and the microstructural evolution of
tungsten alloys? This question is critical for the assembly precision and
service life of tungsten alloy components in various application sce-
narios. However, the underlying mechanisms remain unknown. Hence,
this study aims to draw inspiration from the remarkable effects of UEVC
observed in machining tungsten alloys with natural diamond tools, to
investigate the application of UEVC using cemented carbide tools. While
confirming the feasibility of UEVC tungsten alloys with cemented car-
bide tools, an attempt was made to elucidate the material removal
mechanism and surface formation mechanism. It will help fill the gap in
the field of UEVC tungsten alloys for precision machining. It is worth
noting that this research may inversely contribute to the theoretical
development of UEVC tungsten alloys for ultra-precision machining.

This investigation integrates UEVC technology with cemented car-
bide tools. An investigation was undertaken to conduct a comparative
analysis of tool wear, surface integrity, chip formation, and subsurface
microstructure during the machining of tungsten alloys, with and
without the application of ultrasonic elliptical vibration. The results
reveal the material removal mechanism and surface formation process of
UEVC using cemented carbide tools. This methodology markedly en-
hances the precision and semi-precision machining capabilities of
tungsten alloys. Furthermore, the research offers a valuable reference
for the precision and semi-precision machining of other difficult-to-
machine metallic materials, providing significant insights for
advancing and expanding the industrial implementation of UEVC
technology.

2. Experiments

The experimental setup for UEVC of tungsten alloys is shown in
Fig. 1. The machining was performed on a three-axis ultra-precision
single-point diamond turning machine, which consists of a spindle/C-
axis, X-axis, and Z-axis. The UEVC system, independently developed,
operates at an frequency of 27 kHz with a peak-to-peak amplitude of 4
pm. The workpiece material is provided by Beijing Antai Technology Co,
Ltd, China. The sample geometry is a cylinder with a diameter of 15 mm
and a height of 5 mm. The mechanical performance parameters of
tungsten alloys are summarized in Table 1.

To investigate the surface quality, chip formation, microstructure,
and cutting force variations under both UEVC and CC conditions, ex-
periments were conducted in two groups. For CC, the ultrasonic power
was deactivated, with the UEVC device functioning solely as a tool
holder. The specific machining parameters are detailed in Table 2 (The
experimental parameters were chosen with reference to the studies of
machining of tungsten alloys by cemented carbide tools and UEVC of
tungsten alloys with natural diamond tools [18,23]). The cutting tool
used was a TiAIN-coated cemented carbide tool (KC5010) manufactured
by Kennametal, USA. The tool features a nose radius of 0.4 mm, an edge
radius of 20 (+5) pm, a rake angle of 0°, and a flank angle of +15°.

The surface roughness of the machined samples was measured using
a Surface Optical Profiler (SOP, NewView 9000, Zygo Corporation,
USA). The surface morphology and chips were characterized using a
Scanning Electron Microscope (SEM, SU5000, Hitachi, Japan). The
cross-sectional microstructure evolution of the samples was analyzed via
Electron Backscatter Diffraction (EBSD). Samples for Transmission
Electron Microscopy (TEM, FEI Tecnai F20 200 kV) observation were
prepared using a Focused Ion Beam (FIB, Helios 5CX). A dynamometer
(kistler, Switzerland) was used for the cutting process cutting force
acquisition with a sampling frequency of 90 kHz. Three measurements
were taken, and the average value was calculated.
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Fig. 1. Cutting experiment site and principle schematic: (a) Experimental site, (b) Schematic of cutting process, (c) Principle schematic of cutting process, (d)

Cutting mode.

Table 1

Mechanical performance parameters of tungsten alloys.

Items Tungsten alloys
Match 95 W-3.5Ni-1.5Fe
Heat treatment Sintering
Density/(g/cm®) 18.10 + 0.15
Elongation (%) 8~22
Tensile strength/MPa 800~1100
Hardness/HRC 27~32
Table 2
Experimental parameters.
Items UEVC CC
Cutting speed v,/m-min ! 20 20
Nominal cutting depth a,/pm 15 15
Feed rate f,/pm-r ! 20 20
Ultrasonic amplitude Ax/pm 4 0
Ultrasonic amplitude Ay/pm 4 0
Frequency f/kHz 27 0
Cooling conditions Alcohol Alcohol

Tool material

Tungsten carbide

Tungsten carbide

5784

3. Results and analysis of experiments
3.1. Tool wear

The wear morphology of the cemented carbide tool is presented in
Fig. 2. Fig. 2 (a) depicts the worn region of cemented carbide tool in CC.
As observed in Fig. 2 (b), the tool exhibited significant wear, predomi-
nantly on the flank face. The worn area appeared relatively flat, with
minor scratches and a small amount of adhesion on the surface. Notably,
no “thin-to-thick” transitional features characterized of the coating layer
were observed at the edges of the worn region. The predominant wear
mechanism in CC was identified as mechanical abrasion, mainly
attributed to the presence of hard tungsten phases in tungsten alloys.
The scratches at the edges of the wear area further confirmed this
observation.

Energy dispersive spectroscopy (EDS) analysis revealed variations in
the content of the original elements W, N, and C within the wear region,
as shown in Fig. 2 (c). Additionally, elements from the workpiece ma-
terial, such as Ni and Fe, as well as O from the ambient environment,
were detected. The absence of coating elements (e.g., Ti and N) on the
worn surface indicated that the coating had been completely removed,
rendering it ineffective in protecting the tool. While W is a base material
element of the tool, it may also originate from the diffusion of tungsten
alloys as evidenced by the presence of small amounts of Ni and Fe,
further supporting the occurrence of diffusion wear during the cutting
process. The presence of oxygen was attributed to oxidation wear, which
occurred due to the oxidation of the tool material during cutting. The
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Fig. 2. Topography of tool wear: (a) SEM image of worn-out cutting tool by CC: (b) Magnified view of (a), (c) EDS analysis of cutting tools in CC, (d) SEM image of
worn-out cutting tool by UEVC, (e) Magnified view of (c), (f) EDS analysis of cutting tools in UEVC.

oxidation initiation temperature for cemented carbide was approxi-
mately 300 °C, and previous studies indicated that cutting temperatures
under these conditions can reach up to 375 °C, leading to oxidation of
the tool material. The resulting oxidation reactions reduced the hardness
of the tool, accelerating mechanical wear. In summary, the predominant
wear mechanisms of TiAIN-coated cemented carbide tools in CC were
mechanical abrasion, accompanied by diffusion wear and oxidation
wear.

Fig. 2 (d) depicts the worn region of the cemented carbide tool under
UEVC. It was evident that the tool’s overall geometry remains relatively
intact, with no observable fracturing or chipping of the cutting edge.
Nevertheless, localized coating wear and spalling can be detected. A
higher-magnification view in Fig. 2 (e) the sequential presence of the
tool coating, the coating wear zone, and the underlying substrate one
can be clearly observed. Elemental analysis in Fig. 2 (f) indicated that
the main elements in the worn region were N, Ti, and Al—typical con-
stituents of the coating—indicating that the coating has not been
completely breached. In conjunction with the observed wear
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morphology, this finding indicated that UEVC effectively suppressed
tool wear. This effect is primarily attributed to the unique micro-
removal and friction reversal characteristics introduced by UEVC,
which reduce friction and inhibit material adhesion, thus mitigating tool
wear and extending tool life. The smooth coating wear band and the
scratch marks observed within the worn zone indicate that mechanical
friction remains the dominant wear mechanism. Moreover, the presence
of oxygen in the EDS analysis confirms that oxidative wear still occurs.

Additionally, the reduction in cutting forces in UEVC is another
critical factor in mitigating tool wear. As illustrated in Fig. 3(a-b), which
presents the time-domain signals of the cutting forces, and Fig. 3 (c),
which compares their average values (where Fx is the feed-direction
force, Fy is the cutting force along cutting depth, and Fz is the main
cutting force along cutting direction), UEVC exhibits markedly lower
cutting forces compared to CC—most notably along the cutting direc-
tion, where the average cutting force in UEVC (0.466 N) is merely one-
third of that in CC (1.337 N). This significant reduction in cutting force
evidently diminished mechanical frictional wear on the tool.
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3.2. Surface morphology

As illustrated in Fig. 4, the surface morphologies of workpieces
machined by CC and UEVC exhibit marked differences.The character-
ization of material removal modes was conducted by examining the
type, quantity, and spatial distribution of surface damage. In Fig. 4(a—c)
the appearance of “scale-like” folded material, microcracks, and
tungsten-phase spalling indicates that the surfaces machined by CC
predominantly undergo brittle or semi-brittle removal. Under the
compressive action of the tool, tungsten particles—limited by their
intrinsic material properties—failed to undergo plastic deformation.
Once energy accumulates beyond the fracture threshold, the release
occurs through brittle fracture mechanisms, manifested as microcracks
and material spalling. Conversely, the surfaces depicted in Fig. 4(d) and
(e), machined by UEVC, feature a highly regular wavelike pattern
(attributable to the geometric trajectory of ultrasonic elliptical vibra-
tion) and are essentially defect-free. The formation of defect-free sur-
faces depends on the enhancement of material deformation plasticity
and suppression of brittle fracture during material removal, Further, this
can be attributed to the generation of a large range of high-density
dislocations and ordered nanofine crystalline layers induced by
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ultrasonic elliptical vibrations. This morphology reflects a ductile
removal characteristic, distinguishing UEVC from the brittle or semi-
brittle modes in CC.

Fig. 5 presents 3D surface profiles of the machined samples. Upon
examining the residual cutting height and surface defects, further in-
sights into the material removal modes for each machining method
could be gained. Fig. 5 (a), numerous pits (blue spots, Sa ~300 nm,
which is significantly lower than that of 290 nm for CC.) resulting from
material fragmentation was observed, reaffirming the presence of brittle
fracture during the CC. By contrast, Fig. 5 (d) reveals that the quantity
and depth of pits on machined surface in UEVC are substantially
reduced, yielding a smoother surface in the cutting direction (Sa ~117
nm) and more regular feed marks. These features suggest that material
removal in UEVC may occurred in a ductile or partially ductile regime.

3.3. Chip and subsurface morphology analysis

Section 3.2 characterization results confirm that UEVC with
cemented carbide tools can achieve better surface quality of tungsten
alloys. However, relying solely on surface quality improvements to
substantiate a transition in the material removal mode remains

) ™ E LI
i 3

y ~:Gd.0;lxm'

Fig. 4. SEM images of processed surface morphology of tungsten alloys: (a)-(c) CC, (g) & (j) UEVC.
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inconclusive. This is because it could also be the interference between
the tool and the material, leading to slight plastic deformation. This
deformation likely smooths over the brittle fracture marks, while
simultaneously creating a wavelike structure on the surface. To further
investigate the technical feasibility of using cemented carbide tools in
UEVC of tungsten alloys, it is essential to analyze the chips formation
during the cutting process and the subsurface morphology of the
machined workpieces. Specifically, conductive adhesive tape was used
to collect the chips, which are then observed using SEM.

In comparison to the intermittent quasi-shear state observed in the
chip formation process during CC, UEVC undoubtedly leads to a
continuous shear state. As shown in Fig. 6, the chips formed in CC was
fragmented, with lengths ranging from 50 to 200 pm. The bottom of the
chips exhibits plastic deformation and surface tearing along the chip
flow direction. These features are attributed to the strong compression
and high friction between the chip base and the tool’s rake face. In
contrast, as illustrated in Fig. 7, UEVC significantly increases the chip
length (with chips reaching lengths of 500-2000 pm, which is 3-10
times greater than those in CC). The bottom of chips also shows
noticeable plastic deformation but without significant tearing damage,
indicating that the material removal process is dominated by shear
deformation in a stable ductile removal mode. The increase in chip
length undoubtedly indicates an increase in the plastic deformability of
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the material during UEVC tungsten alloys, which has been attributed to
the ultrasonic vibration promoting the proliferation and migration of
dislocations, thus increasing the plasticity of the material (please refer to
the subsequent discussion section for the theoretical basis).

Similar to the chip analysis reflecting the removal process, the sub-
surface microstructure further characterizes the material removal mode.
As shown in Fig. 8(a—c), the subsurface of CC exhibits prominent
microcracks, corresponding to the brittle fracture phenomenon
commonly observed in CC. This suggests that the material removal mode
in CC involves an interplay between intermittent shear and brittle
fracture. In contrast, as shown in Fig. 8(d) and (e), no microcracks are
observed in the subsurface of UEVC sample (Region A primarily consists
of compressed tungsten particles and Ni-Fe binding phase, with slender
black gaps corresponding to compressed Ni-Fe binding phases, not
microcracks). Therefore, the material removal mode in UEVC was
determined to be continuous plastic shear removal. In summary, the
results of the chip morphology (length, upper and lower surface
morphology) and sub-surface micro-morphological observations
confirm the change in the material removal pattern under the different
cutting modes, which is responsible for the high surface quality of UEVC.
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3.4. Subsurface EBSD analysis

Macroscopically, tungsten alloys exhibit degree of plasticity (tensile
elongations ranging from 8% to 20%) [12,24]. However, this plasticity
primarily arises from deformation in the Ni-Fe binder phase. By
contrast, tungsten particles themselves possess pronounced hardness
and brittleness, which underlies the fundamental challenges in
machining tungsten alloys. Accordingly, this research focuses on the
crystal structure evolution of single-crystal tungsten particles, excluding
the influence of the binder phase or the interphase boundaries.

Fig. 9 presents the subsurface dislocation distributions in tungsten
alloys. Although the maximum dislocation density does not differ
significantly between the two cutting processes. Closer inspection re-
veals that, dislocations was confined to a depth of approximately 5 pm
beneath the surface in CC. In contrast, under UEVC, the dislocation-
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affected region extends to approximately 25 pm. This observation
aligns with K.W. Siu’s [25] conclusion that “superimposed ultrasonic
vibrations promote longer-range dislocation motion”, thereby providing
theoretical support for subsequent investigations into the transition
mechanisms of tungsten alloy material removal.

Fig. 10 presents Inverse Pole Figure (IPF) maps illustrating the local
morphology and grain size of the subsurface region of tungsten alloys
specimens. As shown in Fig. 10(a) and (b), surface morphology of CC
exhibits a flowing, gently sloping mountainous structure, and the grain
refinement within the subsurface region is not notably pronounced, with
a limited affected layer thickness. This limited grain refinement is pri-
marily attributed to the substantial energy dissipation caused by brittle
fracture, such as transgranular cleavage fractures, occurring in the
single-crystal tungsten particles. These fracture modes consume signif-
icant energy, thereby reducing the efficacy of grain refinement in the
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Fig. 9. Distribution of sub-surface dislocations by CC and UEVC: (a) CC, (b) UEVC.

subsurface region.

In contrast, the surface generated by UEVC depicted in Fig. 10, was
markedly smoother and devoid of the mountainous structures observed
in CC. Simultaneously, UEVC subsurface exhibits a uniform, consistent,
and orderly grain refinement layer (depth of approximately 5 pm),
where the average grain size was reduced to 50-500 nm (original single-
crystal tungsten particles diameters of 40 pm). Notably, the refined grain
layer exhibits a gradient distribution, with grain diameters in the
topmost surface layer ranging from approximately 50 to 100 nm. The
grain boundaries within the refined layer are predominantly formed by
dislocation walls induced by ultrasonic vibrations. These dislocation
walls undergo processes such as migration, aggregation, and annihila-
tion of numerous dislocations, leading to the transformation of high-
density dislocation walls into subgrain boundaries. Ultimately, dy-
namic recrystallization occurs, completing the grain refinement of
tungsten [26-28]. Additionally, ultrasonic vibration introduces a sub-
stantial number of dislocations while inducing localized plastic
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deformation. This results in pre-damage within the first and second
deformation zones of the material, facilitating ductile material removal
and enhancing the cutting performance of tungsten alloys.

3.5. TEM analysis

The TEM bright-field images in Figs. 11 and 12 reveal subsurface
microstructures under different machining conditions, providing insight
into dislocation characteristics and grain boundary distribution. The
micrographs validate previous analyses, showing a significant increase
in dislocation density and the formation of an ultrafine-grained (UFG)
layer near the surface, with a thickness of 300~1000 nm.

Fig. 11 illustrates the subsurface microstructure of machined samples
in CC. Parallel and intermittently persistent slip bands (PSBs) containing
tangled dislocation configurations are evident, which contribute to the
initiation and propagation of microcracks within grain interiors. Fig. 11
(c) and (d) provide enhanced details of specific regions in Fig. 11 (b). In
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Fig. 10. EBSD IPF maps of machined surface by CC and UEVC: (a)-(c) CC, (d)-(g) UEVC.

addition to the refined grains formed through dynamic recrystallization,
twin structures and tightly bonded fragmented particles are observed
(The boundaries of these particles appear thin and indistinct, which
prevents them from being conclusively classified as refined grains).
Fig. 12 illustrates the subsurface microstructure of UEVC samples.
The micrographs reveal distinct curved grain boundaries, interwoven
dislocations, well-defined ultrafine grains, and the presence of twins. In
addition, twin structures were present, although their density is
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relatively low. This observation indicates that dislocation slip is the
dominant deformation mechanism during UEVC of tungsten alloys. The
UFG layer in UEVC samples is approximately three times thicker than
that in CC, with a depth of 700~1100 nm and grain sizes ranging from
50 to 100 nm. Additionally, elongated grains exhibit a gradient distri-
bution along the vertical direction, with grain width increasing from the
machined surface towards the interior. This gradient distribution sug-
gests that different regions of the machined surface experience varying
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Fig. 11. TEM morphologies of machined surface created by CC with various measurement scales: (a) 500 nm, (b) 200 nm, (c-d) 100 nm.

degrees of stress and strain due to the influence of gradient stress fields
[29,30]. During UEVC, the cutting load applied by the tool tip facilitates
compressive deformation of grains, while ultrasonic vibration enhances
the proliferation and interaction of intragranular dislocations. These
dislocations subsequently transform into subgrain boundaries. As the
cutting process progresses, these subgrain boundaries evolve into grain
boundaries, and the compressed grains are refined into nanocrystals
through dynamic recrystallization.

Based on the subsurface microstructure, it is reasonable to assume
that the first and second deformation zones of the cutting process are
also characterised by the presence of a large range of high-density dis-
locations and nano-fine crystalline layers. This is the key to the inhibi-
tion of brittle fracture in UEVC tungsten alloys to generate ductile
surfaces.

4. Discussion
The high quality of machined surface of tungsten alloys achieved

through UEVC is attributed to two primary factors. Firstly, the sup-
pression of tool wear is a consequence of distinctive characteristics of
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UEVC, including “friction reversal,” “tool-work separation,” and
“reduced cutting forces.” Secondly, the inherent “reduction of brittle-
ness and enhancement of toughness” during the cutting process is also a
contributing factor [31,32]. Nevertheless, the fundamental mechanism
of “reduction of brittleness and enhancement of toughness” in UEVC
remains to be fully clarified. Current researches primarily categorize the
proposed mechanisms into the “ultrasonic theory”, which posits that the
ultrasonic  vibration involves material modification through
ultrasonic-induced dislocation generation and phase transformations
[33]1, and the “elliptical trajectory theory,” which asserts that the pres-
ence of an elliptical tool trajectory results in a substantially reduced
actual cutting depth compared to the nominal cutting depth [34-36]. In
addition, including the “high-pressure cutting zone” induced by
single-crystal diamond tools and “high-stress peaks” generated by
vibrations—are also recognized as critical inhibitors of brittle fracture
during tungsten alloys machining. Some researchers even advocate for a
synergistic interaction among these mechanisms.

The material removal process in UEVC is shown in Figs. 13(a)-
Fig. 13 (b) shows the side view of Fig. 13(a)-and Fig. 13 (b) is further
enlarged as Fig. 13(c—d). As shown in Fig. 13 (c), the tool is assumed to
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Fig. 12. TEM morphologies of machined surface created by UEVC with various measurement scales: (a) 500 nm, (b) 200 nm, (c-d) 100 nm.

be idealized, disregarding the edge radius, and the rake angle is estab-
lished to 0° to simplify the geometric relationships. At point t;, the tool
completes the previous cutting cycle and enters a “tool-workpiece sep-
aration” state. At point ty, the tool initiates the subsequent cutting cycle,
commencing the removal of a minor amount of material. At point t3, the
processing of the transition surface is completed, and subsequently, the
current cutting cycle concludes at point t4, where the tool transitions
into a “tool-workpiece separation” state. In accordance with the “ellip-
tical trajectory theory”, surface generation in UEVC predominantly oc-
curs during the ty-t3 phase. During this interval, the nominal cutting
depth is reduced below the critical depth for the brittle-to-ductile tran-
sition, enabling plastic removal of the material [21,37].

The afore mentioned theory is undoubtedly applicable to UEVC with
natural diamond tools and is widely recognized as the mechanism for
achieving plastic deformation-based surface generation in ultra-
precision machining. However, it is evidently inapplicable to cemen-
ted carbide tools with large edge radius (20-30 pm). As illustrated in
Fig. 13 (d), due to the excessively large blunt radius, material removal
during tp-t3 interval becomes ineffective (with the peak amplitude of
approximately 2 pm, the maximum cutting depth during t»-t3 is limited
to 2 pm). Instead, only ironing, extrusion, and friction-induced limited
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strain occur. inherently negates both elliptical trajectory effects and
high-pressure zone formation, thereby enabling the effect of ultrasonic
vibration to be verified independently. Material removal primarily oc-
curs during t3-t4 phase, which is defined as the cutting stroke (),
calculated as the ratio of nominal cutting speed to vibration frequency.
This cutting stroke increases with higher nominal cutting speed. Based
on experimental characterization, conclude that material removal in
tungsten alloys is closely associated with the nucleation and migration
of dislocations within the cutting zone.

The nucleation and evolution of dislocations proximate to the crack
tip are pivotal in the processes of crack shielding and blunting. Tung-
sten, as a body-centered cubic (BCC) metal with extremely low dislo-
cation mobility, experiences rapid cleavage fracture of single-crystal
tungsten grains when the sliding edge dislocations are insufficient to
accommodate the plastic deformation at the crack tip [38,39]. The
intrinsic nature of the transition between material brittleness and
ductility resides in the competition between the propensity for plastic
deformation and crack propagation [40]. The embrittlement tendency
inherent in BCC tungsten, resulting from low dislocation activity, can be
mitigated by increasing the density of mobile dislocations. Ultrasonic
vibration augments the activity and proliferation of dislocation dipoles
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[16]. In light of this, it is concluded propose that the high-density dis-
locations induced by UEVC in the primary and secondary deformation
zones are crucial in suppressing brittle fracture and achieving ductile
surfaces in tungsten alloys. High-density dislocations are further
migrated, aggregated and annihilated to generate an ordered ultrafine
crystal layer (grain size of approximately 50-100 nm). Although, ac-
cording to the Hall-Petch relation, grain refinement can increase the
yield strength and hardness of a material, which theoretically reduces
the machinability, grain refinement can have a significant effect on
improving the low-temperature toughness, which has been attributed to
the fact that the finer grains can better absorb and dissipate externally
loaded energy, allowing the material to maintain a better toughness at
low temperatures. Taken together, the presence of the nanofine grain
layer is gainful in suppressing brittle fracture during single crystal
tungsten processing. So far, high-density dislocations and nano-fine
crystalline layers are the intrinsic mechanisms for the improvement of
surface quality of UEVC tungsten alloys.

Compared with natural diamond tools in conjunction with UEVC,
although the machined surface achieved by cemented carbide tools with
UEVC does not reach the ultra-precision machining level. Nonetheless,
their economical cost signifies considerable potential for augmenting
the batch production of tungsten alloys components. In comparison to
CC, the machining-induced dislocation generation and grain refinement
facilitate performance-centric manufacturing regulation, including
enhanced radiation resistance. In the future, this research endeavors to
investigate applications in the fabrication of components that demand
moderate machined surface quality but excellent resistance to ion
impact, such as the “first wall structures” within fusion devices.
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5. Conclusions

Experimental investigations were conducted on the precision
machining of tungsten alloys (95W-3.5Ni-1.5Fe) using cemented car-
bide tools in both CC and UEVC to establish the correlation between
machined surface quality and subsurface microstructure. Further, the
formation mechanism of ductile surface in UEVC of tungsten alloys was
analyzed. The main conclusions of this research are as follows:

Compared to CC, UEVC has a significant effect on tool wear. Both of
them are mainly mechanical wear, accompanied by other forms of wear
such as diffusion wear, oxidation wear, etc. The inhibition of tool wear
by UEVC is mainly attributed to the properties of ‘cutting force reduc-
tion’ and ‘friction reversal’.

UEVC significantly improves the surface quality of tungsten alloys,
which is mainly reflected in the reduction of surface defects and surface
roughness (from Sa = 290 nm to Sa = 115 nm). The UEVC process
produces much longer chips thanCC (about 3-10 times), which proves
the ‘plasticising and brittle reduction’ properties of the UEVC process of
tungsten alloys. Sub-surface part: UEVC of tungsten alloys induces a
wide range of high-density dislocations on the surface and a uniform,
well-organised, ultra-fine-grained sub-surface layer (layer depth of
about 1000 nm, particle size of about 50-100 nm), with no visible cracks
or other sub-surface damage.These significant improvements are
attributed to a shift in the removal mechanism, transitioning from a
semi-brittle removal mode, characterized by extensive brittle fractures,
to a ductile and semi-ductile mode.

The study ruled out the role of elliptical trajectory, and concluded
that the high density of dislocations and nano-fine crystalline layer
induced by ultrasonic vibration are the intrinsic mechanism for the
improvement of the surface quality of tungsten alloys by UEVC. The
positive role of ‘ultrasound’ in the UEVC process is affirmed, which
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supports the ‘ultrasound theory’ in the existing theory.

Finally, due to the low cost of machining tungsten alloys with
cemented carbide tools, The UEVC tungsten by cemented carbide tools is
considered to be a cutting process with industrial potential for
improving the quality and overall performance of large-volume tungsten
alloy machining.
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