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Selective laser melting (SLM) offers advanced solutions for manufacturing high added value titanium alloy (Ti-
alloy) components, owing to its capability to facilitate rapid, integrated, and customisable manufacturing of
complex parts. However, surface machining is imperative for SLM-manufactured (SLM-ed) components due to
the poor surface integrity. SLM-ed Ti-alloy is a typical difficult-to-machine material, conventional machining
methods are difficult to realize high-efficiency and high-quality machining of SLM-ed Ti-alloy. Ultra-high-speed
machining (UHSM) exhibits immense potential for enhancing machining efficiency and quality. However, the
material removal mechanism of SLM-ed Ti-alloy in ultra-high-speed regions remains unclear. This study develops
a single-point scratching (SPS) system to investigate material removal mechanisms across speeds ranging from
20 m/s to 220 m/s. Systematic characterisations regarding surface creation, subsurface microstructure, and chip
formation were conducted using FIB and STEM techniques. The results revealed that the pile-up effect was
significantly suppressed at higher speeds. The machining-deformed zone (MDZ) exhibited a “skin effect,” with
plastic deformation confined to a superficial layer with a depth within 1 pm at 220 m/s. The deformation
mechanism transitioned from dislocation-mediated deformation (DMD) to twin-mediated deformation (TMD)
under extremely high strain rate conditions, leading to the formation of ultrafine grains with embedded twins
(UGENTS) structure. Additionally, the chip removal mode progressively shift from continuous chips to segmented
chips, and eventually to fragmented chips with increased scratching speed. This study provides an insight into
the material removal and deformation process of SLM-ed Ti-alloy under low to ultra-high-speed deformations,
and lays the theoretical basis for the high-efficiency and high-quality machining of difficult-to-machining
materials.

1. Introduction

Ti-alloy is one of the most primary structural metallic materials due
to its exceptional combination of high specific strength, extraordinary
corrosion resistance, and excellent biocompatibility [1,2]. It has been
increasingly applied in many critical industries, such as aerospace,
navigation, automotive, and biomedicine [3]. However, the conven-
tional manufacturing of Ti-alloy components usually involves protracted
cycles and complex processes. This invariably results in notable material
wastage, increased energy consumption, and pronounced environ-
mental pollution. Moreover, conventional manufacturing is difficult to
accommodate the rapid updates and improvements of modern products,
posing challenges in the production of high-performance Ti-alloy
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components [4].

Recently, selective laser melting (SLM), one of the most prosperous
metal additive manufacturing (AM) techniques, has attracted significant
attention owing to its ability to manufacture high-value Ti-alloy com-
ponents with high strength and integrated complex structures [5].
Meanwhile, SLM offers substantial advantages such as rapid prototyp-
ing, high material utilization, and the ability to create lightweight
products [6]. Consequently, it is gradually evolving into an indispens-
able manufacturing technique for producing high-quality components
[7]. Despite SLM manufactured (SLM-ed) components exhibiting better
surface quality compared to their counterparts produced by other metal
AM techniques, such as selective electron beam melting (SEBM) [8],
wire and arc additive manufacturing (WAAM) [9], and laser engineering
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Fig. 1. (a) EBSD inverse pole figure (IPF) showing the lamellar o + p microstructure; (b) Stress-strain curves (The inset displays the tensile properties comparison

with recent references) [29]. (Z direction is the building direction).

net shape (LENS) [10], the inherent poor surface quality of AM tech-
nology remains a persistent challenge limiting the widespread adoption
of SLM. Generally, as-built SLM-ed components exhibit an average
surface roughness (Ra) ranging from 5 to 40 pm [11], levels that are
considered unacceptable for critical structural and functional

components. Additionally, internal defects such as pores, cracks, and
lack of fusion, are easily induced during the complex SLM process [12],
particularly tending to distribute in the near-surface layer [13]. There-
fore, surface machining becomes imperative to enhance surface finish
and eliminate the defects in the surface layer [14].
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Fig. 2. Experimental setups: (a) Hardinge machine tool; (b) Schematic diagram of the single-point scratching. Preparation procedures: (c) On-process grinding; (d)
On-process polishing; (e) On-process dynamic balance process. (f) Single-point scratching process.
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However, Ti-alloy is recognized as a typical difficult-to-machine
material due to its high strength, low thermal conductivity, and high
chemical reactivity. The combined material characteristics result in
accelerated tool wear, compromised surface integrity, and low material
removal rate [15,16]. Furthermore, SLM-ed Ti-alloy possesses distinct
refined microstructures and mechanical properties, such as higher
strength, hardness, and residual stress compared to conventional Ti-
alloy. These discrepancies result in different machining characteristics,
introducing new machining challenges. Recent studies have demon-
strated that conventional machining of SLM-ed Ti-alloy can induce
higher cutting force, cutting temperature, and more severe tool wear
[17-19]. Consequently, the conventional machining of SLM-ed Ti-alloy
suffers from a dilemma between efficiency and quality, where achieving
high-quality often requires sacrificing efficiency.

Ultra-high-speed machining (UHSM) is a promising technique to
address the machining problems of SLM-ed Ti-alloy due to its ability to
achieve both high-quality and high-efficiency simultaneously [20,21]. It
has been demonstrated that the strain rate effect plays a key role in ultra-
high-speed region. The plastic deformation can be significantly sup-
pressed with an increase in strain rate, a ductile material might undergo
a brittle fracture as the strain rate exceeded a critical value [22]. Zhang
et.al [20] summarized the depth of subsurface damage (SSD) of different
materials under different strain rate conditions, it concluded that the
SSD was effectively reduced at a higher strain rate. Meanwhile, Guo et.al
[23,24] demonstrated that the surface quality of both Al6061T6 alloy
and Al/SiCp metal matrix composites can be improved in high-speed
grinding.

However, different material dynamic responses can be involved in
UHSM with strain rate reaching up to 10’ s~1. The mechanical proper-
ties and failure mechanisms are intimately connected to the strain rate of
external loading [25,26]. Meanwhile, the microscale activities such as
dislocation slip, twinning, and phase transformation can be altered
under extreme loading conditions [27]. Consequently, the material
removal mechanism, microstructure evolution, and damage mode un-
dergo substantial changes, and the established understanding of these
phenomena based on conventional machining may no longer be appli-
cable in the UHSM region [28].

Although extensive research has been conducted to reveal the ma-
terial removal and deformation mechanisms of Ti-alloy in the conven-
tional speed region [29,30], exploring these topics in the UHSM region
presents significant challenges. Conventional machining processes such
as cutting, milling, and drilling are difficult to realize extremely high
speeds [31,32]. While grinding process can achieve very high linear
speed, it is difficult to investigate the material deformation and removal
mechanisms during a grinding process due to the simultaneous and re-
petitive cutting of a large number of abrasive particles [33]. SPS is an
effective technique for investigating material removal mechanism at the
microscale. Nevertheless, the highest speed reported in previous
research for SPS studies was 120 m/s due to limitations in experimental
setup [34], which has not yet reached the UHSM region.

In tandem with these, a SPS system was designed and developed to
achieve ultra-high-speed scratching. Based on which, a series of SPS tests
from conventional to ultra-high-speed range (20-220 m/s) of SLM-ed
Ti6Al4V experiments were conducted. Subsequently, this study
applied focus ion beam system (FIB) + transmission electron microscope
(TEM) techniques to investigate the material removal mechanism from
the aspects of surface morphology/profile, subsurface deformation, and
chip formation characteristics, aiming to elucidate mechanism transi-
tion of material deformation and microstructure evolution from con-
ventional to extremely high speeds.

2. Experimental procedure and methodology
2.1. Working material and experimental setup

The SLM-ed Ti6Al4V samples with a high relative density (99.7 %)
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Table 1
Machining parameters setting for SPS of Ti-alloy.

Trials Scratching linear speed vy Feed speed v¢ (mm/ Depth of cut
(m/s) min) (pm)

1 20 313 2.5

2 60 938

3 100 1563

4 140 2188

5 160 2500

6 180 2813

7 200 3125

8 220 3438

were manufactured using optimized SLM parameters (Laser power: 220
W; scanning speed: 1200 mm/s; hatch spacing: 80 pm; layer thickness:
30 pm) [35]. The microstructure was characterized by lamellar o + f
with an average lath thickness of 282 nm (Fig. 1a). Furthermore, the
SLM-ed Ti6Al4V exhibited superior tensile properties, with a high ten-
sile strength of 1390 MPa, while maintaining a high elongation of 9.66
% simultaneously.

A SPS system was designed and developed based on a QuestGT27
grinding machine (Hardinge) equipped with a high-speed hydrostatic
motorized spindle (Fig. 2a). The schematic diagram of the SPS system is
shown in Fig. 2b. The SLM-ed Ti6Al4V samples (10x10x3 mm) were
affixed onto a titanium wheel using paraffin wax. The conical single-
point diamond tool, characterized by a tip radius of 30 ym and a cone
angle of 120°, was mounted on a carbon fiber reinforced plastic (CFRP)
wheel to achieve ultra-high-speed scratching. On-process grinding and
polishing were applied to remove the coarse surface layer and ensure all
scratch surfaces are on the same vertical plane (Abrasive papers from
#180 to #3000 (Fig. 2¢) and polishing cloth (Fig. 2d) were tailored and
affixed on another titanium wheel to realize on-process grinding and
polishing). Additionally, on-process dynamic balance was conducted to
guarantee dynamic balancing performance (Fig. 2e). A sample stage
with carbon tape was arranged above the sample to collect flying chips
(Fig. 2f). The machining parameters are summarized in Table 1, the
speed ratio of scratching linear speed and feed speed was fixed to pro-
duce evenly spaced parallel single scratches, and eight SPS trials with
scratching linear speed velocity varying from 20 m/s to 220 m/s were
carried out. Before each trial, a new single-point scratching tool was
substituted.

2.2. Material characterization methods

The machined scratches were analysed in terms of surface and sub-
surface. The surface morphology was detected by laser scanning
confocal microscopy (LSCM), and the cross-sectional profiles were
analysed by the MULTI-FILE ANALYSIS software. The focus ion beam
(FIB: Helios 600i) and transmission electron microscope (Talos F200X
G2) techniques were combined to reveal the subsurface microstructures.
The large cross-sectional TEM lamellae were extracted to investigate the
global distribution of the subsurface microstructure, while the longitu-
dinal section TEM lamellae were prepared to identify the deformation
mechanisms (The workflow for preparing TEM lamella by Fib is dis-
played in Fig. 3).

3. Results and discussion

To unveil the material removal mechanisms of SLM-ed Ti6Al4V from
conventional speed to ultra-high-speed. The surface creation charac-
teristics at various scratching speeds were first investigated. Subse-
quently, the study focused on the subsurface deformation analysis to
reveal the microstructure distribution and evolution under different
strain rate conditions. Finally, the chip formation mechanisms regarding
chip morphology and microstructure in the chip section were studied to
elucidate the removal modes transition with increasing scratching
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Cross-section

Fig. 3. Workflow for preparing TEM lamella by Fib: (a), (b) Coating carbon layer on the scratch surface to protect the interested surface layer; (c) Ion-milling to
expose the interested subsurface area; (d) Lift-out the cross-sectional sample after U cut; (e) Welding the sample to copper grid for further thinning; (f) Repeat

thinning with gradually decreasing current.

speed.

3.1. Surface morphology and profile of the scratches made at different
speeds

The typical 3D surface morphology and the corresponding average
cross-sectional profiles of the scratches made at low to ultra-high speeds
are displayed in Fig. 4, d-k. Distinct material pile-ups existed on both
sides of single scratches machined at relatively low speeds. These pile-
ups were produced due to the plastic deformation of workpiece mate-
rial under the ploughing effect of the tooltip. However, the material pile-
up decreased with the increase in scratching speed. The pile-up ratio R,
is employed to quantitatively evaluate the pile-up effect (The definition
of Ry is shown in Fig. 4, a and b). Fig. 4c depicts the statistical results of
the pile-up ratio as a function of machining speed. It is revealed that the
pile-up ratio linearly decreased from 74.8 % at 20 m/s to 51.6 % at 220
m/s, implying that the cutting effect was strengthened and the material
remove rate increased. This is inextricably tied to the material’s
different responses under varying strain rate conditions [36,37]. The
SLM-ed Ti6Al4V exhibited significant plastic deformation under low
strain rate loading conditions. However, with an increase in the strain
rate, the material flow was significantly suppressed and the material
brittleness increased, leading to the suppression of plastic deformation.

3.2. Subsurface microstructure distribution of the scratches made at
different machining speeds

Surface finish is a commonly employed criterion for evaluating
machining quality. However, a superior surface finish does not neces-
sarily guarantee an improvement in service performance. This is pri-
marily attributed to the substantial influence of subsurface
microstructure on mechanical properties [38-40]. In light of this, sys-
tematic characterizations combining FIB and STEM were employed to
investigate the subsurface microstructure distribution of SLM-ed
Ti6Al4V in SPS from conventional speed to ultra-high-speed regions.

The undeformed microstructure of a polished SLM-ed Ti6Al4V
sample prior to SPS was first characterized. As illustrated in Fig. 5, the
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parallel o martensite laths with sparsely distributed dislocations were
the dominant microstructure within the prior f grains (Fig. 5, a-c).
Furthermore, the compression {10—11} twins were detected between
some o laths (Fig. 5, c-f). These internal twins were generated to
accommodate the shape strain [41], and this twinning system is
commonly observed as the preferred twin structure in Ti6Al4V manu-
factured by laser AM techniques with high cooling rates and thermal
gradients [42]. Additionally, the thickness of the twins varied from a
dozen nanometres to more than one hundred nanometres due to the very
different local stress conditions.

From the scratch surface made at 20 m/s (Fig. 6a), distinct pile-ups
were identified along the scratch edges and small parallel grooves
were observed in the scratch surface. To reveal the subsurface plastic
deformation induced by scratching, the large cross-sectional TEM sam-
ples beneath the scratch were prepared by FIB technique. Based on the
global microstructure distribution (Fig. 6b), an MDZ with an average
thickness of around 2.8 pm, comprising severely deformed microstruc-
tures, was observed. The EDS map of oxygen element (Fig. 6¢) indicates
oxygen enrichment along the newly formed crack in the interface of the
pile-up and the matrix, while the V element shows a uniform distribu-
tion (Fig. 6d). To further reveal the microstructure distribution in MDZ,
three typical regions, including the scratch’s bottom, side wall, and pile-
up, were carefully analysed.

In the bottom region of the machined scratch, gradient microstruc-
tures were generated under the intense compression impact of the
tooltip (Fig. 6e). The topmost layer was full of dynamic recrystallisation
(DRX) grains with an average diameter of ~20 nm (Fig. 6f). Beneath the
DRX layer, fine elongated grains with multiple substructures such as
high-density dislocation tangles or slip bands were identified (Fig. 6g).
As for the side wall of the scratch, the microstructure in the topmost
layer was also DRX grains. In the deeper layer of MDZ, the grain struc-
tures were highly elongated along the direction of the side wall under
the extrusion force of the tooltip (Fig. 6, h-j). Furthermore, high material
pile-up was produced along the edges of the scratch at conventional
machining speed, and cracks were generated as the accumulated ma-
terial was continuously pushed to the pile-up region (Fig. 6k). The ma-
terial flow traces can be identified in the pile-up region and its
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Fig. 4. (a) 300 sections are extracted to generate an average cross-sectional profile; (b) Average cross-sectional profile; (c) Speed effect on the pile-up ratio (R, is the
ratio of the combined area A; + A, to area B); (d-k) 3D surface morphology of scratches machined at different machining speeds and the corresponding cross-

sectional profiles.

contiguous areas with the matrix, indicating the occurrence severe
plastic deformation (Fig. 6k). Additionally, the grains in the pile-up
region were severely deformed, forming bowed nanoscale laths, while
the surface layer in contact with the tooltip was full of DRX grains due to
the high thermomechanical effect (Fig. 6, 1 and m).

In contrast to the scratch machined at 20 m/s, the scratch made at
220 m/s exhibited relieved material pile-up and a smooth surface
(Fig. 7a). From the subsurface, the MDZ was substantially reduced to
~1 pm (Fig. 7b), which was decreased by 64 % compared to that at 20
m/s. The subsurface displayed a uniform distribution of V element, and
no oxygen enrichment occurred in the surface layer (Fig. 7, ¢ and d).
Furthermore, different microstructures were observed in the MDZ.

From the bottom of the scratch, it is revealed that the microstructure
was severely refined, forming ultrafine grains with a polygonal shape
(Fig. 7e). Particularly, high-density lens-like twins were induced within
these grains (Fig. 7f). The high-resolution TEM (HRTEM) image in
Fig. 7g shows a twin boundary, and the inset FFT pattern identifies that
the generated twins as {0111} compression twins. In the side wall region
of the scratch, a clear boundary between the MDZ and the matrix can be
distinguished (Fig. 7h). The enlarged views also reveal the ultrafine
grains with embedded twins (UGENTs) structure (Fig. 7, i and j).
Additionally, ultrafine grains were generated in the pile-up region,
exhibiting an average diameter in the range of 100 to 200 nm (Fig. 7k).
Moreover, substructures such as nanoscale twins and dislocations were
identified inside the ultrafine grains (Fig. 71). Similar to the observation
at 20 m/s, the high-density dislocations (HDDs) were induced in the «
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laths in the matrix (Fig. 7m).

Based on the experimental observation of the cross-section of
scratches machined at conventional and ultra-high speeds, the plastic
deformation layer caused by the thermomechanical impact of the cut-
ting tool notably diminished with an increase in machining speed. The
overall MDZ in the subsurface exhibited a “skin effect” as the machining
speed increased. Under the conventional speed condition, the material
undergoes substantial plastic flow to alleviate the applied energy, with a
substantial portion of the plastic deformation energy being transformed
into thermal energy [37]. The thermal energy, in turn, subsequently
facilitates the plastic deformation by promoting dislocation slip, ulti-
mately resulting in a deep MDZ. However, during the ultra-high-speed
deformation, the flow stress of Ti-alloy significantly increases and a
higher stress level is required to promote the deformation [25,43].
Meanwhile, the shorter duration of the cutting tool’s action restricts the
propagation of stress and heat to the deeper regions due to the faster
unloading process. Consequently, the stress/temperature fields tend to
be confined within a localization layer [44]. Furthermore, the attenua-
tion of stress waves linearly increases with their frequency [45,46].
Therefore, the high frequency stress wave generated under high strain
rate loading experiences rapid attenuation, further confining the stress
field to the surface layer. Finally, the MDZ in the ultra-high-speed
deformation was significantly reduced. The subsurface damage
induced by the machining process adversely affects the performance and
reliability of manufactured components, damage controlling is an
important research topic in manufacturing processes field [47,48]. The
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Fig. 5. (a) STEM image of the subsurface microstructure of as-polished Ti6Al4V prior to SPS; (b) Enlarge view depicting the prior p grain boundaries; (c) Twin and
dislocation structures (The inset is the corresponding dark-field image); (d) Composite diffraction spots containing the matrix and the twins; (¢) HRTEM of the twin;

(f) Inverse FFT of the twin interface.

“skin effect” of MDZ under ultra-high speed conditions implies that the
subsurface damage induced by the impact of machine tool tends to be
confined to the superficial layer, which benefits the control of machining
damage in industrial processes.

3.3. Deformation mechanism transition with increasing strain rate

To further investigate the underlying deformation mechanisms and
their transitions, this study also characterized the longitudinal TEM
samples extracted from the scratches produced at 20, 160, 220 m/s,
respectively. Fig. 8 displays the subsurface microstructure in the longi-
tudinal section of scratch machined at 20 m/s. The depth of the MDZ was
around 2.6 pm, which is consistent with the observation from the cross-
section view. Based on the microstructure features, the MDZ can be
divided into two distinct layers. The topmost layer was identified as the
DRX zone (DRXZ), distinguished by the presence of equiaxed nanograins
(Fig. 8a). The dark-field image in Fig. 8b shows the distribution of the
DRX grains. The enlarged view reveals that the DRX grains were sur-
rounded by multiple stacking faults (SFs) (Fig. 8d), suggesting that these
grains were formed through the continuous dynamic recrystallisation
(CDRX) mechanism [49].

The deeper zone beneath DRXZ was defined as the plastic deforma-
tion zone (PDZ), where the microstructure transformed to elongated
grains as the reduction of thermomechanical effect (Fig. 8, g and h).
Particularly, no distinct boundary existed between the DRXZ and PDZ
because the stress and strain rate were progressively changed from the
top surface to the subsurface. Instead, a transition microstructure,
characterized by the nucleation and formation of ultrafine DRX grains
along the boundaries of dislocation cells, was identified in the region
between DRXZ and PDZ (Fig. 8, e and f). It can be inferred that these
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DRX grains were generated following the discontinuous dynamic
recrystallisation (DDRX) mechanism [50].

With an increase in scratching speed, the time duration for defor-
mation significantly decreased at higher strain rates, resulting in alter-
ations in the distribution and mechanism of plastic deformation. Fig. 9a
shows the plastic deformation distribution of the scratch machined at
160 m/s. The depth of MDZ was decreased to 1.6 pm. Notably, the
thickness of PDZ was decreased from 1.7 pm at 20 m/s to 0.9 pm at 160
m/s, indicating a noticeable inhibition effect on plastic deformation. As
shown in Fig. 9b, the elongated grains with dislocation tangles (DTs)
were observed in the PDZ. Particularly, DRX grains were absent in the
topmost layer. Instead, extensive parallel twins were generated in this
layer, which is defined as the deformation-induced twin zone (DITZ)
(Fig. 9, d-f). The UGENTS structure began to generate in the near surface
layer (Fig. 9g), and the HRTEM image further reveals the presence of
nano-scale twins within the polygonal UGENTSs (Fig. 9h).

As depicted in Fig. 10a, the MDZ in the subsurface of the scratch
made at 220 m/s further constrained to a depth of 1 pm from the top
surface, and no PDZ existed in the subsurface, indicating a significant
inhibition of plastic deformation under the ultra-high strain rate defor-
mation. Furthermore, it is evident that the UGENTS structure was the
dominant microstructure in the DITZ. This is consistent with the results
observed from the cross-sectional view (Fig. 7). The enlarged view
presents a typical UGENTSs grain (Fig. 10c). It can be seen that parallel
lens-like {0111} twins and dislocations were distributed within the ul-
trafine grain (Fig. 10c-f). Moreover, a typical UGENTSs structure with
intersected twins was also observed (Fig. 10g, h).

Fig. 11a displays a polygonal nanograin (d < 100 nm) containing
inside intersected twins. The STEM morphology and the inset dark-field
image show that two sets of parallel nanoscale twins collided, forming V-
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Fig. 6. Cross-section characterization of scratch machined at 20 m/s: (a) Lift out location of cross-sectional sample; (b) STEM image showing the microstructure
distribution in the cross-section; (c-d) EDS map of O and V element; (e)-(g) Bottom of the scratch; (h)-(j) Side wall of the scratch; (k)-(m) Plie-up of scratch.

shaped intersected twins. As depicted in the HRTEM image (Fig. 11b),
five distinct twins were identified within the nanograin, denoted as T1 to
T5. T1, T2, and T3 were paralleled and aligned on the left side, while T4
and T5 aligned on the right side. According to the inverse FFT images
and FFT patterns (Fig. 11c-f), the two sets of twins were identified as the
{0111} twins, and the twin boundaries were the typical coherent twin
boundary.

Notably, three-fold twins formed due to the collision of multiple
twinning systems. Fig. 11g reveals the intersecting area of T2 and T5.
The local boundary between the two intersected twins was also
demonstrated as a {0111} coherent twin boundary (Fig. 11h), and the
two ends of this twin boundaries jointed with TB1, TB3, and TB2, TB4
respectively, forming two three-fold twins. The upper three-fold twin
comprised TB1, TB3, and TB5, with an included angle of 120°, while the
lower one consisted of TB2, TB4, and TB5, with an included angle of 60°.
In contrast to the sequential twinning mechanism of multiple-fold twins
under low strain rate conditions [51,52], the extremely high strain rate
in this study facilitated the simultaneous activation of multiple twinning
systems along {0111} planes. Consequently, the collision of two {0111}
twins led to the formation of three-fold twins.

Plastic deformation is the primary process for metals to alleviate the
energy induced by external loads. Two essential mechanisms contribute
to this process: dislocation-mediated deformation (DMD) and twin-
mediated deformation (TMD) [53]. Generally, dislocation slip is regar-
ded as the prominent deformation mechanism, while twinning serves as
the complimentary mechanism [54,55]. However, these two mecha-
nisms compete with each other, and their transition occurs under
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specific conditions. Numerous studies have demonstrated that the
transition from DMD to TMD is significantly influence by various factors.
These include the extrinsic factors like deformation temperature, strain
rate, as well as the intrinsic factors such as crystal orientation, stacking
fault energy (SFE), and grain size [56-58].

According to the STEM characterization of the subsurface micro-
structure, a transition from dislocation slip to deformation twinning was
identified under ultra-high-speed deformation conditions. This phe-
nomenon is intimately connected to the synergistic effect of deformation
temperature and strain rate. Generally, lower temperature and/or
higher strain rate facilitate the formation of deformation twins [59,60].
During the low-speed machining, the temperature is the dominant fac-
tor. The critical stress for dislocation slip (o) is much smaller than that
for deformation twining (6y). Consequently, the dislocation slip was the
dominant deformation mechanism, leading to the formation of DRX and
elongated grains at 20 m/s. Notably, no deformation twins were
detected (Fig. 8). Furthermore, the o; tends to decrease with rising
temperature due to the reduction in the shear modulus, while the o;
remains relatively unchanged despite the variations in temperature
[61]. As a result, the increasing machining temperature at higher
machining speed makes the dislocation slip the predominant deforma-
tion mode across a wide range of machining speeds.

However, with further increase in machining speed, the capacity of
dislocations to alleviate deformation becomes inadequate [62]. As
dislocation slip involves a continuous and progressive movement of
dislocations within a material, the time scale becomes too brief to
facilitate dislocation activation at an extremely high strain rate [63].
Meanwhile, high work-hardening and drag force are generated with a
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Smooth surface

Fig. 7. Cross-section characterization of scratch machined at 220 m/s: (a) Lift out location of cross-sectional sample; (b) STEM image displaying the global cross-
section and the corresponding V and O maps; (b)-(d) Bottom of the scratch; (e)-(g) Side wall of the scratch; (h)-(j) Plie-up of scratch.

e ()]
C o DRX grains

Fig. 8. Subsurface microstructure in longitudinal section of scratch machined at 20 m/s: (a) Plastic deformation distribution; (b) Dark-field image of the DRXZ; (c)
MDZ in the near surface; (d) DRX grains in the top surface; (e) Transition microstructure in the region between the DRXZ and PDZ; (f) Dark-field image showing the
dislocation cell; (g) Elongated grains in PDZ; (h) Enlarge view of h in (g).
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[ Machining direction>

DITZ

Fig. 9. Subsurface microstructure in longitudinal section of scratch machined at 160 m/s: (a) Plastic deformation distribution; (b) Microstructures in the PDZ; (c)
MDZ in the near surface; (d) Nano-twins in the DITZ; (e) Dark-field image of (¢); (f) Enlarged view showing parallel twins; (g) UGENTs in topmost layer; (h) HRTEM
image displaying the nano-scale twins within the UGENTS.

Fig. 10. Subsurface microstructure in longitudinal section of scratch machined at 220 m/s: (a) Plastic deformation distribution; (b) MDZ in the near surface; (c)
Nano-twins in an ultrafine grain; (d) Dark-field image of (c); (e) SAED pattern of twins; (f) HRTEM of the twins; (g) Enlarged view of h in (a); (h) Enlarged view
showing the intersected twins in an ultrafine grain.

material subjected to high strain rate loading, which impedes the mediated mechanism at ultra-high strain rates. Therefore, deformation
dislocation slip [64]. Conversely, twinning enables abrupt and discrete twins were induced in the upmost layer of the subsurface of the sample
deformations along twin boundaries, making it a possible deformation- machined at 160 m/s (Fig. 9). Moreover, when the machining speed
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Fig. 11. Twin intersection under ultra-high-speed deformation (220 m/s): (a) Intersected twins in a nanograin (The inset is the dark-field image of twins); (b)
HRTEM of the twins (Five twins were labeled as T1 to T5.); (c) Inverse FFT of c in (b); (d) FFT pattern of (c); (e) Inverse FFT of e in (b); (f) FFT pattern of (e); (g)
Inverse FFT of g in (b); (h) FFT pattern of (g). (The TBs are indicated by the white-coloured dashed lines, whereas the basal planes are marked by yellow-coloured
dashed lines). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 12. Chip morphologies of SLM-ed Ti6Al4V at different scratching speeds: (a) Continuous chip at 20 m/s; (b) Enlarged view showing the deformation traces; (c)
Segmented chip at 60 m/s; (d) Enlarged view displaying the segments; (e) Segmented chip at 100 m/s; (f) Enlarged view depicting the small segments; (g) Small

segmented chip at180 m/s; (g) fragmented chip at 220 m/s.

reached 220 m/s, the PDZ in the subsurface vanished (Fig. 10), and high-
density compression {10-11} twins were generated in the deformation
layer (Fig. 11), indicating that deformation twinning emerged as the
dominant mode of dynamic response under ultra-high strain rate
deformation.

In addition, higher temperatures are generally unfavourable for the
formation of twins, as the critical shear stress required for twinning (z;)
tends to increase with temperature in most hcp metals. However, the
{10—11} twin is an exceptional type that exhibits a lower critical shear
stress (7;) at elevated temperatures [65]. This particular characteristic
accounts for the presence of {10—11} twins in the matrix of the SLM-ed
TiAl4V. Furthermore, it also accelerates the transition from slip-
dominated deformation to twinning.
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3.4. Chip formation mechanisms at different speeds

Fig. 12 shows the chip morphology of SLM-ed Ti6Al4V produced
under varying speed conditions. It is evident that long continuous chips
(~1 mm) were generated at 20 m/s, and corrugated deformation traces
were observed on the chip free surface (Fig. 12, a and b). As the
machining speed increased to 60 m/s, the segmented chips were
generated (Fig. 12, ¢ and d), and the chip length decreased to ~300 pm.
Furthermore, the shear frequency linearly increases with the increasing
in machining speed. Consequently, shorter segmented chips were pro-
duced at higher speeds, and their length significantly decreased (Fig. 12,
e-g). Notably, the segments tended to separate from each other, forming
fragmented chips as the machining speed reached 220 m/s (Fig. 12h).

To reveal the underlying mechanism of chip formation, cross-
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Fig. 13. Section characterization of chip produced at 20 m/s: (a) Microstructure distribution of the global chip section; (b) EDS map of O element; (c) Enlarged view
of the free surface area showing the microcracks; (d) HDDs in deformed laminar; (e) Mixed microstructures containing laminar and DRX grains; (f) Microstructures in
the area near the chip/tool contact interface; (g) Enlarged view displaying the severely elongated grains; (h) Enlarged view depicting the DRX and elongated grains.

Fig. 14. Section characterization of chip produced at 60 m/s: (a) Microstructure distribution of the global chip section; EDS map of O (b) and V (c) element; (d)
Microstructure near the free surface of the segment; (e) Microstructure in the shear region; (f) Ultra-thin shear band; (g) Microstructure in the middle part of the chip
section (h) Microstructure in the bottom part of the chip section; (i) Enlarged view showing the DRX grains.

sectional TEM samples of the chips produced at different machining cross-section of the continuous chip produced at 20 m/s. The EDS map of
speeds were prepared and characterized. As depicted in Fig. 13a, no O element reveals that O enrichment existed along the chip free surface
distinct segments and adiabatic shear bands (ASBs) were observed in the and the chip-tool contact surface (Fig. 13b). The enlarged view indicates

655



Q. Jiang et al.

(a)

¥

——f\-——-.q'

Journal of Manufacturing Processes 127 (2024) 645-659

S

*®

DRX gins

Fig. 15. Section characterization of chip produced at 200 m/s: (a) Microstructure distribution of the global chip section; (b) EDS map of O element of area b in (a);
(c) Cracks propagated along the lath boundaries; (d) Microstructure near to the crack tip; (e) Microstructure in the middle part of chip section; (f) Enlarged view
showing deformation twins; (g) Microstructure in the bottom part of chip section.

the presence of microcracks beneath the corrugated deformation traces
(Fig. 13c). Additionally, the primary microstructure observed in the
upper part of the chip section was the deformed laminar structure with
HDDs (Fig. 13d). In the middle part of the chip section, a mixed
microstructure comprising both deformed laths and DRX grains was
produced due to the elevated temperature (Fig. 13e). As plastic defor-
mation intensified in the area closer to the bottom part of the chip
section, the mixed microstructure transitioned into highly elongated
grains (Fig. 13, f and g). Furthermore, severely refined nanoscale DRX
grains with an average diameter of ~30 nm were generated in the lower
region, and nanoscale laminar grains were induced in the chip-tool
contact surface layer due to severe friction effect (Fig. 13h).

For the segmented chip was generated at 60 m/s, the EDS map of O
element (Fig. 14b) reveals that cracks between the adjacent segments
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were propagated into the middle part of the chip section, indicating the
chip was partially segmented. The V element map (Fig. 14c) exhibits a
uniform distribution, implying that no distinct phase transformation
occurred. In the region near to the free surface, the microstructure pri-
marily comprised deformed laths with inside HDDs. Notably, small steps
were observed in the free surface of segments (Fig. 14d), and the edges
of the steps were in alignment with the boundaries of laths. It can be
inferred that the relative slip along the lath boundaries tended to be
activated under the shear loading. These steps facilitated the initiation
of cracks under the accumulation of stress and strain, ultimately
contributing to the formation of segmented chips.

Fig. 14e presents a typical shear region located between two seg-
ments, where a crack initiated from the free surface and propagated into
the chip along the shear plane. Notably, an ultra-thin shear band with a
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Fig. 16. Schematic of material removal process of SLM-ed Ti6Al4V under different machining speeds: (a) Low speed; (b) High speed; (b) Ultra-high speed.

thickness of approximately 16 nm was observed. The microstructures
near to the shear band were ultrafine laths and DRX grains, while no
phase transformation was detected in the shear region (Fig. 14f).
Additionally, extensive DRX grains were nucleated and formed along the
boundaries of elongated grains in the middle part of the chip section
(Fig. 14g). And the DRX grains were the dominant microstructure in the
region near the tool/chip interface due to the intense thermomechanical
effect (Fig. 14, h and i).

Fig. 15a presents the chip section produced at the scratching speed of
200 m/s. Extensive cracks initiated from the free surface in the upper
part of the chip section (O map reveals the crack distribution (Fig. 15b)).
Furthermore, the cracks were observed propagating along the lath
boundaries, and extensive SFs were induced ahead of the crack tip due to
the stress concentration (Fig. 15d). Additionally, deformation twins
were produced in the chip section due to the very high strain rate
(Fig. 15, e and f), and DRX and elongated grains were distributed in the
region near the tool/chip contact interface (Fig. 15g).

Based on the experimental results, the material removal processes of
SLM-ed Ti6Al4V under different speed conditions are schematically
illustrated in Fig. 16. Under low-speed conditions (<20 m/s), the ma-
terial underwent relatively uniform deformation in the large primary
shear zone (PSZ) under the impact of the tooltip, forming continuous
chips without distinct segments (Fig. 16a). Meanwhile, the large
deformation affect zone extended to the subsurface, inducing a deep
MDZ (Figs. 6 and 8). Generally, Ti6Al4V alloy is highly sensitive to the
strain rate of machining, and segmented chips are prone to initiation in
wrought Ti6Al4V under low-speed conditions such as several meters per
second [66,67]. However, the segmented chips of SLM-ed Ti6Al4V were
generated at 60 m/s in this study (Fig. 12). This finding contrasts with
the results of previous research, which suggested that SLM-ed Ti6Al4V
was more susceptible to adiabatic shearing and exhibited a higher ten-
dency to form segmented chips [68,69]. This discrepancy may be
attributed to the transition of material removal mechanisms in wrought
and SLM-ed Ti6Al4V.

The formation of segmented chips in wrought Ti6Al4V is primarily
due to the activation of ASBs induced by the phase transformation [70].
In contrast, the initiation of segmented chips in SLM-ed Ti6Al4V was
driven by the relative slip along the a lath boundaries (Fig. 14). This
transition can be attributed to the distinct laminar microstructures in
SLM-ed Ti6Al4V, which exhibited higher resistance to deformation at
elevated temperatures [71]. As a result, higher stress was required to
activate the shear localization behavior. Therefore, SLM-ed Ti6Al4V
exhibited a lower tendency to generate segmented chips at low
machining speeds. As the machining speed increased to high-speed re-
gions, the shear localization became more pronounced. This was evident
from the confinement of the primary shearing zone within a narrower
band and a notable increase in segmented frequency. Moreover, the
segments tended to separate from each other at ultra-high speeds due to
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the initiation of extensive cracks, leading to the formation of fragmented
chips (Fig. 16¢). In this scenario, the material removal process exhibited
a brittleness removal mode.

4. Conclusions

This study conducted systematic investigations on the material
removal mechanisms of SLM-ed Ti6Al4V over a large speed range,
spanning from 20 to 220 m/s. Multiscale characterization methods were
combined to detect and analyse the surface creation, subsurface defor-
mation, and chip formation to achieve a comprehensive understanding
of the material removal process. The obtained results provide profound
insights into the microstructure evolution and deformation mechanisms
of SLM-ed Ti6Al4V at different speeds, thus elucidating the transition of
material removal mechanisms from low to ultra-high strain rates. The
main findings are drawn as follows:

(1) Severe material pile-up was generated during low-speed
scratching. However, the pile-up effect was significantly sup-
pressed at higher machining speeds, with the pile-up ratio line-
arly decreasing from 74.8 % at 20 m/s to 51.6 % at 220 m/s as the
machining speed increased;

The depth of the MDZ in SLM-ed Ti6Al4V exhibited a “skin effect”

with increasing scratching speed. At a low speed of 20 m/s, a

deep MDZ with a depth of 2.8 um was generated due to severe

plastic deformation. In contrast, at 220 m/s, the MDZ was
confined to the superficial layer within 1 pm from the top surface
due to the significantly suppressed plastic deformation;

Under low strain rate conditions, the microstructure evolution in

SLM-ed Ti6Al4V was predominantly governed by dislocation-

mediated deformation. The primary microstructures distributed

from the top to the subsurface were DRX and elongated grains.

However, with the increase in strain rate, a transition of defor-

mation mechanism from dislocation slip to twinning was identi-

fied. Twinning-mediated deformation emerged as the dominant
mode under the ultra-high strain rate deformation, leading to the
formation of a novel UGENTSs microstructure;

(4) SLM-ed Ti6Al4V displayed different material removal modes
from low to ultra-high-speed regions. At low scratching speeds
(<20 m/s), the material was removed in the form of continuous
chips. As the scratching speed increased to 60 m/s, segmented
chips were generated driven by relative slip along the a lath
boundaries. Notably, fragmented chips tended to form as the
segmented chips separated at the highest scratching speed of 220
m/s.

(2

—
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