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Abstract: With the rapid development of high-precision-device technology, new demands are put
forward for micro milling. The size effect and low cutting energy of micro milling make the process
expensive and difficult, especially for Ti-6Al-4V alloys. The wear of the micro-milling cutter lacks
corresponding international standards and its cutting mechanism is complex. In this paper, four
kinds of micro-milling cutters with different wear states were obtained by designing micro-milling
experiments, and the wear process and wear mechanism were observed and analyzed. The cutter
diameter reduction, end face wear, flank wear and edge radius are comprehensively analyzed. It
is considered that the formulation of a micro-milling-cutter wear standard needs comprehensive
consideration, and the wear of end face 30 um, wear of flank 35 um and tool diameter reduction
55 um can be used as the failure criteria of the micro-milling cutter. The wear forms mainly include
abrasion marks, material adhesion, built-up edges and micro-collapse blades. Adhesive wear exists
in the whole cutting process and plays a major role. Abrasive wear, diffusion wear and oxidation
wear will occur when the cutting temperature reaches the melting point of Co. The wear of the
micro-milling cutter is analyzed more comprehensively, a new wear-failure standard is formulated
and the complex wear mechanism is revealed.

Keywords: micro-milling-cutter wear; wear standard; wear form; wear mechanism

1. Introduction

Micro milling has the advantages of high material removal rate, flexible processing
technology, low installation cost and wide application range [1]. From macro processing to
micro processing, some neglected problems in macro processing play an important role,
such as the size effect, poor surface finish, upper milling burr, lower milling burr, minimum
chip thickness, shortening tool life, rapid tool fracture [2], etc. When the workpiece material
has difficulty cutting metal alloy, the difficulty of micromachining increases greatly. The
low specific cutting energy limits the application of micro milling in the field of titanium
alloy [3,4]. Titanium alloy is widely used in biomedicine, aerospace, electric power, ocean,
automobile and other industries [5,6] because of its high strength-weight ratio, low density,
high corrosion resistance and high biocompatibility [7]. Although titanium alloy has these
superior properties, its poor thermal conductivity, high friction coefficient and reduced
wear resistance limit the application of titanium alloy [8]. Poor thermal conductivity leads
to high cutting temperature, adhesion between workpiece material and tool cutting surface,
shortened tool life, obvious chips and premature failure of the cutting-edge radius [9].

One of the main challenges of micro milling is the understanding of the process of tool
wear and breakage and its mechanism. These processes are usually different from those
observed in traditional milling operations. The definition and prediction of conventional
macro-milling life is prescribed by the ISO-8688 standard (part first and part second) [10,11],
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which does not involve micro milling. Therefore, the research on the wear state of the
micro-milling cutter is lacking relevant international standards. In the process of micro
milling, there are some phenomena that cannot be observed by conventional milling, such
as size effect, minimum chip thickness and blade radius [12]. In micromachining, the
edge radius becomes more important than the thickness of the removed material, and
they are at the same micron level. If the uncut chip thickness is less than the critical
value, i.e., the minimum chip thickness [13], it will not be cut, but will produce a plowing
effect. The establishment of criteria to evaluate the wear of the cutting edge in micro
milling is challenging. Zhu and Yu [14] proposed a wear-area-analysis method based
on the top images of worn tools. It was observed that the wear area was triangular and
the area gradually expanded. Alhadeff et al. [15] emphasized that the edge radius, end
face wear length and flank wear length are three key parameters when developing the
wear-measurement standard of a micro-milling cutter, which can quantitatively measure
and evaluate progressive tool wear. Han et al. [16] carried out a micro-milling experiment
on oxygen-free copper with a PCD (polycrystalline diamond) tool and selected a cemented-
carbide micro-milling cutter in the comparative experiment. Through the parameter test,
the variation laws of milling force and specific energy are analyzed, and the surface quality,
machining accuracy and tool wear are further studied. Manso et al. [17] studied the model
of tool diameter reduction caused by tool wear during the micro milling of H13 tool steel.
Ziberov et al. [18] developed a method to measure two different types of flank wear by
comparing new and old tools. They put the Ti-6Al-4V tool at a diameter of 152.4 um. The
end-life criterion for micro milling on uncoated cemented-carbide tools of M is defined as
10 um. In the experimental observation of tool wear patterns in the Ti-6Al-4V micro-milling
process, Dadgari et al. [19] identified three stages: rapid initial wear, gradual but uneven
wear expansion and final accelerated wear. For the tool with a diameter of 1 mm, the
failure criteria of 37.5 um rear tool surface wear, 33 um edge radius and 1 um average
surface roughness are proposed. Compared with the traditional tool wear, the wear of a
macro-milling cutter mainly occurs on the flank, and the wear of a micro-milling cutter
occurs not only on the flank, but also on the tip and tool diameter. The wear standard of the
traditional milling cutter is no longer applicable to a micro-milling cutter. Therefore, the
formulation of a micro-milling-cutter wear standard needs comprehensive consideration
and analysis.

Although there are many reports on the research of tool wear in macro machining,
there is little research on the formulation of a tool-wear standard in micro end milling. At
present, there is still a lack of international wear standards and systematic wear mechanism
research of micro-milling cutters. During groove milling of stainless steel using 800 pm
tungsten carbide tools, Oliaei and Karpat [20] emphasized that tool wear evolved primarily
through the cutting radius and back face wear. Silva et al. [21] studied the machinability and
wear behavior of micro-cutting teeth with a scanning electron microscope and X-ray energy
spectrometer. It proved that the high adhesion of a diamond coating can be achieved by the
appropriate combination of chemical erosion and coating structure. Muhammad et al. [22]
used optical profilometer, scanning electron microscope and statistical techniques for
analysis. The research determined that the cutting depth is the main factor affecting the
formation of burr, and the cutting speed is the main factor affecting the surface roughness.
To investigate the influence of tool wear on machinability in micro milling Ti-6Al-4V
using Ti(C7N3)-based ceramic tools, Wang et al. [23] briefly mentioned that attachment,
accumulation edge formation and micro-fracture edge are the main modes of tool wear.
The influence of tool wear on cutting performance is studied, but the development process
of tool wear is not discussed in detail. However, Sahoo et al. [24] found that the coating
increases the edge radius of the tool, which increases additional plowing and friction.
Varghese et al. [25] emphasized the difficulty of understanding tool wear patterns and
the fact that a micro-fracture edge is the most important wear type of a 500 um diameter
WC (wolframium carbide) micro-milling cutter in the process of machining stainless steel.
Suha et al. [26] comprehensively and systematically analyzed the conditions of the blade
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and chip during the wear process and revealed the wear mode and mechanism of coated-
tool micro milling. They found that the edge radius increases with the increase of machining
time, and the corresponding minimum uncut chip thickness also increases accordingly.
The types of tool failures mainly include abrasion wear, dissolution and diffusion wear
and chemical wear [27,28]. Thakur DG et al. [29] found that the main cause of accelerated
tool wear was the change in the composition of Inconel718’s front tool face and proposed
the thermal softening and diffusion of these materials and the thermal mechanism of
cutting super alloys. Gao Q et al. [30] conducted micro-milling experiments on single
crystal nickel-based super alloy, analyzed wear mechanism and wear form by means of
a scanning electron microscope (SEM) and energy-dispersive X-ray spectroscopy (EDS),
and proposed the influence of tool and workpiece material element changes on workpiece
performance in the cutting process. From a theoretical point of view, Zhang et al. [31]
established the first chip-surface formation process model considering the strain gradient
plasticity theory, deduced the equation of the minimum uncut thickness of chips, and
established a micro-machined surface roughness model considering the influence of tool
wear. Aslantas et al. [32] verified the mechanical model through a Ti-6Al-4V alloy test,
indicating that the cutting depth and feed value are selected according to the edge radius.
This shows the importance of the edge radius in micro cutting.

Compared with traditional cutting, the tool-wear mechanism in micro milling is more
complex, the tool life is shorter, and it is difficult to observe and detect. The size effect
determines the edge radius, which can no longer be ignored. Therefore, the study of tool
wear in micro milling is of great scientific significance for tool selection, cutting-material
process formulation and improving workpiece quality. In this paper, micro-milling cutters
with different wear states were obtained through micro-milling experiments. The wear
process, wear form and wear mechanism were analyzed by a confocal laser microscope,
SEM (scanning electron microscope), EDS (energy dispersive spectrometer) and other
means. In this paper, the tool diameter, end face wear, flank wear and edge radius of micro
milling cutter are comprehensively analyzed. The establishment of a micro-milling cutter
wear standard is attempted, and the comprehensive judging basis is put forward. The
edge radius should be considered in micro milling, which is often ignored in traditional
milling. The progressive normal wear failure and abnormal wear failure are analyzed
and the wear mechanism is discussed. The formulation of a micro-milling wear standard
and the disclosure of the wear mechanism are of great significance to its popularization
and application.

2. Materials and Methods

The experimental work of this study was carried out on the self-developed high-
speed micro-milling platform model BJEV-X\ Y\ Z-300\300\100. The digital optical confocal
microscope VK-X200 (Keyence, Osaka, Japan) was used to obtain the 3D surface topography
of the micro-milling cutter. The tool-diameter reduction, end-face wear and flank wear were
also obtained by it. A field-emission high-temperature scanning electron microscopy JSM-
7800F (JEOL, Tokyo, Japan) was used to obtain the micro-morphology of the tool surface.
Combined with the obtained data information of the tool-end face and side, the change of
the cutting-edge radius is comprehensively analyzed. We use EDS Oxford XMAX-80 (JEOL,
Tokyo, Japan) to obtain the elemental spectra of the cutting tool and machining surface.
The equipment used is shown in Figure 1.

The workpiece material is Ti-6Al-4V and the cutter is a @1 tungsten-carbide micro-
milling cutter without coating, which is the result of comprehensive consideration. The
material chemistry of Ti-6Al-4V stock is shown in Table 1. The coating materials are
generally TiN, TiCN, TiAIN, etc. Under the complex processing environment of high
temperature and high pressure, high strain rate and thermal coupling, the titanium elements
in the coating and the titanium elements in the workpiece easily produce element affinity,
resulting in adverse consequences. At the same time, considering the influence of uncoated
cutting tools without coating materials, it is easier to accurately explore the wear mechanism
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between tool material WC and the workpiece material. The four-edge micro-milling
cutter manufactured by Jiayi Seiko (Jiayi Seiko, Shenzhen, China) is adopted and the tool
information is shown in Figure 2 and Table 2.

Tool wear ; Surface morphology
: Mechanical property & roughmess
analysis analysis analysis

Figure 1. The experimental devices.

Table 1. The material chemistry of the Ti-6Al-4V stock.

Elements Al A Fe (@) N C H Ti
Content
(Wt. %) 5.5 4.2 0.22 0.11 0.03 0.08 0.012 89.848

Figure 2. Micro-milling cutter and schematic diagram.

Table 2. Tool geometry data.

Cutting Edge Diameter (D) Cutting Edge Length () Cutter Length (L)  Tilt Angle (y°)  The Handle Diameter (d)

1 mm 3 mm 50 mm 30 4 mm
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First, the parameter comparison experiment is carried out, and the process parameters
conducive to the machining surface quality are selected for research. According to the
summary of experimental experience and literature reading, different speeds are selected
for comparison. The speeds are 20,000 rpm, 25,000 rpm and 30,000 rpm. The cutting
parameters are shown in Table 3. For single-factor analysis, the feed rate and cutting depth
were maintained at 5 mm/min and 50 um and comprehensively evaluate the roughness and
burr size of the machined surface. The machined surfaces at different speeds photographed
by the confocal microscope (Keyence, Osaka, Japan) shown in Figure 3a—c are machined
surfaces of 20,000 rpm, 25,000 rpm and 30,000 rpm, respectively. It can be seen that the
numbers and sizes of burrs at 30,000 rpm are small. The surface-roughness data are
obtained through multi-file analysis software (VK-X Series, Keyence, Osaka, Japan). Under
different processing parameters, the measurement area of burr shall be the place where the
processing track coincides, because the burr is obvious here. The middle position of the
processing path is uniformly selected for confocal laser image acquisition. The follow-up
data are analyzed by VK software and collected five times to obtain the average value. Burr
and roughness analysis are statistical methods to obtain the average value through multiple
collection. After selecting the better machining parameters, the experimental plan adopts
the control-variable method, which can better control the wear state of micro-milling tools.
As shown in Figure 4, the roughness is the smallest at 30,000 rpm. To sum up, 30,000 rpm
obtained the best machined surface quality, so the follow-up research was based on the
rotating speed of 30,000 rpm.

Table 3. The cutting conditions.

Rotating Speed (n) Feed Speed (V) Cutting Depth (ap)
20,000/25,000/30,000 rpm 5 mm/min 0.05 mm

Figure 3. Machined surfaces with different machining parameters (a) n = 20,000 rpm,
(b) n = 25,000 rpm, and (c) 7 = 30,000 rpm.

The experimental process is shown in Figure 5. In the figure, 0.05 mm represents the
cutting depth, 5 mm X 4.6 mm represents the machining range, and n = 30,000 represents
the rotating speed of 30,000 rpm. The parameter optimization experiment was carried
out on a self-made micro-milling platform. From the above experimental data, it is found
that the machining surface quality is better with the cutting speed of 30,000 rpm, the
feed speed of 5 mm/min and the cutting depth of 50 um, and the micro-milling cutter
wear state is obviously distinguishable. Due to the size effect and the minimum chip
thickness, the cutting effect is not good when the cutting depth is less than 50 um, and the
plowing phenomenon occurs easily. The evaluation method of micro-milling tool wear is
complicated because of the change of machining mode and machining condition that are
due to the small tool size, and there is no clear evaluation standard at present. Therefore,
in this study, the reduction of tool diameter, the wear of the end face and the wear of the
flank were selected to judge the wear state comprehensively. With the increase of material
removal, the micro-milling cutter gradually wears away, so the machining length is used
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to distinguish the cutter. The tool wear state was controlled by a single factor of material
removal amount, and each milling plane (5 mm x 4.6 mm, with 0.1 mm overlap between
machining paths) was cut, that is, machining 25 mm /50 mm /75 mm to distinguish different
wear states. The processing direction adopts transverse turn-back processing to obtain
the processing plane convenient for data acquisition. The plane is more conducive to data
measurement. Initial/Wear I/ Wear II/Wear Il were used to represent the four wear states
of the micro-milling cutter, and Initial was used to represent the original cutter. The wear
degree of the latter three gradually increased. The surface was machined once (cutting
25 mm) with the new cutter and turned into Wear I. We used the tool of Wear I to process
the primary surface to obtain Wear II and so on. Then four micro-milling cutters with
different wear states were systematically studied.
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Figure 4. Surface roughness of different processing parameters.
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Figure 5. Schematic diagram of experimental scheme and geometrical measurement of wear (a) tool
diameter reduction analysis and (b) wear analysis of rear tool face.
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To study the wear process, wear form and wear mechanism of TI-6Al-4V milling with
a WC carbide micro-milling cutter, it is necessary to have an understanding of deformation
and heat propagation during the machining process. Figure 6 is a schematic diagram of the
forming mechanism and heat generation of machined-surface integrity under the condition
of tool wear. Because the cutting-edge radius and cutting depth are in the same order of
magnitude, the size effect seriously affects the cutting performance of a micro-milling cutter.
Therefore, the edge radius is highlighted in the schematic diagram. Micro milling is an
environment of high temperature, high pressure and high strain rate. In this environment,
micro-milling and machining surfaces are subjected to complex thermodynamic coupling
effects, and complex chemical and physical changes occur under the dual influence of force
and heat. The main shear zone (PDZ) is the area of chip formation, which mainly occurs in
shear. It belongs to the elastic-plastic deformation affected by heat conduction and heat
radiation in the extrusion process of the workpiece material. The tool chip friction zone
(SDZ) mainly occurs in friction, which is a heating zone belonging to plastic deformation.
It is affected by heat convection and heat dissipation and is in the tool chip interaction. The
tool-work friction zone (TDZ) mainly occurs in friction, which is the formation area of the
machining surface. It belongs to elastic deformation and is affected by thermal conduction
and is located in the tool-work contact interaction area.

Heat source:
<= clastic-plastic deformation

=== convection boundary
[¢——thermal dissipation

- plastic deformation «——thermal conduction

elastic deformation il W N, — thermal radiation
""'-.\ :\\:\ ',' Tool
/\\‘ \‘ ,l'
" \spz &
}
f PD[_’, ‘; ~ fj-__,::: _____
¥ J]TDZ
Workpiece Edge radius

PDZ: The primary shear zone, Chip formation
SDZ: Chip friction zone, Heat formation
TDZ: Tool friction zone, Machined surface formation

Figure 6. Mechanism and heat generation of machined surface integrity under tool wear conditions.

3. Results
3.1. End Face Wear

Confocal laser microscopy was used to photograph the end face of the micro-milling
cutter. The end-face wear of each cutting edge was averaged by multi-point measurement,
and then the data of four cutting edges were averaged again. Figure 7 is the C-Laser DIC
form of the confocal microscopic image. In Figure 7, B1/B2/B3/B4 represent four cutting
edges. The wear area of each cutting edge is marked with a yellow outline. (a), (b), (c) and
(d) are Initial /Wear I/ Wear 11/ Wear 11, respectively. Due to tool wear, the phenomenon
of tool-material spalling and micro-chipping occurs on the cutting edge, so the wear area
is generated in the image. It can be seen that there is no wear in (a), and the wear area
increases gradually with the deepening of the wear state, and the area in (d) reaches the
peak, which is consistent with the fact that Wear III is the longest machining path and the
most serious wear.
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Figure 8. SEM image analysis of micro-milling cutter under different wear states. (a) Initial’s
100/500/2000 x image, (b) Wear I's 100/500/2000 x image, (c) Wear II's 100/500/2000 x image,
(d) Wear III'’s 100/500/2000 x image.

Figure 8 is the SEM image of a micro-milling cutter with different wear states. (a),
(b), (c) and (d) are Initial/Wear I/ Wear II/Wear III, respectively. Each row is a magnifi-
cation factor, which is 100/500/2000 times in a turn. The wear modes are classified into
progressive normal wear failure and abnormal wear failure. The progressive normal wear
failure mainly includes abrasion marks, material adhesion, built-up edges (BUE) and micro-
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collapse blades. The abnormal wear failure mainly includes severe plastic deformation,
collapsed blades, catastrophic fractures and delamination of cutting edges. For the new
cutter, the surface is extremely smooth because there is no wear. As the processing contin-
ues, Wear I has an abrasion mark and a micro-collapsed blade at the beginning. From the
500x image, it can also be seen that there are a few chips adhering to the cutting edge. The
micro-milling cutter in Wear II has serious wear phenomena, and more chips attached to the
cutting edge. In addition, in the 2000-times image, the formation of a stacking edge (BUE)
is also obvious, especially on the flank face. BUE is the result of the bulk accumulation of
workpiece material Ti-6Al-4V near the cutting edge, which is essentially the result of cold
welding of the workpiece material near the cutting edge. During micro milling, the friction
resistance between the chip friction zone (SDZ) and the tool is too large, and the material
at the bottom of the chip will delay the slip. When the friction resistance is greater than
the binding force of the chip material surface, Ti-6Al-4V will partially stop and adhere to
the cutting edge, thus forming BUE. BUE will not be removed easily and will replace the
cutting edge for cutting. As the chip will continue to supplement BUE as the cutting goes
on and the hardness is large, it is beneficial for the cutting in the early stage. However, as
processing time, this dynamically unstable structure changes in size and shape over time.
Under the complex action of high-frequency load shock and vibration, the joint between
the BUE and the cutting edge fatigues easily, and the BUE is easy to peel off. This causes
part of the cutting edge to be taken away, which seriously affects the performance of the
tool and reduces the quality of the machined surface. Therefore, the occurrence of BUE
should be avoided, especially at the micro scale, where the adverse effects of BUE can be
magnified. Different from progressive normal wear failure, abnormal wear failure refers to
severe abnormal wear or fracture that causes the tool to lose its cutting ability. As for Wear
III with the most serious wear degree, the wear area is further expanded and extended,
the cutting edge is seriously worn, the shape and size change obviously, and the blade
collapse phenomenon is more obvious. Compared with Wear II, BUE decreases, which is
due to the further wear of the cutting edge as the cutting process continues. Part of BUE
peels off under the dynamic action, resulting in part of the cutting edge being taken away.
Therefore, under the long-term tool wear, the micro-milling cutter has the phenomenon
of desquamating and blade collapse, which greatly reduces the cutting performance. In
addition, the plastic deformation at the blade is serious, which is caused by the heat and
stress concentration caused by the local high temperature in the cutting area, which also
reduces the cutting performance.

3.2. Flank Wear

For traditional milling, the international standard stipulates that flank wear is the
basis for judging the wear state of the milling cutter. Therefore, when analyzing the wear
state of the micro-milling cutter, the flank-wear analysis is very necessary. Among the four
cutting edges, B4 has the most obvious flank wear, so we focus on it. Figure 9 shows the
wear images of the flank of the micro-milling cutter in different wear states taken by a
confocal laser microscope, where (a), (b), (c) and (d), respectively, represent Initial, Wear
I, Wear II and Wear III. The tool-wear area and contour are also marked in the figure. As
shown in the figure, the new knife is smooth and flat, and the contour of the cutting edge is
also angular. The wear area of the Wear I micro-milling cutter is small, and only slight wear
occurs at the tool tip. It can be seen that the cutting edge changes and wears, and there is a
phenomenon of micro edge collapse. With the progress of the machining process, the wear
area of Wear Il is further expanded. It can be seen from the three-dimensional graphics
that the tool tip is further reduced, which is the result of more blade material peeling. The
phenomenon of blade material peeling and micro edge collapse is more serious. For Wear
IIT with the most serious wear, the tool tip has completely peeled off, and the wear area
has further expanded along the flank, completely covering the cutting depth. Due to the
complete peeling off of the tool tip, the height in the three-dimensional image is displayed
more evenly. Through the analysis of end face wear and back face wear, the tool wear forms
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in micro milling mainly include abrasion marks, built-up edges, micro-collapse blades,
plastic deformation and delamination. In conclusion, with the progress of cutting, the wear
area of the flank of the micro-milling cutter gradually expands, and the tool tip gradually
peels off until it is completely peeled off, which seriously reduces the cutting performance
of the micro-milling cutter.

Figure 9. Analysis and three-dimensional topography of tool surface wear under different wear
states. (a) Initial’s confocal microscopic image, (b) Wear I's confocal microscopic image, (c) Wear II's
confocal microscopic image and (d) Wear III’s confocal microscopic image.

3.3. Edge Radius

As shown in Figure 10, the side image of the micro-milling cutter can more clearly
and intuitively see the wear of the flank under different wear states. With the progress
of the cutting process, the wear degree in both directions gradually increases until the
tool tip completely peels off, which marks the end of the service life of the micro-milling
cutter. With the wear and peeling of the tool tip, the edge radius obviously changes. As
can be seen from Figure 8, the end face tip of the micro-milling cutter is highlighted with a
yellow circle. With the development of wear, the tool tip obviously changes and the edge
radius increases gradually, which is obtained from the comprehensive analysis of the end
image and side image of the cutting edge. With the increase of the edge radius, the edge
radius and the cutting depth are closer in order of magnitude and value, which is more
obviously affected by the size effect, and the plowing effect will occur more frequently,
or even completely replace the cutting effect. The increase of the edge radius seriously
affects the cutting performance of the micro-milling cutter and increases the minimum



Metals 2022, 12, 726

110f18

chip thickness. Under the condition of keeping the cutting parameters unchanged, it will
produce the adverse results of difficult chip formation, plowing instead of cutting and a
serious decline of surface quality.

Figure 10. Wear analysis of micro milling cutters with different wear states. (a) Initial’s flank wear
profile, (b) Wear I's flank wear profile, (c) Wear II's flank wear profile and (d) Wear III's flank
wear profile.

3.4. Tool Diameter Reduction

The images taken by the confocal laser microscope (Keyence, Osaka, Japan) and SEM
are quantitatively described and analyzed by multi-file-analysis software (VK-X Series,
Keyence, Osaka, Japan), and the wear amount of the end face is measured by a parallel-
line ranging tool. The measurement scheme is described in the above section and the
measurement results and average values of each cutting edge are shown in Figure 11.
The material removal amount is calculated by the product of the machining path length,
machining width and cutting depth. Because the single factor control experiment is adopted
in this study, the cutting depth and cutting width are kept unchanged, and the amount of
material removal is equivalent to the length of the machining path. It can be seen that there
is little difference in the end-face wear between cutting edges, which is in line with the
characteristics of end milling, and also shows the machining stability of the self-developed
micro-milling platform from the side. The wear volume does not increase in a simple linear
relationship, but gradually increases as the amount of material removed increases. This
indicates that with the progress of the machining process, the tool wear rate is gradually
accelerated, and the tool wear will promote the further wear of the tool. This is because the
micro-milling process is a complex process with thermal mechanical coupling and a high
strain rate. Tool wear changes the tool contact interface, changes the size and shape of the
cutting edge, reduces the cutting performance and makes it easier to wear further.
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Figure 11. Effect of material removal volume on tool face wear in micro milling Ti-6Al-4V. (a) Tool
face wear of different cutting edges; (b) the average amount of tool face wear.
The amount of flank wear is also quantitatively analyzed by parallel line ranging and
other tools in multi-file-analysis software. The analysis results are shown in Figure 12.
Different from the end face wear, the wear amount on the side of each cutting edge is
significantly different. This may be caused by the different strengths of each cutting edge
in the side direction determined by the structure of the micro-milling cutter. It may also be
caused by the instability of the processing environment, such as machine tool vibration
caused by the environment. The wear law is similar to the end face wear. The early stage
belongs to the stable wear stage and the wear rate is low. With the micro-milling cutter in
Wear II, the wear rate increases significantly, indicating that the cutter enters the rapid wear
stage. Due to the different strengths of the end face and side tool, the difference of flank
wear in the wear rate is more obvious.
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Figure 12. Effect of material removal volume on tool flank wear in micro milling Ti-6Al-4V. (a) Tool
flank wear of different cutting edges; (b) the average amount of tool flank wear.

Micro-milling cutters are generally used in the machining condition of the end milling
groove, so the change of edge diameter has a close impact on the machining surface quality.
The research results of other scholars show that the edge diameter and edge height are
essential to the analysis of the wear state of micro-milling cutters. The analysis results of
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edge diameter and edge height of a micro-milling cutter in different wear states are shown
in Figure 13. The starting point of diameter measurement selects the inner position of the
tool tip peeling and the distance measurement tool between two points in VK-X software
(Keyence, Osaka, Japan) is used for measurement. With the progress of machining, the tool
is gradually worn, which is realized as the gradual reduction of edge diameter and edge
height. With the wear of the tool, the wear rate increases gradually, which is similar to the
wear law of the end face and flank.
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Figure 13. Effect of material removal on micro milling cutter wear. (a) Change of tool diameter and
blade height; (b) change of tool diameter diminution and blade height diminution.

3.5. Tool Wear Mechanisms

Micro-milling Ti-6Al-4V tool wear mainly occurs at the tool tip, and a variety of wear
forms occur at the same time. Adhesive wear is the main cause of tool wear. The damage
mechanisms of a micro-milling tool under low speed conditions are mainly abrasive wear
and adhesive wear. When the cutting speed increases, adhesive wear occurs, and there is a
certain degree of oxidative wear at the tool tip. As shown in Figure 14, the wear phenomena
of micro-milling cutters in different wear states are marked. Among them, the surface of
the cutting edge of the new tool is smooth and flat. Due to the short processing path, low
wear degree and the less adhesive material, Ti-6Al-4V, only slight tool material peeling
occurs. It shows that the degree of adhesive wear is small and the influence on the cutting
edge is limited. With the further deepening of the wear degree, a large number of BUE
appear in Wear II, and some bare cutting edge surfaces are clearly visible. It can be seen
from the previous analysis that the BUE in dynamic change is extremely unstable and
easily peels off and takes away tool material, resulting in further wear of the tool. With
the progress of cutting, the severe tool wear further increases the cutting temperature, and
the local high temperature and stress concentration are more serious. Therefore, the loose
pore structure caused by micro molten Ti-6Al-4V and the intergranular degumming of
tool material can be observed on the tool surface in Wear III. The less adherent material
Ti-6Al-4V was found, which does not indicate an improvement in the wear state. Rather,
severe tip spalling was observed because of BUE spalling under long-term dynamic action,
taking away material from the cutting edge. The energy spectrum of each micro-milling
cutter is obtained through EDS, and the results are shown in Figure 15. The Ti content
of a micro-milling cutter in four wear states is 0%, 3.4%, 4% and 3.7%, respectively. With
the progress of the machining process, more and more workpiece materials adhere to the
cutting edge, which proves the previous conclusion. In particular, the Ti content decreases
in the process from Wear II to Wear III. This is because BUE is composed of accumulated
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workpiece material Ti-6Al-4V. The dynamic action makes BUE peel off, which makes the
phenomenon of the Ti content decrease in Wear III, which does not affect the previous
conclusion. This corresponds to Figure 14d, and the spalling of BUE can be clearly observed.
Combined with SEM and EDS, the adhesive wear process and mechanism in the machining
process are analyzed. It is found that adhesive wear accompanies the whole cutting process
and plays a major role.

Spalling of tool material

§

}

Ve o
_ Adhesiy€ material

o

\ ive material
<« Built-up edge "Ti-6Al-4V

' \k/ Exposed tool surface

Figure 14. SEM microscopic images of micro-milling cutter under different wear states. (a) Initial’s
SEM image and wear form, (b) Wear I's SEM image and wear form, (c) Wear II's SEM image and
wear form and (d) Wear III's SEM image and wear form.

Figure 15. EDS analysis of micro-milling cutter with different wear states.
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The melting point of Co is low, and it will soften under the action of high cutting heat,
resulting in the peeling off of WC particles. The appearance of micro molten Ti-6Al-4V
shows that the local temperature is high during cutting, and the high temperature leads to
the peeling of tool materials at the same time. Therefore, intergranular degumming can
be observed, which is why they are often observed at the same time. The Co content of a
micro-milling cutter in four wear states is 10%, 9.5%, 7.8% and 7.5%, respectively. Co shows
a gradual decrease, which proves that with the increase of the cutting temperature, the
softening of binder leads to the loss and peeling of WC particles of workpiece material, and
the separation of WC particles from binder are the main causes of abrasive wear. Local high
temperature and chemical element concentration gradient make it possible for element
dissolution and diffusion. In high-speed milling, the high temperature generated in the
chip friction zone (SDZ) intensifies the dissolution and diffusion of elements at the interface.
From Figure 14d, the micro melting Ti-6Al-4V and intergranular degumming indicate the
generation of local high temperature in the cutting process, and the energy spectrum also
indicates the loss of tool material and the gradual increase of workpiece material on the
tool. From Figure 15, it can be seen that the V element content of a micro-milling cutter in
four wear states is 0%, 0.1%, 0.3% and 0.4%, respectively, and the Cr element content is
0.6%, 0.6%, 0.5% and 0.5%, respectively. The increase of V and the decrease of Cr in the
elements contained in the tool also prove the existence of dissolution and diffusion wear.
However, these phenomena are not observed in Figure 14a—c, indicating that at the initial
stage of wear, the cutting temperature does not reach the critical temperature of element
dissolution and diffusion, and dissolution and diffusion wear do not occur. During the
micro-milling process, the local increase of the cutting temperature will provide conditions
for a chemical reaction between the tool material WC, the adhering material Ti-6Al-4V and
the environment (mainly oxygen), thereby further aggravating tool wear. Figure 16 shows
the element distribution and SEM micro image of the wear area of the cutting edge. The
local SEM images of the tool tip under different wear states can clearly see the change of
the edge radius, which further proves that the tool wear makes the edge radius gradually
increase. The results show that the O element content of micro-milling cutters in four
different wear states is 2.1%, 2%, 4% and 5.4%, respectively. The increase of O element
content confirms the strong oxidation reaction on the tool surface. At the initial stage of
wear, the oxygen content of the Wear I micro-milling cutter is consistent with that of the
new cutter, which indicates that the oxidation reaction conditions are not reached and there
is no oxidation reaction. From Wear II, due to the improvement of wear degree, a higher
local cutting temperature is produced and the reaction conditions are reached, so a strong
oxidation reaction occurs. The high enrichment of the O element near the cutting edge is
mainly due to the convenient penetration of oxygen in the air during the cutting process.
WC easily reacts with Ti and O under high-temperature conditions, and the binder Co
is also very easy to oxidize to CozO4. Therefore, oxidative wear intensifies the failure of
the binder and the peeling of tool particles, which has an adverse impact on the cutting
performance of a micro-milling cutter.
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Figure 16. SEM/EDS data of micro milling cutter under different wear states. (a) Element distribu-
tion of Initial; (b) Element distribution of Wear I; (¢) Element distribution of Wear II; (d) Element
distribution of Wear III.

4. Conclusions

To study the wear process and wear mechanism of micro-milling cutters with different
wear states, an experimental scheme for milling Ti-6Al-4V with WC carbide micro-milling
cutters was designed. Four micro-milling cutters with different wear states were obtained
and the data of the micro-milling cutters were collected. Confocal laser images, SEM
images and EDS images were obtained and studied. The wear-failure standard, wear
process and wear mechanism of micro-milling cutters are comprehensively analyzed.
The formulation of a wear standard and the disclosure of the wear mechanism provide
theoretical data support for the application and popularization of micro milling in the
field of difficult-to-machine materials. The key findings of this experimental research work
include the following:
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1.  The wear modes are classified into progressive normal wear failure and abnormal
wear failure. The progressive normal wear failure mainly includes abrasion marks,
material adhesion, built-up edges (BUE) and micro-blade collapse, while the abnormal
wear failure mainly includes severe plastic deformation, blade collapse, catastrophic
fracture and delamination of the cutting edge. Due to the micron size, the influence of
BUE is amplified and plays a leading role in cutting performance.

2. There is no relevant international standard for the wear of a micro-milling cutter.
According to the characteristics of micro milling, a comprehensive analysis was
conducted from the aspects of end face wear, flank wear, edge diameter reduction
and edge radius. The wear of end face 30 um, wear of flank 35 pm and tool diameter
reduction 55 pm can be used as the failure criteria of a micro-milling cutter. Tool
wear makes the edge radius increase gradually, which seriously affects the cutting
performance of a micro-milling cutter.

3. The wear process and wear mechanism of micro-milling cutter machining are an-
alyzed. Adhesive wear exists in the whole cutting process and plays a major role.
High temperature, element concentration gradient and oxygen provide conditions for
abrasive particle shedding, element diffusion and oxidation reaction. Abrasive wear,
diffusion wear and oxidation wear occur only when the cutting temperature reaches
the melting point of Co, and oxidation wear aggravates the failure of the binder and
the peeling off of tool particles.
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