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Effects of WC grain size and Co content on microscale wear
behavior of micro end mills in aluminum alloy 7075 machining
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Abstract
The effects of cemented carbide materials on cutting edge fracture mechanism of micro end mills in aluminum alloy 7075
machining are investigated. A series of micro milling experiments on the tool wear were conducted. The surface morphologies of
micro end mills were observed, and the end teeth flank wear length and tool total cutting edge length reduction were measured.
The results showed that the Co content and WC grain size of cemented carbides have significant effects on tool wear and cutting
performance of the micro end mill. With increase of WC grain size, the tool end teeth flank wear length increases and the total
cutting edge length reduction of the mill obviously increases. Thus, the micro end mill with finer grain size presents better wear
resistance. However, with increase of Co content, the micro end mill exhibits less wear resistance. This can be explained that the
adsorption energy between Co atom and Al atom become larger based on first principle calculation of adsorption energy between
cemented carbides and aluminum alloy. The Co binder of tool material is dragged off by frequent fall off of built-up edge,
resulting in more loss of Co element. Thus, the strength of the tool is decreased.
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1 Introduction

Aluminum alloys have been increasing on demand and widely
applied in automotive, mold, and aeronautic industries due to
the lighter products without losing quality [1]. As the typical
Al-Zn-Mg-Cu series high-strength alloy, aluminum alloy
7075 has good chemical resistance, outstanding strength-to-
density ratio, and relatively low densities, which is widely
used in micro-fluidic devices, micro-scale heat sinks, micro-
propellers, and so on [2]. Different types of cemented carbides
have important effects on wear resistance and fracture resis-
tance of cutting tools. Especially for micro tools, the tools are
more prone to adhesive wear and tool edge fracture. In micro
milling, the micro tools are easily worn at the early stage and
the tool life is difficult to meet the requirements of micro
products machining [3]. Appropriate material selection of mi-
cro end mill could improve its cutting performance and ser-
vice life. The tool materials require high wear and fracture
resistance and good cutting performance. Cemented carbides
are widely applied in cutting tools due to their high hardness
and wear resistance [4]. The WC grain size and cobalt content
of cemented carbides have significant effects on cutting per-
formance and tool life of micro end mill. Fracture toughness
and fatigue crack growth resistance of cemented carbides
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sensitively depend on Co content and WC grain size, while
fatigue sensitivity depends significantly on carbide contiguity
or binder thickness [5]. The reasonable tool material type se-
lection is an effective way to improve tool life of cemented
carbide micro end mill.

Some research works were carried out on the effects of Co
content and WC grain size of cemented carbides on cutting
performance and service life of cutting tools. Guo et al. [6]
found that the ultrafine cemented carbide tools that possess
better hardness and transverse rupture strength suffered from
slight adhesive wear and abrasive wear in cutting AISI 1045
carbon steel. Similarly, the medium grain size presented seri-
ous adhesive and abrasive wear on flank face and rake face of
tool. Kai et al. [7] reported the tool life of micro-tool fabricated
using cemented carbides with 90 nm grain size was longer
than that of the tool with 0.6 μm grain size, presumably be-
cause the former has better fracture resistance and forming
accuracy. Jawaid et al. [8] reported the flank face wear rate
of cemented carbide inserts with 0.68μm grain size was great-
er than that with 1.0 μm grain size. Pirso et al. [9] found the
wear resistance of cemented carbides depends on material
hardness and chemical composition, and the wear rate de-
creases with the increase in hardness and decrease in binder
content. Saito et al. [10] found that tool wear increases with
increasing of WC grain size and Co content. Specifically, the
wear rate is linearly proportional to the Co mean free path and
wear resistance is proportional to hardness. Chen et al. [11]
reported that theWC-5TiC-0.5VC-8Co cemented carbide tool
with finer grain size has longer tool life and its main wear
mechanism is adhesion wear and oxidation when machining
HT250 gray cast iron. However, less study has focused on the
effects of WC grain size and the Co content on microscale
wear mechanisms of micro end mill. Additionally, the effects
of different types of cemented carbides on the fracture damage
mechanism and cutting performance of micro end mills re-
main unclear.

Several researchers have reported the investigation of the
wear behavior of micro end mills. Li et al. [3] found the micro
mill wear mainly presents abrasive wear and chipping due to
the poor stiffness and strength of cutting edge. Kadirgama
et al. [12] found that flank wear, chipping, cracking and cata-
strophic, plastic lowering at cutting edge are the dominant tool
failure modes. Oliaei et al. [13] found tool wear of micro
milling presents the increase of cutting edge rounding, flank
wear, and reduction of tool diameter. List et al. [14] found the
formation of built-up edge and adhesive layer on cemented
carbide cutter rake face degrades the tool shape and efficiency
in aluminum-copper alloy machining, and tool wear is caused
by the activation of the diffusional and chemical phenomenon.
Wang and Kwon [15] reported the wear modes of tool are
adhesion and abrasion wear during the machining of pure
aluminum, and the WC grains are pulled out due to the weak-
ening of Co binder and theWC grains are also dislodged from

the tool surface. Chen et al. [16] reported that the tool wear
mechanism of cemented carbide micro end mill presents abra-
sive wear, adhesive wear, diffusion wear, and oxidative wear.
Konyashin and Ries [17, 18] reported that the near-nano
cemented carbide tool wear mechanism presents micro-
cracking and micro-chipping resulting in the detachment of
large WC/Co agglomerates, and the medium grades are wear-
ing binder leading to unsupported WC grain, WC grain micro
chipping, detachment of WC grain, and WC-Co fragments.
Although some research works were carried out on tool wear
mechanism of micro milling, the tool wear mechanism of
ultra-fine cemented carbide micro end mill is still unclear.

This study examines the effects of WC grain size and Co
content on the microscale wear behavior of micro end mill in
aluminum alloy 7075 machining. The tool wear experiments
were carried out using various micro end mills fabricated with
different type of cemented carbides. During the experiments,
the surface wear morphologies of micro end mills were ob-
served by scanning electronmicroscopy (SEM). The tool frac-
ture mechanism of the cemented carbide micro end mills will
be also discussed.

2 Fabrication of micro end mills

The four kinds of micro end mills with different tool materials
K55SF, DK500UF, DK450UF, and DK120UF (GUHRING
Co., Ltd.) are fabricated by using a six-axis CNC tool grinding
machine (CNS7d, Makino Seiki Co., Ltd.) as shown in Fig. 1,
which have the identical geometric parameters: diameter 0.5
mm, helix angle 30°, rake angle 3°, and relief angle 12°, as
shown in Fig. 1(b). The position precision of the grinding
machine in X-axis, Y-axis, and Z-axis is 3.5 μm, and reposi-
tioning precision the grinding machine in X-axis, Y-axis, and
Z-axis is 1.5 μm. The resolution of the machine in X-axis, Y-
axis, and Z-axis is 0.1 μm. The composition and mechanical
properties of different cemented carbides are shown in
Table 1. The fabricated micro end mills are cleaned using an
ultrasonic cleaning machine. The tool surface morphology is
observed by scanning electron microscopy (SEM, FEI Quanta
650FEG).

The surface morphologies of micro end mills end
flank face with different types of cemented carbides are
observed as shown in Fig. 2. The cutting edges of micro
end mills with different types of cemented carbides pres-
ent various characteristics of micro fracture and micro
cracks. The micro end mill with finer WC grain size
(K55SF) presents a better morphology, sharper cutting
edges, less micro cracks, and shallower scratched micro
grooves, compared with the tools with other three types
of cemented carbides (Fig. 2), while the micro end mills
with DK450UF appear brittle fracture due to larger grain
size and higher WC content. The surface of micro end
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mill with DK500UF has more micro pits between phase
boundaries. The larger WC particles will increase the
surface damage, which leads to randomly distributed mi-
cro pits. The Co binders are extruded and removed from
the phase boundaries of WC and Co leading to the gen-
eration of micro cracks or micro pits on the surface of
micro end mill. The micro end mill with DK120UF also
has sharper cutting edges and less grinding defects.

3 Tool wear experiments

The dry slot machining experiments using the fabricated
micro end mill were conducted in a five-axis machining
center DMU80 monoBLOCK (DMG MORI Co., Ltd.) as
shown in Fig. 3. The resolution of the machining center in
X-axis, Y-axis, and Z-axis is 1 μm, and the feed accuracy
in X-axis, Y-axis, and Z-axis is 1 μm. Aluminum alloy
7075 was adopted as workpiece material. Initially, a
clean-up cut on the workpiece surface was performed with
a flat end mill with a diameter 10 mm to ensure the same
depth of cut during the micro milling. During micro mill-
ing, the cutting speed was 20 m/min, the feed rate was 2

μm/z, and the depth of cut was 50 μm. The experiments
were repeated three times. The micro tools and machined
workpiece were cleaned with alcohol in ultrasonic
cleaning machine before measurement. The surface mor-
phologies of micro end mills were observed by scanning
electron microscopy and 3D laser scanning microscope
VK-X100 (Keyence Co., Ltd.).

4 Results and discussion

4.1 Wear morphology

Figure 4 shows surface wear morphologies of micro end
mill end flank faces after machining for the cutting length
of 480 mm. The micro end mill with finer WC grain size
(K55SF) presents less wear width on the end flank face,
and no obvious damage occurs at the cutting edge com-
pared with that of DK500UF. Besides, for the micro end
mill with DK120UF, slight damage occurs at the cutting
edge. However, both micro end mills with DK500UF and
DK450UF suffer from serious cutting edge fracture under
the same cutting length. Moreover, the built-up edge
(BUE) and built-up layer (BUL) occurs in micro end mill
surface. The micro end mill (DK500UF) with higher Co
content shows less wear resistance compared with that of
DK450UF and DK120UF. It can be found that the Co
content and WC grain size of cemented carbides have
significant effects on the wear and fracture resistance of
micro end mill.

Figure 5 shows wear morphologies of micro end mills
with different types of cemented carbides after machining
for a longer length. The micro end mill end faces are
strongly adhered by the workpiece material aluminum al-
loy. The serious flank face wear in the cutting edge and

Micro end mill

Grinding wheel

X

Z

Y

U

A

W

End flank

Cutting edge(a) (b)
Fig. 1 Fabrication of micro end
mill. (a) Fabrication experimental
setup. (b) Micro end mill

Table 1 Composition and mechanical properties of different cemented
carbides

Property K55SF DK500UF DK450UF DK120UF

WC content (%) 91 88 91 93

Co content (%) 9 12 9 7

Grain sizes (μm) 0.2-0.5 0.5 0.5 0.5

Density (g/cm3) 14.40 14.15 14.45 14.70

Hardness (HV30) 1920 1660 1870 1850

Category / K40/50 / K05
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the tool nose breakage result in the failure of micro mill.
The micro end mill with finer cemented carbides (K55SF)
possesses better fracture resistance, and after machining
for 1200 mm, it still has a finer cutting edge and suffers
from less wear. However, severe tool wear takes place on
the micro end mill (DK500UF) even at the early cutting
length of 520 mm and the tool material presents lower
fracture resistance. Similarly, severe tool fractures are
generated for the micro end mill (DK450UF), and even
severe cutting edge damage occurs at the early cutting
length of 560 mm, and this tool material also presents less
fracture resistance. In contrast, the micro end mill
(DK120UF) suffers from severe edge chipping at the cut-
ting length of 720 mm (Fig. 5(d)). During micro milling,
the aluminum alloy materials tend to be bonded to the
cutting edge and this causes the formation of built-up
edge under certain cutting speed conditions [14].
Moreover, the unstable built-up edge periodically breaks
off, together with the scrape of a small lump of tool ma-
terials [19]. This also contributes to the formation of mi-
cro fracture on the cutting edge.

4.2 Edge chipping and crack morphologies of micro
end mill

The edge chipping and crack morphologies of micro end mill
(DK120UF) are shown as Fig. 6. The crack deflection is also
observed from the crack morphologies. During micro milling,
the cutting edge suffers from cyclic impact forces. The edge
chipping of micro end mill mostly occurs at the tool nose
where exists sharper cutting edge. Compared with macro mill-
ing, the cutting edge is easily broken due to weak strength. In
the case of cemented carbides, the main toughening mecha-
nism is ductile ligament reinforcement and the crack deflec-
tion is an additional toughening mechanism as the microstruc-
ture becomes coarser [20].

4.3 End teeth flank wear length and total cutting
edge length reduction

To evaluate the effects of different types material on the tool
wear of micro end mill, the end teeth flank wear length and the
total cutting edge length reduction of micro end mill are

Fig. 2 Surface morphologies of micro end mill end flank faces fabricated with various types of cemented carbides. (a) K55SF, (b) DK500UF, (c)
DK450UF, (d) DK120UF

Micro end mill

Workpiece

Fig. 3 Micro end milling
experiment setup
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considered. The integrity of the tool edge was measured be-
fore experiments as shown in Fig. 7. The cutting edge length
reduction is the original cutting edge length subtracting the
total cutting edge length after wear. The measuring methods
of micro end mill end teeth flank wear length and total cutting
edge length reduction are shown in Fig. 7. The end teeth flank
wear length of micro end mill increases rapidly when the tool
early contacts with the workpiece materials. It can be seen that
the tool wear width increases rapidly with the increase of
cutting length in the case of the mill with DK500UF (Fig.
8(a)). The micro end mill fabricated using finer WC grain
sizes 0.2–0.5 μm (K55SF) has a narrower tool wear width
and a longer cutting length compared with the other three
types of cemented carbide tools. However, the micro end mills
with tool materials DK500UF, DK120UF, and DK450UF
have a large tool end teeth flank wear length at the beginning
of cutting length. Figure 8(b) shows the relationship of the
total cutting edge length reduction of the mills with cutting
length. It can be seen that, with increasing WC grain size, the
total cutting edge length reduction of the mill obviously in-
creases in the cases of the mills with tool material K55SF and
DK450UF. The micro end mill with higher cobalt content
generates early fractures on the cutting edge. The micro end
mill with DK450UF has shorter tool life, and the micro tool
exhibits tool breakage at a short cutting length of 240mm. The
micro end mill with material DK120UF also suffers from se-
rious early broken. The micro end mills with finer WC grain
size material can extend the micro end mill tool life.

4.4 Effects of WC/Co composition on the tool wear

The wear resistance of micro end mill is associated with the
hardness of tool material. The hardness of the material

DK500UF is the least (1660 HV30), and the tool end teeth
flank wear length of the micro end mill is larger than that of
others. Due to smaller WC grain size, the K55SF cemented
carbides present higher hardness (1920 HV30) leading to
higher tool wear resistance. The wear rate reduces with de-
creasing both Co content and WC grain size of cemented
carbides [10]. The mean free path in Co is closely related to
plastic deformation ability of materials and greatly affects the
material wear resistance. The mean free path can be evaluated
as [21]:

λCo ¼ αdwcVCo

1−VCo
ð1Þ

where dWC is the WC grain size, VCo is the Co content, and
α is a factor which depends on the shape and contiguity of the
carbide grains. The tool wear is related to the ratio λCo/α, and
tool wear volume increases with the increase of the ratio [21].
The WC grain size and content of tool material decides the
ratio λCo/α. The tool materials K55SF, DK500UF, DK450UF,
and DK120UF ratio λCo/α can be obtained 0.0198, 0.0682,
0.0495, and 0.0376 as the expression (1), respectively. It can
be seen that the tool end teeth flank wear length increases with
the increase of the ratio (Fig. 8(a)). Therefore, in material
selection of micro end mill the tool wear resistance can be
evaluated by the ratioλCo/α.

In micro milling, with the increase of cutting length, the cut-
ting edge radius becomes larger andmicro chipping occurs in the
cutting edge. Under high pressure, the workpiece materials tend
to be adhered on the surface of micro endmill in the contact zone
and the workpiece materials are welding to tool surface forming
an adhesion layer. The tool wear is mainly caused by the forma-
tion of a built-up edge and an adhesion layer [22]. Under dry
conditions, the wear of cemented carbide tool is mainly caused

Fig. 4 Wear morphologies of micro end mill end flank faces after machining for the cutting length of 480 mm. (a) K55SF, (b) DK500UF, (c) DK450UF,
(d) DK120UF

Int J Adv Manuf Technol (2019) 104:2401–2413 2405



by the removal of Co binder followed by the fracture of inter-
granular boundaries and fragmentation of carbide grains [9]. Due
to the mechanical adhesion mechanism, the primary built-up
layer is formed quickly resulting in the cutting edge geometry
and changed microstructure [23].

The tool cutting edges suffered cyclic flexural and com-
pression stress during micro milling. Dislocation behavior oc-
curs in WC/Co grain boundaries, and the micro cracks began

nucleation. Under the action of alternating stress, the initiation
micro cracks begin to form, and then the micro cracks propa-
gate resulting in cutting edge fracture. Besides, some WC
grains in cutting edge generated micro cracks under high-
stress impact. When the micro cracks in the micro end mill
cutting edge propagate, the WC grains of cutting edge are
loosened and then pulled out [24]. Due to the viscous property
of aluminum alloy, there is a strong bond between the tool

(a) K55SF (1200 mm)

(b) DK500UF (520 mm)

(c) DK450UF (560 mm)

(d) DK120UF (720 mm)

Fig. 5 Wear morphologies of
micro end mills with different
types of cemented carbides after
machining for a longer length. (a)
K55SF (1200 mm), (b)
DK500UF (520 mm), (c)
DK450UF (560 mm), (d)
DK120UF (720 mm)

2406 Int J Adv Manuf Technol (2019) 104:2401–2413



surface and workpiece. Some WC grains are pulled out leav-
ing micro fracture in the cutting edge. The finer WC grain is
not prone to produce dislocation for the small strain with a
short slip surface. The finer grain size tool material K55SF has
stronger fracture resistance compared with DK450UF. The
cutting edge tool wear of micro end mill is related to the mean
free path in Co, and the mean free path in Co λCo can be
estimated from [25]:

λCo ¼ dWCVCo

1−CWCð Þ 1−VCoð Þ ð2Þ

where CWC is the contiguity of WC. The contiguity of WC
CWC can be estimated from [23]:

CWC ¼ 1:03exp −5VCoð Þ ð3Þ

The tensile strength and compressive strength of tool ma-
terial are relative to the microstructure of the WC/Co. The
tensile strength Rm and compressive strength Rrm of cemented
carbides can be estimated as [26]:

σm ¼ ½0:229þ 5:941VCo−4:536V2
Co þ

1ffiffiffiffiffiffiffiffi
dWC

p

0:722−0:927VCo þ 3:673V2
Co

� �� ffiffiffiffi
C

p

ð4Þ

σrm ¼ ½2:551þ 0:108VCo−1:238V2
Co

þ 1ffiffiffiffiffiffiffiffi
dWC

p 5:591−0:877VCo−3:046V2
Co

� �� ffiffiffiffi
C

p
ð5Þ

The flexural strength σbm of brittle in bend test can be
estimated as σbm = 2σm [26]. The micro end mill with higher
Co content (DK500UF) early appears with cutting edge tip
fracture. The cemented carbides with higher Co content have
higher static fatigue sensitivity and has less fatigue crack prop-
agation resistance ability [27]. Due to the low flexural strength
and hardness, the micro end mill with higher Co content tool
materials (Table 2) early generates cutting edge fracture.
Under cyclic stress, impact fatigue is a deterioration damage
of cemented carbides and the actual stress is often lower than
the material yield stress [28]. The oxidation also induces em-
brittlement of the Co binder phase along subcritical cracks,
and the cemented carbide materials become more brittle and
cracks propagate through the Co binder [28, 29].

The micro end mill with finer WC grain size (K55SF)
generates tool broken at high cyclic times, and the tool pre-
sents higher fracture resistance. The fatigue fracture of larger
WC grain size is dominated by WC grain bonding and frac-
ture, and the finer WC grain size exhibits fatigue fracture [30].
The WC grain size and Co binder content of cemented

Fig. 6 Edge chipping and crack morphologies of micro end mill (DK120UF)
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carbides have significant effects on the tool fracture mecha-
nism. The cemented carbides exist critical Co free pathMc and
critical WC grain size Rc, and the Mc and Rc reduce with
increase of Co binder content [31]. When the mean free path
in Co binder is lower than the critical the mean free path in Co
binder Mc or the WC grain size is lower than the critical WC
grain size Rc, intergranular fracture will become dominate in

fracture [31]. In the case of transgranular fracture, the WC
grain sizes are usually larger than 1.0 μm, while the intergran-
ular fracture grain sizes are smaller than 1.0 μm [31]. The
grain sizes of cemented carbides are less than 1.0 μm
(Table 1). The fracture of the tool cutting edges is dominant
intergranular fracture. The nucleation of micro cracks usually
occurs in the highest stress surface where the material defects
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Fig. 8 End teeth flank wear length and the total cutting edge length reduction of micro end mills. (a) End teeth flank wear length. (b) Total cutting edge
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(c) Tool wear total cutting edge length (d) Tool wear end teeth flank face

Fig. 7 Measurement of micro end
mill cutting edge length and end
flank face. (a) Original tool
cutting edge length. (b) Original
tool end teeth flank face. (c) Tool
wear total cutting edge length. (d)
Tool wear end teeth flank face
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exist. The defects conclude the flaw sizes are several times
bigger than the mean WC grain size, plasticity confined to a
zone process near-tip, and process zone governing fracture
extends over a short distance [32, 33]. The fatigue fracture
mainly originates from inhomogeneities such as aggregates
of WC grains or micro pores [34].

4.5 Adhesion wear mechanism of micro end mills

The surface wear morphology and EDS of micro end mill
(K55SF) end teeth flank face at the cutting length of
1200 mm are shown in Fig. 9. It can be seen that the end teeth
flank face is covered by BUL, and the element of dot A (Fig.
9(c)) is mainly Al. It indicates that the end teeth flank of the
tool is mainly covered with the adhesive material aluminum
alloy. Besides, the element of dot B and C is also mainly
element Al and indicates that the end teeth flank of tool is
covered with aluminum alloy. The friction surface WC grain
of the tool is removed by shearing and stretching resulting in

adhesive wear due to relative movement between the tool and
workpiece. Under high stresses, theWC grains in cutting edge
are cracked and some WC grains are pulled out leaving micro
fracture in the cutting edge. Due to the strong chemical affinity
of aluminum alloy, the surface contact mode between the tool
flank and workpiece material aluminum alloy is bonded
contact.

The surface morphology and EDS of micro mill flank face
(K55SF) at the cutting length of 1200 mm are shown in Fig.
10. The element of dot A is mainly the element Al indicating
that the flank is covered with the adhesive workpiece mate-
rials. The BUL is found from the flank face of micro end mill,
and the element Al appears in the falling off region as shown
from dot B (Fig. 10B). The composition of built-up layer is
similar to the aluminum alloy 7075. This proves that the ele-
ment Al adheres on the tool surface. Due to the strong bond
between tool and workpiece, the contact friction behavior be-
tween flank face and workpiece occurs resulting in serious
adhesive wear. Due to the thermo-mechanical mechanisms,
the aluminum alloy suffers from a process of incipient fusion
of the metallic matrix and then, the visco-plastic state of alu-
minum welds onto the tool surface under cutting compression
stress. Besides, once the BUL has been formed, initial cutting
conditions change enabling BUE formation by mechanical
adhesion [35]. The aluminum accumulated on tool surface
will increase the thermal conductivity and reduce its initial
hardness.

During micro milling, the end teeth flank face of micro end
mill contacts the bottom of micro channel, and the end teeth
flank face almost does not suffer from cutting force. However,

Fig. 9 EDS of the adhesive wear end teeth flank surface (K55SF)

Table 2 Mean free path in Co, contiguity of WC, tensile strength,
compressive strength, and flexural strength of various grades of
cemented carbides

Grade λCo CWC σm (GPa) σrm (GPa) σbm (GPa)

K55SF 0.058–0.144 0.66 1.36–1.81 8.38–12.04 2.76–3.62

DK500UF 0.157 0.57 1.37 7.73 2.74

DK450UF 0.144 0.66 1.36 8.38 2.72

DK120UF 0.137 0.73 1.35 8.84 2.7

Int J Adv Manuf Technol (2019) 104:2401–2413 2409



severe adhesive wear occurs on the end teeth flank faces. The
reason is that the contact of micro milling is in meso-scale and
adsorption energy becomes the key factors to dominate the
flank face adhesion in microscale. The contact region of micro
cutting tool in microscale is considered two rigid ball contacts.
When the two surfaces contact, the adhesive force F0 can be
obtained as [36]:

Fo ¼ 2πRoΔγ ð6Þ

According to Derjaguin the two ball at a distance of h0, the
adhesive force F (h0) be obtained:

F hoð Þ ¼ 8πΔγ
3

Ro
ε
h

� �2
−
1

4

ε
h

� �8
� �

ð7Þ

where Ro is the equivalent radius, h is the distance between
molecules, ε is the equilibrium distance between molecules,
the Dupre adhesive work Δγ = Ao/16πε

2, and Ao is the
Hamaker constant. It can be seen that, even the end teeth flank
suffered no axial cutting force in theory, the end teeth flank of
the tool also occurs serious adhesive wear under the adhesive
force.

To further analyze the adhesion mechanism of micro mill-
ing in aluminum alloy 7075 machining, the first principle
density functional theory (DFT) is used to calculate the adhe-
sion process between the tool material and aluminum alloy
7075. Figure 11 shows the first principle calculation model
of adsorption energy between micro end mill and aluminum
alloy 7075. The PWMAT software is used to calculate the
adsorption process, and the main elements of the aluminum
alloy are considered. The formula for calculating adsorption
energy by the first principle is as follows:

Ebind ¼ Ecomplex− EA þ EBð Þ ð8Þ

where Ebind is the binding energy, Ecomplex is the total en-
ergy of the system after adsorption, and EA is the energy of the
adsorbed material and the energy of EB adsorption material.

First principle calculation of the adsorption energy between
cemented carbides and aluminum alloy 7075 is shown in
Table 3. It can be seen that the adsorption energy between
Co atom in cemented carbides and Al atom in aluminum alloy
is − 7.2455 eV, so the adsorption force between the Co atom
and the Al atom is larger. The WC grain and Co atom in

Fig. 10 Flank surface morphology and EDS of micro end mill (K55SF)
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cemented carbide will not adsorb the Mg atom in workpiece
material. Besides, the WC grain also will not adsorb the Al
atom. During the wear process of micro end mill, the adsorp-
tion energy between Co atom and Al atom is larger and the Co
binder in the tool will be dragged off by frequent fall off of
built-up edge, resulting in more loss of Co element, which
makes strength of the tool lower. Moreover, under cutting
pressure action, the AlxCoy intermetallic compounds are gen-
erated and can favor micro welding between the built-up layer
and tool surface [14].

The adhesive wear damagemechanism of micro end mill is
shown in Fig. 12. The WC grains are pulled out and dragged
by the adjacent aluminum alloy, and the WC grains’ disloca-
tion, plastically deformed and broken, occur on the cutting
contact. At early cutting stage, micro crack and WC particle
loosing occurs in cutting edge. Due to removal of Co binder
from the top layer of the WC grains, the WC grains become
more prone to breaking out [23]. The adhesion of the alumi-
num alloy materials leads to the formation of built-up edge
which tends to promote tool chipping, and unstable built-up
edge periodically breaks off taking with a small lump of cut-
ting edge [19]. The coarse grades demonstrated inhomoge-
neous behavior with pulling out of WC grains in cutting edge,
followed by binder removal and scratching of WC at longer
sliding distances, while the ultrafine grades showed homoge-
neous plowing behavior [13]. Under high pressure, tensile
stresses are induced in the WC grain boundaries parallel to

cutting force, creating a driving force for Co binder diffusion
into the grain boundaries. Besides, the WC grains are partly
broken up by Co grain boundary infiltration and make GBS
possible [37]. Under cutting force, the tool material deforma-
tion starts with dislocation movements in the Co binder and
moves over to a gradual increase in GBS, accommodated by
Co diffusion and dislocation climb in combination with dislo-
cation movements and slip in the WC grains [37]. Under
shearing stress, deformation and dislocations occur in WC
grain and Co binder of tool surface resulting in large strains
in the lattice. Besides, plastic deformation of tool materials
also occur by grain boundary sliding, accommodated by Co
binder infiltration of general grain boundaries and plastic de-
formation of WC grains [38]. The two materials contact and
move, and the contact bond is sheered forming new contact
bond.

Compared with the traditional milling, the size effect of
micro milling is prevailing and the adhesive contact size effect
also occurs. Duringmicro milling process, the tool surface and
workpiece pull-off can be considered the separation process
between rigid line and substrate. According to Kendall [39],
the adhesive contact pull-off stress of a rigid line and substrate
can be obtained:

σpull−off ¼ 8EΔγ
π 1−v2Rð Þ

� �
ð9Þ

where E is Young’s modulus and ν is the Poisson ratio. R is
the rigid line radius. The end teeth flank of micro end mill
contacts aluminum alloy, and aluminum alloy elastic deforma-
tion occurs under adhesive stress. Separation force is induced
by interfacial adhesion effect σpull − off ∼R−1/2. The separation
stress increases rapidly with decreasing diameter of tool.
Therefore, with diameter reduction of micro end mill, the size

r

Al atom

Co atom

Co-Al WC-Al Co-MgWC-Mg

W atom

Al atom
Mg atom

Co atomsC atom C atom

W atom

Mg atom

Fig. 11 First principle calculation
model of interface bonding way
between cemented carbides and
aluminum alloy

Table 3 Adsorption energy between cemented carbides and aluminum
alloy 7075

Adsorption types Co-Al Co-Mg WC-Al WC-Mg

Adsorption energy (eV) − 7.2455 2.7232 1.8742 3.283
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effect of adhesive wear is prevailing and pull-off stress in-
creasing. The tool adhesive wear of micro milling is more
serious compared with traditional milling. The micro milling
is more prone to adhesive wear compared with traditional
milling.

5 Conclusions

The effects ofWC grain size and Co content on the microscale
wear behavior of cemented carbide micro end mill in alumi-
num alloy 7075 machining were investigated. The tool wear
experiments were performed with different tool materials mi-
cro end mills, and the wear morphologies were observed by
scanning electronmicroscope (SEM). The effects ofWCgrain
size and Co content cemented carbides on the tool wear be-
havior were analyzed. Based on this study, the conclusions are
obtained:

(1) The micro end mill with finer grain size presents better
wear resistance. With increase of WC grain size, the end
teeth flank wear length of micro end mill increases and
the total cutting edge length reduction of the tool obvi-
ously increases. Besides, with increase of Co content, the
micro end mill exhibits less wear resistance.

(2) The tool end teeth flank wear length increases with in-
crease of the ratio λCo/α. In tool material selection of
micro end mill, the tool wear resistance can be evaluated
by the ratio λCo/α.

(3) The damage modes of micro end mills present cutting
edge fracture and adhesive wear. Moreover, the built-up
edge (BUE) and built-up layer (BUL) occur on the sur-
face of micro end mills. The serious adhesive wear in

cutting edge flank face and the tool tip breakage cause
tool failure of micro end mill.

(4) The adsorption energy between Co atom and Al atom
becomes larger based on first principle calculation of
adsorption energy between cemented carbides and alu-
minum alloy. The Co binder of tool material is dragged
off by frequent fall off of built-up edge, resulting in more
loss of Co element. Thus, the strength of the tool is de-
creased. Besides, in micro milling, adhesive wear of tool
easily occurs and size effect of adhesive wear is prevail-
ing compared with traditional milling.
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