Journal of Machine Engineering, 2020, Vol. 20, No. 2, 94–103
ISSN 1895-7595 (Print)

ISSN 2391-8071 (Online)

Received: 14 November 2019 / Accepted: 18 December 2019 / Published online: 24 June 2020
aluminum-silicon alloys, end mill,
tool wear, cemented carbide tool

Yuya KOBARU1*
Ryo NAGAOKA1
Kenji SHIMANA1
Shinichi YOSHIMITSU1
Eiji KONDO2
TOOL WEAR CHARACTERISTICS IN MACHINING
OF HYPEREUTECTIC Al-Si ALLOYS BY CEMENTED CARBIDE TOOL

During of hypereutectic Al-Si alloys, tool wear increases owing to the presence of silicon particles. Therefore,
polycrystalline diamond tools are typically used, but they are very expensive. The purpose of this study is to
examine the tool wear characteristics during the end milling of hypereutectic Al-Si alloy (A390–T6) by using
comparatively inexpensive diamond-like carbon coated cemented carbide tools. Al-Si alloy was end-milled by
changing the cutting speed. Our results revealed that the width of flank wear land increased monotonously with
increasing of the cutting force regardless of the cutting speed. In addition, the experimental equation of the width
of flank wear land was derived as a function of cutting speed and time, and it was clarified that width of flank wear
land could be approximated.

1. INTRODUCTION
Hypereutectic Al-Si alloys have been used in internal combustion engine parts, cylinder
bodies of compressors and pumps, etc., owing to their low thermal expansion coefficient, high
hardness, and good wear resistance [1, 2]. The main processing methods for hypereutectic
Al-Si alloys are forging, casting, and cutting. Among them, cutting, especially end milling, is
considered to be suitable for processing hypereutectic Al-Si alloys, because it is possible to
process complex shapes and finishes consistently.
In recently, many studies on end milling of difficult-to-cut materials have been
conducted [3–6]. However, end milling of hypereutectic Al-Si alloys requires expensive tools
such as polycrystalline diamond tools (PCD) and CVD diamond coated tools to avoid tool
wearing due to the influence of Si crystal grains [7–9]. Therefore, the use of a relatively lowpriced cemented carbide as a tool material would help reduce the cost of cutting.
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Recently, the performance of cemented carbide tools has been improved with
the development of tool coating technology, and the number of inexpensive coated tools has
increased [10, 11]. Therefore, we focused on the use of diamond-like carbon (DLC) coated
carbide tools for cutting aluminum alloys. In the previous study, Bhowmick et al. have
clarified the tribological behavior of hypereutectic Al–Si alloys by drilling with DLC coated
cemented carbide tools [12]. Furthermore, they have investigated the characteristic of dry
tapping as alternatives to conventional flooded tapping [13]. In terms of turning, it have been
reported that DLC films prevent adhesion of aluminium on tool, decrease cutting forces,
improve machined surface roughness and accuracy, facilitate chip evacuation and
significantly reduce wear [14, 15]. As mentioned above, a lot of knowledge about the
machining of Al-Si alloys using DLC coated tools has been obtained, and these are extremely
beneficial results to establish as a practical technology. On the other hand, with regard to end
milling, research on machined surface properties has been conducted [16], but there are few
reports on tool wear.
The purpose of this study is to clarify the tool wear characteristics during end milling
of hypereutectic Al-Si alloy with a silicon content of 17% (A390–T6) by using inexpensive
DLC coated carbide tools. End milling of Al-Si alloy was performed while changing
the cutting speed and the relationships between tool wear and cutting force, cutting speed, and
cutting distance was investigated.
2. EXPERIMENTAL APPARATUS AND METHODS
A schematic of the experimental apparatus is shown in Fig. 1. Cutting tests were
conducted on a five-axis machining center (Makino Milling Machine Co., Ltd.: D300).
The workpiece was hypereutectic Al-Si alloy with silicon content of 17% (A390–T6), and
a 30 mm × 60 mm surface was end milled in the longitudinal direction.

Fz
Fx

Fy

Fig. 1. Experimental apparatus
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The cutting tool used a throw-away tip with a diameter of 14 mm and one blade,
cemented carbide coated DLC (Sumitomo Electric Hardmetal Co.: AXET 123508PEFR-S
DL1000) was used for end milling of materials. For pre-processing, the surface of the
workpiece was machined with a carbide square end mill having 2 blades and a diameter
of 10 mm with a cutting depth of 0.5 mm. During the cutting test, a cutting dynamometer
(Kistler: 9257B) was used to measure the cutting force, which was measured at a certain
cutting distance. Table 1 shows the cutting conditions. The cutting was performed by
changing only the cutting speed, with the axial and radial depth of cut and feed rate being
constant. The wear of the cutting edge was observed using a microscope (Keyence:
VHX-1000).
Table 1. Cutting conditions
Material
Size [mm]
Material
Diameter [mm]
Rake angle n [deg.]
Tool
Clearance angle n [deg.]
Nose radius re [mm]
Number of flutes
Radial depth of cut ae [mm]
Axial depth of cut ap [mm]
Feed rate fz [mm/rev]
Cutting speed vc [m/min]
Type of cut
Cutting fluid
Workpiece

A390-T6
60×30
DLC coated cemented carbide
14
0
11
0.8
1
0.5
0.5
0.05
150–300
Down cut
None（dry）

3. RESULTS AND DISCUSSIONS
3.1. TOOL WEAR

Figure 2 shows a photograph of the tool edge observed using a digital microscope for
a cutting speed vc of 300 m/min and a cutting time T of 59 min. Tool wear was observed in
the direction of the flank face side and, maximum width of flank wear land at tool corner VBc
was measured because the radial ae and axial ap depth of cuts were smaller than the tool nose
radius re. Under all conditions, no adhesion or chipping was observed in the cutting edge, and
abrasive wear was observed.
Figure 3 shows the relationship between the width of flank wear land as shown in Fig. 2
and the cutting time. The tool life was defined as the time when the width of flank wear land
reached 50 μm. The obtained width of flank wear land VBc increased with cutting time T at
all cutting speeds considered. Furthermore, the width of flank wear land increased as
the cutting speed increased. Figure 4 shows a conceptual figure of the cutting edge, and
the thickness h of the DLC coating layer used in this study was 0.5 μm. From Fig. 4b,
the width of flank wear land VBc at which the base cemented carbide started to be exposed
was approximately 7.6 μm. Therefore, cutting was mainly considered to be performed on
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the coating layer and the base material, because the width of flank wear land VBc, shown in
Fig. 3, was 10 μm or more at the initial stage of cutting.

VBc

Flank face

100 m

Width of flank wear land VBc [m]

Fig. 2. Photograph of cutting edge (vc = 300 m/min, T = 29 min)
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Fig. 3. Width of flank wear land

Fig. 4. Conceptual figure of DLC coated cutting edge
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3.2. CUTTING FORCES

The cutting forces Fx, Fy, and Fz were measured in the direction shown in Fig. 1. Figure 5
shows the measured values of the cutting force components when the cutting speed vc is
300 m/min. The three components of cutting forces increased over time, and the change in
the cutting force component Fx was particularly remarkable.

a) 2 min

b) 10 min

c) 30 min

Fig. 5. Cutting force (vc = 300 m/min)

The cutting forces directly attributable to the flank wear are consider as tangential and
radial components. Therefore, the tangential cutting force Fc and the radial cutting force Fp
were calculated. Figure 6 shows the conceptual figure of end milling with throw-away tip.
When θ is the rotation angle, the tangential component force Fc and the radial component
force Fp can be expressed by Equations (1) using Fx and Fy [17].
𝐹𝑐 = 𝐹𝑥 sin 𝜃 − 𝐹𝑦 cos 𝜃
𝐹𝑝 = 𝐹𝑥 cos 𝜃 + 𝐹𝑦 sin 𝜃

(1)

Figure 7 shows the cutting force components calculated by Eq. (1) for one rotation
of the end mill. The obtained cutting force components Fc and Fp were maximum at the same
rotation angle of the chip. Therefore, the maximum value of the tangential and radial cutting
forces were extracted and the average value was calculated. Figure 8 shows the relationship
between the maximum value of cutting forces and the cutting time. The change trend
of tangential cutting force Fc increased with the cutting time T, and the change trend with
the cutting time was similar to that of the width of flank wear land as shown in Fig. 3.
Furthermore, the tangential cutting force Fc at each cutting time increased with increasing
cutting speed. On the other hand, the change trend of the radial cutting force Fp with
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the cutting time, as shown in Fig. 8b was similar to that of the width of flank wear land as
well as tangential cutting force Fc. From the above, the width of flank wear land VBc is
considered to be related to both the tangential cutting force Fc and the radial cutting force Fp.
Therefore, the ratio of radial cutting force to tangential cutting force Fp/Fc was calculated, and
its relationship with the width of flank wear land VBc was investigated.

Tool rotation direction


Fp

Feed direction
Fx
Fc

Fy
Workpiece
Fig. 6. Conceptual figure of end milling with throw-away tip

Fig. 7. Cutting force components for one rotation (vc = 300 m/min, T = 2 min)

a) Tangential cutting force
Fig. 8. Maximum value of cutting force

b) Radial cutting force
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Figure 9 shows the relationship between the cutting force ratio and the cutting time. The
change trend of the calculated cutting force ratio Fp/Fc was similar to that of the width of flank
wear land VBc. Figure 10 shows the relationship between the cutting force ratio and the width
of flank wear land. The width of flank wear land VBc in Fig. 10 was approximately
proportional to the cutting force ratio Fp/Fc at all cutting speeds. The width of flank wear land
VBc was formulated as a function of the cutting force ratio Fp/Fc by using a least-squares
method and could be expressed by equation (2):
𝐹𝑝 𝑛𝑤
𝑉𝐵𝑐 = 𝐾𝑤 ( )
𝐹𝑐

(2)

The coefficient of determination R2 is 0.96, and it can be seen that the width of flank
wear land shows a strong correlation with the cutting force ratio. From these results, it is clear
that the width of flank wear land VB can be estimated by monitoring the tangential cutting
force Fc and the radial cutting force Fp.

Fig. 9. Ratio of radial cutting force to tangential cutting force

Fig. 10. Relationship between cutting force ratio and width of flank wear land
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Figure 11 shows the relationship between the cutting force ratio and the cutting time
shown in Fig. 9 plotted on the logarithmic scale. At each cutting speed, the cutting force ratio
increases monotonously with increasing distance, and it can be expressed as equation (3).
𝐹𝑝
= 𝐾𝑓 𝑇 𝑛𝑓
𝐹𝑐

(3)

Fig. 11. Relationship between cutting force ratio and width of flank wear land (logarithmic scale)

Figure 12 shows the relationship between the coefficient of cutting force ratio and
the cutting speed. The coefficient Kf is approximately same under all cutting speeds vc. There,
the coefficient Kf is assumed to be 0.458 of the average value.
Figure 13 shows the relationship between the exponent of cutting force ratio and
the cutting speed. It can be seen that the exponent of cutting force ratio nf is approximately
proportional to the cutting speed, and the inclination as obtained by a least-squares method is
7.938×10–4.

Fig. 12. Relationship between coefficient
of cutting force ratio and cutting speed

Fig. 13. Relationship between exponent
of cutting force ratio and cutting speed

Therefore, from equations (2) and (3), the relationship between the width of flank wear
land VB and the cutting time T can be expressed as follows:
𝑉𝐵𝑐 = 𝐾𝑇 𝑛

(4)
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where
𝑛

𝐾 = 𝐾5𝑤 𝐾𝑓 𝑤

(5)

𝑛 = 𝑛𝑓 𝑛𝑤

Equation (4) yields the same results as the face cutting of single crystal silicon that we
have performed, and it is considered that the main cause of tool wear is due to silicon
particles [18].
Table 2 shows the coefficient and exponent of the width of flank wear land obtained in
this study. Figure 14 shows the relationship between the width of flank wear land VBc and
the cutting time T shown in Fig 3. The solid line in this figure represents the width of tool
wear calculated by equation (4).
Table 2. Coefficient and exponent of width of flank wear land
Kw

Kf

K

nw

nf

n

42.198

0.458

7.531

2.197

7.938×10–4 vc

1.754×10–3 vc

Fig. 14. Relationship between width of flank wear land and cutting time

When the cutting speeds are 250 and 300 m/min, the calculated width of flank wear land
approximately coincides with the experimental width of flank wear land. On the other hand,
for cutting speeds of 150 and 200 m/min, the calculated width of the flank wear land coincides
with the experimental value below VBc = 40 m, whereas they differ at above VBc = 40 m.
Therefore, if the width of flank wear at each cutting speed and time is 40 m or less, it can be
approximated using Equation (4). Future works should clarify the effect of the feed rate and
depth of cut on tool wear.
4. CONCLUSIONS
End milling of hypereutectic Al-Si alloy with silicon content of 17% (A390-T6) was
conducted using DLC coated carbide tools to investigate the relationship between tool wear
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and cutting force, cutting speed, and cutting distance. The results obtained in this study are
summarized as follows.
1. The measured cutting force components Fx, Fy, and Fz and the calculated tangential
and radial cutting forces Fc and Fp increased with tool wear. In particular, the ratio
of radial cutting force to tangential cutting force Fp/Fc was correlated significantly
with the width of flank wear land, which had little effect on cutting speed.
2. The experimental equation of the width of flank wear land was derived as a function
of cutting speed and time, which approximately coincided with the measured width
of flank wear land. As a result, the width of flank wear land can be estimated.
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