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Abstract: Aluminum alloy 6061(Al6061), an Al-Mg-Si alloy, is a precipitation-hardened alloy. The
generation of precipitate affects its mechanical properties, and induces a worse surface finish during
diamond cutting. The friction coefficients of the tool-chip and tool-workpiece interfaces influence
temperature rise, and are therefore important predictors of tool wear and surface integrity during the
diamond cutting of Al6061. This study investigated the relationship between precipitate generation
and the friction coefficients of Al6061. Groups of experiments were conducted to study the influence
of temperature and heating time on the number of precipitates and the friction coefficients. The
results show that the generation of AlFeSi particles induces cracks, scratch marks and pits on
diamond-machined Al6061 and affects the cutting forces. Moreover, the variation trend of the
friction coefficient of Al6061 under different heating conditions agrees well with that of the number
of AlFeSi particles. This implies that, during ultra-precision machining of precipitation-hardened
alloys, cutting-induced heat causes precipitates to form on the chips and machined surface, changing
their material properties. This affects the tool-workpiece and tool–chip contact conditions and the
mechanisms of chip formation and surface generation in ultra-precision machining.
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1. Introduction

Aluminum alloy 6061(Al6061) is being used more and more widely, for instance in transportation,
as a result of its light weight, moderate strength and good forming ability [1,2]. Al6061 (chemical
composition by wt %: Mg0.92, Si0.76, Fe0.28, Cu0.22, Ti0.10, Cr0.07, Zn0.06, Mn0.04 and Al balance) is an
age-hardenable 6000 series aluminum alloy. In this alloy, Mg and Si are the main alloying elements, and
contribute to strengthening by precipitating intermetallic phases during heat treatment [3]. Although
precipitation can help to enhance the mechanical properties of 6000 series alloys [4], it also has some
detrimental effects, such as on their corrosion resistance [5], and on the surface finish obtained during
the machining process (by causing scratch marks, pits and cracks [6]).

It is well known that the work done and the power consumed during the cutting process is largely
converted into heat. This is dissipated through the cutting tool, the chips and the workpiece material.
It has been reported that the temperature in ultra-precision machining ranges from 250 ◦C to 400 ◦C [7],
and machining error due to thermal deformations of the cutting tool and the workpiece during
ultra-precision diamond turning has been found to reach the order of a few micrometers [8]. Some
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studies have also shown that elevated temperatures can change flow stress in the workpiece material,
and have a dominant influence on the rate of tool wear and on the generation of a thermo-deformation
layer in the machined surface [9].

Therefore, more information concerning the effect of heat on the cutting process is essential for
improving that process—especially in ultra-precision machining, which aims at sub-micrometer form
accuracy and nanometer surface roughness. In our previous study, it was found that different cutting
parameters (including spindle speed, cut depth and feed rate) induce different temperature rises
on the machined surface, and therefore generate different sizes and numbers of precipitates during
ultra-precision raster milling of Al6061 [10]. In fact, precipitate generation in Al6061 not only affects
the surface finish during machining [6], but also its material properties. This was ignored in our
previous studies [6,10] but it is an important factor affecting material removal and chip formation in
the ultra-precision machining process.

In the context of ultra-precision machining of Al6061, it is even more important, since the heat
dissipated through the chips and workpiece materials also induces the generation of precipitated
phases and changes their mechanical properties, affecting the mechanisms of chip formation and
surface generation.

2. Diamond Cutting Experiment

A diamond cutting experiment was conducted on an ultra-precision machine system (Moore
Nanotech 350 FG, Swanzey, NH, USA). Single straight cutting was performed on a flat surface, with
depth of cut and cutting speed rate equal to 8 µm and 500 mm/min, respectively. The feeding/cutting
direction was parallel to the Y-axis in the machine coordinate system, as shown in Figure 1. The
workpiece material was Al6061 and the cutting tool was a single-crystal diamond tool, with a nose
radius, front clearance angle and rake angle of 2.06 mm, 10◦and 0◦, respectively. A high-speed camera
was used to observe the cutting process, as shown in Figures 1 and 2. Figures 3 and 4 present the
scanning electron microscope (SEM) images of the generated chip and the machined surface of the
diamond-machined Al6061.
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Figure 1. Observation of the diamond cutting process with a high-speed camera. 
Figure 1. Observation of the diamond cutting process with a high-speed camera.

During material removal, there are three main deformation regions (the primary, the secondary
and the tertiary deformation zones) and two interfaces (the tool-chip and tool-workpiece interfaces),
as shown in Figure 3. Deformation in the primary deformation zone is due to the plastic at the shear
plane. In the secondary deformation zone, the work done deforms the chip and overcomes the sliding
friction at the tool–chip interface. In the tertiary deformation zone, the work done overcomes the
friction at the rubbing contact between the tool clearance face and the newly machined surface. Hence,
heat generated in the primary and secondary zones is highly dependent on the cutting parameters, tool
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geometry and material properties, while heat in the tertiary zone is mostly affected by the clearance
angle (β) of the cutting tool and the elastic recovery height (her) of the material [11].Metals 2020, 10, x FOR PEER REVIEW 3 of 13 
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Figure 2. Observation of chip formation in orthogonal diamond cutting of Al6061.

Meanwhile, as shown in Figure 3 (illustrating the three deformation zones), there are two interfaces:
the tool–chip interface and the tool-workpiece interface. It has been found that friction at the two
interfaces has a huge influence on the temperature rise during the machining process [12], and is of
strategic interest as a predictor of wear [13] and surface integrity [14]. In particular, the development of
a numerical cutting model requires friction models of the two interfaces [15]. At the tool–chip interface,
the bottom surface of the chip (Figure 2) is a newly formed surface with high strain hardening, and the
hardness of the chip can be twice as high as that of the workpiece because of the plastic deformation in
the chip [9]. This hardness variation changes the tool–chip friction coefficient, affecting heat generation
in the secondary deformation zone.
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Figure 3. Three deformation zones and two interfaces in ultra-precision machining.

Scanning electron microscope (SEM) images of the formed chip are shown in Figure 4. There
are many black particles and a smaller number of white particles on the upper surface of the chip
(Figure 4a), and the bottom surface of the chip has an especially serrated form (Figure 4b). Different
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types and amounts of precipitation imply that different temperatures were generated on the top and
bottom surfaces of the chip during diamond cutting of Al6061, while the serrated form indicates high
plastic deformation on the chip. This also implies that the friction coefficient of the tool-chip interface
was changed due to the generation of particles on the upper surface of the chip, since friction coefficient
is related to many factors, such as the material’s properties, surface topography and load [16].
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Figure 4. SEM images of different positions of the formed chip: (a) upper surface, (b) bottom surface.

Some studies have shown that the temperature rise on the workpiece is due to the work done in
the primary and territory deformation zones [17,18]. Therefore, the heat generated on the machined
surface mainly depends on the workpiece material and the thermo-physical properties of the cutting
tool material [19], which are also crucial predictors of temperature distribution and heat dissipation at
the tool-workpiece interface [20]. In ultra-precision machining, the decrease in the thermal mass of the
chip makes the partitioning of thermal energies quite different to that of conventional machining [9].
Meanwhile, the natural diamond single crystals have a conductivity of 24–25 W/cm/K at 300 K [21],
more than ten times that of cutting tools used in conventional machining (e.g., carbon steel workpieces
and cemented carbide tools) [22].

Figure 5 is an SEM image of the surface generated during the diamond cutting of Al6061.
Compared with the uncut surface (the surface above the green line in Figure 5), there are many white
and black precipitates, cracks, pits and scratch marks on the diamond-machined surface. The cracks
are due to the failure of adhesion between the particle phase and Al6061 base surface near the diamond
cutting tool, while the pits are due to particles dropping out from the machined surface. The scratch
marks are due to the rubbing of particles moving with the diamond tool in the cutting process. These
include particles which drop from the base surface and parts of particles cut by the diamond tool.Metals 2020, 10, x FOR PEER REVIEW 5 of 13 
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Figure 6 shows the force measurements for diamond cutting of Al6061. It can be seen that the
force signals in the Y-, and Z-directions (Fy and Fz in Figure 6) fluctuate when there are scratch marks
on the machined surface (see the blue circles in Figure 6). This is partly because the hardness of the
particles is greater than that of Al6061, resulting in relatively larger forces. Another reason is that
the phase particles generated on the machined surface change the tool-workpiece interface friction
properties, which changes the cutting forces in two directions (Fn and Ft in Figure 3). This in turn
affects heat generation on the tertiary deformation zone. Above all, the extent of the force change is
related to the size and number of the particles.
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Therefore, during the diamond cutting of Al6061, heat is generated differently than during the
cutting of non-age-hardenable alloys. This study investigated the relationship between precipitation
generation and the friction coefficient of Al6061, by studying the effect of heat treatment on precipitation
number and the friction coefficient of Al6061.

3. Heat Treatment Experiment

To study the properties of the generated precipitates (the white and black particles in Figures 4
and 5) on chips and the machined surface, three groups of heat treatment experiments were conducted:
(1) solid solution treatments (samples were heated from room temperature to 520 ◦C at a speed of
10 ◦C/min and held for 1 h); (2) heat treatments using different temperatures (100 ◦C; 200 ◦C; 300 ◦C;
400 ◦C; 500 ◦C) and ageing times (2 h; 4 h; 8 h; 12 h); and (3) quenching in water at room temperature.
After heat treatment, samples were examined using SEM, as shown in Figure 7 and Table 1.
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Figure 7. SEM image of Al6061 samples heated at 200 ◦C and held for different times: (a) 2 h, (b) 4 h,
(c) 8 h, (d) 12 h.

Table 1. EDX (energy-dispersive X-ray) results of the Al6061 sample in Figure 5a (Atomic %).

Area No Al Mg Si Fe Ti Cr Mn Ni Cu

I 80.936 1.311 6.957 9.012 0.061 0.042 0.861 0.057 0.763
II 85.385 1.178 5.125 6.98 0.007 0.049 0.73 0.117 0.429
III 66.01 12.371 21.128 0.083 0.071 0.048 0.068 0.031 0.19
IV 67.545 11.911 20.008 0.063 0.056 0.06 0.073 0.053 0.231

Base surface 97.168 1.312 0.701 0.47 0.042 0.059 0.059 0.068 0.121

As shown in Figure 7, the white precipitates had needle and block shapes, while most of the black
precipitates were block-shaped. When compared with the EDX results in Table 1, the white needle-like
particles (Area I in Figure 7a) and block-like particles (Area II in Figure 7a) were β-AlFeSi and α-AlFeSi,
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respectively, while the black particles (Areas III and IV in Figure 7a) were Mg2Si. As shown in Figures 4
and 5, the black particles were left on the chip, while the white ones were left on the generated surface,
especially those white particles which induced scratch marks on the machined surface during the
diamond cutting process. Therefore, this study focused on the generation of white particles (β-,
α-AlFeSi) on diamond-machined Al6061, and their effect on the tool-workpiece fiction coefficient.
Figure 8 shows the number of AlFeSi particles generated using different heating temperatures and
heating times. Note that the particle amounts in Figure 8 refer to averages over five evaluations using
the same heat treatment. As shown in Figure 8, with different heating temperatures and heating times,
the number of AlFeSi particles generated varied (P < 0.01).Metals 2020, 10, x FOR PEER REVIEW 8 of 13 
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4. Friction Test Experiment

To study the effect of precipitate generation on tool-workpiece friction during diamond cutting
of Al6061, all the heat-treated samples were polished to conduct a friction test on a tribology system
(Bruker UMT Tribolab). This is shown in Figure 9. During the friction test, the sample on the table
moved along the X-axis with a speed of 5 mm/s. The length of the X-axis was 10mm. The friction tool
was a steel ball with a diameter of 6.5 mm. The loads in the Z-axis direction and the friction time were
2 N and 10 min, respectively. Figure 10 presents the surface quality of the polished surface. After the
friction test, the samples were examined using SEM, as shown in Figure 11. It was found that there
were scratch marks, cracks and pits on the friction surface similar to those on the diamond-machined
surface (Figure 5).

Figure 12a presents the initial data from the friction test and Figure 12b presents the data obtained
between 2.5 and 20 s. Using the coordinate system in Figure 9, Fx (red in Figure 12) refers to the
friction force in X-axis direction, and Fz (green in Figure 12) is the load force in the Z-axis direction.
As Figure 12a shows, as the friction time gets longer, the friction depth increases. This implies a larger
contact area between the materials and the tool, inducing larger variation ranges for the X-axis friction
force (Fx) and the Z-axis load force (Fz). Moreover, in Figure 12b, it can be seen that both the friction
coefficient and the two forces (Fx and Fz) change periodically with the X-axis friction velocity (blue
Figure 12). Where there are peaks and valleys in the X-axis friction velocity profile, Z-axis loading
force and X-axis friction fluctuate especially greatly.
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To more precisely characterize the friction coefficient of Al6061, the original data were therefore
processed with two steps: (1) data which fluctuated greatly—that is, data near the peaks and valleys of
the friction velocity profile—were filtered out; (2) low-pass mean filtering was applied to the Z-axis
loading force and X-axis friction, as shown in Figure 13. After that, all of the Al6061 samples (with
different heating temperatures and different heating times) were examined for each of the 6 tests and
the average value of the friction coefficients was evaluated (Figure 14).
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As Figure 14 shows, under different heating times and heating temperatures, the friction coefficient
of Al6061 varied (P < 0.05). When aging time was 2 h, 4 h or 12 h, the friction coefficient first rose then
fell with increasing temperature. However, when aging time was 8 h, a different phenomenon was
found. Compared to the influence of heat conditions on the number of AlFeSi particles, as displayed in
Figure 6, the variation trend of the friction coefficient was similar. Referring to Figures 8 and 14, the
relationship between the amount of AlFeSi and the friction coefficient can be determined. As shown in
Figure 15, the increased amount of AlFeSi induced a larger friction coefficient (correlation coefficient:
R2 = 0.7659). Moreover, the measured friction coefficients ranged from 0.85 to 1.06, which is higher
than the static friction coefficient between steel and aluminum alloy (0.2–0.8) [16]. One reason for
this is that the Al6061 samples were heat-treated and the particles generated on the surface decreased
the surface quality, increasing the friction coefficient. Therefore, the generation of AlFeSi particles of
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Al6061 is an important factor influencing the tool-workpiece friction coefficient during the machining
of Al-Mg-Si alloys. This also affects the freshly generated surface, and therefore the achieved surface
quality in ultra-precision machining.Metals 2020, 10, x FOR PEER REVIEW 12 of 13 
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5. Conclusions

We conducted groups of experiments to study the effect of precipitation generation in Al6061
on the friction coefficient during ultra-precision machining. The major findings can be summarized
as follows:

• The cutting-induced heat in diamond cutting of Al6061 generated different types of precipitates
on the chips and the machined surface.

• The AlFeSi particles generated during diamond cutting of Al6061 induced scratch marks, cracks
and pits on the machined surface.

• This affects surface quality, changing the cutting forces and the contact conditions at the tool-chip
and tool-workpiece interfaces.

• The number of AlFeSi particles in the Al6061 samples varied with different heating effects.
• The friction coefficients of the Al6061 samples were characterized in this study. The trend of the

friction coefficients was similar to that of the AlFeSi particle number.

With the successful establishment of a relationship between the precipitate number and friction
coefficient of Al6061, the effect of heating treatment on friction coefficient of Al6061 has been
investigated. This study provides an important means for better understanding the mechanisms of
surface generation and chip formation in ultra-precision machining, and contributes to the further
development of a more precise numerical cutting model for ultra-precision machining, especially for
precipitation-hardened alloys.
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