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Abstract This work investigates the cutting force and surface
micro-topography in hard turning of GCrl5 bearing steel. A
series of experiments on hard turning of GCr15 steel with poly-
crystalline cubic boron nitride (PCBN) tools are performed on a
CNC machining center. Experimental measurements of cutting
force, 3D surface micro-topography, and surface roughness of the
workpiece are performed. The 3D surface micro-topography of
the workpiece is discussed, and the formation mechanism of the
3D surface is analyzed. The influence of cutting speed and feed
rate on cutting force and surface roughness are discussed. The 2D
and 3D surface roughness parameters are compared and
discussed. It is found that feed rate has greater influence on
cutting force and surface roughness than cutting speed and there
exists the most appropriate cutting speed under which the mini-
mum surface roughness can be generated while a relatively small
cutting force can be found. Recommendations on selecting cut-
ting parameters of hard turning of GCrl5 steel are also proposed.

Keywords Hard turning - GCr15 steel - Cutting force -
Surface micro-topography - Surface roughness

1 Introduction

Hardened steel is extensively used in industries to manufac-
ture bearings, gears, shafts, and cams requiring tight geometric
tolerances, longer service life, and good surface roughness [1].
Generally, hardened steel is finished in its hardened state by
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grinding process to achieve surface integrity [2]. However, the
grinding process of hardened steel has the disadvantages of
low efficiency and time consuming. Therefore, hard turning
which employs a single-point cutting tool and high speeds to
machine ferrous alloys has become an attractive alternative to
grinding process [3]. Hard turning provides surface rough-
ness, dimensional and shape tolerances similar to those
achieved in grinding, and has the advantage of cutting com-
plex geometries, elimination of coolant, higher metal removal
rates, and greater flexibility with a single machine setup when
compared with the grinding process [4, 5].

Polycrystalline cubic boron nitride (PCBN) tool is the most
widely used turning inserts for finish hard turning of hard-
ened steels because of its high hardness, wear resistance, and
thermal stability [6]. PCBN tool is more economical and cost-
effective than ceramic tool and cemented carbide tool for a
wide range of roughing and finishing applications. Hard turn-
ing with PCBN tool can achieve surface roughness which is
equal to or even better than that by grinding [7].

Hard turning with PCBN tool usually involves high cutting
force, high temperature, and sawtooth chips, which will finally
affect the machining quality. PCBN tool is usually chamfered
to enhance the strength of the cutting edge and avoid early
failure [8]. However, the chamfer also makes an increase in
cutting force, and the cutting tool is subjected to cutting forces
that are concentrated over a relatively small contact area on the
rake face and the flank [9]. Hard turning is characterized by a
high temperature due to dry machining of difficult-to-cut ma-
terials. The cutting mechanisms of hardened steel lead to the
formation of sawtooth chips which are periodic and formed of
identical segments [10, 11]. Those above-mentioned aspects
will finally influence the cutting process and surface integrity.
The surface topography produced by hard turning differs from
that produced by grinding. Hard turning will naturally produce
a more anisotropic surface [12]. The study of surface topogra-
phy is very essential as it directly impacts the component
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(b) The hard turning experiment of GCr15 steel

Fig. 1 Experimental setup. a The experimental setup after clamping. b
The hard turning experiment of GCr15 steel

functionality, such as friction, wear, and fatigue. The bulk
surface profile data in hard turning is mostly limited to 2D line
tracing which may not be efficient in characterizing the surface
[13], and there is a need to study the 3D surface generated by
hard turning. Despite the advantages of PCBN tool and exten-
sive studies on hard turning [14—16], there is a clear need for

Fig. 2 The PCBN tools
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Table 1 Geometric

parameters of the PCBN ~ Parameter Value

tools
Rake angle (°) 0
Clearance angle (°) 7
inclination angle (°) 0
cutting edge angle (°) 95
Chamfer angle (°) =30
Chamfer width (mm) 0.1
Corner radius (mm) 0.4

further research to clarify the issues in the areas of cutting force,
cutting temperature, surface topography, etc.

In this work, a series of experiments of hard turning of
GCr15 bearing steel using PCBN tools are conducted. Cutting
force, 3D surface micro-topography, and surface roughness
are measured. The variations of cutting force and surface
roughness parameters with cutting parameters are investigat-
ed. The characteristics of the turned 3D surface micro-
topography are analyzed and discussed.

2 Experimental procedure

Experiments on cylindrical turning of bearing outer rings are
conducted on the CNC machining center PUMA 230MSB.
Experimental setup after clamping is shown in Fig. la, and the
experiment system in hard turning is shown in Fig. 1b. Eight
coated Sandvik CNGA120404S01030A 7015 PCBN tools, as
shown in Fig. 2, are employed in the experiments, and each set
of cutting parameters uses one tool. The geometric parameters of
the PCBN tools are listed in Table 1. Experimental conditions
are shown in Table 2. No cutting fluids or coolants are used.
The workpiece shown in Fig. 3 is a bearing outer ring with
a 47-mm diameter and 14-mm width, and its material is
GCr15 hardened bearing steel with the hardness of 60 HRC.
The chemical composition of GCrl15 steel is listed in Table 3.
The cutting forces during turning operations are measured
by using a three-component dynamometer (Kistler 9257BA),
a multi-channel charge amplifier (Kistler 5019B), a data

Table 2 Experimental conditions

Experiment  Cutting speed v.  Feed rate f(mm/r)  Axial depth of
number (m/min) cut @, (mm)

1 100 0.05 0.1

2 150

3 200

4 300

5 100 0.1

6 150

7 100 0.15

8 150
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Fig. 3 The GCrl5 steel workpiece

acquisition card (PCI-8335A), and a computer data acquisi-
tion software (DynoWare3 System). The forces recorded are
the main cutting force, feed force, and radial force. The
dynamometer is mounted on the machining center, and the
tool holder is mounted on the top of the dynamometer.

The 3D surface micro-topography and 3D surface rough-
ness Sa of the workpiece are examined by using the confocal
laser scanning microscopy Zeiss Axio CSM 700. The 2D
surface roughness Ra for each cutting condition is measured
by using a roughness meter.

3 Results and discussion
3.1 Cutting force

Figure 4 shows the variation of cutting force with cutting
speed. The cutting force decreases when increasing cutting
speed from 100 to 200 m/min, as the cutting temperature
increases with cutting speed and high cutting temperature
has a softening effect to the workpiece material. However,
the cutting force increases when increasing cutting speed from
200 to 300 m/min, as the cutting temperature gradually in-
creases and is close to the melting point of the workpiece
material, then effects of the cutting temperature on the cutting
force is weakened. It is well known a large number of heat is
generated in hard turning. The heat resistance of PCBN tool
can be 1,000-1,500 °C, and PCBN has a high hardness in high
temperature. Therefore, it is beneficial to take advantage of the

Table 3 Chemical composition of GCr15 steel (mass%)

C Mn Si Cr S P Fe

0.95-1.05 0.20-0.40 0.15-0.35 1.30-1.65 <0.020 <0.027 Balance

v . (m/min)
Fig. 4 Cutting speed versus cutting force (f=0.05 mm/r, @,=0.1 mm)

hardness difference between PCBN and GCrl5 steel to im-
prove cutting efficiency and tool life.

Figure 5 shows the variation of cutting force with feed rate.
It is seen that the cutting forces increase with increasing feed
rate. Compared with Fig. 4, feed rate has a greater influence on
the cutting force than cutting speed. This can be explained by
increasing chip cross section with increasing feed rate [17,
18]. With the increasing of feed rate, the material removal rate
and plastic deformation rate are increased, resulting in an
increasing of the cutting force. PCBN tools are generally used
for finish machining, and axial depth of cut is usually small.
Therefore, a relative large feed rate is recommended to pro-
duce a metal-softening effect. It should be noted that feed rate
has a greater influence on cutting force than cutting speed.
Doubling the feed rate results in about 1.5 times of the cutting
force and makes the actual chip twice as thick thus making it
much more difficult to curl and bend.
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Fig. 5 Feed rate versus cutting force. a v.=100 m/min, @,=0.1 mm. b
V=150 m/min, @,=0.1 mm
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3.2 Surface roughness

3.2.1 3D surface micro-topography

In turning, the tool has a spiral motion relative to the work-
piece and a linear feeding motion along the axial direction of

the workpiece. Therefore, the machined surface is not a
smooth cylindrical one but a remaining one between two

Table 4 3D surface micro-topography

adjacent tool profiles. The surface roughness caused by ge-
ometry is known as theoretical roughness. However, the sur-
face roughness generated by machining may be more different
than theoretical roughness, as the surface roughness is influ-
enced by lots of factors, such as tool geometries, cutting
parameters, tool wear, machine tools, etc.

The 3D surface micro-topography of the workpiece of each
experiment program is shown in Table 4. Compared with

Experiment Maximum
3D surface micro-topography
number height (um)
1 2.00
2 1.80
3 2.50
4 1.80
5 3.79
6 243
7 5.51
8 3.85
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grinding [19], a single cutting edge with defined geometry is
used in hard turning to generate the machined surface, which
generates a better surface integrity. The feed rate and geometry
parameters of the tool determine the symmetrical topography
of the machined surface [13]. The 3D surface along the axial
direction of the machined workpiece is a contour shape with
well-defined peaks and valleys, and the spacing between two
peaks is the value of feed rate (mm/r). As the majority of
generated heat in hard turning is carried away by the chips,
thermal damage of the machined surface is rarely seen and
hard turning is more easily to keep surface integrity of the
workpiece. In the experiments, hard turning produces a better
surface than grinding [19]. It has been demonstrated that hard
turning can produce an as-good or even better surface than
grinding [20, 21]. The 3D surface micro-topography images
allow distinguishing mixed anisotropic textures in machining.

Table 4 shows that increasing feed rate results in the in-
creasing of surface roughness when comparing experiment
nos. 1, 5, and 7. However, a too-low feed rate will not generate
a desired surface roughness. As only tool tip involves in
machining in hard turning, if the feed rate is too low, the tool
corner radius will “craw]” on the workpiece surface, which is
not a normal cutting state.

3.2.2 2D Surface roughness

Figure 6 shows the variation of 2D surface roughness Ra with
cutting speed. It is seen that the surface roughness decreases
with the increasing of cutting speed first, as the increasing of
cutting speed generates high cutting temperature which causes
metal softening effects and reduces cutting force. Therefore,
the surface roughness decreases.

When the cutting speed reaches 200 m/min, the surface
roughness increases, as the cutting temperature increases with
cutting speed, and the tool wear is increased with the increas-
ing of cutting temperature, which results in an increase in the
friction between the tool, chip, and workpiece. Sawtooth chips
are formatted when the cutting speed is 200 m/min. Sawtooth
chip formation can be characterized as a periodic process,
which results in the cutting force oscillations and vibrations
of the tool system and ultimately affects the machined surface
integrity [21-23]. Furthermore, built up edge (BUE) is more
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Fig. 6 Cutting speed versus surface roughness (=0.05 mm/r, @,=0.1 mm)

casily to be generated at moderate cutting speed 200 m/min.
Therefore, it is recommended to avoid the critical speed that
generated sawtooth chip and BUE to improve production
efficiency while ensuring machining quality.

When the cutting speed reaches 300 m/min, the surface
roughness decreases. With the increasing of cutting speed, the
heat transfers to the chips increases, and the heat taken away
by the chips also increases. Meanwhile, the heat transfers to
the tool, the workpiece decreases, and there is no enough time
to heat the tool and workpiece, which causes a decrease in
cutting temperature. Therefore, the tool can be in a good
cutting state and the surface roughness will decrease.

The variation of 2D surface roughness Ra with feed rate is
shown in Fig. 7. The surface roughness increases with the
increasing of feed rate, as increasing feed rate results in
increasing chip cross section. With the increase in feed rate,
the material removal rate and plastic deformation rate are
increased, resulting in the increase in the cutting forces and
cutting vibration, and finally a decrease in surface roughness
is found. Compared with Fig. 6, it is seen that feed rate has
greater influence on the surface roughness than cutting speed,
and feed rate less than 0.1 mm/r is recommended.

3.2.3 3D Surface roughness

It is already known that Ra cannot give detailed information of
the machined surface, as the profile is only a small area of the
machined surface. The arithmetic mean deviation Sa is intro-
duced to characterize the 3D surface in this work. The
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Fig.7 Feed rate versus surface roughness. a v.=100m/min, ,= 0.1 mm. b
v.=150m/min, 2,=0.1 mm
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arithmetic mean deviation Sa is expanded from Ra and ex-
presses the arithmetic mean of the absolute surface asperity
departures from the reference datum within the sampling area.

Figure 6 also shows the variation of 3D surface roughness
Sa with cutting speed. Figure 7 shows the variation of Sa with
feed rate. It is seen that the 3D surface roughness Sa shows
similar trends with the 2D surface roughness Ra. According to
the definition of Sa, it can characterize much more surface
characteristics and therefore may better represent a surface as
a whole [13]. In 3D arrangements, the characteristics of the
machined surface can be better distinguished than in 2D
arrangements [24].

4 Conclusions

1. An experiment setup on measuring cutting forces, 3D
surface micro-topography, and surface roughness Ra and
Sa in hard turning of GCr15 steel is proposed. The effects
of cutting parameters on cutting force and surface rough-
ness is discussed. The 3D surface micro-topography gen-
erated by hard turning is analyzed.

2. Feed rate has more significant influence on cutting force
and surface roughness than cutting speed. The cutting
force and surface roughness both increase with increasing
feed rate. There exists the most appropriate cutting speed
under which the minimum surface roughness can be
generated while a relatively small cutting force can be
found.

3. The 3D surface roughness Sa shows similar trends with
the 2D surface roughness Ra. As 3D surface roughness
parameters can reflect more surface characteristics, it is
recommend adopting both 2D and 3D surface roughness
parameters to evaluate the machining quality.

4. The 3D surface micro-topography reflects the cutting
parameters and geometries of the cutting edge. The 3D
surface along the axial direction of the workpiece is a
contour shape with well-defined peaks and valleys, and
the spacing between two peaks is the value of feed rate
(mm/r). Thermal damage of the machined surface is rarely
seen, and hard turning is more easily to keep surface
integrity of the workpiece.
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