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Tool interference at workpiece centre in single-point diamond turning
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Abstract: In single-point diamond turning (SPDT), the workpiece centre error owing to the tool height below or
above the spindle axis causes cylinder or cone appearances at the workpiece centre. The formed cone or cylinder
boundary is used to identify the tool height and then compensate for it, in order to obtain the desired surface profile.
As opposed to previous studies, based on the fact that the diamond tool is elevated during cone formation and
therefore forms a tool interference zone with higher land and larger radius, this research conducts a theoretical and
experimental study to investigate the origin of tool interference owing to centre error, and its influencing factors. In
this study, the relation between centre error and interference force was investigated. A series of experiments were
conducted to explore tool interference generation and its influencing factors. A mathematical model was derived to
calculate the tool interference zone radius, whereby the relation between this radius and the cutting conditions was
established. Moreover, the error sources between the theoretical and experimental results were analysed. As centre
error can only be reduced by compensation and cannot be eliminated, particularly in machine tools with poor
resolution, it is meaningful to conduct research on the centre cone generation and its influence on tool interference
in SPDT, as well as suppressing the tool interference in SPDT. Furthermore, this research provides a reference for
establishing an online force-based centre error identification method, thereby improving cutting efficiency.
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1. Introduction

Single-point diamond turning (SPDT) is a turning process in which a single crystal diamond is employed as
the cutting tool. According to Evans et al. (1987) and Hao et al. (2014), a natural diamond provides nano metric
edge sharpness and effective wear resistance, and can cut ultra-high quality surfaces [1, 2]. SPDT has been an
essential method to fabricate rotational-symmetric optical products with nano metric surface finish and sub-micron
form accuracy, and therefore be widely used in fields such as lasers [3], optics [4], aerospace, military equipment
[5], and communications. As the topography and roughness of a machined surface directly affects the product
functions, studying the surface generation and machining error in SPDT is a significant topic. To date, surface
generation in SPDT has been fully investigated in both experiment-based [6, 7] and model-based [8, 9] analyses.
Experiment-based methods mainly analyse the measurement data obtained from stylus-type and optical
interferometric instruments, which is inadequate for understanding the fundamentals of SPDT surface generation.
Model-based analysis can fully reveal the tool-workpiece cutting kinematics during SPDT; therefore, it is beneficial
for understanding the surface generation mechanism. However, model-based analysis fails to present occasional
factors and their effects on SPDT surface generation.

Error sources and their effects on the machined surface finish have been extensively investigated [10, 11].
Juergens et al. (2003) categorised the SPDT error sources into tool decentre error, slide tilt error, thermal effects,
spindle vibration, mounting stress and centripetal distortion [12]. Tool decentre occurs when the cutting tool is
horizontally misaligned with the spindle axis, and includes ‘tool not to centre’ and ‘tool past centre’, where ‘tool
not to centre’ will produce an M-shaped form error, while ‘tool past centre’ will result in a W-shaped form error
[13]. Tool decentre will deform the machined surface profile and affect its form accuracy. Slide error will distort the
cutting tool feed route in both the direction of normal to the surface and along the surface, thereby causing a

© 2018. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/



rotational symmetric surface wave [14, 15]. Thermal effect is a key factor affecting machining accuracy,
and according to Bryan (1990), errors induced by the thermal effect may account for approximately 40%-70%
of the total error budget [16]. The thermal effect can deform the relative position between the cutting tool and
workpiece, eventually leading to machining errors [17, 18]. Spindle vibration owing to poor work spindle stiffness,
unbalanced workpiece mounting and the air-hammer effect will cause three forms of high-frequency spindle
motion: axial, radial and tilting motion [19, 20]. Multimode spindle vibration will result in the formation of a
‘spindle star’ on the machined surface, which affects the form accuracy [21, 22]. Tool tip vibration also has certain
effects on the surface finish in SPDT, and tool tip vibration in SPDT will generally result in characteristic marks
with small amplitudes and high frequencies [23, 24]. In addition to the above factors, mounting stress error and
centripetal distortion are significant factors affecting the machined surface form accuracy in SPDT.
These errors are known as mounting-caused errors, which can be suppressed by improving the workpiece
mounting method; for example, by adopting a vacuum chuck to suppress the mounting stress, or balancing
the workpiece to reduce centripetal distortion.

Centre error in SPDT is another key factor affecting the machined surface finish. It has been established that
centre error owing to a tool height below the spindle axis will cause a cylinder appearance at the machined surface
centre, as is shown in Fig. 1 (a), while a tool height above the spindle axis will lead to a cone appearance (see Fig. 1
(b)) [13]. The formed cone or cylinder boundary is used to identify the tool height and then compensate for it in
order to obtain the desired surface profile. However, the cone or cylinder boundary measurement requires
the workpiece to be dismounted first, and mounted again following measurement. This process also necessitates
tool setting and balancing work; therefore, it is time consuming and will disturb the cutting continuity.
Moreover, although a conventional method can be used to compensate for the centre error by measuring the bottom
radius of the centre cone or cylinder, this can only reduce the centre error, and cannot eliminate it, particularly
in machine tools with poor resolution. Therefore, an effective online centre error identification and
suppression method is required that can identify the centre error online and compensate for it by adjusting
the tool height. It was determined from our experiment that a tool interference zone with a larger radius is formed
around the centre cone as opposed to the centre cylinder, which is proven to be formed by tool interference.
Furthermore, our research confirmed that tool interference occurs when the tool height is above the spindle
axis, as tool elevation has a threshold, and a smaller centre error may not cause obvious tool elevation; therefore,
the tool interference zone may not be easily observed. According to Cheung and Lee (2002), tool interference
in SPDT will change the tool kinematics and affect the surface finish [25]. Therefore, the tool interference zone
caused by tool interference will affect both the form accuracy and roughness of the machined surface, and
further affects the machined product function. Therefore, it is meaningful to conduct research to reveal the
tool interference mechanism and tool interference zone suppression by adjusting the cutting parameters.
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Fig. 1 Schematic diagram of (a) centre cylinder and (b) centre cone formation

In this study, tool interference generation owing to centre error was investigated, and influencing factors of the tool
interference zone were explored. A mathematical model was established to calculate the tool interference zone



radius, based on which the effects of the centre error, cut depth, tool nose radius and tool clearance angle on the tool
interference zone radius were studied. This research provides a fundamental understanding of the centre cone
generation and induced tool interference, which may be used to predict the centre error and suppress the effects
thereof on tool interference.

2. Experiments

In this research, a series of flat face turning were performed on an Optoform 30 two-axis CNC ultra-precision
machine. The experimental setup is illustrated in Fig. 2 (a), diamond cutting tool was used in the present research,
whose geometry is described by several parameters as shown in Fig 2 (b). During the turning, the workpiece was
held on the spindle by a chuck, while the diamond tool was mounted on a height-adjustable tool holder, the
diamond tool moves along the X direction of the machine tool to give a feed, while spindle carrying workpiece
rotates to give a main cutting movement, the relative motion between cutting tool and workpiece removes
workpiece material to realize the face turning. In the present research, each face turning operation was performed
by 10 passes. In order to capture the cutting force, a three-channel Kistler 9252A force dynamometer was mounted
between the diamond tool and tool holder, the force component directions are indicated in Fig. 2(c). The captured
cutting force signal was then transferred to the post-processing software for analysis and to identify the useful
information.
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Fig. 2 (a) Experimental setup, (b) geometric parameters of diamond tools and (c) force component directions of the
dynamometer (Kistler 9252A)

In this study, the centre error was first obtained by means offline optical microscope measurement, and then
adjusted by the tool holder adjusting screw, under the guidance of a Mitutoyo dial gauge (513-304GE). During the
adjustment process, the dial gauge contacted the tool holder; therefore, the adjustment could be monitored. The
Mitutoyo dial gauge (513-304GE) has a submicron resolution, so the tool centre error could be adjusted to the
desired valued.

In this research, brass was used as the workpiece material. The cutting parameters used in the experiment are
listed in Table 1. The cutting experiment was performed under four conditions: cutting condition 1 was used
to explore the effects of the cutting parameters on the tool interference zone; cutting conditions 2 and 3 were used
to compare the effects of the tool nose radius on the tool interference zone; and cutting conditions 3 and 4 were
used to compare the effects of the tool clearance angle on the tool interference zone. Following cutting, the
machined



surface was measured by an optical microscope (Leica DM 2700M) and white light interferometer (Wyko NT

8000).

Table 1.

Cutting conditions used in experiment.
Parameters Condition 1 Condition 2 Condition 3 Condition 4
Tool type Single-crystal  diamond S_ingle-crystal S_ingle-crystal S_ingle-crystal

tool diamond tool diamond tool diamond tool

Rake angle 0° 0° 0° 0°
Clearance angle (6) 10° 15< 15< 5
Tool radius (R) 0.281 mm 0.101 mm 0.514 mm 0.493 mm
Feed rate (F,) 5. (10). 50 mm/min 5 mm/min 5 mm/min 5 mm/min
Spindle speed (Sp) (2000). 4000. 6000 rpm 2000 rpm 2000 rpm 2000 rpm
Cut depth (ay) 5. (10). 20 pm 8 um 8 um 8 um
Passes 10 10 10 10

3. Results and discussion

3.1 Tool interference origin identification

In SPDT, it is well known that a tool height below the spindle axis will cause a cylinder appearance at the
machined surface centre (as illustrated in Fig. 3 (a)), while a tool height above the spindle axis will lead to a cone
appearance at the machined surface centre (as illustrated in Fig. 3 (c)). It can be observed from Fig. 3 that, when the
centre cone is formed, a round highland is generated around the cone, with a larger radius and higher land,
as indicated in Fig. 3 (c), which is not found in the centre cylinder formation (see Fig. 3 (a)). The round
highland formation can also be reflected by the captured cutting force. It is found that the cutting force exhibits a
sharp rise and decline at the end of the turning process when the tool height is above the spindle axis,
performing a force pulse, as indicated in Fig. 3 (d), which differs significantly from the cutting force forms
when the tool height is below the spindle axis, as illustrated in Fig. 3 (b). As the force pulse and round highland
formation occur almost simultaneously, the force pulse located at the end of the turning process is believed to

be related to the round highland formation.
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Fig. 3 Centre cylinder and cone appearances and corresponding cutting force forms (cutting parameters: S,=2000
rpom, a,=10 um, F,=10 mm/min, R=0.281 mm, 6=10°)

Figure 4 illustrates the 3D display and its sectional profiles for both the centre cylinder and centre cone. Figure
4 (a) reveals that the side lines of both the centre cylinder X and Y profiles are a cliff, without any elevation land
around the centre cylinder. However, it is found from Fig. 4 (b) that, in both the X and Y profiles of the centre
cone, there is elevated land around the centre cone, corresponding to the round highland.
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Fig.4 Comparison of centre cylinder and centre cone appearance, and its profiles in X and Y sections (cutting
parameters: S,=2000 rpm, a,=10 pm, F,=10 mm/min, R=0.281 mm, 6=10< (a) l,=-15 pm, (b) ly= 29.9 pm)

From the Y sectional profile of the centre cone illustrated in Fig. 5 (a), the centre cone height was measured as
approximately 5.2053 um, while the bottom radius of the centre cone is approximately 29.9 um (bottom radius of
the centre cone equals to the tool centre error ly). Therefore, the angle between the cone generatrix and cone bottom
plane can be calculated by an arctangent calculation as 9.8757<The calculated result is quite consistent with the
given tool clearance angle (10, proving that the centre cone is formed by the tool clearance face extrusion rather
than cutting. In the centre cone generation, the extrusion force elevates the cutting tool and therefore forms a round
highland with a radius of 116.7 pm, which is nearly four times the size of the centre cone bottom radius, as
illustrated in Fig. 5 (b). As the round highland is formed by tool interference owing to centre error, the round
highland is within the tool interference zone.
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Fig. 5 (a) Sectional profile of centre cone, and (b) induced tool interference zone (cutting parameters: S,=2000 rpm,
ap,=10 pm, F,=10 mm/min, R=0.281 mm, 6=10< l,=29.9 um)

Figure 6 illustrates the top view and sectional profile of the tool interference zone. It is found that, from the
boundary of the tool interference zone to its centre, the sectional curve can be divided into four segments, known as
S1, Sz, S3, and s4. Segment s; and s3 are flatter, while segments s, and s, are steeper. Therefore, the diamond tool is
considered to undergo two instances of elevation in both segments s, and s4, which can reflect the tool interference



process and explain the rise of the cutting force at the end of the turning process. Notably, from segment s; to
segment sy, it is believed that a threshold, namely the tool elevation threshold, exists when the extrusion force
during the centre cone formation is larger than the tool elevation threshold, where the cutting tool is elevated and a
round highland is formed. However, as the extrusion force is smaller than the tool elevation threshold, although tool
interference occurs, it cannot elevate the diamond tool and thus the round highland cannot be formed. Therefore,
the size of the round highland is usually smaller than that of the tool interference zone.
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Fig. 6 (a) Tool interference zone appearance and (b) its sectional profile (5,=2000 rpm, a,=10 um, F,=10 mm/min,
R=0.281 mm, 6=10< ly=29.9 um)

3.2 Effect of process parameters on the tool interference zone

Process parameters in SPDT have some effects on the form of tool interference zone, process
parameters herein include tool geometric parameters, cutting parameters and centre error. Experimental result
shows that centre error, cut depth, tool nose radius and tool clearance angle have certain influence on the size
and profile of tool interference zone.

Centre error is a key factor affecting the tool interference zone size. As illustrated in Fig. 7 (a), when the centre
error above the spindle axis is approximately 0.0319 mm, the tool interference zone radius is approximately 0.1167
mm, and a round highland is generated. However, when the centre error above the spindle axis is
approximately 0.1204 mm, as illustrated in Fig. 7 (b), the tool interference zone radius increases to 0.2506
mm, and a round highland is not observed. Therefore, the tool interference zone radius increases with an
increasing centre error, and a round highland forms easily at a small centre error.
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Fig. 7 Effect centre error on tool interference zone radius: (a) 1y=0.0319 mm and (b) I, =0.1204 mm (other cutting
parameters: S,=2000 rpm, a,=10 pm, F,=10 mm/min, R=0.281 mm, 6=10°)



The tool interference zone size is also affected by the cut depth. Figure 8 presents a comparison of the tool
interference zone radius at different cut depths. Figure 8 (a) illustrates the centre error and its corresponding tool
interference zone at a cut depth of 5 um, while Fig. 8 (b) demonstrates these for a cut depth of 20 um. It is found
that, although SPDT exhibits the same centre error (0.1261 mm in this case), different cut depths produce varying
tool interference zone radii: 0.3112 mm at a cut depth of 20 um versus to 0.2203 mm at a cut depth of 5 pm,
proving that the cut depth has a significant effect on the tool interference zone size.
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Fig. 8 Comparison of tool interference zone radius at different cut depths: (a) a,=5 um, (b) a,=20 um (other
parameters: S,=2000 rpm, F,=10 mm/min, R=0.281 mm, 6=10< ,=126.1 um)

The tool radius is also a key factor affecting the tool interference zone size, the effects of which include two
aspects: the tool nose radius affects the tool interference zone size, and the tool nose radius influences the round
highland formation. Figure 9 (a) illustrates the appearance of the centre cone and its corresponding round highland
at a tool nose radius of 0.101 mm, while Fig. 9 (b) depicts those at a tool nose radius of 0.514 mm. It is evident that,
under nearly the same centre error (32.292 um at a tool nose radius of 0.101 mm versus 32.175 um at a tool nose
radius of 0.514 mm), the tool interference zone radius differs substantially (79.326 um at a tool nose radius of 0.101
mm compared to 112.326 um at a tool nose radius of 0.514 mm), indicating that the tool nose radius has a notable
effect on the tool interference zone radius. Furthermore, it is found that, compared to the tool nose radius of 0.514
mm, the tool interference zone at a tool nose radius of 0.101 mm has a round highland; therefore, it is evident that
the round highland is easily formed at a small tool nose radius.
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Fig. 9 Comparison of tool nose radius effects on tool interference zone radius: (a) R=0.101 mm, 1,=32.292 pm;
(b) R=0.514 mm, 1,=32.175 um (other cutting conditions: S,=2000 rpm, a,=8 pm, F,=5 mm/min, 6=15°)

Figure 10 illustrates the effects of the tool clearance angle on the tool interference zone appearance and size.



Figure 10 (a) indicates the centre error and consequent tool interference zone at a tool clearance angle of 5° while
Fig. 10 (b) illustrates these at a tool clearance angle of 15< It can be observed from these two figures that, at nearly
the same centre error (32.180 um and 32.175 um at tool clearance angles of 5<and 15< respectively), the tool
interference zone radius differs (142.156 um and 112.326 um at tool clearance angles of 5@and 15< respectively);
therefore, the tool interference zone radius is sensitive to the tool clearance angle. Moreover, compared to the
appearance of the tool interference zone at a tool clearance angle of 15<,a round highland is generated within the
tool interference zone at a tool clearance angle of 5< which evidently indicates that cutting tools with a smaller tool
clearance angle easily result in highland formation.
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Fig. 10 Comparison of tool clearance angle effects on tool interference zone radius: (a) R=0.493 mm, 1,=32.180 pm,
0=5<(b) R=0.514 mm, 1,=32.175 pm, 0=15(@thercuttingconditions: ~ S,=2000 rpm, a,=8 um, F,=5 mm/min)

From the above discussion, it can be concluded that the tool interference zone will be generated when the tool
clearance extrudes to form the centre cone; however, the round highland generation depends on whether or not the
extrusion force is larger than the tool elevation threshold. For different cutting conditions, the round highland may
or may not be formed; however, its size must be less than that of the tool interference zone. The size of both the
tool interference zone and round highland are related to the cutting conditions, which increase with an increasing
centre error, cut depth and tool nose radius, but decrease with an increase in the tool clearance angle.

4. Mathematical modelling

As per the above discussion above, the centre cone is formed by the tool clearance extrusion. As the centre
cone is extruded to be formed from a round platform, which is generated by the diamond tool turning. The
interference between the tool clearance and round platform is a tool self-interference. During tool interference, the
first contact point between the tool clearance and round platform is quite important, as it represents the tool
interference zone boundary and can be used to compute the zone radius. The first contact point can be obtained by
solving the common solution of the round platform tool clearance and side surface equations.

4.1 Tool interference modelling

4.1.1 Modelling of round platform side surface. In this study, commonly used cone clearance diamond tools were
employed as cutting tools to perform the SPDT. During the turning process, the workpiece rotates with a certain
spindle speed, while the diamond tool moves from the workpiece border to its centre, thereby producing a spiral
tool path. In order to represent the turning process clearly, two coordinate systems were established: a fixed

coordinate system o-xyz was established on the workpiece centre point, with its x-axis against the tool feed



direction and z-axis normal to the surface upwards. A moving coordinate system o'-x'y’z'was established on the tool

tip with the same orientation as the fixed coordinate system, as illustrated in Fig. 11.
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Fig. 11 Schematic of (a) tool-workpiece motion with centre error and (b) workpiece material removal process

As the cutting edge geometry is acircle, based on Fig. 11 (b), the cutting edge equation for the round platform
formation can be expressed in the moving coordinate system o™-x'y’z' as:
x4 (z — R)2=R?
y =0 : 1)
0<z <a,
where R is the tool nose radius and a, is the cut depth.
In Fig. 11 (a), the coordinate systems o-xyz and o'-x'y'z' have the same orientation; therefore, any point
in 0'-X'y'z' can be expressed in 0-xyz by means of coordinate transformation:

0 -1,
0 _,yH
1 0

1 0 1

where [, is the distance between the tool eantt rotation cente in thex-direction, while L, is the tool cemarror

2

xl

!
V=
ZI

=N =

1 0
01
00
00

above the tool feed line, as illustrated in Fig. 11.
Combining Egs. (1) and (2), and substituting Eq. (2) for x’, y"and z' in Eq. (1), yields:
(x—1L)%*+ (z— R)?> = R?
y=1, : (3
0<z<a,
Equation (3) is the side surface generatrix of the round platform in coordinate system o-xyz.
As Eq. (3) is a curve equation in the plane of y=Iy, and coordinate system o'-x'y'z" has an offset with respect to
coordinate system o-xyz in both the x- and y-directions, in order to form the round platform side surface, according
to Fig. 11 (a), the slewing radius of each point in Eq. (3) is derived as follows:

s=yEiyP= 2 +l2 @
where s is the slewing radius.

The round platform side surface can be formed by rotating the generatrix around the z-axis; therefore, the



equation for the round platform side surface can be obtained by combining Egs. (3) and (4):

2
( /x2+y2—ly2—lx> +(z-R?=R* (5)

OSzSap

4.1.2 Tool clearance face modelling. The clearance faces of diamond tools can be classified into two categories:
conical and cylindrical faces, of which the diamond tool with a conical face is commonly used. In this study,
a diamond tool with a conical front clearance is employed to cut the workpiece. According to the geometrical
relation indicated in Fig. 12, by considering the cut depth limitation, the equation for the tool clearance face is

derived as follows:

2
2 ' 2 y’+Rcotd
X (R = (2
+ ( ) cotd

. 6
— fZRap —a,2<x' < fZRap —a,? (6)

k —apcotd <y <0

Equation (6) is the equation for the tool clearance face with its z' coordinate in the range of (0, ay).
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Fig. 12 Schematic of (a) conical clearance of diamond tool and (b) geometrical relation at certain cut depth

Based on the coordinate transformation of Eq. (2), Eq. (6) can be transformed into coordinate system o-
Xyz, and expressed as:

_ 2 _ 2 y—ly+Rcot8 2
(x lx) +(Z R) _( cotd )

[P Ra — a2 PRa —al+l ()
—/2Ra, —a,* + 1, <x <,/2Ra, — a,” + I,

k—apcotS +l,<y<|,

Equation (7) is the equation for the tool clearance face in the fixed coordinate system.

4.1.3 Modelling of tool interference zone radius. In SPDT, when the cutting tool feeds from the workpiece border
to its centre, tool interference will occur at a certain point. At the position where tool interference initially occurs,
not all of the cutting edges interfere simultaneously; instead, tool interference will first occur at the cutting edge
with z=ay, following which the interference area extends to the tool clearance face and cutting edge with a smaller z
coordinate. This is because, compared to other sectional circles (c,, c3), the top circle (cy) of the round platform
owns the maximum curvature and z coordinate, as illustrated in Fig. 13. Therefore, at the centre error (y=ly) position,

the top circle of the round platform owns the maximum slope with respect to the minus of the y-axis (1), and



therefore tool interference occurs more easily at the top circle.
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Fig. 13 Schematic of circles on round platform side surface (a) with different z coordinates, and (b) its slope at
intersection point with line y=l,

Figure 14 illustrates the virtual planes of different cut depths on a tool and their corresponding clearance
intersection curves. It is found that, compared to the virtual planes with smaller cut depths (ay, and aps in Fig. 14
(@), the intersection curve between the virtual planes with a larger cut depth (ap; in Fig. 14 (a)) and the tool
clearance face owns a smaller slope (J; in Fig. 14 (b)) at the intersection point. Therefore, tool interference occurs
more easily at a greater cut depth. For both the diamond tools and round platform, tool interference first occurs at
z=a,, therefore, tool interference between the tool clearance face and round platform will first occur at the
intersection point between the cutting edge and rough plane (z=a), following which the tool interference area
extends to both the tool clearance and lower cutting edge directions. In particular, a;=4; is the critical condition for
tool interference to take place. As ¢, is a certain value for a cut depth provided, the occurrence of tool interference
depends on a;: tool interference occurs when a; is larger than ¢;; otherwise, tool interference does not occur.
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Fig. 14 Schematic of the (a) virtual planes with different cut depths on diamond tool, and (b) corresponding
clearance intersection curve slopes

Refer back to Eq. (7), which indicates the equation for the tool clearance face. By defining | z=a, in Eq. (6),
the equation for the intersection curve between the rough surface and tool clearance face is obtained:

¢ b (- R = (k)

cotd
' . 8
— /ZRap—aI,ZSx < /ZRap—a,,,2 (®)

\ —a,cot§ <y’ <0

Equation (8) is the intersection curve equation.



Defining the curve expressed by Eg. (8) and the top circle of the round platform intersecting at point i,
according to the geometrical relation illustrated in Fig. 15, the coordinate of point i can be expressed in coordinate

system o'-x'y'z' as (—/2Ra, —a,?, 0, a,). Solving the derivative of y with respect to x in Eqg. (9) and

incorporating the coordinate of point i into the equation yields:

/ZRap—apzl ©)

COt81 - Rtané

A

Round platform

Rake face
&t .
0@ 1, X
>/
AN MY

Top circle Tool clearance face

Slope surface

Fig. 15 Schematic of tool interference between round platform and tool clearance face

Based on Fig. 15, when tool interference first occurs, a;=dy, and the tool interference zone radius can be

obtained by:
r= /lxz +1,° (10)

where |, can be calculated by the geometrical relation, as follows:

I, = Lcotd; + /ZRap - a,’. (12)

By placing Eq. (9) into Eqg. (11) and then Eg. (11) into Eq. (10), the tool interference zone radius can be
derived as follows:

r= | Gge - @) (+1)+52 (12)

4.2 Relation curve of tool interference zone radius with respect to process parameters

According to Eq. (12), the tool interference zone radius is correlated with the tool nose radius, tool clearance
angle, cut depth and centre error above the spindle axis. The relation curve between these is illustrated in Fig. 16, in
which it can be observed that the tool interference zone radius increases with an increase in the centre error and cut
depth, but decreases with an increasing tool clearance angle. Notably, with an increase in the tool nose radius, the
tool interference zone radius first decreases and then increases, and therefore produces a minimum. It should
be mentioned that the centre error has a significant effect on the tool interference zone radius, and their
relation is close to linear.

Therefore, it can be concluded from Fig. 16 that the cutting parameters have multiple effects on the tool
interference zone. Reducing the cut depth and centre error or increasing the tool clearance angle could reduce the
tool interference zone and suppress the tool interference. Moreover, reducing the tool nose radius will decrease the
tool interference zone radius to a certain extent.
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Fig. 16 Relation curves between tool interference zone radius and (a) centre error above spindle axis, (b) cut depth,
(c) tool clearance angle and (d) tool nose radius

In fact, when the tool height is above the spindle axis, tool interference does occur, and the tool interference
zone radius is certainly larger than \/mz. As the cutting tool elevation owing to tool interference has a
threshold, a smaller centre error may not cause obvious tool elevation; therefore, the tool interference zone may not
easily be observed.

4.3 Result comparison and error analysis

Table 2 provides a comparison of the theoretical and experimental values under different tool nose radii, tool
clearance angles, cut depths and centre errors. It is observed that the theoretical values are coincident to the
measured values overall; however, the theoretical values are generally larger, and the maximum relative error
between the values reaches 13.65%.

Table 2.
Comparison of theoretical and experimental results
Cone appearance Cutting parameters Measured value Theoretical value  Absolute error Relative error
affecting factors (M,) (Ty) [M,-T,| [M-T /T,
Tool nose radius 1,=32 pm, a,=8 um, 79 um 91.7 um 12.7 pm 13.85%
0=15< R=0.101 mm
1,=32 pm, a,=8 um, 112 pm 115.8 um 3.8 um 3.28%
0=15< R=0.514 mm
Tool clearance angle  1,=32 pum, a,=8 um, 142 pm 157.4 pm 15.4 um 9.69%

0=5% R=0.493 mm
1,=32 pm, a,=8 um, 112 pm 115.8 pm 3.8 um 3.28%



0=15< R=0.514 mm

Cut depth 1,=120 pm, a,=5 pm, 207 um 216.8 um 9.8 um 4.52%
0=10< R=0.281 mm
1,=120 pm, a,=10 pm, 251 um 281.1 um 30.1 pm 10.71%
0=10< R=0.281 mm

Centre error 1,=32 pm, a, =10 um, 117 pm 124.7 ym 7.7 pm 6.17%
0=10< R=0.281 mm
1,=120 pm, a, =10 um, 251 pm 281.1 pm 30.1 pm 10.71%

0=10< R=0.281 mm

The error sources may arise from three aspects: (1) visual error in the measurement; (2) error caused by the tool
elevation threshold; and (3) error caused by the feed rate. The visual error is generated from the tool
interference border distinction, which can be suppressed by repeated measurement. The tool elevation threshold also
causes error when tool interference first occurs, as the top edge of the round platform is quite sharp, and the contact
area between the tool clearance face and top circle of the round platform is too small to lift the diamond tool.
Therefore, the tool interference zone border is difficult to distinguished, and the round highland border is
mistakenly taken as the tool interference zone border. The feed rate also has a significant effect on the measurement
error, particularly for a higher feed rate, as the tool path relative to the workpiece during the turning process is a
helical curve, and the tool path radius varies in different directions. This can be reflected in the formation of the
centre cone and corresponding tool interference zone. As illustrated in Fig. 17, the left radius of the tool
interference zone is 0.1024 mm; however, the value on the right side is 0.0741 mm. Furthermore, it is found from Fig. 17
that, because of the helical tool path effect, it is difficult to measure the centre cone radius. Therefore, it is preferable to
use a low feed rate to obtain a relatively accurate measurement result.
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Fig. 17 Effect of feed rate on measurement of tool interference zone radius: (a) left side: r=0.1024 mm, (b)
right side: r=0.0741 mm (other parameters: S,=2000 rpm, a,=10 pm, F,=100 mm/min, R=0.281 mm, 6=10<
[,=126.1 um)

5. Conclusion

Centre cone formation owing to centre error will result in a tool interference zone around it, seriously affecting
the form accuracy of machined products. As centre error can only be reduced, rather than eliminated, it is
meaningful to conduct research to explore the suppression of tool interference. In this study, theoretical and
experimental research was conducted on the tool interference generation owing to centre error as well as its



influencing factors. Specific conclusions drawn from the study are as follows.

(1) The cutting force and centre error have a close relation. During centre cylinder formation, the cutting force
exhibits no regular disturbance signal; however, during centre cone formation, the cutting force exhibits a force
pulse, and all cutting force components in three directions approximate linear growth with the increase in
centre error. This relation can potentially be used in the online identification of centre error in SPDT.

(2) A tool force pulse is formed during centre cone formation, and the workpiece centre cone is formed by
extrusion of the tool clearance face, thereby elevating the diamond tool to form the tool interference zone. The
tool elevation has a threshold, beyond which this diamond tool can be elevated, and forms a round highland.
Therefore, the round highland is smaller than the tool interference zone and produces an error. The round
highland occurs more easily at a small tool radius, centre error and tool clearance angle.

(3) A mathematical model was derived to calculate the tool interference zone radius, whereby the relation between
the tool interference zone radius and cutting conditions was determined. From the mathematical model, the tool
interference conditions and first tool interference position could be derived.

(4) The cutting parameters have multiple effects on the tool interference zone caused by centre error. A reduction
in the cut depth and centre error and increase in the tool clearance angle could reduce the tool interference zone
radius and suppress the tool interference. A reduction in the tool nose radius will first decrease the tool
interference zone radius and then increase it, thereby producing a minimum. A feed rate reduction will decrease
the radius difference in the tool interference zone in different directions and increase the measurement
accuracy.

This research provides deep insight into the centre cone formation and resulting tool interference in SPDT, and
the theoretical and experimental results can be used to suppress the centre cone occurrence. Moreover, this research
provides a reference for online force-based centre error identification, thereby improving cutting efficiency.
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Figure captions:

Fig. 1 Schematic diagram of (a) centre cylinder and (b) centre cone formation

Fig. 2 (a) Experimental setup, (b) geometric parameters of diamond tools and (c) force component directions of the
dynamometer (Kistler 9252A)

Fig. 3 Centre cylinder and cone appearances and corresponding cutting force forms (cutting parameters: S,=2000 rpm,
a,=10 pm, F,=10 mm/min, R=0.281 mm, 6=10°)

Fig.4 Comparison of centre cylinder and centre cone appearance, and its profiles in X and Y sections (cutting parameters:
S$,=2000 rpm, a,;=10 um, ;=10 mm/min, R=0.281 mm, 6=10°; (a) /;=-15 um, (b) /,=29.9 pm)

Fig. 5 (a) Sectional profile of centre cone, and (b) induced tool interference zone (cutting parameters: S;=2000 rpm, a,=10
um, =10 mm/min, R=0.281 mm, 6=10°, /,= 29.9 um)

Fig. 6 (a) Tool interference zone appearance and (b) its sectional profile (S,=2000 rpm, a,=10 pm, ;=10 mm/min, R=0.281
mm, 6=10°, /,=29.9 pm)

Fig. 7 Effect centre error on tool interference zone radius: (a) /,=0.0319 mm and (b) /, =0.1204 mm (other cutting
parameters: $,=2000 rpm, a,=10 pm, /=10 mm/min, R=0.281 mm, 6=10°)

Fig. 8 Comparison of tool interference zone radius at different cut depths: (a) a,=5 um, (b) a,=20 pm (other parameters:
$,=2000 rpm, ;=10 mm/min, R=0.281 mm, §=10°, [;=126.1 pm)

Fig. 9 Comparison of tool nose radius effects on tool interference zone radius: (a) R=0.101 mm, /,=32.292 um; (b) R=0.514
mm, /,=32.175 um (other cutting conditions: S,=2000 rpm, a,=8 pm, ;=5 mm/min, J=15°)

Fig. 10 Comparison of tool clearance angle effects on tool interference zone radius: (a) R=0.493 mm, /,=32.180 um, 6=5°;
(b) R=0.514 mm, /,=32.175 pm, 6=15° (other cutting conditions: S,=2000 rpm, a,=8 pum, F;=5 mm/min)

Fig. 11 Schematic of (a) tool-workpiece motion with centre error and (b) workpiece material removal process
Fig. 12 Schematic of (a) conical clearance of diamond tool and (b) geometrical relation at certain cut depth

Fig. 13 Schematic of circles on round platform side surface (a) with different z coordinates, and (b) its slope at intersection
point with line y=/,

Fig. 14 Schematic of the (a) virtual planes with different cut depths on diamond tool, and (b) corresponding clearance

intersection curve slopes
Fig. 15 Schematic of tool interference between round platform and tool clearance face

Fig. 16 Relation curves between tool interference zone radius and (a) centre error above spindle axis, (b) cut depth, (c) tool
clearance angle and (d) tool nose radius

Fig. 17 Effect of feed rate on measurement of tool interference zone radius: (a) left side: »=0.1024 mm, (b) right side:
r=0.0741 mm (other parameters.: S,=2000 rpm, a,=10 um, /=100 mm/min, R=0.281 mm, 6=10°, /,=126.1 pm)





