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Abstract This paper presents models related to the
manufacturing of ball-nosed end mills of solid carbide
(BEMSC) with a chamfered cutting edge (CCE). A parallel
grinding wheel (PGW) is selected, and the relationship be-
tween CCE face and PGW working face is determined.
Based on the geometry models of BEMSC established in
our previous work, the centre and axis vectors of PGW are
calculated for the grinding of CCE face on bath the ball-nosed
end and the cylinder, which is validated through a numerical
simulation. In order to produce the tool, a grinding machine,
SAACKE UMIF, is chosen. Targeting the grinding data of
BEMSC, the transformations are carried out between the co-
ordinate systems of workpiece and the NC programme ac-
cording to the structural features of the machine. An algorithm
is derived for dispersing grinding paths. As a result, the centre
data and axis vector are generated with respect to the grinding
machine. The BEMSC with CCE is machined using the se-
lected machine, which demonstrates the correctness of the
established models. Finally, the performance of the machined
cutting tool is validated in comparison with a common
BEMSC without CCE in the milling of a mould of a multi-
hardness joint structure.
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Nomenclature

BEMSC Ball-nosed end mill of solid carbide
CCE Chamfered cutting edge

CR Rake face

LF Flank face

BEM Ball-nosed end mill

BE Ball end

PGW Parallel grinding wheel

XyZ Coordinate frame of BEMSC
w Helix angle of cutting edge

0

Angle between Z axis and T in Xyz
T Tangent vector of cutting edge at a certain value
of , a parameter of cutting edge equation

XyZ, Coordinate frame by rotating xyz around Z axis by
7 degree

n Angle between X axis and the projection of T in
the plane of xoy in xyz

XyZp Coordinate frame by rotating xyz; around Yaxis by
0 degree

X507 Plane in xyz,

Pn Normal plane at point P of cutting edge (x,0y, of
xyz2)

Pno Normal plane at the joining point of ball-nosed
end and helical groove cutting edges (p,, at the
joining point)

Ds Cutting plane perpendicular to the line between
point P and the centre of the end ball

Yn Rake angle equivalent on p,

Y Chamfer angle equivalent on p,,

Q1 First flank face angle on p,

Qp Second flank face angle on p,,

Wher Width of LF on p,,o

W Width of CR at the intersection line of p, and p,,
on pyo
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Wey Width of rake face at the intersection line of p; and
Pn ON Po

/ Length from point P to Q on LF in xyz,

P Angle between OP and Y, axis in xyz,

L Length from point O to A on rake face in xyz,

I Length from point P to B on LF face in xyz,

XyZg> Coordinate frame by rotating xyz around X axis
and Yaxis

IA Distance between grinding wheel boundary and

B cutting edge on the cylinder in xyz,,

Ty Direction vector of grinding wheel axis in grinding
of CCE on ball end

Iy Radius of grinding wheel

Wy Angle between grinding wheel and grinding face

Tpw Axis vector of grinding wheel in xyz for grinding

B of CCE on cylinder

T o2 Axis vector of grinding wheel in Xyzg, for
grinding of CCE on cylinder

Xz, Coordinate frame that SAACKE UWIF can
recognise

A Rotate angle of BEMSC around X axis

B Swing angle of grinding wheel

wa Rotate angle with positive x in xoz

XVZa2 Coordinate system for grinding path discretisation

Eg Allowable grinding error

1 Introduction

Modern mould and die industry is characterised by high-
efficiency machining requirement for the automotive industry,
especially, for forming of car body panels. Most of semifin-
ished moulds for example are treated by hardening before the
finish machining process, and its hardness can be up to 50—
65 HRC, which is a big challenge to the tool life of cutting
tools. Ball-nosed end mills of solid carbide (BEMSC) is one
of'the cutting tools that are widely used to cut moulds and dies
of freeform surfaces. When BEMSC is used in machining of
dies steel with high hardness, the strength of its cutting edge is
the main problem, resulting in such as chipping, mechanical
fatigue cracking, and fracture. Therefore, proper design and
manufacture of BEMSC is the key to the high performance of
its cutting edge, in particular, the design and treatment of the
cutting edge. The passivation treatment of the cutting edge is a
main method; however, the accuracy of the cutting edge is
difficult to control. Cutting edge generation by grinding is
an alternative treatment, but it introduces another challenge
due to the complexity of cutting edge curve. Targeting the
manufacturing problem of cutting edge treatment by grinding,
the objective of this research is to develop models of BEMSC
with chamfered cutting edge (CCE) related to geometry de-
sign and manufacturing. The remainder of this paper is
organised as follows. Section 2 reviews the state-of-the-art

@ Springer

of the relevant research work about design and manufacturing
of BEMSC. Section 3 introduces the modelling of BEMSC
with CCE, of which the models of grinding path and position
of wheel grinding are established in Section 4 and the models
related to design and manufacturing of this kind of tools are
verified by numerical simulation in MATLAB in Section 5.
Section 6 introduces the process of grinding data generation
after the selection of a grinding machine, SAACKE UWIF
(http://www.saacke-group.com/scom/machines_model
uwl1f.php). After BEMSC with CCE is machined, an
evaluation of the experimental performance is carried out
through the machining of a mould of a multi-hardness joint
structure in Section 7. Finally, our research contributions are
summarised in Section 8.

2 Literature review

Geometric design and NC machining are the keys for BEMSC
with CCE. Most research has forced on these two topics.

2.1 Research on tool geometry

BEMSC consists of three parts: tool holder, helical groove
(HG), and ball end (BE), as shown in Fig. 1. The tool holder
is usually designed in several standard forms, e.g., straight
holder and Morse taper holder. This research focuses on HG
and BE, especially the cutting edge of the helical groove
(CEHG) and the cutting edge of the ball end (CEBE).
Regarding the helical angle (HA), two types of definitions
exist: the angle between the cutting edge tangent line and the
axis of tool revolution (HA1) [1], and the angle between the
tangent of cutting edge line and the tangent of longitude line of
ball (HA2) [2].

(1) Research on CEHG
CEHG is usually designed in different geometries,
e.g., cone, ellipsoid, convex arc, and concave arc.
Comprised with the common cylindrical HG, the
CEHG modelling is the main target.

Cone: The cone HG of BEM is mainly used to avoid
the interference with the workpiece during machin-
ing. The geometry modelling of cone HG was de-
rived by Hsieh et al. [3], and that tool was
manufactured in a 2-axis NC machine tool. Lai
et al. [4] calculated the maximal sectional radius of

Tool holder Helical groove | Ball end

|
TSNS

i

Fig. 1 A generic ball-nosed end mill structure
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taper and the profile of the groove section as well as
the feed rate of a grinding wheel under the definition
of HAL1. In order to avoid the instantaneous tilt angle
of a grinding wheel, Bao et al. [5] defined the helical
angle as a constant, which is the angle between its
tool axis and the compound speed of the axial grind-
ing speed of the wheel and the rotational velocity of a
specific point on the cutting edge.

Convex arc: This type of tool is used to machine
those workpieces with concave arc features. As
Shang et al. [6] proposed, the cutting edge curve of
BEMSC with elliptical outline was calculated by de-
riving the intersecting line between the elliptical cyl-
inder and the rotational surface. The feed rate of a
grinding wheel in the radial direction is modified
according to the cross-section of the groove that
passes through the centre of the cutter sphere under
the definition of HA1. The shape of convex arc ball-
nosed end mill is numerically approximated and pro-
duced by using a simple 2-axis NC machine. Wu
et al. [7] presented the models of axial, rotary, and
feeding velocity for the flute. Chen et al. [8] also
proposed the models to calculate the actually obtain-
ed groove, and based on the models, a compensatory
machining process was carried out to eliminate the
residual profile of a cutting tool.

Concave arc: This type of tool is used to machine the
workpieces with convex arc features. The cutting
edge model on concave arc HG is derived by Chen
et al. [9]. In compliance with the maximal sectional
radius of a mill, the profile of the groove section as
well as both the radial and axial cutting speeds of a
chosen grinding wheel is computed.

(2) Research on CEBE
It is well known that the curves of CEBE are deemed
to be the intersection of tool profile and helicoid.
Obviously, the CEBE tool profile of BEMSC is a
semisphere, and its equation is shown as follows:

r= {\/Rz—zzcosd)7 \/Rz—zzsingzb,z}, 0<z<R, 0<¢=<27 (1)

where R, z and ¢ are, respectively, the radius of
semisphere, radius, and angle parameters.

Yuan et al. [10] demonstrated that the surface of a
helicoid has two different definitions, a constant pitch
and a constant helical angle. The following equation
shows the condition of CEBE with a constant pitch.
This type of tool is commonly used due to its fine ma-
chinability.
dp=— L 2)

o/ (R-22)°

where T is the pitch of a helicoid surface.

Based on the models above, Chen and Lin [11] intro-
duced a generic and integrated model for manufacturing
the BEMSC with constant pitch helical grooves.

CEBE with a constant helical angle based on the def-
initions of HA1 and HA2 is shown in the following two
equations, respectively [12]:

R+z

1
1o :Etanﬁln fra (3)
where (3 is the angle under HA1;
2\/R*tan?f -2 sec?
o= | e )
0 Rz

where (' is the angle under HA2.

The same problem of the two curves is that the tip
point of the tool is of no significance. During its produc-
tion, the cutting edge is made with the curve of the con-
stant helical angle far away from the tip point and another
kind of curve near the tool tip [8]. Chen [13] used a spiral
curve with constant pitch in the area of BE.

2.2 Research on NC grinding of BEM

Grinding path generation, grinding wheel positioning, and
tracing play key roles in the manufacturing of BEMSC with
CCE. Based on the tool geometrise and the grinding wheel
used, the calculation approaches for grinding path generation
can be classified into two categories: reverse calculation and
forward calculation. The reverse calculation is to obtain the
outline and profile of a nonstandard grinding wheel based on
the movement of a given grinding machine and cutting tool
geometries, whereas the forward calculation is to generate the
grinding path based on the tool geometries after the selection
of a standard grinding wheel.

(1) Reverse calculation

In this category, nonstandard grinding wheels are
used, and the outlines and profiles of the grinding wheels
are established based on the tool geometries and the
grinding machine parameters. Research on manufactur-
ing of three kinds of CEHG on BEM was carried out,
e.g., general BEM, truncated-cone BEM (TCBEM), and
concave cone-end milling cutter. Tsai et al. [14] proposed
models related to the manufacturing of BEM with a con-
stant helix angle on a 2-axis grinding machine, where the
cross-section model of a grinding wheel and the solution
model of the actual helical groove surface were present-
ed. Lin et al. [12] presented models related to the
manufacturing of BEM with a helical angle within the
definition of HA2 using a 2-axis grinding machine, as
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well as a compensatory grinding operation. Hsieh [3]
presented a set of mathematical models for the design
and manufacture of helical flute and cutting edge of
TCBEM. The cross-section profile of a grinding wheel
and the feed speed was deduced, which was validated by
experiments carried out on a 2-axis grinding machine.
Chen [15] also focused on manufacture of TCBEM, in
which a supplementary cutting edge was designed to-
wards the issue that there is no helical cutting edge on
the top of BE. Chen et al. [16] proposed the modelling of
concave cone-end milling cutter on a 2-axis grinding
machine, where the cross-section profile, grinding path,
and feed rate were provided for the grinding operation.
(2) Forward calculation

Forward calculation is usually used in multi-axis ma-
chining with standard grinding wheels. For BEM with a
complex curved cutting edge, its grinding path is related to
the translational motions (X, Y, and Z axes) and the rota-
tional motions (A, B, and C) of machine tools. Different
kinds of cutting tools have been studied. Feng and
Hongzan [17] presented a new method of grinding path
generation with a torus-shaped grinding wheel for grind-
ing the rake face on tapered BEM, by which a constant
rake angle can be obtained. Pham and Ko [18] reported a
manufacturing model of flat end mill using a 5-axis grind-
ing machine, and a prediction model of helical groove
based on the given wheel profile and the relative move-
ments between the cutting tool and the grinding wheel. As
an advantage, the manufacturing cost is reduced. Rababah
et al. [19] proposed a CNC grinding approach for the
grinding of circular-arc BEM, including grinding wheel
orientation and locations, and grinding path.

Many research works have focused on approaches for
cutting tool grinding, such as grinding path generation and
grinding wheel position determination. Karpuschewski
et al. [20] introduced an automatic search approach for
wheel positioning in flute grinding of cutting tools, of
which the advantage is the reduction of material removal
in the grinding wheel profiling operation. Chen and Bin
[21] proposed a novel approach that utilises the self-
adaptation features of a sphere to decrease the number of
simultaneous cooperative axes of a CNC grinding tool,
which can reduce the number of simultaneous movements
from five to four and at the same time achieve a smooth
transition of the rake face for grinding of tapered BEM.
Chen et al. [22] presented the optimisation of the grinding
process of an end mill of cemented tungsten carbide, in-
cluding the approach and retract sequences of each axis
and grinding parameters, resulting in up to 40 % improve-
ment of machining efficiency. Kim et al. [23] proposed a
method for design and manufacture of an end mill based
on cutting simulation. The cutting tool model represents
the tool geometry, grinding wheel geometry, and grinding
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path. Chen et al. [24] presented a new mathematical model
and grinding approach of BEM, in which a conical wheel
is employed to rake and flank faces to avoid interference.
Nguyen and Ko [25] proposed a new model for determin-
ing the wheel position in grinding of BEM, where the rake
face is generated by using the side face of the grinding
wheel. Li et al. [26] reported a graphical analysis method
to obtain the structural parameters and geometric shapes
of helical grooves with the standard wheel geometry and
position. They discussed the relationship between a heli-
cal groove and its grinding process. In comparison with
the reverse calculation methods, the high-accuracy cutting
geometry, such as flank face, rake face, and cutting edge,
can be obtained via the forward calculations although 5-
axis grinding machines are necessary.

From the literature survey, the reported works mainly
studied the manufacturing related to the different types of
BEMSC, rarely taking BEMSC with CCE into account.
As Lu et al. [27] presented, cutting edge with chamfer in
CR and land on LF has an advantage in the retentivity of
cutting edge by experiments (see Fig. 2 for more details on
LF and CR). However, how to manufacture the BEMSC
with both LF and CR is unknown. Targeting this problem,
this paper introduces a new modelling and grinding meth-
od for the cutting edge with LF and CR in the ball-nosed
end of BEMSC and derives the needed paths and grinding
wheel position for cutting edge grinding using the forward
calculation approach. Also, the tool is machined by a
SAACKE UWIF grinding machine, and the performance
is validated by experiments.

3 Geometric modelling
3.1 Chamfered cutting edge modelling on BE

CCE is chosen as the cutting edge on BEMSC. Figure 2 illus-
trates the BE of BEMSC, including CR face, grinding path of

Rake face

CR
Ball end part

y
X

Ball end mill model

Cutting edge
]
Grinding path of CR face

Grindin‘g path of rake face
Grinding path of second flank face
I

Coordinate frame xoy

Fig. 2 An illustration of a ball-nosed end mill [28]
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CR face, rake face, grinding path of rake face, LF face, and
grinding path of the second flank face. As mentioned previ-
ously [28], the curve with a constant pitch is used as the
cutting edge of BEMSC with CCE in order to increase the
machinability of the cutting tool.

The curve of the cutting edge with a constant pitch can be
expressed as follows:

x = R\/1—(cyp) cos o

— R/ 1=(cosi (5)
y = Ry\/1—(cp) sinp
z=Rcyp

where 0 <p<tanw.

The CR face is a complex 3D surface, and it is difficult to
be modelled directly in xyz as most parameters are not defined
in this coordinate system. Therefore, certain coordinate trans-
formation must be applied. Figure 3 shows the transforma-
tions of coordinate systems of BEMSC, including xyz,

X121, and xp)»2,. The tangent vector T of the cutting edge
can be calculated first by differentiating Eq. (6):

R(prsinp—c*p cos p—sin )

1—c2p?
= | R(Fp*cosp + crosinp—cosp) |- (6)
2

1-c2p
cR

Fig. 3 Transformations of
coordinate systems of BEMSC
[28]

Based on the relationships among the three coordinate sys-
tems, the transformation matrix between xyz and x;y,z; can be
determined, as well as that between xyz; and xyz,. Finally, the
relationship between xyz and x,),2, is derived in Eq. (7).

X X2
y| =MoaMy |y, (7)
Z 22
where
cosn sinn 0 cos® 0 —sinf
My, = | —sinm cosn 0|, My, = 0 1 0
0 0 1 sinf 0  cos6
Xor = Ry/ 1=(cp) sin(n + ) —Icosd
Yor = Rep/sin 0 + 1 sin & (8)

ZQ2:0.

Finally, the coordinate of Q in xyz can be calculated by
substituting Eq. (8) in Eq. (7):

X0 X2
Yo| =MuMup|ye |- )
20 202

The main challenge when calculating the grinding path
of CR face is how to determine the relationship between
the two parameters, / and . The boundary condition of /
and ¢ is treated as the area between the / axis, ¢ axis, and
the two dotted lines (AB and BC) in Fig. 4. The area can be
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Tool tip

o C (1)

Fig. 4 Relationship between / and ¢ [28]

divided into three parts, denoted by L, L,, and L;, respec-
tively. The lines in L; are close to a linear relationship. In
other words, the fluctuation of w.; is almost uniform from
the tip to the joining point of BEMSC. As for the lines in
L,, the fluctuation of w., is significant near the tool tip and
insignificant away from the tool tip. On the contrary, the
lines in L3 exhibit opposite trend as compared with the
lines in L,. Each line in L;, L,, and L3 can be a single
curve, e.g., straight line, hyperbola, parabola, ellipse, and
may also be a set of piecewise curves.

In order to model the grinding path of the CR face, take
a part of parabola with an upward opening in L3 as an
example. The point (tanw, 0) is chosen as the lowest point,
and the curve passes a point (0, w,,/cosy,). Under this
condition, the equation of the line can be determined by
the following:

Wb

| =———(¢pt 2, 10
coswb-tanzw(sa anw) (10)

The grinding path of the CR face can then be derived by
substituting Eq. (10) in Eq. (9).

3.2 Chamfered cutting edge on cylinder

The coordinate system (Fig. 2) is also selected for the CCE on
cylinder, where the cutting edge curve on cylinder is defined
as follows:

Xg = R-cos (—<pg)

Vg = Resin (—gog>
Zg = ~Rep,

(11)

where ¢, is the parameter of the curve.

The tangent Tgt of'the cutting edge is expressed as follows:

Xgr = Resin (—<pg>

Var = —R-cos (—<pg)
Zg[ = _R'C.

(12)
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The modelling process is similar to CCE on BE. The trans-
formation matrixes from xyz to xyzg> are expressed as follows:

, [ cos (—ng) sin (—ng) 0 /
M, = | -sin (—ng) cos (—ng) 01,M,,
i 0 0 1
cos (*ngz) 0 —sin (*ngz)
= 0 1 0 (13)
i sin (—ngz) 0 cos (—ngz)

where 0, and 7),. are angle parameters related to the transfor-
mation of the coordinate systems.

Similarly, the transformation matrixes from xyz,, to Xyz
are expressed as follows:

[ cosn,, 0 —sinn,, |

Mg =| 0

| sinn,,
[ cos Ogx
= | —sinly,

0
0 cosn,, |

sinfg; 0
coslge 0

Mg,

(14)

0 0 1]

In Xyzg, as shown in Fig. 5, the chamfer on the cutting
edge can be defined as follows:

_ w,)/bSl'l/l (Vb_qspx)

g2 = cosy,,
__Wypcos (“Yb_%x) (15)
ych - cosy,
Zge2 =0

where ¢, and v, are two angles related to the chamfer
parameters.

Fig. 5 Cross-section parameters of cutting edge on cylinder
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Based on the transformation matrixes and Eq. (15), the co-
ordinates of chamfer surface in xyz can be derived as follows:

Xgc Xge2 Xg
ygc :Mgzng ygc2 + yg . (16)
ch xchZ Zg

4 Grinding path generation

In order to machine the CCE of BEMSC, PGW is selected, and
its cylindrical surface is used to grind the chamfer surface. The
centre track and the position of PGW must be calculated first.

4.1 Grinding path modelling of CCE on BE

The centre path and the position are the keys. The relationship
between the chamfer surface and PGW is determined first, as
shown in Fig. 6. The M in xyz, can be calculated, as shown in
Eq. (17).

X2 = X2 + Ly sin(wg + 0-7/2)
Y2 =Yoo +lg cos(wg + 6-/2) (17)
Im2 = 202

where w,=7/2 for PGW.

The grinding wheel position and the centre point of PGW
can be determined by substituting Eq. (17) into Eq. (7).

Similarly, the direction vector TWW of the grinding wheel
axis in xyz, can be established as follows:

XTwa = COS (37r/2—wg—6)
Vrwa = sin(3m/2-wg—6) (18)
zrw2 = 0-

The vector fww in xyz and the position of PGW can be
determined by substituting Eq. (18) into Eq. (7).

Fig. 6 Cross-section of cutting edge on ball end

4.2 Grinding path modelling for CCE on cylinder

Similarly, the centre path and position of PGW are calculated
by the following procedure same as that of CCE on BE.

XMc XMe2 Xg
Ve | =MgMey | Vyer | + | Ve | where
ZMe M2 g

XMc2 = x&cZ_lA sin (’Yb_(bpx) + Rg cos (r)/b_qépx)

YMme2 = ygc2 ZA COS(’Y[, ¢ ) RgSin (r)/b_d)px)
=0

(19)

where (X300, Vaze2, Zae2) 18 the coordinate of the centre point in
Xng2
The axis vector Tp, of PGW is expressed as follows:

X e = 751 (7y=0p)
_ _ g _
Tpw = MgMg, T, + [yg] , where Tp,, = ygcz = cos( )
g Zglz 0-
(20)

5 Numerical simulation

In order to validate all models related to the design and
manufacturing of BEMSC with CCE, numerical simulations
are carried out in MATLAB environment.

5.1 Simulation on geometry models

The geometries (size and angle) of the LF face, CR face,
and rake face can be uniquely specified by 7, v, Q1> Wan
w~p, and w.,, respectively. Taking the CR face as an exam-
ple with all the other parameters fixed, the results of the
relevant models are depicted in Fig. 7. The cutting edges

7/17:7[/6

0.5 2

3
1 # X

Fig. 7 Tool geometries of ball end in MATLAB simulation
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Fig. 8 Cutting edges on both ball
end and cylinder in MATLAB
simulation

Cutting edge -/
Chamfer path-/
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S
1
7
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EEEENEE

|
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on both BE and cylinder were simulated as well, as shown
in Fig. 8, where the blue line represents the cutting edge,
and red line indicates the grinding path for the grinding
CCE.

5.2 Simulation of grinding path and wheel grinding

The centre and position of a grinding wheel are simulated for
grinding of CEE both on BE and on cylinder. Figure 9

Grinding path for cutting
edge on ball end

Cutting edge on
ball end

Cutting edge on
cylinder

5,
'

w

2

N

Grinding path for cutting
edge on cylinder

L W W T W
kY AN

displays the simulation results of CEE on the BE, where the
outline of PGW, the path and the axis vector of PGW centre,
and the grinding path of chamfer are simulated. Similarly,
Fig. 10 shows the simulation results of CEE on the cylinder.

From the simulation results, it is clear that the CCE of
BEMSC can be machined by following the grinding path of
PGW, which validates the correctness of the developed
models. Hence, the grinding data can be generated based on
our models.

30

Fig. 9 Simulation on centre and Ball end of BEMSC Outline of PGW
position of grinding wheel in %
grinding of CCE on ball end T:
10.
® o 5 10
1 15, 2 5 0 s
Grinding path
for chamfer B
Cutting edge
on ball end
Track of PGW
centre
Axis vector of
PGW
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Fig. 10 Simulation on centre and

position of grinding wheel in
grinding of CCE on cylinder

-40
10

5 0

Chan
Cutti

(@]

nfer cutting edge

ng edge on

ylinder \\’\

~— /

QGrin

ding wheel

6 Grinding data generation and simulation

The machining of BEMSC is carried out on a grinding
machine, SAACKE UWIF, and its structure and possible
movements are shown in Fig. 11. The grinding machine
provides a useful function that NC code can be generated
by inputting point data of a selected grinding wheel into
the software embedded in the grinding machine.
Therefore, the primary task is to transform the geometric
data related to the manufacturing of BEMSC with CCE
from the workpiece coordinate system (xyz) into the pro-
gramming coordinate system (xyz,) recognised by the
software.

Fig. 11 Structure of SAACKE
UWIF grinding machine and its
movement model

6.1 Transformation of coordinate systems

In xyz, BEMSC is fixed, and PGW can move around it i.e.,
PGW has at least five degrees of freedom (DOF), x, y, z, A, and
B. However, in xyz,, BEMSC has three DOFs, x,,, 3, and A,
and PGW has only two DOFs, z, and B. The transformation
should be carried out to transform the grinding data from xyz to
Xyz,,. The transformation between the two coordinate systems is
shown in Fig. 12, where the data file including the coordinates,
Xp» Vp» Zp» A, and B, can be recognised by the SAACKE UWIF
grinding machine. The DOF A of PGW can be removed by
rotating BEMSC around its axis an angle, w,. B is related to
the axis vector of PGW, and it is an angle A7y, between y axis

Grinding wheel
Ball end mill \ )
\ B
A WS- —
=S .
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Ve h Grinding wheel

Centre trace
of PGW

/ad
.

iy

A R0 -
Zg f Grinding path

Fig. 12 Transformation between coordinate systems of workpiece and
machine tool

and the projection of the rotated axis vector Tww on yoz.
Therefore, based on the relationship between xyz and xyz,,
Xp» Vp» Zp» A, and B can be expressed as follows:

X, = R—x
Y, = Vx4 Y cosws
Zp = /X2 4 y?sinwy

AZLL)A
B = Ary.

(1)

6.2 Algorithm for discretisation of a continuous grinding
path

The grinding machine, SAACKE UWIF, can only recognise
the point data rather than curve equations. Therefore, the
grinding point data must be detached from the continuous
curve of BEMSC. As presented in [29], the curve
discretisation methods include four types basically, e.g., equal
spaced method, equal chord length method, equal error meth-
od (EEM), and feature points method. Here, the discretisation
accuracy is determined by the selection of those methods. The
accuracy of the equal spaced method is the lowest; accuracy of
the equal chord length method is higher but the calculation is
complex; the feature points method is not suitable due to the
fact that no obvious feature points exist along the grinding
path of BEMSC. Although the calculation process is complex,
the accuracy of EEM is the highest. Therefore, EEM is chosen
in this research.

Moreover, linear interpolation is used for grinding path
discretisation in this paper. Based on the characteristics of
EEM, the boundary condition is established first with respect
to an allowable grinding error &,. Therefore, the cylinder of
error boundary is more suitable. Figure 13a shows the cylinder
in workpiece coordinate system xyz, where the direct error
calculation is difficult in xyz. Therefore, the transformation
is carried out from xyz to a new coordinate system that is
suitable to computers. After rotating around x and z axes,
respectively, the new system xyz,, is obtained, as shown in
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Fig. 13 Coordinate system transformation for grinding path
discretisation

Fig. 13b. The discretisation condition can be derived, and the
projection of the grinding path on the plane xoy,, should be
included within the circle of which the centre is P; and the
radius is €,. Hence, the boundary condition can be expressed
as follows:

VX2 +)2<e,”

(22)

Initialization i € [i},i,]

e
*‘

Boundary condition 1:i=k;

=
v
Boundary condition 2:i=k,
»! -
v T
. . 9
Error calculation j=k,(j € [ki,k2]) A

:kz- 1

i

Output of discrete point

No

Yes
End

Fig. 14 Calculation process of grinding path discretisation
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Fig. 15 Simulation results of
grinding path coordinates
against ¢

The boundary condition provides the basis of judgement
for discretising the grinding path.

6.3 Calculation of grinding point data

Based on the discretisation condition, the calculation of grind-
ing point data follows the procedures depicted in Fig. 14, in-
cluding initialising, setting boundary condition 1, setting
boundary condition 2, calculating error, making two judge-
ments based on the discretisation condition, generating grind-
ing point data, and checking a termination condition.

Due to the complexity of the discretisation process,
MATLAB software is used. The BEMSC parameters are
pre-set as follows: R=4mm,w=n/6,a,,=n/18,
Wan=0.2mm, w.,=0.3mm,w,,=0.7mm and ~,=n/3. The al-
lowable error is £,=0.001 mm. The step size Ay is
0.0001 rad. According to the calculation procedures, the need-
ed grinding data can be obtained. In order to validate the data,
simulation is carried out in MATLAB environment. Figure 15
shows the simulation results of grinding path coordinates
against ¢. All of the points are on the grinding path, and their
errors are within the allowable value, 0.001 mm.

chamfer

Rake face

Flank face

Fig. 16 Simulation result of grinding process

* Discrete point of grinding path

Cutting edge

/

7 Experimental validation

In order to further validate the developed models of BEMSC,
two grinding experiments have been carried out, including
performance evaluation of BEMSC with CCE.

7.1 Grinding of BEMSC with CCE

A TXT file containing the grinding data obtained in
Section 6.3 is downloaded to the SAACKE UWIF grinding
machine. Considering the safety and security of the grinding
machine, the grinding process of every feature was simulated
before actual grinding, e.g., chamfer surface, rake face, and
flank face. Figure 16 shows the results of the simulation,

Grinding
) path

b) BEMSC without chamfer cutting edge

Fig. 17 Experimental results of two ball-nosed end mills
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Fig. 18 Experimental setup of
multi-hardness splitting
workpiece

where the chamfer can be seen clearly. No collision and inter-
ference was found during the simulation.

After the safety checking through the simulation, the NC
programme was executed in the real machine. The material of
cutting tool is carbide GU25UF produced by Xiamen Golden
Egret Special Alloy Co., LTD. Its grain size is 0.4 pm with
12 % cobalt content. The machined BEMSC with CCE is
shown in Fig. 17a, whereas the BEMSC without CCE in
Fig. 17b which is used for performance evaluation in
Section 7.2. All the parameters of the two BEMSCs are the
same except the chamfer.

7.2 Experimental evaluation on tool performance

A mould of multi-hardness joint structure was chosen as the
workpiece to evaluate the tool performance. The mould is

Fig. 19 Wear progression along
cutting edges of two ball-nosed
end mills

Flank face wear Vp

Joint gap

made of hardened steel and cast iron, of which the hardness
are 55 and 42 HRC, respectively. The experimental setup is
illustrated in Fig. 18. The cutting test was carried out on a
Dalian VDL-1000E 3-axis machine tool without coolant.
There is a 30° angle between the machined surface and the
worktable of the machine tool. The feed direction is from the
high hardness steel to the low hardness cast iron. The cutting
parameters are cutting speed v.=70 m/min, cutting depth a-
»=0.3 mm, cutting width a,=0.2 mm, and feed rate
f=0.15 mm/z.

Theoretically, BEMSC with CCE has higher strength on
cutting edge than BEMSC without CCE; however, the CCE
may increase tool wear. Therefore, the condition of the cutting
edge was observed and recorded every 20 min, and the wears
of both tools are shown in Fig. 19, where Fig. 19a shows the
tool wear start of BEMSC without CCE, Fig. 19b shows the
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°

S
2

—
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=
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2 |
Z 2007 A
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Boundary wear V¢
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tool wear start of BEMSC with CCE, and Fig. 19¢ shows the
progression of tool wear against machining time.

From Fig. 19a, b, it is visible that there is no chipping and
fracture on the cutting edges of both tools during the first
20 min; after 40 min, chipping appeared on the tool without
CCE; the number of chipping and fracture increased, and the
areas of chipping and fracture became larger after 60 and
80 min, respectively. No chipping was observed on the tool
with CCE.

Considering that the CCE may increase the cutting force
and cutting temperature, one may argue that the CCE may also
contribute to the tool wear. Therefore, in order to validate
whether CCE affects the tool wear, wear values on the flank
face were measured for the both tools. Figure 19¢ shows the
wear curve of flank face wear on both the boundary and the
main area, V¢ and V. Boundary wear V is bigger than the
main area wear Vz on both tools. According to the figure, tool
wear values, V- and V3, on the two positions are almost the
same, which highlights that CCE does not increase the tool
wear.

The results of the two experiments indicate that the perfor-
mance of the BEMSC with CCE is better than the tool without
CCE, especially on the fracture resistance on the cutting edge.
This validates our proposed method on modelling and grind-
ing of BEMSC with CCE.

8 Conclusions

Targeting the manufacturing and performance evaluation of
BEMSC with CCE, this paper presented a new method for
grinding the CCE of BEMSC. Within the context, PGW is
used together with our new geometry models, and the grind-
ing path of the grinding wheel and grinding data are also
generated. Numerical simulation and experiments are carried
out to validate this approach. The uniqueness of this work can
be summarised as follows:

(1) The position and path of the grinding wheel used in the
grinding of BEMSC with CCE are calculated in two
steps: determination of the interface relationship between
PGW and chamfered face, and coordinate systems trans-
formation. This approach offers an effective solution to
chamfer machining for solid cutting tools with a complex
cutting edge.

(2) NC programme can be generated easily through the
transformation between the workpiece and the program-
ming coordinate systems and the discretisation of a
grinding path. The discretisation algorithm based on
the equal error method is derived by establishing the
error coordinate system and boundary condition. The
algorithm can provide a way to obtain the dispersed
grinding point data for a solid cutting tool.

(3) The BEMSC with CCE can be machined based on the
models related to grinding of the cutting tool. In compar-
ison with a common cutting edge, the CCE possesses
better fracture resistance according to the experimental
results. The chamfer is one type of effective cutting edge
for the machining of high hardness materials.

Control of grinding accuracy is complex, and it depends on
the grinding tool and grinding wheel. Therefore, our further
research will focus on the models regarding the movement
error compensation of grinding machines and the wear com-
pensation of grinding wheels towards the high accuracy grind-
ing of BEMSC with CCE.
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