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a b s t r a c t

A new freeform surface generation method for the difficult-to-cut materials is proposed in this paper.
Fast tool servo and slow slide servo diamond turning are the main generation technologies for freeform
surfaces, whereas they cannot machine the freeform surfaces of difficult-to-cut materials very effectively.
On the other hand, elliptical vibration cutting has demonstrated its excellent performance in material
processing, especially for the difficult-to-cut materials. Nevertheless, it is unable to generate the freeform
surfaces very successfully. Therefore, this paper proposes the double-frequency elliptical vibration cut-
ting method for the freeform surface diamond machining on the difficult-to-cut materials, which pro-
vides the high-frequency elliptical vibration to improve the machinability in material removal and the
low-frequency reciprocating movements for the freeform surface profile generation. The relative
movements between the tool and the workpiece are analyzed, and because of the Y direction elliptical
vibration, the cutting plane does not always cross the workpiece center, which makes the tool path
generation, the tool geometry selection and the surface topography prediction very different from those
in the conventional fast tool servo or slow slide servo diamond turning. A new tool path generation
method is proposed, and the selection of the tool geometry parameters is discussed. The surface gen-
eration process is analyzed, based on which the topography model for the machined surfaces is con-
structed. Three typical freeform surfaces are machined on the die steel workpieces, which verifies the
feasibility of the proposed tool path generation strategies. In addition, the experimental results agree
well with the surface topography predictions, which validates the effectiveness of the topography model.
This model also applies to the diamond turning processes with tool motion in the Y direction, such as
turning with EVC.

& 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Freeform surfaces can significantly enhance the performance of
the optical systems, and realize the simplification and the in-
tegration of the system structures, which have been widely used in
various industries, such as new energy, national defense, aero-
space, and biomedical engineering [1].

Because of the structure complexity and the non-rotational
symmetry, it is more difficult to machine the freeform surfaces
than the traditional rotationally symmetric surfaces. Fang et al. [1]
reviewed the typical machining technologies for freeform surfaces,
such as diamond turning, milling and grinding. Fast tool servo
(FTS) [2,3] and slow slide servo (SSS) [4,5] based diamond turning
are considered to be the most efficient technologies for the free-
form surface generating. They are applied to the machining of

different kinds of freeform surfaces, because of the differences in
bandwidth and stroke between FTS and SSS. Considering the wide
applications of freeform surfaces, high performance machining
technology for freeform surfaces of different materials, especially
the difficult-to-cut materials, is highly required. The ferrous ma-
terials are very important difficult-to-cut materials, which are
widely used in the molds and the mechanical elements manu-
facturing. In the diamond machining of the ferrous materials, the
diffusion of the diamond surface atoms induced by the chemical
reactions between the tool and the workpiece causes catastrophic
tool wear [6]. The severe tool wear results in significant dete-
rioration of the machined surfaces. For the freeform surfaces of
difficult-to-cut materials, grinding, lapping and polishing [7] are
all effective machining methods, whereas the high machining cost
and the low machining efficiency for the complexity and the small
material removal rate limit the applications of these methods.

Elliptical vibration cutting (EVC) was proposed by Shamoto and
Moriwaki [8], in which the cutting tool is actuated to vibrate
periodically in the cutting and the thrust directions producing
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elliptical trajectories. Compared with conventional cutting (CC)
and 1-dimensional vibration cutting (1-DVC), EVC has superior
machining performance and has been widely used in the ma-
chining of difficult-to-cut materials. In the diamond machining of
the ferrous materials using EVC, good machining quality has been
achieved and mirror surfaces were obtained. Shamoto et al. [9]
succeeded in ultraprecision machining of hardened steel using
EVC, and a spherical mirror surface was generated. In addition,
Shamoto et al. [10] improved the machining quality of the mirror
surface of hardened die steel by applying new control strategies
for the vibration device. Furthermore, Shamoto et al. [11] proposed
to apply EVC to machine sculptured surfaces with the assistant of a
precision machine tool in the planing operation, and a flat and a
spherical mirror surfaces were obtained on hardened steel.
Moreover, Zhang et al. [12] conducted experimental study on
hardened steel with PCD tools using EVC, in which a mirror surface
with a roughness value of 11 nm was achieved. The generated
surfaces were mainly concentrated on conventional flat and rota-
tionally symmetric spherical surfaces.

Some researchers proposed the amplitude control sculpturing
method to generate the micro/nano-structures using EVC in the
planing operation. Suzuki et al. [13] utilized the variation of the
elliptical vibration amplitude in the thrust direction to generate
the profiles of the micro-structures, and sophisticated sculptures
below 1 μm in depth were obtained on hardened steel. In addition,
Zhang et al. [14] analyzed and compensated the tool path error in
the processing of the structures with steep slope profiles, im-
proving the method and the machining accuracy. Controlling the
vibration amplitude to realize the generation of the micro-struc-
tures is really a great method, whereas the depth of the generated
surfaces is subjected to the constraint of the vibration amplitude.
The depth of the freeform surfaces is usually several to even

hundreds of microns, whereas the vibration amplitude is generally
several microns. If the vibration amplitude is enlarged to apply
this method to the freeform surface machining, the large and
changing vibration amplitude will result in the instability of the
cutting process. A new method needs to be developed for the
freeform surface machining of the difficult-to-cut materials, and
introducing EVC into the freeform surface machining would be a
good direction and is worth further studying.

In the freeform surface diamond machining, the studies on the
tool path generation strategies and the surface generation process
are the essential parts, which will contribute to planning the
precision cutting path for the machining system and help achieve
optimal machining quality. In the conventional freeform surface
diamond turning, much research of surface generation mainly on
the tool path planning strategies and the surface topography
analyses has been done. Some researchers focused on the tool path
generation methods in FTS or SSS diamond turning for different
kinds of freeform surfaces. Fang et al. [15] studied the compen-
sation and the selection of tool geometry for the typical freeform
surfaces in the cylindrical coordinate machining method. In ad-
dition, Zhang et al. [16] investigated the tool path and the tool
parameters selection for the sinusoidal surfaces. Furthermore, for
the off-axis aspheric surfaces, Zhang et al. [17] decreased the large
ratio of sag height to diameter of the surfaces very effectively by
the coordinate transformation, improving the tool path genera-
tion. Moreover, Gong et al. [18] developed a new spiral tool path
generation method based on space Archimedean spiral for the
freeform surfaces with steep slope. Some researchers mainly
concentrated on the optimization of the tool path to improve the
machining accuracy, based on the analyses of the machining errors
and the cutting strategies. For the FTS turning of the micro-
structured surfaces, Yu et al. [19] discussed the optimal selection

Nomenclature

ρ polar radius in the cylindrical coordinate system
φ spindle rotation angle
ωs spindle rotation angular velocity
fr feed rate of the tool along the negative X direction
R0 distance between the tool initial position and the

center of the workpiece
yv, zv tool vibrations in the Y and Z directions
Ay, Az vibration amplitudes in the Y and Z directions
ωv vibration angular frequency
ϕ phase shift between the vibrations in the Y and Z

directions
θv vibration angle
ρc polar radius of the resultant tool path in the cylind-

rical coordinate system
xc, yc, zc X, Y and Z coordinates of the resultant tool path points

Pc in the Cartesian coordinate system
→nV vibration vector defined to position the cutting plane
x0, y0 X and Y coordinates of the vibration vector
→nN cutting edge normal plane vector defined to position

the cutting edge normal plane
XVOVZV actual cutting plane after elliptical vibration
XNONZN cutting edge normal plane
zp Z coordinate of the contact point between tool nose

and the intersection curve in the cutting plane
zco Z coordinate of the tool nose center Pco calculated

from the tool nose radius compensation in the cutting
plane

RT tool nose radius

Rcurve curvature radius at point Pcurve of the intersection
curve in the cutting plane

z′, z″ the first and second partial derivatives with respect to
ρ at point Pcurve of the intersection curve in the cutting
plane

Rcritical critical tool nose radius
αT clearance angle of the tool
kcurve slope of the tangent line at point Pcurve of the inter-

section curve in the cutting edge normal plane
αcurve calculated clearance angle between the negative YN

direction and the tangent line at point Pcurve of the
intersection curve in the cutting edge normal plane
when kcurveo0

αcritical critical clearance angle
γT rake angle of the tool
γcurve calculated negative rake angle between the ZN direc-

tion and the tangent line at point Pcurve of the inter-
section curve in the cutting edge normal plane when
kcurve40

γcritical critical rake angle
xs, ys X and Y coordinates of the sampling point Ps in the

topography calculation
zs topography value at the sampling point Ps
Xv,m,nOv,m,nZv,m,n the nth cutting plane in the mth revolution

corresponding to the sampling point Ps
xc,m,n, zc,m,n X and Z coordinates of the tool nose center in the

cutting plane Xv,m,nOv,m,nZv,m,n

xs,m,n, zs,m,n X and Z coordinates of the tool nose profile point
corresponding to the sampling point Ps in the cutting
plane Xv,m,nOv,m,nZv,m,n
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