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Abstract: Ultra-precision grinding is crucial for manufacturing high-end optics and molds,
while the unbalanced wheel vibration is inevitable and becomes even more critical in surface
generation, which resulted in undesired waviness and micro-texture on the ground surface. In
this paper, to understand and control the micro-texture generation, a theoretical model has been
developed to predict the deterministic surface micro-texture generation resulted from unbalanced
tool vibration in ultra-precision grinding, in which the overlap trajectories of grinding wheel
with an arc cutting edge were analyzed and calculated. The simulation work was performed
and a double phase mechanism involved in deterministic textural pattern and structure has been
revealed. Both theoretical and experimental results proved that phase shift is an important
factor to determine micro-texture evolution in the ultra-precision grinding process. On this
basis, a novel tool path strategy has been proposed to fabricate deterministic micro-structure
by coordinating oscillation motion of the grinding wheel and phase shift control, in which a
rhombus-shaped micro-structure array can be generated. A small adjustment for the phase shift
was conducted and it was found that the more complex micro-texture with different textural
patterns and micro-structure can be machined. The results indicated that the phase control for the
tool path planning is an effective method to fabricate flexible and tunable micro-texture surfaces
in ultra-precision grinding.
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1. Introduction

High precision optical elements with complex structure have driven the need for more deterministic
machining process, which is the key procedure to control their surface quality and form deviations
[1—4]. For high precision optical components, most of them are made of hard and brittle
materials, such as Silicon Carbide (SiC), Germanium (Ge), Tungsten Carbide (WC) and Glass.
Ultra-precision grinding is widely used to achieve the high lever form accuracy and surface finish
for the optical elements [3—5]. However, in the grinding process, the surface generation is closely
related to the static and dynamic characteristics of the machine tool. In particular, the vibration of
the grinding wheel leads to the excess movement of the grinding wheel relative to the workpiece
surface, which degrades the quality of the machined surface and has an important impact on the
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surface error formation [6]. There are two main vibration types in grinding: forced vibration
and self-excited vibration. Forced vibration mainly comes from the eccentric installation of
grinding wheel spindle, runout, dressing error, errors in grinding wheel manufacturing process
and uneven wear in machining process [7-9]. Self-excited vibration is mainly caused by the
alternating grinding force of the grinding system itself. Many monitoring and analysis of the
grinding process show that the wheel unbalance is the main cause of tool vibration (forced
vibration) [10-12]. The unbalanced vibration is difficult to eliminate completely even if fine
dressing and accurate dynamic balance are conducted, whereby a series of vibration marks can
still be generated on the ground surface [12]. For the unbalanced vibration, the tool oscillates
at the wheel spindle rotation frequency. Therefore, the micro-waviness structure (wavelength
and frequency) is deterministic and closely related to the speed ratio of the grinding wheel to
workpiece.

The waviness has a direct influence on the scallop height of the ground surface profile, and it
would deteriorate the surface quality and optical performance [13], which has attracted wide
attention from academics and industry. Zhang [14] et al. evaluated dynamic characteristics
of the grinding wheel based on kinematics analysis and proposed a method to calculate the
influence of cutting factors on the tool vibration. Badger [15] et al. investigated the effect of
wheel eccentricity on surface topography and predict waviness and established the relationship
between the scallop height and waviness under different grinding conditions. Chen [16] et al.
established the distribution of the lowest grinding point by considering the wheel vibration
in grinding of the aspheric surface and it is found that the uniform distribution of grinding
point is beneficial to reduce vibration marks. In fact, the deterministic waviness marks have
a close relationship with the phase shift of tool vibration, in which the fractional part of the
speed ratio of the grinding wheel to the workpiece determines the mark geometry [17]. Pan
[18] et al. developed the theoretical model for surface waviness generation by considering the
interference-overlapping effect of wheel cutting profile in the feed direction. It was shown that
wave shift plays a critical role in the reduction of waviness error in the grinding and non-integer
speed ratio is useful to improve the surface uniformity and quality. Chen [19] et al. investigated
the correction between the phase shift and spiral vibration marks and proposed that the surface
roughness can be improved remarkably with the middle shift in the ultra-precision grinding.
Those research work indicated that phase shift posed a significant effect on both deterministic
waviness and surface roughness. In grinding of the curved surface, the waviness is still the
major error for surface generation. Chen [20] et.al established the relationship between waviness
spatial amplitude and surface curvature and it is found that waviness can result in nonuniform
surface topography in grinding of the curved surfaces. Wang [21] et.al analyzed the influence
of operation parameters on the evolution mechanism of vibration marks in terms of residual
height, waviness period, and inclination angle in the machining of spherical surfaces. The results
showed that the integer speed ratio mainly determines the distribution density of grinding points,
while the fractional part of the ratio, mainly affects the meridional pitch.

Although the passive vibration errors can be inevitably induced in the ultra-precision machining
and deteriorate the surface quality, the active vibration can also be beneficial to assist the machining
process. Recently ultrasonic vibration-assisted technology is increasingly applied to various
machining processes, such as single point diamond turning [22-24], micro-milling [25,26], and
grinding [27-29]. The vibration-assisted turning [30] and milling [31] are mainly used for
generating special deterministic micro/nano-texture, in which the cutting tool or workpiece is
applied a small and high frequency vibration [32]. For vibration-assisted grinding, which mainly
aims to improve the machinability of hard and brittle materials, which is beneficial to cut in a
ductile material removal mode and to reduce the crack generation [33]. In the vibration assisted
grinding, it has been proven that high frequency vibration can improve surface roughness and
reduce defects not only in machining flat surface [34], but also curved surface [35] and even
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micro-structured surface [36]. The ultrasonic vibration can increase the interaction overlap ratio
of the wheel trajectory within the cutting regime to improve surface quality as well as surface
integrity. For the vibration-assisted grinding, the cutting trajectory of abrasive grain is established
by both grinding operation parameters and vibration variables, in which the superposition effect
of those traces can lead to the final “staggered surface texture” generation [37]. It has been
revealed that the chip scale and grinding force can be reduced significantly under the high
frequency vibration, which can eventually improve the ground surface roughness and decrease
subsurface damage [38]. However, the vibration textures are not deterministic due to the random
features of abrasive grains, which are also generated in a mode of random distribution [39—41].

Ultra-precision grinding has an outstanding capability for machining of various hard and
brittle materials, which plays a critical role in fabricating optical elements [42,43]. At present,
the macro-waviness related to the grinding wheel vibration (i.e. passive vibration errors) and
the micro-texture related to the oscillation of abrasive grains (i.e. vibration-assisted grinding)
have been investigated extensively. It mainly focused on the surface waviness generation and
surface roughness prediction. However, little attention has been focused on the deterministic
micro-texture generation resulted from the unbalance vibration of grinding wheel.

In our previous studies, the primary phase shift mechanism for the surface waviness generation
has been studied and the evolution mechanism of surface waviness under different phase shifts
has been revealed under the unbalanced wheel vibration [19]. However, it is not clear that the
role of the second phase shift involved in ultra-precision grinding and generation mechanism
of deterministic surface micro-texture. In this paper, a model based on the overlapping effect
of wheel cutting edge in the successive tool paths was developed in ultra-precision grinding, in
which the cutting profile intersection of grinding wheel between neighboring tool traces was first
deduced by considering the phase shift effect. Next, the impacts of the second phase shift on the
waviness generation and evolution of deterministic micro-texture were studied. Finally, a novel
tool path planning method was proposed to fabricate micro-structure surface based on the phase
shift control.

2. Theoretical modelling of surface micro-texture generation in ultra-precision
grinding

In ultra-precision grinding, fine feed speed is usually adopted to achieve a good surface finish,
which was beneficial to intensify the adjacent cutting tool profile interference so as to reduce
residual profile height. Hence, even the micro-vibration of the grinding wheel can pose a
detrimental effect on machined surface quality. In the occurrence of tool vibration, the changeable
depth of cut for the grinding wheel results in a sequence of periodic “peaks” and “troughs” on
the ground surface and accumulates continuously with the machining cycles. In this case, a
certain number of waviness marks around the rotating centre of the workpiece is developed,
which results in regular micro waviness and determined micro-texture on the ground surface.
Macro-waviness reflected macro structure of vibration mark pattern and surface texture presents
micro-structure of periodical surface dimple. Due to the constant rotation speed and feed rate for
the workpiece, the tool path is a spiral in X-Y plane as shown in Fig. 1(a). The micro-texture is
formed by the successive overlap trajectories of tool cutting profile between the adjacent tool
paths as shown in Fig. 1(b).

Figure 2 shows the surface generation geometry in ultra-precision grinding, in which the
vibration of the grinding wheel with a small amplitude causes the periodical variation of ground
surface profile height. It results in waviness structure generation along the radical section of
the workpiece. The phase shift of tool vibration plays a significant role in the evolution of
micro structure of vibration marks, especially there is an approximate thombus texture structure
formation when the phase is equal to 0.5 (second phase shift). The phase shift caused by the
non-integer speed ratio of wheel and workpiece, in which there is an angle increment for surface
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Fig. 1. Schematic representation of surface micro-texture generation mechanism (a) the
relative vibration of the grinding wheel, (b) relevant surface micro-texture formation

waviness at the same angle position after the workpiece complete one cycle. In the case of phase
shift difference for the tool vibration between the current and previous cutting path at the same
angular position, the engagement depth of grinding wheel is different, which cause the different
intersections of cutting profiles between neighboring tool paths. To simulate the deterministic
micro-texture generation, the location of wheel cutting profile and the discrete points of tool
trajectory with equal angle interval and feed spacing are calculated.

Wheel
vibration

Tool path Z A

Workpiece

Fig. 2. Definition of micro-texture generation geometry in ultra-precision grinding with
wheel vibration

In order to look insight into the micro-texture generation, an analytical model of the micro
texture is developed by considering the wheel imbalanced vibration. In the workpiece coordinate
system, the relative cutting point in X-Y plane can be calculated as

0(i,j) = R,, — 25%

w2

ey

where 6(i, j) is angular position of grinding wheel (Rad), p(i,) is radial position of the grinding
wheel (mm), A8 is workpiece rotation Angle (Rad), and R,, is radius of workpiece (mm).
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From Eq (1), the instant distance between the cutting point and the centre of workpiece spindle
rotation is derived as

226 -1) 1)] 0% @

AR —|i
p(i.j) = Ry [H 8| 27

where Vy is grinding wheel feed speed (mm min~!) and V5 is speed of workpiece spindle (rpm).

The grinding wheel with an oscillation movement moves along a spiral trace with respect to
the workpiece, in which the vibration marks were generated by the tool cutting face, as shown
in Fig. 3. As the wheel traveled along X-axis with a feed rate S, while the workpiece rotates
with a revolving speed V,. Due to the fine feed speed adopted in ultra-precision grinding, the
corresponding micro-texture generation was resulted from the interference of neighboring cutting
tool profiles during the machining process.

Feed speed
Vpt—

Wheel
, s vibration N
7 > A /
Y T 'ﬁ"\ - |
R wld
X “
Feed rate |-» S - I\/’
1
Y Feed direction Grinding wheel
-
V2
O
Workpiece

ije1

Fig. 3. Definition of coordinate systems and cutting geometry for modelling of determined
micro texture generation in ultra-precision grinding

Under ideal conditions, the ground surface topography is formed by the envelopment of wheel
cutting profile, in which a spiral groove with an interval (S) can be generated. However, the
wheel unbalanced vibration frequently appears due to uneven tool wear, eccentricity, and runout.
In this case, the depth of cut for the grinding wheel presents a periodical variation. The locus of
the wheel can be approximated as a sinusoidal motion and the wheel centre with respect to the
workpiece surface by considering the tool vibration can be expressed as

xX(i,j) = [RW —i- 1) - (- 1)5] sin(AG), (i=1,2,....N)), G=1,2,...,N)
¥0.)) = |Ry = (= D35 = G = DS| cos(ing), for Ny = 3.8, = % 3)
i) = Asin(ZERE — o), for g =2 [ - INT ()]

where S is feed rate of grinding wheel (mm r~!), A is amplitude of grinding wheel vibration

(mm), f,, is speed-frequency of grinding wheel (r s™!), w; is wheel angular velocity (rad min™'),
¢ is vibration phase (rad), and V| is speed of grinding wheel spindle (rpm).
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The determined micro-texture is formed by the enveloped cycles of successive arc cutting
profile of wheel circumference as the tool moved toward the centre of workpiece with a constant
feed speed, as shown in Fig. 4(a). The instantaneous surface scallop height is determined by the
neighboring cutting passes, in which the different phases (phase is the angular representation of
the phase shift, phase = phase shiftx2s) of the tool vibration contribute to variable intersection
points between adjacent wheel cutting profiles. According to the grinding wheel geometry and
its associated coordinate system, the cutting profile for the grinding wheel can be calculated as

o yj-1) = Asin | ZEED 42— - DSP 47,
2(xi,y;) = Asin [Z’Tf”—'fm - tp] + /72 = (x; —jS)2 + ry 4

w

20 1) = Asin | ZELDR0 gy R = [xi— G+ DS+ 7,

where r; Nose radius of grinding wheel (mm).

pts
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VY \ vibration
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! Nose |
- : 7, *—) .Fee d ; radius
— direction
| I —
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Fig. 4. Schematic diagram illustrating the surface micro-texture generation (a) interaction
of the grinding wheel and workpiece, (b) determining the cutting profile interaction in
ultra-precision grinding

The depth of cut for the tool cutting edge varies periodically during the wheel vibration, which
also leads to the regular change for the distance between the centres of two adjacent wheel nose
arcs, as shown in Fig. 4(b). The variable distance between the centres of two adjacent circles
determine the micro-structure geometry and can be derived as

0;j+10ij = \/(X'i,;' X + @i = Zign) %)

The angle a can be calculated as

2 2
_10:j410451 \/(x'i,/'—x'i,j+1) + (2 = Zij+1)

cos
2ry 2ry

(6)

\/(X’i,/ — X i)+ (@i = i)’

2rg

0ij+10i;
2ry

@ = arc cos ( ) = arc cos 7
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The angle 3 can be calculated as

Zij—Z i
V0ij+10i;
Asin [% - go] + 42 = (x; — jS)* — Asin [W - <p] + \/rs2 —[xi = G+ DST?

\/(x'i,/ —Xij1) + (@i = i)

B = arcsin (

= arcsin

(3)
In a similar way, the angle o and 8 can be calculated as
’ ’ 2 ’ ’ 2
, 0,;0;;-1 \/(xi,/_xi,j—l) +(Zi1j—Zi‘];1)
a’ = arccos [ ————| = arccos 5 )
r r

i =7 ij-1
10:;0ij-1
Asin [% - go] + 41 — (x; — jS)* — Asin [W - go] + \/rs2 —[xi—-G-DSP

2 2
\/(X'i,/' —Xij-1)" + (i = Zig-1)

B = arcsin(

= arcsin

(10
Due to the fine feed speed adopted in the ultra-precision grinding, the interference effect
between the adjacent cutting path plays a key role in the evolution of ground surface topography,
especially for micro surface texture geometry generated by a tool oscillation motion during
grinding. To determine the micro surface texture geometry, the point of intersection of two
adjacent tool profile along the feed direction need to be solved. Based on the geometrical
relationship between the wheel and workpiece as shown in Fig. 4(b), the intersection point C; 1
(xij+1, Zij+1) coordinate can be calculated as
T —rsycos(a + B) 11)

L

| +r? = (x —j8)? + ry — rysin(a + B) (12)

In the same way, the intersection point C; 1 (x;j-1, zij—1) coordinate can be derived as

Xij =X,

2nf,, JAO 3

Zi,]' =ASiI’1 i
w1

Xijo1 = xlfJ + rycos(a’ + B') (13)
2 iAQ
Zij-1 = Asin 27 A0 _ o +/r2 = (xi = jS)? + ry — rysin(a’ + B) (14)
(]

Since the micro-texture generation is the result of the relative motion between the workpiece
and the tool, a coordinate transformation is required to conduct to transform the two coordinate
systems into the same one, as shown in Fig. 5. The tool frame X’-Y’-Z" and workpiece coordinate
system Xr7-Yr7-Zrr are transformed to the fixed global frame X-Y-Z.
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Fig. 5. Definition of the wheel-workpiece coordinate systems and the coordinate trans-
formation in ultra-precision grinding (a) workpiece coordinate system, (b) grinding wheel
coordinate system, (c) global coordinate system

The cutting point on the grinding wheel surface in the wheel coordinate system can be drived
as
0 + rssin(y)
Py(x",y",2') = | [Rs — rscos(y)] cos(wi?) - , [0 <wit<2n]  (15)
[Rs — Iy COS(Y)] Sin(wlt)

The point on the workpiece surface in the workpiece coordinate system can be drived as

X cos(wyt) —sin(wyt x’
_ | costent (@) | [0 < wt < 2] (16)

y sin(wyt)  cos(wyt) y
=12 = [R, - rycos(y)] cos(wi) (17)

Similarly, after a coordinate transformation, the intersection point between neiguboring cutting
profile in Eq. (9) and Eq. (10) can be rewritten as

Xij cos(wyt) —sin(wst) Xij
X

Yij sin(wyt)  cos(wst) Yij
i (18)
[x'i; = rgcos(a + B)] cos(wat) — [Ry — ry cos(y)] cos(wif) sin(wat)

_ [x';; — rgcos(a + B)] sin(wzt) + [R, — ry cos(y)] cos(w ) cos(wat)

27t JAO
Z;; = zij = Asin [nf#f - ¢p] + \/rsz - (x; —jS)2 + ry — rysin(a + B) (19)

3. Phase shift and deterministic surface micro-texture

The deterministic micro-texture generation resulted from the regular unbalanced wheel vibration,
in which the tool vibration frequency is equal to wheel rotational speed. Under the certain
amplitude of wheel oscillation, the phase shift determined the relative position change between
the wheel and workpiece in the cutting cycles, which caused different engagement condition and
generated the different surface waviness pattern and texture unit on the ground surface. In our
previous studies, it is found that the speed ratio of wheel and workpiece is the key variable to
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determine the vibration mark geometry [17,19]. If the ratio is equal to an integer, the peaks
and troughs of micro-waviness are distributed on the same angular section, and the surface
microwave texture presents a linear distribution. In this case, no phase shift occurs However,
if the ratio is not an integer, there is an angle increment in each successive revolution for the
micro-waviness, which results in the staggered arrangement of microwave marks, as shown in
Fig. 6. In general, the number of the microwaviness is equal to the ratio of the grinding wheel
speed to the workpiece speed. However, the number of microwave lines is twice the integer part
of speed ratio of grinding wheel to workpiece when the phase shift is equal to 0.5, in which every
another grinding pass, the engagement depth phase coincides with the current one at the same
angular position in the grinding cycles. In this case, the second phase shift plays a major role
in the formation of the deterministic surface texture. It is called the second phase shift in this
paper, as shown in Fig. 6(b). It indicates that there are two phase mechanisms involved in the
determined micro-waviness generation.

Rotation direction of Rotation direction of
Intersection of
tool profile

Center of the
grinding wheel

Part axis of rotation Tool loci Part axis of rotation Tool loci

(@) (b)

Fig. 6. Illustration of phase shift effects on surface generation (a) phase shift=0, (b) phase
shift=0.5

Under ideal conditions, if the grinding wheel speed is an integer multiple of the workpiece, the
surface ripples are located in the same radial position and arranged in straight line mode without
phase shift, as shown in Fig. 7(a). When there is a small phase shift, for example, when the
phase shift is 0.1, the straight microwave texture turns into a curve, as shown in Fig. 7(b). For
the primary phase shift, a slight difference for the phase between the neighboring cutting passes
at the same angular position and the number of waviness marks is equal to the integral part of
the speed ratio of wheel and workpiece. It results in continuous waviness shift under grinding
cycles and generates a series of deterministic waviness on the ground surface. However, for the
second phase shift, when the grinding wheel speed is equal to an integer multiple plus half of
the workpiece speed (i.e., the phase shift is 0.5), the micro-waviness marks on every two feed
intervals are arranged in a straight mode, as shown in Fig. 7(c).

In this case, there are large phase difference between the adjacent tool paths, in which the
same phase coincides with every two cutter pathes and the number of vibration marks is double
to the integral part of the speed ratio of tool and workpiece. Similarly, when the micro-phase
shift based on the second phase shift (i.e. the phase shift is 0.51), the linear texture of the second
phase shift becomes the curved texture distribution, and the curve geometry is the same as that
of the primary micro-phase shift, as shown in Fig. 7(d). In reality, there is little possibility for
coinciding with an integer speed ratio between the wheel and workpiece due to the small rotation
error of grinding wheel in the high-speed grinding, thus phase shift is almost impossible to be
eliminated. In this case, the small fractional part of the ratio will produce incremental phase
shift for each cycle, which results in the evolution and accumulation of micro-microwave (curve
pattern) instead of the straight line pattern. A high-precision vibration sensor (Briiel & Kjaer
Vibro-Vibrotest 60) was used to measure the actual rotational speed of grinding wheel, in which
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Fig. 7. [Tllustration of double phase shift mechanisms for surface generation with
V,=1500rpm, Vy=10mm/min (a) phase shift=0 (V;=39000rpm), (b) small phase
shift=0.1 (V1 =39150 rpm), (c) phase shift=0.5 (V| =39750 rpm), (d) small second phase
shift=0.51 (V| =39765 rpm). Blue and green lines represent the primary and second phase
shift marks respectively

20 speed values were recorded and got the average. It is found that the actual wheel spindle speed
was about 22 rpm faster than the setting speed for all speed range.

4. Experimental setup

The experiments were carried out on a Moore Nanotech ultra-precision CNC 4-axis grinding
machine (450UPL), which is consisted of two hydrostatic slides in X-Z configuration with two air
bearing spindles and it is suitable for both single-point diamond turning and grinding. It is capable
to reach the surface roughness at the sub-nanometer scale and form error at the sub-micron. The
grinding wheel spindle is mounted on a rotary table (B axis) and the workpiece spindle rotates
and feeds along X axis to realize the whole surface machining, as shown in Fig. 8. The wheel and
workpiece specifications are summarized in Table 1. To realize the adjustment of phase shift in
the grinding test, the workpiece spindle speed is fixed at 1500 rpm and the wheel rotation speed
ranged from 39150 rpm to 40500 rpm (adjust the wheel speed to make the speed ratio generate
the expected value). In grinding, tool wear has a considerable impact on micro-texture generation
both for texture unit shape and surface finish. To reduce the effect of grinding wheel wear on
surface generation, all workpieces are ground by using a fine grinding wheel to get a high-quality
flat surface, then doing the tests and conducting fine dressing before each test. An ultra-high
speed laser displacement sensor (KEYENCE LK-G5000 Series) is mounted to the B axis of
the grinding machine to measure the vibration amplitudes of grinding wheel. The resolution
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and sampling frequency of the laser displacement sensor are 0.1um and 50 KHz respectively in
measurement process. To measure the surface micro-texture for the vilification of the developed
model, a 3D optical coherence scanning interferometric profiler (Nexview NX2) is used after
grinding tests.

.~ Coolant

. Workpiece
Spindle ™ Fixtul
N Spindle
Workpiece
'@ ‘ p
: Y

Workpiece

Diamond
‘Wheel

(@) (b)

Fig. 8. Schematic diagram of Moore Nanotech 450UPL grinding machine (a) the outline of
the 4-axis grinding machine tool, (b) overview of the experimental setup

Table 1. Grinding wheel and experimental conditions

Contents Condition

Grinding wheel type Resin bond CBN wheel

Wheel size Diameter: 20 mm, thickness: 5 mm
Grain size #1500

Nose radius 0.5mm

Workpiece Mold Steel

Cooling fluid CLAIRSOL 330

5. Experimental validation

In order to validate the theoretical analysis of phase shift involved in the micro-waviness generation
in the grinding, the phase shift set of grinding tests was conducted in the CNC 4-axis grinding
machine. The phase shift was controlled by adjusting the wheel speed, in which the workpiece
speed was set at 1500 rpm and made the speed ratio generate expected value. Figure 9 shows a
comparison of the primary and second phase shift experimental results. For the primary phase
shift (0.1), it resulted in the evolution and accumulation of surface micro-waviness and eventually
it transforms into the continuous spiral marks around the rotation centre of workpiece in the
grinding cycles and the corresponding texture is the continuous grooves left by the grinding
wheel cutting profile. However, for the second phase shift (0.5), surface micro-waviness has the
form of discontinued spiral marks, in which there is a huge difference for the depth of cut of tool
engagement and results in discontinuous texture unit and the tool vibration phase happens to be
the same every two tool paths. The experiment results indicated that the phase mechanism of
deterministic micro-waviness agrees reasonably well with previous theoretical analyses.

It is noticed that the vibration associated with the unbalanced wheel posed a uniformly radical
distribution of spiral marks around the centre of workpiece and the number of spirals is equal
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Vibration mark .~ Vibration mark

Fig. 9. SEM images for the micro vibration marks with V5 = 1500 rpm, V= 10 mm/min,
depth of cut a, =10 um, (a) phase shift=0.1 (V;=39150rpm), (b) phase shift=0.5
(V1=39750rpm), (c) phase shift=1 (0) (V| =40500 rpm)

to the integer portion of speed ratio between the rotational speed of the grinding wheel and
workpiece. For example, the number is 26 (V/V,=39150/1500 = 26.1) as shown in Fig. 9(a).
However, the number of spirals is double to the speed ratio, e.g. 53 (2V/V,=2x39750/1500 = 53)
as shown in Fig. 9(b). At the same time, the second phase shift predominated role in the evolution
of determined vibration marks, which is originated from the finer cross-feed rate than the up-feed
rate. In this condition, the second phase shift occurred and govern the surface generation. The
number of spirals is equal to 27 (V;/V, =40500/1500 = 27) and it is found that the spiral shape is
almost the same for two different phase shifts (the phase shift 0.5 and phase shift 0), as shown in
Fig. 9(c). The amplitude of wheel vibration measured by the laser displacement sensor is about
2.5 um. By recording the actual wheel speed values, it is found that the operational wheel speed
is nearly 20 rpm higher than the set value under different phase shifts, thus the micro-waviness
presents a curved striation pattern, which agrees with the theoretical analysis well (as shown in
Fig. 7).

In addition to generating a series of determined micro-waviness, the phase shift also results
in determined micro-texture generation on the ground surface due to the regular superposition
of tool vibration at a determined frequency, in which the wheel engaged into the workpiece
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Fig. 10. Simulated deterministic surface micro-texture with V5 = 1500 rpm, V= 10 mm/min
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Fig. 11. SEM images for the micro surface texture with V5 = 1500 rpm, V= 10 mm/min,
depth of cut a=10 pm (a) phase shift=0.3 (V;=39450rpm), (b) phase shift =0.5
(V1=39750rpm)
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with a continuously varying depth of cut. Under different phase shifts, the relative interference
position of wheel cutting profile between neighboring cutting paths altered with machining cycles,
which resulted in the determined micro-texture on the machined surface. Especially, there is an
approximate rhombus-shaped surface texture generated due to the same vibration phase of the
grinding wheel every two intervals for the tool path when the phase shift is equal to 0.5 (second
phase shift), as shown in Fig. 10(b). Figure 11 shows SEM images of micro-texture structure
on the machined surface when the phase is equal to 0.3 and 0.5 respectively and it is found that
the radical rhombus-shaped texture was visible on the ground surface, which agrees well with
the measured surface. It indicates the model proposed in this research is capable of accurately
predicting the surface micro-texture generation.

From the discussion relating to deterministic surface micro-texture formation in the grinding,
it is clear that the phase shift is capable of generating micro-texture surface by controlling the
phase between the tool oscillation and workpiece rational frequency, in particular, the phase
shift is equal to 0.5 and the second phase shift acted the dominated wave marks. This makes it
feasible to generate regular surface texture by the way of adjusting the phase shift. The phase
shift changed by adjusting the ratio of the tool oscillation frequency to rotational frequency so as
to produce non-integral ratio. For example, the oscillation frequency is 150 times per minute and
the workpiece rotational speed is 20 rpm, the speed ratio is calculated as 150/20 = 7.5, the phase
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Fig. 12. Tool path generation of phase control for grinding of the deterministic surface
micro-texture: (a),(c),(e) 3D tool path (phase shift=0.5, 0.55 and 0.6 respectively) and
(b),(d),(f) corresponding tool path projection in X-Y plane
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shift is 0.5. Based on the previous discussion, a novel tool path planning strategy to control the
phase between the workpiece spindle speed-frequency and sinusoidal oscillation along the Z axis
direction is presented.

In order to change the phase shift, the workpiece spindle speed, wheel oscillation amplitude,
and feed speed are kept at 20 rpm, 15 pm and 1 mm/min respectively and the oscillation frequency
is set at 150,151 and 152 times per minute, in which the phase shift is equal to 0.5,0.55 and
0.6 respectively, as shown in Fig. 12. It is observed that the number of wave structure pattern
is twice the ratio of tool oscillation frequency to workpiece speed frequency. The pattern of
wave structure presents a radical linear distribution when the ratio is 7.5 and there is a curved
distribution for the wave structure for the tool path despite a small change for the ratio, which
consistent with the previous analysis.

It is indicated that the number of micro-structure striation is of twice the integral part of the
ratio between the oscillation frequency and workpiece speed (the number of radial striations is
equal to 15 for the phase shift =0.5,0.55,0.6) and it has a straight mode distribution for the texture
pattern when the phase is 0.5 as shown in Fig. 12(a) and Fig. 12(b), which is consistent with the
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Fig. 13. 3D maps for the surface micro-texture (a),(b),(c) phase shift = 0.5, (d),(e),(f) phase
shift = 0.55, (g),(h),(i) phase shift=0.6
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previous analysis. However, there is a significant change for the texture pattern in spite of a slight
change for the oscillation frequency, in which the texture pattern is changed into the radial curved
striation as shown in Fig. 12(c)-12(f). It indicates that the phase shift acts a significant role in
the deterministic micro-structure generation, which offers an alternative approach of fabricating
micro-structure surface by controlling the phase shift.

An ultra-precision optical profiling system is used to measure the 3D topography of the ground
surface. It is found that the rhombus-shaped micro-structure has been formed, which embraces a
radial straight distribution for micro-structure pattern around the workpiece centre in the case
of phase shift 0.5 as shown in Fig. 13(a)-13(c). In addition, the straight-line mode for texture
generation is changed into a curve pattern when a small change for the phase shift and the
approximate rhombus-shaped and regular triangular ridge texture are generated, as shown in
Fig. 13(d)-13(f) and Fig. 13(g)—13(i). There is an angle increase along circumferential direction
for the second phase of micro-waviness as a slight change for the phase shift (from 0.5 to 0.55),
which cumulates in the following grinding cycles and it finally evolves into a curved arrangement
of micro-structure pattern. It is observed that the relative length of the micro-structure unit
decreased with the grinding wheel moves from the outer to the centre of workpiece, which is
caused by the decreasing linear velocity (constant workpiece spindle speed). It is found that
the micro-structure unit and its distribution pattern are extremely regular in a large area and the
width of rhombus-structure is approximately equal to two feed rate spacing, which agree with the
previous analysis well. It indicates that the new proposed tool path for phase shift control can be
used to fabricate the deterministic surface micro-structure both for the pattern mode and various
shapes. The phase control has a flexibly tunable feature of deterministic surface micro-structure,
which could be a new access to fabricate different kinds of textural surface effectively in the
grinding.

6. Conclusion

The deterministic surface micro-texture generation mechanism is studied theoretically and
experimentally, which resulted from the unbalanced vibration of an arc grinding wheel. Based
on the resulted surface texture analysis, a novel tool path planning for phase control in the
ultra-precision grinding is proposed, which can be exploited for the fabrication of flexibly tunable
features of deterministic surface texture. Conclusions from this research can be summarized as
follows:

(1) There are primarily two types of deterministic surface textural pattern involved in the
ground surface generation. The primary phase shift related to the speed ratio between the
rotational speed of grinding wheel and workpiece determines the number of the vibration
waviness and pattern geometry on the ground surface. However, the second phase shift
embraces the same waviness pattern geometry with the primary phase =0, in which the
waviness marks are generated in an interval regard to the cross-feed distance space and the
number of the marks is equal to twice of the speed ratio.

(2) The second phase shift dominates the deterministic textural pattern generation when the
phase shift is 0.5 and results in deterministic rhombus-shaped texture generation resulted
from the neighboring interference of grinding passes, in which, the oscillation phase is
consistent for every two intervals in the same angular position.

(3) The slight change for the phase shift can contribute to a significant effect both for the
textural pattern and micro-structure, which leads to phase cumulates in the grinding cycles
and it finally evolves into very different arrangements of micro-texture pattern and texture
unit. It indicates the phase shift has a major influence on the micro-texture generation in
ultra-precision grinding.
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(4) By combining tool oscillation motion and phase control, the rhombus-shaped micro-
structure was generated and more complex deterministic textures can be fabricated by a
small adjustment for the phase shift.
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