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Abstract

There is a fine application prospect for multi-axis grinding of hard and brittle materials with diamond ball end tool. The
effects of tool inclination angles and grinding modes of multi-axis grinding of quartz glass on the dynamic characteristics of
the diamond abrasives, surface topography, surface fragmentation phenomenon, and surface roughness were investigated in
this work. Material removal characteristics and surface formation conditions would be significantly affected by the effective
cutting speed, material stress characteristics, and movement space path derived from different grinding modes and tool incli-
nation angles. The surface texture direction is mainly determined by feed direction of the cutter and initial cutting moment
and geometry feature of the engaged diamond abrasives. The surface fragmentation phenomenon of the formed surface
is apparent when the corresponding surface roughness values are relatively larger. The machined surface with significant
surface fragmentation phenomenon is mainly produced by materials’ brittle fracture modes, such as larger positive lead and
smaller negative tilf under conventional grinding and smaller negative lead angles and larger positive filt angles under down
grinding. Ideal surface evenness could be obtained by using lead or tilt 0° for conventional and down grinding. The ground
surface with smaller surface roughness could be produced when employing tool postures, such as negative lead or positive
tilt under conventional grinding and positive lead or negative tilt under down grinding condition.

Keywords Inclination angles - Surface features - Diamond abrasive - Roughness - Quartz glass

1 Introduction

Demands for machining of glass have been increasing in
manufacture fields [1, 2]. Quartz glass is a typical hard and
brittle material that is difficult to process and has excel-
lent performance in optical instruments, semiconductors,
and precision equipment [3, 4]. Multi-axis milling plays
a major role in industry technology [5]. Diamond grind-
ing is an effective machining operation for hard and brittle
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materials [6]. Multi-axis milling with the diamond cutter
is an important process technology for processing of hard
and brittle materials with complex features, which has broad
application prospects.

The machining mechanism, crack, surface roughness,
and subsurface damage are hot research issues. The pro-
cess parameters directly or indirectly affect the surface
roughness, crack formation, and subsurface damage. As
two objects act directly, workpiece material properties and
machining tool features, such as cutting-edge radius, are
critical influencing factors for the uncut chip thickness, and
the material removal modes are further affected [7]. Ductile
machining happened when producing uncut chip thickness
under a critical value for brittle materials [8]. The formed
surface is directly determined by the process parameters,
such as radial depth of cut, and the crack-free surface could
be produced by obtaining the critical cutting condition based
on the analysis of subsurface damage [9]. Surface roughness
is a key evaluation factor of the surface quality and could be
predicted by the physics-based model that considers the tool,
material properties, and machining parameters [10]. Perveen
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et al. [11] focused on the microgrinding of glass materials
and analyzed the variations in surface roughness when feed,
axial depth of cut, and spindle speed increase. In addition,
there is a certain relationship between the surface roughness
and the surface damage when grinding BK7 glass, and also
the abrasive grain influences the squeezing effect caused by
the angle of the abrasive particles which has a certain con-
tribution to the interaction process [12].

Brittle fracture and edge chipping are important phenom-
ena for machining of brittle materials, such as optimal glass.
Ductile machining can effectively avoid the adverse effects
of material’s brittle fracture on the surface quality of the
machined surface. Qiu et al. [13] found that cutting thick-
ness, cutter shapes, and spindle speeds significantly affect
the machining mechanics in microball end milling of glass.
Ab Karim et al. [14] studied the optimal process plans for
minimizing edge chipping, and lubrication condition, spin-
dle speed, feed speed, and depth of cut apparently influence
the edge chipping for glass milling. Cutting regime in the
ductile mode is beneficial to the generation of high-quality
surface, and the tool posture and cutting angle are important
factors to control the characteristics of cutting. Arif et al.
[15] investigated the cutting process and surface generated
by ductile-mode machining of silicon, and the inclination
angle between the workpiece surface and tool axis was set
to improve surface finish. Fracture-free microslots could be
processed on silicon wafer when controlling feed rate below
a certain value for microball end milling. Hence, tool incli-
nation angle is also a key factor which influences the cutting
regime transition in micromachining of brittle materials. A
certain tool inclination with a specific feed rate will result in
different material removal modes at certain spatial locations
in the machining area. Foy et al. [16] investigated the cut-
ting regime transition in microball end milling crown glass
by varying tilt angle and feed rate. Material removal modes

Fig. 1 Logical architecture
diagram of this work
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are closely related to the undeformed chip thickness [8], and
crack-free glass surface could be generated in the ductile
mode adopting 45° tilt angle and feed speed up to 0.32 mm/
min. Guo et al [17] studied the ductile machining under
various rake angles based on the SPH simulation model and
found that the tool negative rake angle is beneficial to pro-
mote the ductile machining of quartz glass. Considering the
actual diamond tool processing, the cutting angles of the
abrasive grain to remove the processed material will also
have an important influence on the mechanical force and
material removal modes.

Conventional multi-axis milling of elastic—plastic materi-
als with metal cutting tool is a key technology for metal parts
processing [18], and the materials behavior and machining
effects for multi-axis diamond grinding of hard and brittle
materials also need to be further investigated for extend-
ing the application of multi-axis grinding technology in
aerospace, medical engineering, optics, and semiconductor
fields.

Researches on the influence of cutter postures on the
ground surface for diamond grinding are not enough. To
enhance the practical usage of this processing technol-
ogy, this work investigated the effects of cutter postures on
the formed surface, and the formation mechanism of the
machined surface and processing laws were analyzed. The
logical architecture diagram of this paper is shown in Fig. 1.
By coupling the multi-axis grinding, diamond grinding, and
tool inclination angle effects, machining of complex parts
made of hard and brittle materials could be achieved by this
machining process. High-performance processing of hard
and brittle materials can be innovatively achieved by a com-
bination of these technical elements. Multi-view analysis of
this kind of technology was conducted.

Taking advantage of this technology in vector-controlla-
ble and efficient processing of hard and brittle materials with
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complex features, combined with precision and ultra-preci-
sion processing technology, it can target high-performance
advanced manufacturing of key functional components in
the aerospace, medical engineering, optics, and semiconduc-
tor fields through coordinated control of quality, efficiency,
and precision.

2 Experimental details

Firstly, the definition of tool inclination angles was analyzed.
In general, the combination of single-tool inclination angles
and grinding modes could be divided into eight types, and
the schematic diagrams of each grinding condition are pre-
sented in Fig. 2.

In Fig. 2, different tool postures under conventional
and down grinding processes are presented, and the arrow
represents the approximate cutting space position and cut-
ting characteristics of the engaged diamond abrasive parti-
cles. By analyzing the relative space positions between the
engaged cutting parts of the diamond ball end grinding and
the transition surface during the machining process, it is
concluded that the effective cutting speed and movement
space path are obviously different when adopting different
grinding modes and tool inclination angles which even own
the identical absolute value, and further material removal
characteristics and surface formation condition would be
significantly affected.

The experimental procedure is shown in Fig. 3. The
multi-axis diamond grinding tests were conducted in a
five-axis machine tool (Ultrasonic 80 eVo linear), the fix-
ture uses the machine’s four-jaw chuck, and the coolant is
used in the grinding process. The ball end diamond cutters
with a diameter of 10 mm and abrasive grain size about
140-150 microns are used, and the abrasive grain of the
cutter is shown in Fig. 4. The quartz glass with dimensions
of length 151 mm, width 36 mm, and height 26 mm was
used in the practical machining, and the performance prop-
erties of quartz glass are presented in Table 1. The process
parameters are presented in Table 2, and the fundamental
process parameters are depth of cut ap 0.030 mm, width
of cut ae 0.15 mm, spindle speed n 6000 r/min, and feed
speed F' 1200 mm/min. The cutting speed of the diamond
grains corresponding to the maximum radius of the diamond
tool could reach 188.4 m/min. The machined workpieces are
cleaned with an ultrasonic cleaner and dried to be observed
with a laser confocal microscope (KEYENCE VK-X200).

(b) Tool postures for down grinding

Fig.2 Tool postures and cutting characteristics
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Fig.4 Abrasive grains on the cutter

Table 1 Performance properties of quartz glass [4]

Density  Young’s modulus Poisson’s ratio Torsional rigidity Compression strength Bending strength Tensile strength Vickers hardness

2.2 g/em® 71.6 GPa 0.17 31.4 1.1 GPa 69 MPa 55 MPa 8.8-10.1 GPa
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Table 2 Experimental

t . Experiment number
parameters in the diamond

Variable

Value/®

milling process

No. 2 (conventional milling)

No. 4 (down milling)

No. 1 (conventional milling)  7ilt
Lead
No. 3 (down milling) Tilt
Lead

-45 =35 =25 -—-15 =5
-45 =35 =25 -—-15 =5
-45 =35 =25 -—-15 =5
-45 =35 =25 -15 -5

15 25 35 45
15 25 35 45
15 25 35 45
15 25 35 45

(=l el o)
W L L

3 The spatial trajectory and characteristics
of abrasive particles

3.1 Abrasive trajectory characteristics
under different lead angles

The feed rate is represented by F' (mm/s), the tool radius is
represented by R (mm), the rotation speed is represented by
S (n/s), the lead angle is represented by lead (rad), the filt
angle is represented by rilf (rad), and the time is represented
by ¢ (s).

When grinding with lead angle, the grain radius rg of
abrasive point at the largest depth is defined by Eq. (1)

rg = R - sin(lead). (H

Then, the abrasive trajectory in feed direction, cross-feed
direction, and normal direction is calculated by Eq. (2):

x=F-t—(rg—rg-cosx-S-1) - cos(lead)
y=rg-sin2x-S-1) 2
2= (rg —rg-cosQz - S - 1)) - sin (lead)

Under the condition of conventional grinding, the abra-
sive trajectory at the largest depth with different positive
lead angles is presented in Fig. 5. When lead angle is 0,
abrasive trajectory is a straight line. When there is a lead

Fig.5 Abrasive trajectory at the
largest depth with different lead
angles

angle, the abrasive trajectory is an approximate spatial
spiral, and the spiral diameter increases as the lead angle
increases when the lead angle is less than 90°. The abrasive
particles are cut in from the side of the feed direction, and
the curvature of the cut increases as the lead angle increases.

The movement of the abrasive particles can be decom-
posed into feed motion and tangential motion. The force
between the workpiece and the cutter can be divided into the
squeezing force (Fy) generated by the abrasive feed motion
and the tangential force (F) generated by the tangential
motion. As shown in Fig. 6, when lead angle is 0, the abra-
sive grains at P, only have a feed speed, and the tangential
speed is 0, and the material at this point is mainly subjected
to normal extrusion. The line speed of the abrasive grain at
P, is 20.62 mm/s, and the material at this point is simultane-
ously affected by the tangential force and the normal force.
The tangential force direction is the same as the normal force
direction when the abrasive particles are just cut in, and
when the abrasive particles move to the position shown in
the figure, the tangential force is perpendicular to the normal
force. The final-formed surface of the workpiece is continu-
ously processed by the abrasive particles at P;.

However, when there is a lead angle, there is tangen-
tial velocity at P; and P,. When the lead angle is 45°, the
tangential velocity at P5 is 133.29 mm/s, and that at P, is
147.07 mm/s, which is significantly higher than that without
lead angle. As shown in Fig. 6c, a rectangular coordinate

Lead 0 8
Lead 5

Lead 15 6t
Lead 25

Lead 35

Lead 45 47

Cross feed direction Y/mm
(=)

(9%
(=]

-10 0 10 20 30
Feed direction X/mm
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Fig. 6 Interaction diagram, a without lead, b with lead

system is established with the feed direction as the Y-axis
and the normal direction of the workpiece as the Z-axis.
The abrasive particles are cut in at high speed from the side
of the feed direction, and there is an angle (acute angle)
between the tangential force and the normal force when the
abrasive particles are just cut in, and Fy is not on the YZ
plane. F can be decomposed into the forces F; and F, of a
vertical extrusion workpiece, and F’, can be decomposed into
the forces F, parallel to the normal force and F; vertical to
the normal force. With the movement of abrasive particles,
F, and F; decreased and F, increased. The final-formed sur-
face of the workpiece is formed by periodic grinding of the
abrasive particles on the circumference at P;.

3.2 Abrasive trajectory characteristics under tilt
angles

When grinding with tilt angle, the grain radius rg of cut
abrasive the largest depth is defined by Eq. (3)

rg = R - sin(tilt) 3)

Fig.7 Abrasive trajectory at
critical cutting point with differ-
ent tilt angles
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Normal direction Z/mm
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Then, the abrasive trajectory in the feed direction, the
cross-feed direction, and the normal direction is calculated
by Eq. (4):

F-t+rg-sinQr-S-1)
(”G —rg-cos2m-S- t)) - cos (tilt)
(rg —rg-cosQx-S-1) - sin (zilr)

“

X
y
<

Under the condition of conventional grinding, abrasive
trajectory at the largest depth with different positive zilt
angles is shown in Fig. 7. When tilt angle is 0, the track of
the abrasive trajectory at the tool tip is a straight line, and the
interaction between the abrasive particles and workpiece is
continuous. When there is a tilt angle, the abrasive trajectory
is a cycloidal line, and the abrasive particles are periodi-
cally contacted with the workpiece, and the swing amplitude
increases as the roll angle increases. With the increasing tilt,
the angle of abrasive cut-in decreases, and the proportion
of contact time between single abrasive and workpiece in a
single rotation cycle decreases.

—Tilt 0

Cross feed direction Y/mm

0 5 10 15 20 25 30
Feed direction X/mm
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Fig. 8 Interaction diagram, a without #ilt, b with #ilt

As shown in Fig. 8, when there is a filt angle, the tan-
gential velocity of abrasive particles on the contact arc line
between the tool and workpiece is different, and the tangen-
tial velocity of abrasive particles at P;, P, and P increases
in turn. Therefore, the workpiece materials at different spa-
tial positions along the cross-feed direction will be affected

lead-5° lead 0°

sggEgeeeet

lead 25°

lead 35°

by different forces, which will produce different processing
effects. The removal of the abrasive particles at P, finally
forms the machined surface, and the positive and negative
of the same value of the filt angle correspond to the different
abrasive cutting speeds at P,, thus affecting the final-formed
surface characteristics. However, when there is no tilt angle,
the extrusion action of abrasive particles exists in this place,
and it is more conducive to forming a relatively flat surface
(as shown in Figs. 8, 10).

4 Results and discussion
4.1 Machined surface topography

4.1.1 Surface topographies under conventional grinding

A comparison of the machined surface topographies
under lead angles is presented in Fig. 9, and effects of tool

-

lead 45°

Fig.9 Surface topographies with regard to lead angles under conventional grinding
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Fig. 10 Surface topographies with regard to #ilt angles under conventional grinding

postures on the corresponding roughness values are shown
in Fig. 14a. Together with the analysis of cutting trajectory
of the engaged abrasive particles shown in Fig. 1, it is found
that structured textures for the ground surface under lead
angles are parallel to cross-feed direction under conventional
grinding, especially for negative lead angles, while rough-
ness for ground surface with negative lead angles is smaller
than positive lead. For negative lead, the engaged diamond
abrasive particles are cut in near the final-formed surface
and then cut out from the connection position between the
uncut surface and the transition surface during the diamond
grinding shown in Fig. 2a, which would induce extrusion
action toward the final-formed surface to some extent. The
undeformed chip thickness acts as a key factor that influ-
ences the machining effects in grinding process. During
the initial cutting process deriving from movement of the
engaged abrasives, the undeformed chip thickness changes
from thin to thick, and the effective grinding speed of the
engaged grains for positive lead is a bit larger than the one

@ Springer

induced by negative lead with identical absolute value. How-
ever, the engaged abrasives are cut in near the top position of
the transition surface and then cut out near the final-formed
surface after interaction of friction with transition surface for
positive lead presented in Fig. 2a. As interaction between the
engaged grains and materials goes on, the undeformed chip
thickness decreases to some extent.

In Fig. 10, textures of the ground surface are approxi-
mately parallel to feed direction, especially #ilt —25°, tilt
—15°, tilt —5°, and tilt 15°. While the concave and convex
features are apparent under tilt —45°, tilt —35°, tilt 25°, and
tilt 45°. In general, the undeformed chip thickness increases
from small to large when negative tilt and negative lead were
used, while the undeformed chip thickness decreases from
large to small when employing positive #ilt and positive lead
for initial engagement stage under conventional grinding.

Machining modes are significantly influenced by the
undeformed chip thickness (Liu et al. [8]). The mate-
rial removal mode changes from plastic removal to brittle
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fracture when the undeformed chip thickness increases
to a specific value, and conversely the materials’ brittle
fracture would firstly happen during the material removal
process. Inclination angles have a significant effect on the
undeformed chip thickness, and further formation of the
machined surface would be affected (Qiu et al. [13]).

When the diamond abrasives engaging with the work-
piece materials, thermal expansion and mechanical pressure
induced by the interaction behavior would produce stress
inside the brittle material, and surface fractures happen
when the materials stress exceeds the rupture strength [19].
Large-scale brittle fracture of material near the final-formed
surface is not conducive to the formation of high-quality
surface, and significant concave and convex features would
be generated. The machined surfaces with significant surface
fragmentation phenomena are mainly produced by materi-
als’ brittle fracture mode, such as positive lead angles with
larger absolute value.

50.0
40.0
300
200

10.0

lead 25°

lead 35°

4.1.2 Surface topographies under down grinding

Surface topographies produced by different tool postures are
shown in Figs. 11 and 12 under down grinding condition.
The texture of ground surface under lead — 5°, tilt —25°,
tilt —15°, tilt 15°, and tilt 25° is structured, and the plas-
tic removal state in diamond grinding of the quartz glass is
reflected. The surface texture direction is mainly determined
by feed direction of the cutter and initial cutting moment and
geometry feature of the engaged diamond abrasives. Con-
vex and concave features are significantly presented when
adopting lead —35°, lead —25°, lead 25°, tilt —35°, tilt 25°,
tilt 35°, and tilt 45° under down grinding condition, and
larger surface roughness corresponding to the above incli-
nation angles is presented in Fig. 14b. The apparent brittle
removal mode near the final-formed surface greatly influ-
ences formation of surface features. Ideal evenness of the
ground surface could be obtained by using inclination angles
about 0° for both /ead and tilt angle under down grinding.

E

lead-15°

lead 45°

Fig. 11 Surface topographies with regard to different lead angles (down grinding)
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200
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Fig. 12 Surface topographies with regard to different filt angles (down grinding)

Rotary extrusion effect of the engaged diamond abrasives
toward the machined surface exists, and small-scale materi-
als removal of brittle fracture together with plastic removal
leads to significantly smaller concave and convex features
on the final-formed surface.

When there is a lead angle, there is a periodic texture in
the feed direction of the workpiece surface after machining,
which is consistent with the motion characteristics of the
abrasive particles periodically cutting in the feed direction
(Fig. 5). When there is a tilt angle, the surface after pro-
cessing has a periodic texture in the cross-feed direction,
which is consistent with the characteristics of the different
movement speeds of the abrasive grains in the cross-feed
direction (Fig. 7).

4.2 Gray figures of the machined surface

Figure 13 shows the gray figures of the formed surface with
larger surface roughness values, and the glass fragments

@ Springer

with different colors under optical microscope could be sig-
nificantly observed. The surface fragmentation phenomenon
of the formed surface corresponding to larger roughness val-
ues is apparent. Compared with the surface topographies
shown in Figs. 9, 10, 11, and 12, it could be found that the
concave and convex features significantly appear in the final-
formed surface.

4.3 Surface roughness

As tilt and lead increase, change laws of surface roughness
are plotted in Fig. 14. The indicators Ra and Rp represent
surface profile arithmetic average deviation and the mean
square root value. The indicators Rz, Rp, and Rv represent
the peak valley value, peak value, and valley value of the
detection zone in the machined surface, respectively. Rz
is equal to the sum of Rp and Rv. As the lead increases
from —45° to 0°, surface roughnesses Ra and Rq decrease.
When lead increases from 0° to 45°, Ra and Rq apparently
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tilt 35° (down milling)

lead -35° (down milling)

Fig. 13 Surface fragmentation with larger surface roughness under conventional and down grinding

increase for conventional grinding. It could be found that
more rough surface with larger roughness values could be
produced under positive lead than negative lead with iden-
tical absolute values, which is significantly affected by the
engagement action between the abrasive grains and work-
piece materials for specific tool posture. Compared with the
peak valley value corresponding to the other tool postures
under conventional grinding conditions, the machined sur-
face peak valley values generated by employing negative
lead are relatively smaller, which is beneficial to manufac-
ture the ground surface with high smoothness.

Variations in Ra, Rq, Rz, Rp, and Rv present the over-
all trend of bimodal shape when lead angle increases from
—45° to 45° for down grinding condition, as plotted in
Fig. 14b. In general, adopting positive lead could generate
smaller surface roughness than negative lead and minimum
surface roughness could be obtained when using lead angles
nearby 0°.

As a whole, the similar variation trend of surface rough-
ness Ra and Rq is presented as #ilt angle increases for both
conventional and down grinding, as shown in Fig. 14. Mini-
mum roughness Ra and Rq could be generated by adopting
tilt 0° for conventional grinding and #ilt 5° for down grind-
ing. In general, the ground surface with smaller roughness
could be obtained by employing positive tilt than negative
tilt under conventional grinding, while adopting negative filt
is beneficial to achieve smaller roughness values than posi-
tive tilt with the same value for down grinding. Variations
trend of Rz, Rp, and Rv is approximately identical to each
other. The interaction angle between the approximate axis of
the abrasive space moment trajectory and normal direction

of the machining area is relatively larger when adopting rela-
tively larger tilt or lead angles, and then the direction and
value of the cutting speed of engaged abrasives would be
significantly affected. Finally, the undeformed chip thickness
of materials removal varies with the variations in inclination
angles, which would directly affect the materials removal
modes and surface roughness.

In general, employing lead angles could provide rela-
tively smaller surface peak valley Rz values than using filt
angles for conventional grinding, while adopting filt angles
is beneficial to achieve smaller peak valley values compar-
ing with usage of /ead angles under down grinding. Further,
peak valley values under conventional grinding are larger
than peak valley values corresponding to down grinding
when adopting filt angles, while peak valley values under
conventional grinding are significantly smaller than peak
valley values under down grinding when lead angles are
adopted, especially when using negative lead (Fig. 14).

Employing negative lead or positive tilt for conventional
grinding and positive lead or negative tilt for down grinding
tends to produce smaller surface roughness, and the cor-
responding machining postures are presented in Figs. 2 (2),
(3), (5), and (8), respectively. When adopting negative lead
for conventional grinding and positive lead for down grind-
ing, the diamond abrasives are cut in at the position nearby
final-formed surface and then cut out at the uncut surface.
However, the diamond abrasives are approximately cut in
at the surface locations produced by the adjacent cutting
path and then cut out at the surface produced by the current
cutting path when adopting positive tilt under conventional
grinding. When applying negative tilt under down grinding,
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Fig. 15 Schematic diagram of
diamond abrasive grain process-
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the diamond abrasives are cut in at the surface produced
by the current cutting path and then cut out at the surface
produced by the adjacent cutting path. The cutting trajectory
and cutting characteristics of the above process condition
corresponding to smaller surface roughness are beneficial
to make the crack initiation extension location away from
the final-formed surface, and negative effect of brittle frac-
ture during the material removal process on the final-formed
surface could be mitigated.

4.4 Analysis of diamond abrasive processing
and surface forming

The schematic diagram of diamond abrasive grain pro-
cessing and surface formation is presented in Fig. 15.
When grinding hard and brittle quartz glass with diamond
ball end cutters, the processing parameters, inclination
angle, and grinding mode determine the characteristics
of the action area between diamond abrasive grains and

Cutting
direction
=

Abrasive

? -

Cross-feed

Workpiece

(b) Surface formation phenomena

workpiece materials (Fig. 2). The grain size, motion char-
acteristics (Figs. 5, 7), cutting characteristics, and force of
diamond abrasive grains with high frequency act on the
material to be removed through cutting speed and cutting
attitude in the tool-work interaction region. Inherent prop-
erties of the material are subjected to dynamic loading, and
after the yield strength of the material is reached, micro-
crack initiation and expansion occur, and brittle fracture
depending on the dip effect occurs further. Then, small-
scale block brittle removal is generated, and the removed
material is peeled off from the substrate to generate debris;
at the same time, brittle fracture occurs inside the surface
material, and microscale pit features remain on the partially
processed surface (Figs. 9, 10, 11, 12, 13); the direction of
abrasive cutting speed of the near-formed surface deter-
mines the surface texture orientation; the various geomet-
ric, moving, physical and other factors in the entire pro-
cessing system combine to form a hard and brittle material
forming surface.
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5 Conclusions

In this work, the grinding of quartz glass at different angles
of the ball end diamond grinding cutter was studied. Firstly,
through the kinematics modeling analysis, the characteris-
tics of the trajectory of the abrasive particles and the form
of the force are analyzed. Then, the processing surface was
tested and analyzed, and the material removal characteristics
and surface forming rules of the variable-axis processing
quartz glass were summarized. The main conclusions are
as follows:

1. According to the abrasive kinematic characteristics,
when the tool uses lead angle, the abrasive particles
are periodically cut from the side of feed direction,
and the greater the lead, the greater the cutting speed
of the abrasive. During the movement of the abrasive,
the direction of the force with the workpiece changes
continuously. This is consistent with the feature that
the formed surface has a periodic texture along the feed
direction; when there is a roll angle, the periodic plung-
ing of the abrasive grains from the feed direction, the
angle, and speed of the cut are increased with the filt
angle increase. The tangential velocity of the different
contact points of the abrasive grains and the workpiece
in the transverse feed direction is different, and the force
will also be different, which is consistent with the fea-
ture that the formed surface has a periodic texture along
the cross-feed direction.

2. Material removal characteristics and surface formation
conditions would be significantly affected by the effec-
tive cutting speed and movement space path derived
from different grinding modes and tool inclination
angles which even own the identical absolute value.
Also, change in the undeformed chip thickness in the
initial engagement process differs under various incli-
nation angles. The surface textures are approximately
determined by feed direction and space cutting trajec-
tory of engaged abrasives, while the concave and convex
features are apparent under #ilt —45°, tilt —35°, tilt 25°,
and #ilt 45°.

3. The significant concave and convex features and sur-
face fragmentation phenomenon would be generated
when large-scale brittle fracture of workpiece material
near the final-formed surface happens, such as larger
positive lead or smaller negative tilt under conventional
grinding and smaller negative lead or larger positive tilt
under down grinding. Apparent surface fragmentation
phenomenon appears when the corresponding surface
roughness values are large.

4. Ideal surface evenness could be obtained by using incli-
nation angles about 0° for both /ead and tilt angles under

@ Springer

conventional or down grinding conditions. Rotary extru-
sion effect of the engaged diamond abrasives toward
the machined surface exists, and small-scale materials
removal of brittle fracture together with plastic removal
would lead to less geometrical features of concave and
convex characteristic on the ground surface.

5. As lead increases from —45° to 45°, surface rough-
ness Ra and Rq decreases at the initial stage and then
increases for conventional grinding. On the whole, the
ground surface with smaller roughness could be pro-
duced by employing negative lead than positive lead
with the same values. Variations in surface roughness
present the overall trend of bimodal shape when lead
angle increases from small to large under down grind-
ing conditions. As tilt angle increases in the designed
range, surface roughnesses Ra and Rq slightly increase
at the initial stage and then apparently decrease with
the following increment for conventional and down
grinding. Minimum surface roughness appears under
inclination angles about 0° for conventional grinding
and down grinding. Smaller surface roughness could be
generated by employing negative lead or positive tilt for
conventional grinding and positive lead or negative tilt
for down grinding condition with the cutting trajectory
and cutting characteristics that are beneficial to make the
crack initiation extension location away from the final-
formed surface.
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