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Abstract Fine-grained resin bonded diamond tools are
often used for ultra-precision machining of brittle materials
to achieve optical surfaces. A well-known drawback is the
high tool wear. Therefore, grinding processes need to be
developed exhibiting less wear and higher profitability.
Consequently, the presented work focuses on conditioning
a mono-layered, coarse-grained diamond grinding wheel
with a spherical profile and an average grain size of
301 pm by combining a thermo-chemical and a mechani-
cal-abrasive dressing technique. This processing leads to a
run-out error of the grinding wheel in a low-micrometer
range. Additionally, the thermo-chemical dressing leads to
flattened grains, which supports the generation of hydro-
static pressure in the cutting zone and enables ductile-mode
grinding of hard and brittle materials. After dressing, the
application characteristics of coarse-grained diamond
grinding wheels were examined by grinding optical glas-
ses, fused silica and glass—ceramics in two different kine-
matics, plunge-cut surface grinding and cross grinding. For
plunge-cut surface grinding, a critical depth of cut and
surface roughness were determined and for cross-grinding
experiments the subsurface damage was analyzed addi-
tionally. Finally, the identified parameters for ductile-ma-
chining with coarse-grained diamond grinding wheels were
used for grinding a surface of 2000 mm? in glass—ceramics.

Keywords Ultra-precision grinding - Coarse grains -
Subsurface damage - Optical materials

< Daniel Berger
d.berger@lfm.uni-bremen.de;
http://www.lfm.uni-bremen.de

Laboratory for Precision Machining (LFM), University of
Bremen, Badgasteiner Str. 2, 28359 Bremen, Germany

1 Introduction

For the machining of hard and brittle materials like
ceramics, carbides and optical glasses, ultra-precision
grinding is a key technology. The demand for high preci-
sion functional components for automotive, communica-
tion and electronics industry increases constantly. Hence,
economical and qualitative aspects become more important
[1]. The main objective is the manufacturing of compo-
nents with form accuracies in the submicron-range, surface
roughness of a few nanometers and a damage-free surface
layer zone. These characteristic features for ultra-precision
grinding should be reached, if possible, in one single
machining step. Therefore, fine-grained, resin bonded tools
are used in order to achieve high surface qualities by
machining below the critical or minimum uncut chip
thickness, maintaining a ductile-regime grinding process
[2—4]. Nevertheless, these tools exhibit a high tool wear,
and in consequence several dressing processes during the
manufacturing of optical components are necessary [5].
Dressing is ranked among the auxiliary processes, and the
associated time should be as short as possible, as it dete-
riorates the economic aspects of a manufacturing process.
However, without dressing, form accuracy and surface
quality are decreasing.

One approach to overcome these drawbacks and to
avoid high tool wear is the application of coarse-grained
diamond grinding wheels, so-called engineered grinding
wheels. These tools are dressed only once before grinding
and remain in a suitable condition for ultra-precision
grinding for a long time. With respect to the required
condition of the coarse grains for ultra-precision grinding,
they are flattened in order to achieve a hydrostatic pressure
in the contact zone, supporting ductile-regime grinding
mechanisms. Previous research has shown the ability of
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these tools for grinding hard and brittle materials.
Rickens et al. [6] and Zhao et al. [7] performed a
mechanical-abrasive precision conditioning process, where
the grains are dressed by a rotating dressing tool, until the
height level of the metallic bond is reached. Thereafter, the
bond is set back by ELID (Electrolytic In-Process Dress-
ing) and as a result the flattened grains are exposed. Due to
the fact that all grains are flattened down to the height level
of the metallic bond, a similar protrusion height within a
range of 2.5 pm was achieved. A uniform envelope curve
was obtained including a low run-out error, which is an
essential prerequisite for ultra-precision grinding.

Bing et al. [8] found that a micro-structuring of coarse-
grained diamond wheels by laser leads to lower subsurface
damage, but unfortunately to higher surface roughness than
in dressing techniques without micro-structuring. The laser
cuts the protruding grains and structures the grinding wheel
topography, but it can neither affect the envelope nor
reduce the run-out error.

The disadvantage of the mechanical abrasive dressing
technique is the time-intensive dressing process which
leads to increasing auxiliary process times again.

Therefore, a thermo-chemical dressing process has been
developed recently. This process is based on dynamic
friction polishing, using the friction between grinding
wheel and austenitic chrome nickel steel calottes [9].

In this paper, for the first time a combination of both
dressing techniques, thermo-chemical and mechanical-abra-
sive dressing, is realized for generating a grinding wheel
topography which is useful for ultra-precision grinding in a
shorter time period than the former mechanical-abrasive
dressing process. The conditioned grinding wheel is applied
for grinding experiments on optical glasses BK7 and SF57,
fused silica (SQ1) and the glass—ceramic Zerodur®. Two
grinding strategies, plunge-cut surface grinding and cross
grinding, are performed. In both grinding strategies, the depth
of cut is increased during the grinding process. Plunge-cut
surface grinding allows the determination of a critical depth of
cut for the different materials. Surface roughness is measured
in the ductile-machined areas of the ground grooves. Besides
the surface roughness, the subsurface damage is determined in
cross grinding experiments. The results show that engineered
grinding wheels can overcome the issue of tool wear by
maintaining a surface roughness in a low nanometer range and
subsurface damage in a low micrometer range.

2 Characteristics and dressing of engineered
grinding wheels
Engineered grinding wheels exhibit a deterministic macro

and micro topography. Thus, these tools are geometrically
and topographically definable, exhibiting a uniform
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protrusion height of the abrasive grains for a closely tol-
erated uncut chip thickness, which should be below the
material dependent critical uncut chip thickness [10]. This
is achieved by flattening the coarse diamond grains, which
facilitates a hydrostatic pressure in the contact zone, sup-
porting ductile-regime grinding [11].

Table 1 shows the specification of the engineered
grinding wheel used in this study. The applied grinding
wheel’s body is made from high-alloyed austenitic steel
and is manufactured by precision turning. The wheel’s
body incorporates a co-axial reference cylinder for ensur-
ing a run-out error smaller than 2 pm of the body itself and
in order to maintain low unbalances. The diamond grains
are bonded by an electroplating process, arranging the
diamond grains in a single layer. Due to the coarse grains
and the hard bond, the tools exhibit a high wear resistance.

Figure 1 shows the requirements on the dressing
process (a) and the set-up for thermo-chemical dressing of
engineered grinding wheels (b). The process itself is
characterized by two rotating austenitic steel calottes,
mounted on two linear slides and driven by geared motors
and pressed against the grinding wheel with a specific force
Fy = 5 N. The force is applied from two sides in order to
avoid torque to the grinding wheel. The calottes are
rotating at n, = 250 min ', while the engineered grinding
wheel has a rotational speed of v.q = 20 m/s. The dressing
process lasts for 180 min and is monitored by an acoustic
emission sensor, maintaining a uniform dressing process.

The thermo-chemical dressing technique is based on
diamond friction polishing, underlying three main wear
mechanisms. Primarily, the friction between the steel
calottes and the diamond abrasive grains of the grinding
wheel leads to a thermo-chemical reaction between the
carbon atoms of the diamond and the oxygen in the
experimental environment, building carbon dioxide at
temperatures between 600 and 800 °C.

Secondarily, catalyzing elements within the austenitic
steel calottes, like chrome and nickel, reduce the graphi-
tization temperature of diamond down to 600 °C [12]. As a
third wear mechanism, the diffusion of carbon atoms from

Table 1 Specifications of the engineered grinding wheel

Wheel specification Values

Average grain size dg 301 pm (D301)

Concentration C100, single-layered

Bond Electroplated

Diameter dg 75 mm

Width by 3.5 mm

Profile Spherical (radius 37.5 mm)

Number of active grits on wheel’s 750 (150)

circumference (thereof flattened)
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Fig. 1 Engineered wheel with (a)
coarse grains to be flattened grinding wheel
(a) and thermo-chemical topography

dressing process (b) after dressing

uniform \
envelope curve
after dressing ..~~~

before dressing

diamond into the austenitic steel is assumed in literature
[13]. Unfortunately, it is not possible to reach a similar
protrusion height for all diamond grains by thermo-chem-
ical dressing due to the limited precision of the dressing
process, leading to a run-out error of about 18 pm. The
remaining run-out error results from the geometric shape of
the natural diamond grains, which is subject to a strong
variation. The emerging envelope curve is characterized by
the difference between the highest and the lowest pro-
truding diamond grain. Only the diamond grains protruding
high enough get in contact with the dressing tool, while
some diamond grains never do. The generated plateaus of
the flattened grains at some point decelerate a further
thermo-chemical wear, due to the larger surface contacting
with the steel of the dressing tool.

Hence, a subsequent dressing process has to be performed on
the grinding machine tool with a diamond coated steel calotte
(D46) to lower the run-out error by a mechanical-abrasive
ablation. The diamond-coated calotte and the engineered
grinding wheel are rotating with the same speeds like in the
thermo-chemical dressing process. The calculation of the
common dressing parameters, like g.q and Uy, are not appro-
priate for this dressing process, because the rotational direction
of grinding and dressing tool are oriented orthogonal to each
other. Moreover, there is no feed per revolution, as the dressing
depth of cut a4, which is presented in Fig. 2, was increased
irregularly. Within the machine tool, a dynamometer (Kistler
Type 9254) is integrated for monitoring normal, tangential and
feed forces during the mechanical-abrasive dressing process.
Figure 2 shows that a force-controlled mechanical-abrasive
dressing process finally leads to a lower run-out error (7 pum)
than a path-controlled (12 pm, the error bars are resulting from
multiple measurements). This results from the asymmetric
dressing process on the machine tool. The effective normal
force of 8 N during the path-controlled process (Fig. 2 left)

o’

">+ height after dressing

ff TS

shape of diamond grain

(b)

Engineered
Grinding Wheel

grinding wheel
topography
before dressing

b 2 austenitic
grain protrusion steel calottes

shape of diamond
grain after dressing

“—linear slidesig
3 ol

causes a torque. This leads to an ellipsoidal envelope curve and
consequentially to larger deviations among the protrusion
heights of the flattened diamond grains. The thermo-chemical
and mechanical-abrasive dressing process have both been
carried out only once before the grinding experiments, as the
coarse diamond grains offer very low grain wear, which was
investigated in former experiments [14].

Only a fraction of the bonded diamond grains were flat-
tened with the thermo-chemical dressing technique and were
in contact with the workpiece during the grinding process. The
amount of flattened diamond grains was determined by digital
microscopy (Digital Camera Leica DVM 2500, Objective lens
VZ750C). The entire wheel topography was investigated by
rotating the grinding wheel under the objective lens. There are
about 150 grains on the D301-tool around the whole wheel
circumference of 236 mm (theoretical maximum for this
grain size is approx. 750 grains) which have been visibly
dressed and are in contact with the dressing tool, while the
other grains are not protruding high enough (Table 1).

3 Experimental setup

The grinding experiments were performed on a 5-axis ultra-
precision grinding machine tool (Nanotech 500FG). The
lubricant (8 % emulsion with FRIGOMET GB 477, a coolant
especially designed for grinding of optical glass) was supplied
by around nozzle. For investigating the grinding performance
of engineered grinding wheels (Table 1), which were dressed
as described in chapter 2, two grinding strategies, plunge-cut
and cross grinding, on four different hard-to-machine optical
workpiece materials (Table 2) were used in the experiments.
The plunge-cut grinding experiments were replicated once.
The cross-grinding experiments were performed without a
replication due to high set-up times.
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Fig. 2 Measured run-out error
of D301 grinding wheel while
mechanical-abrasive dressing

measuring path
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Tabl(? 2 Proper.tles of Material Measured values Calculated
machined materials
Vickers hardness Young’s modulus Critical stress Critical uncut
intensity factor chip thickness
H (GPa) E (GPa) K. (MPam'?) he crit (M)
SF57 6.4 100 0.75 32
Zerodur® 7.2 94 1.14 50
BK7 6.4 86 0.97 47
SQ1 6.1 74 0.9 40

SF57 is a dense flint glass, consisting of 70-80 % lead(I1)
oxide and 20-30 % silicon dioxide. It is mainly used for
oculars or camera objectives [15]. BK7 is a borosilicate
crown glass, utilized for the manufacturing of optical lenses,
prisms or mirrors for objectives or microscopes. It consists of
70 % silicon dioxide and in equal parts (approx. 10 %) of
sodium oxide, potassium oxide and boron trioxide [16]. The
fused silica SQ1 exclusively consists of silicon dioxide and is
applied as a window- and lens-material in different appli-
cations due to its very large wavelength transmittance range
(230-3500 nm) [17]. Zerodur®, an aluminosilicate glass—
ceramic, exhibits a crystalline residual phase, caused by the
aluminum oxide which is the main component (approx.
25 %) besides the silicon dioxide (approx. 55 %). The
material is applied in space technology, for example as a
substrate material for mirrors in modern large telescopes, due
to its low coefficient of thermal expansion (CTE) [18].

The material dependent critical uncut chip thickness
depends on Vickers hardness H, Young’s modulus E and
critical stress intensity factor K. and is calculated after
Bifano et al. by Eq. 1 [2]. The values for h.,, i for the four
different materials are listed in Table 2.

E\ /K>
hcu.crit =0.15( = =7
’ H/\H

After plunge-cut grinding experiments, the critical depth of
cut and surface roughness were determined. Both were
analyzed by white light interferometry. For the

(1)
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determination of surface roughness, a lens with a magnifi-
cation of 50x was applied. The detected area was
0.335 x 0.335 mm and was analyzed by applying a global
leveling and a cutoff A = 0.08 mm for filtering the data.
This procedure was also performed for analyzing the depth
of cut, but with a lens with 10x magnification (area
1.66 mm x 1.66 mm). In order to analyze the subsurface
damage after cross grinding experiments, the boundary layer
of the ground surface was partially removed, followed by an
etching process to make micro cracks visible.

4 Grinding strategies and results

4.1 Plunge-cut surface grinding with different
depths of cut

The identification of the parameters for ductile-mode
grinding of optical glasses and glass ceramics with engi-
neered grinding wheels is important to understand the
material removal mechanisms. In order to find the optimum
parameters for achieving this, plunge-cut surface grinding
experiments are carried out. While cutting speed v, and feed
rate vy are constant during one grinding path, the depth of
cut a. is varied by moving the tool into the workpiece in
z-direction (taper grinding, Fig. 3). It is known that a crit-
ical depth of cut a, ., exists, where a transition from ductile
to brittle machining takes place. The aim of the experiments
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Ve diamond grinding wheel

brittle

ductile

7'y

workpiece micro cracks

Fig. 3 Plunge-cut surface grinding with increasing depth of cut a.
during grinding experiment

Table 3 Grinding parameters for plunge-cut surface grinding

SF57, Zerodur®, BK7, SQ1
3,10
10, 30

0-7, constantly increasing on a
length of 20 mm (a0 = 0.02°)

Workpiece materials
Feed rate v; (mm/min)
Cutting speed v, (m/s)
Depth of cut a. (um)

is to determine the critical depth of cut for the machined
materials at different cutting speeds and feed rates. Table 3
shows the grinding parameters of the experiments on optical
materials BK7, SF57, SQ1 and Zerodur®.

4.1.1 Critical depth of cut

The transition point from ductile to brittle machining can
be detected as shown in Fig. 4. Ductile machining abruptly
turns to a brittle behavior of the material, leading to large
fractures, thus to high surface roughness. The point of
transition, corresponding to the critical depth of cut a. ¢y,
is characterized in Fig. 4 left. The brittle behavior causes a
larger depth of the groove (Fig. 4 right). The visible

discrepancies according to the groove depth are an indi-
cator for brittle material behavior. The measured topogra-
phy exhibits parts with far deeper scratches (deep blue
parts according to the color scale, >400 nm) than on
ductile machined areas. The horizontal profile sections in
Fig. 4 seem to be at the same position, yet the profile
section in the lower picture is set only a few um in feed
direction, but as the profiles show, the groove depth is
much higher than on the upper profile section. This can
only be derived from brittle material behavior.

The values for critical depth of cut a. . for the dif-
ferent materials are presented in Fig. 5. These values are
not the theoretical values of the machined materials, but the
measured values on the transition point from ductile to
brittle behavior which was determined as described in
Fig. 4. Obviously, dependence from cutting speed or feed
rate can be hardly identified due to a strong variation of the
measured values. Also, a differentiation between the indi-
vidual materials is difficult. It could be stated that SF57
reveals the highest critical depths of cut, but that there is
almost no influence of the machining parameters. Zerodur®
and SQ1 show the lowest overall values, while SQ1 should
be machined with high cutting speeds (30 m/s) and high
feed rates (10 mm/min) and Zerodur® with high cutting
speeds (30 m/s) but low feed rates (3 mm/min). BK7 offers
the highest critical depth of cut at low cutting speeds and
low feed rates. The error bars result from the replicated
grinding experiments. In conclusion, it must be stated that
all materials exhibit quite low critical depths of cut, as they
range between 0.2 and 0.5 um. Regarding Fig. 4, the brittle
fracture amounts only a small proportion of the ground
groove (approx. 10 %) and is obviously caused by one
certain point on a specific diamond grain. Thus, the relation
between the critical chip thickness and the critical depth of

1 10l6hm M
l; ,b 0 < [nm]
e "
, -+ -200 3
\/ ¢ -80
~ transition o
point [nm] % -160
(= au.cm) _240
v 600 0.2 0.4 0.6 0.8 1.0 1.2 [mm] 1.6
groove width
brittle |. o £ [nm]y Fe—=——em
damage §- 0 W
7 " -200 @ -200
ductile g -400
mode Ml & g9
-600 0.2 04 0.6 0.8 1.0 1.2 [mm] 1.6

groove width

Fig. 4 Detection of transition point from ductile to brittle material behavior, where critical depth of cut a. . is determined
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SF57 Zerodur BK7 SQ1

Fig. 5 Critical depth of cut a . for SF57, Zerodur®, BK7 and SQ1,
depending on cutting speed v, and feed rate v

cut has a minor influence and a, ., is characterized mainly
by the topography of the tool’s abrasive layer. Equation (2)
explains the relation between the uncut chip thickness h,
and the grain shape connected with the grinding wheel
topography, characterized by the parameter z..

1

1 )
hcu: Le 2
<C2—|—1> z (2)

The grain shape is characterized by c; and c,. It is not
explained in detail here, because the grain shape was not
varied during the grinding experiments. The parameter z. is
the ratio between the number of active grits Nga and grit
density Ngy. As only 20 % of the grits are active during
grinding, the maximum uncut chip thickness decreases and
is strongly influenced by the topography of the abrasive
layer. This leads to an exceedance of the critical uncut chip
thickness at low depths of cut, as shown in Eq. (3).

(Pew - ve)®
(47r2 . v]% . ds>

Connected with Eq. (2), this means that a decreasing uncut
chip thickness leads to a decreasing depth of cut.

a, =

(3)

4.1.2 Surface roughness

In order to prove the possibility to machine hard and brittle
materials with engineered grinding wheels, surface rough-
ness Sa is determined in the ductile area, before the tran-
sition from ductile to brittle machining appears. Results for
Sa are shown in Fig. 6. The best surface quality is obtained
for SQ1 for all process parameters; Sa-values are between
4 nm (minimum value) and 17 nm (maximum value). The
roughness values for BK7 (7-33 nm), SF57 (5-25 nm) and
Zerodur® (6-32 nm) are characterized by a stronger vari-
ation. In general, BK7 and Zerodur® exhibit the highest
roughness values, followed by SF57 and, as already men-
tioned, SQ1. Nevertheless, it may be stated that all materials
are suitable for ductile machining with engineered grinding

@ Springer

Fig. 6 Surface roughness Sa of ground surfaces by plunge-cut
surface grinding at transition point between ductile and brittle
machining

wheels regarding surface quality, as the results exhibit
roughness values <35 nm. Besides, it is remarkable that the
lowest values of surface roughness are determined for a low
cutting speed (10 m/s) and a high feed rate (10 mm/min) for
all materials, but still a precise statement on the influences
of cutting speed and feed rate is not obvious due to a par-
tially strong variation as shown by larger error bars, which
were calculated out of multiple measurements.

4.2 Cross grinding with different depths of cut

Surface grinding experiments with rotating workpiece are
conducted in cross grinding mode, as Sun et al. [19] found
that this kinematics generates more homogeneous surfaces
than parallel grinding. In order to find the critical depth of
cut for cross surface grinding, the workpiece is tilted by an
angle of 0.006°, leading to a variation of depth of cut from
Aemax = & UM tO e min < 1 pm, as shown in Fig. 7. For
this kinematics, the parameters in Table 4 are set. Cutting
speed and feed rate ware adopted from former grinding
experiments.

The variation of depth of cut across the ground surface
leads to an area where brittle fracture is predominant (area
#1), a transition area between brittle and ductile material
removal mechanism (#2) and an area where only ductile-
regime grinding is predominant (#3). On every workpiece,
an area with the initial polished surface remains (#4) in
order to be able to detect the end of the ground surface.
Surface roughness Sa and subsurface damage are evaluated
at the different areas on the ground surface (Fig. 8). It is
obvious that brittle fracture is predominant on the left side
of the workpiece, caused by depths of cut a, > 3 pum. For
this reason, only the areas machined with depths of cut
2. < 3 um are investigated here.

4.2.1 Surface roughness

Figure 9 reveals the surface quality of cross ground sur-
faces at different measurement locations. The error bars are
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Fig. 7 Kinematics of cross
grinding experiments with tilted
workpiece

Table 4 Grinding parameters for cross grinding

Workpiece materials BK7, SF57, SQl, Zerodur®

Feed rate v; (mm/min) 3
Cutting speed v, (m/s) 30
Workpiece rotation ny, (min~ 1) 150

Inclination angle 0.006° (z: 0.09 um/y: 1 mm)

Depth of cut a. (im) 0-8, constantly increasing

Area #1: | Area #2: Area #3: Area #4:
only brittle || Transition from brittle || only ductile|| Initial surface
machining || to ductile machining || machining || (polished)

\

10 20 30 [mm]

<1 [um]

® measurement locations (R/ a,)

Fig. 8 Measurement locations for determining surface roughness and
subsurface damage of cross grinding experiments

derived from multiple measurements and represent the
minimum and maximum value. It is notable that SQI1
reveals the lowest Sa-values, as even at a depth of cut of
a. = 3 pm the surface roughness is below 0.2 pm. It shows

grinding wheel - §

a=0.006°  9grinding wheel

a

e.max

adjusting
screw

workpiece =
holder

adapter

workpiece

a declining trend, so that at a radial distance of 30 mm a
roughness of Sa = 19 nm is measured.

For SF57 the surface roughness Sa drops below 0.2 pm
ata, = 0.5 pm, while the Sa-values have been between 0.5
and 0.8 pm before, which shows that if this material is
machined above h, i (SFS57 has the lowest value com-
pared to the other machined materials), brittle damage
resulting in a rugged surface is the case. But, when the chip
thickness falls below hg, crir, SFS7 can be machined at a
very low surface roughness, as the surface topography in
Fig. 9 proves (Sa = 13 nm). The transition between brittle
and ductile machining appears much smoother for the other
materials. SQI exhibits the best surface quality with
roughness values below 0.1 um over a wide range of
depths of cut, which has already been observed in plunge-
cut surface grinding experiments. Ductile machining of
BK7 and Zerodur® is only possible with depths of cut
below 1 pm using engineered grinding wheels. At a radial
distance of 30 mm, the depth of cut is below 0.5 pm,
enabling the ductile machining of SF57, Zerodur®, BK7
and SQI. Roughness values of 13 nm (SF57), 28 nm
(Zerodur®), 17 nm (BK7) and 19 nm (SQ1), respectively,
were detected.

4.2.2 Subsurface damage

The subsurface damage is determined by polishing a
calotte into the ground surfaces by using a rotating steel
ball (radius Ry, = 15 mm) and a polishing paste with a
diamond grain size of 1 um. Subsequently, the polished
workpieces are etched for 5 min in 1 % hydrofluoric acid
to expose the subsurface damage. The subsurface damage
is determined by the procedure presented in Fig. 10.
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Fig. 9 Surface roughness and topographies of cross ground surfaces

tssp = Tea — tea (4)
D2

Tca = Rba - Rlz,a 4f‘a (5)
d2

ca = Rba - R 4 (6)

By calculating the difference (Eq. 4) between the depth of
the polished calotte (T, calculated by Eq. 5) and the depth
of the detected damage (t.,, calculated by Eq. 6), the
subsurface damage can be specified. Regarding Fig. 11, the
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subsurface damage of the ground workpieces shows a
similar performance as the surface roughness (Fig. 9). The
lowest values of subsurface damage are detected for SQ1
(3 pm), followed by Zerodur® (6 pm) and BK7 (8 pm) at
a distance of 30 mm to workpiece’s center point. SF57
generally reveals high values for subsurface damage, so
that even in ductile machined areas the crack depth tgsp is
21 pm, which is explainable by the low critical stress
intensity factor (0.75 MPam'?, next higher value is 0.9
MPam'? for SQ1). Once the crack formation has started,
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Fig. 10 Procedure for

determination of subsurface R,
damage of ground surfaces in ITca - </
cross grinding experiments "\

subsurface damage

2 \ |

$so

tSSDI > tSSDZ

R,, = radius of rotating steel ball T.., = depth of polished calotte
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which also happens at low depths of cut for SF57, it
spreads quickly into the bulk material, leading to high
subsurface damage. In brittle machined areas, the subsur-
face damage is too high for the detection mode presented
here, because the calottes cannot be polished deep enough
(tssp > Tea)- SQI shows a contrary behavior, as the sub-
surface damage is less than 5 pum, even for higher depths of
cut.

4.3 Cross grinding of Zerodur® with constant depth
of cut

Based on the results of the previously performed cross
grinding experiments, optimized parameters are identified
by the evaluation of the maximum chip thickness, taking
the kinematical conditions in cross grinding into account
(Table 5). With these parameters, a surface with a diameter
of 50 mm is machined in Zerodur® with a constant depth
of cut a, = 1 pum.

Afterwards, the specimen has been investigated again by
white light interferometry regarding surface roughness.

The values of surface roughness after grinding show that
a predominant ductile machining of Zerodur® is possible
with engineered grinding wheels within a radial distance of
25 mm. The measured Sa values are between 7 and 30 nm
(Fig. 12). Still there are Sa-values larger than 20 nm,

Table 5 Optimized grinding parameters for cross grinding of

Zerodur®

Workpiece materials Zerodur®
Feed rate v¢ (mm/min) 2
Cutting speed v, (m/s) 30
Workpiece rotation n,, (min’l) 6

Depth of cut a. (um)

correlating with the results shown in cross grinding
experiments with different depths of cut, which showed
that particular brittle damage appears at a depth of cut
a. = | pum. Especially at the workpiece’s center, Sa values
of 50 nm are measured due to kinematical effects, as the
workpiece rotational speed approximates to zero, so that
the material removal is not caused by a uniform chip for-
mation (cutting), but more by cracking the material.

5 Conclusion and outlook

In this study, the machining of the optical materials SF57,
Zerodur®, BK7 and SQI with coarse-grained engineered
grinding wheels was performed. Plunge-cut surface grind-
ing experiments with different depth of cut revealed the
critical depth of cut at the transition point between brittle
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Fig. 12 Interferometric
measurement of the ground
Zerodur® specimen and surface
roughness values

and ductile machining. It could also be shown that engi-
neered grinding wheels are applicable for ductile machin-
ing of these materials, but that all materials exhibit a quite
low critical depth of cut (<0.5 pm). The reason for that is
the fact that only a small amount of diamond grains (ap-
prox. 150 grains over the whole circumference of the
grinding wheel of maximum 750 grains) are active during
the grinding process. That means that only these grains are
responsible for removing the material. Additionally, only a
few of these grains cause the inserting brittle fracture.
Nevertheless, ductile machining is possible due to the
flattened grains and the consequential generation of a
hydrostatic pressure in the contact zone. The second
grinding kinematics was performed in order to proof the
capability of engineered grinding wheels for grinding large
surfaces with a predominant ductile mode. By tilting the
workpiece, different depths of cut could be achieved like in
plunge-cut surface grinding experiments. The results
showed that the transition between brittle and ductile
material removal takes place at different depths of cut for
all materials. It must be taken into account that the
machining process is not only influenced by the depth of
cut, but also for the grinding kinematics, leading to dif-
fering maximum uncut chip thickness over the ground
surface. Still it is possible to machine a homogeneous
surface by setting a constant depth of cut, like grinding
experiments on Zerodur® have shown. The surface
revealed Sa values <50 nm within an area of 2000 mm?.

In further grinding experiments, the material SQ1 will
be ground, as it exhibited the best surface qualities in cross
grinding experiments. Furthermore, the flattening of more
diamond grains and the generation of a more uniform
topography of the abrasive layer is pursued by advanced
dressing technologies in order to activate more diamond
grains for the grinding process.
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