Precision Machining of Ceramic Materials
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M achining processes that can hold sub-
micrometer tolerances and produce
surface finishes better than 10 nm are at
the frontier of precision fabrication, yet
these are the standard specifications for
many advanced optical, electronic, and
mechanical components. Currently, a new
generation of precision machines and fab-
rication processes are evolving to meet this
need. The principles governing the design
of these machines differ from those used
in conventional machining. Thermal sta-
bility, vibration isolation, kinematic sup-
port, feedback control, and metrology
frames are critical elements in the devel-
opment of precision machines.

In addition, the manufacture of pre-
cision parts hinges on an understanding
of the mechanics of the material-removal
process. Since the characteristic machin-
ing chip dimensions are on the order of
=<1 um, the effects of grain boundaries,
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Fig. 2. Facing operation on PAUL.

local imperfections, and dislocation mo-
bility influence the chip formation that,
in turn, affects¥he topography and stress
state of the workpiece. When the work-
piece is a ceramic, an additional concern
is the regime of material removal, i.e.,
whether chip formation occurs in a duc-
tile process (plastic deformation) or in a
brittle process (crack propagation).
Materials with a relatively low fracture
toughness normally respond to applied
forces by the generation and propagation
of cracks. However, under the localized-
contact conditions that prevail for sur-
face-machining conditions, this need not
be the case. Precision machining is in many
respects similar in nature to tribological
processes associated with abrasion and
abrasive wear.'? Figure 1 illustrates the
relevant material-removal mechanisms
discussed by Evans and Marshall.? Above

a critical normal load, P,, stresses in the
plastic zone in Fig. 1(A4) will generate
fracture damage in the form of lateral and
median crack systems. Such fracture
damage cannot be tolerated for precision
surface finishing. Below a critical load,
which may be quite small, a ductile re-
gime for material removal via plastic cut-
ting mechanisms can be achieved, as shown
in Fig. 1(B). It is this “ductile regime”
that is central to precision-finishing pro-
cesses. Although a large body of data ex-
ists for fracture-damage processes under
indentation-type loading conditions,* the
actual mechanisms that underlie ductile-
regime precision-finishing technologies are
poorly understood at the -present time.
Current research efforts involving exper-
tise in materials, mechanical-system de-
sign, and metrology are being applied to
gain new insight into the limits, phe-
nomenology, and mechanisms pertinent
to precision-finishing technologies.

To machine hard materials in a ductile
regime, the forces between the tool and
the workpiece must be kept below critical
values. Obtaining precise dimensional
control, on fhe other hand, requires an
exceptionally stiff machine so that in-
feeding the tool translates into chip re-
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Fig. 3. Diagram of PAUL.
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Table I.

PAUL Parameters

Workpiece spindle
Runout
Coning

Tool spindle
Runout
Coning

Total spindle errors

Stiffness between tool holder and workpiece spindle

Thermal growth tool/workpiece position
Workpiece spindle speed

Vertical error

Lateral error

50 nm 50 nm
30 nm 15 nm
50 nm 50 nm
8 nm 15 nm
138 nm 130 nm

8.83x10¢ N/m

40 nm/°C
0-5000 rpm

moval from the workpiece, not flexure of
the machine. Thus, two requirements for
precision machining hard materials are
low cutting forces and high machine rig-
idity. For these goals to be accomplished
simultaneously, submicrometer controt of
the tool infeed with respect to the work-
piece is also required. Therefore, in ad-
dition to the need fot an actuator with
submicrometer resolution, tlie total ef-
fects of thermal drift, vibration, and spin-
dle runout must be reduced to acceptable
levels or compensated.

A single-point diamond-turning ma-
chine and a diamond-grinding machine
were both designed using the above
guidelines. For stiffness and low runout,
both machines use hydrostatic air bear-
ings for the primary machine motion. These
bearings exhibit <<0.05-um axial runout,
with an axial stiffness of 1.2X10° N/m at
the point of tool contact. For tool-depth
adjustment, both systems incorporate stiff
piezoelectric actuators capable of high-
speed motion over 12.5 pm, with a re-
solvable motioh increment of 12.5 nm.

To eliminate thermal-expansion prob-
lems, both machines are located in a tem-
perature-controlled room regulated to
+0.1°C. For vibration elimination, each
machine is mounted on a vibration-iso-
lation table that effectively attenuates en-
vironmental disturbances of >5 Hz.

Sihgle-Point Diamond Turning
The Precision Engineering Center’s re-
search lathe uses a vertical-axis, air-bear-
ing spindle to rotate the workpiece. The
tool holder is mounted on a second air-
bearing spindle, instead of a linear slide.
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Fig. 5. Chip-formation process.

Driven slowly, this allows the tool to sweep
across the face of the workpiece toward
its center. This design gives rise to the
acronym PAUL-—parallel-axis ultrapre-
cision lathe. Figure 2 is a cross-sectional
view of the tool-workpiece setup. Figure
3 shows the lathe’s construction, which
was described by Falter.’ The tool can be
adjusted vertically with the lead—zirconi-
um-titanate (PZT) stack to control the
depth of cut and can be driven horizon-
tally at different feed rates.

The major sources of machine error in
the design are bearing-error motions, mis-
alignment of the spindle axes, thermal ex-
pansion, and vibration. Table I summa-
rizes the relevant machine parameters.

The tool is a single-crystal diamond
mounted on a steel shank (Fig. 4). One
surface, the rake face, is polished flat. The
clearance face meets the rake face at an
included angle of 83°. The tool-nose pro-
file is circular and cuts a groove with cir-
cular cross section. The tool can be ro-
tated around the nose- profile to present
new, unworn sections of the cutting edge
to the surface. The cutting edge is so sharp
that an edge radius is undetectable by
optical microscopy.

The turned surface has a topography
formed by the feed grooves. If the tool
removed only the material in its path and,
in addition, never deviated in its path from
a straight and level line, the resultant
scalloped surface would have an ideal peak-
to-valley roughness, R,, equal to

-

where f is the feed per revolution and R
is the tool-nose radius.

[#——-——————— chip width = 58 um

steel shank

rake face
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Fig. 4. Diamond tool.

A typical finish cut for metal optics may
use a feed of 6 um, a depth of cut of 2
um and a tool with nose radius of 0.762
mm (0.030 in.). This would leave a scal-
loped surface whose peak-to-valley rough-
ness, R, (ideal), would equal 6 nm. The
average slope would be 0.1°. Such rough-
ness values make it clear that if the cut-
ting process is precise, the surface will be
specular.

Geometry of the Diamond Turning
Process

Most of the effort in precision machin-
ing goes to ensuring that the tool will trav-
el in the path designed for it, within a
defined margin of error. In the present
study, interest is focused largely on the
surface roughness within individual feed
marks. Roughness on this scale produces
high-angle scatter and thus determines
whether a finish looks specular or matte.

Figure 5 illustrates the geometry of the
chip-formation process, simplified to a two-
dimensional (orthogonal) model. The ma-
terial within the region enclosed by the
undeformed chip thickness, ¢, will be sep-
arated from the workpiece by the dia-
mond tool. In the machining of ceramics,
the deformation processes within the ma-
terial-removal zone are as yet poorly un-
derstood.

The true cross section of the unde-
formed chip of a finish cut is shown to
scale in Fig. 6. This view is along a di-
rection parallel to the cutting path and
shows that the thickness of the cut, ¢, var-
ies almost linearly across the width of the
chip. A formula for the maximum chip
thickness can be developed from the ge-
ometry of the cutting process, which in-
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\

depth

of cut fsef;'g

_L y e
2 %_m T
6 undeformed
Hm chip thickness, t,,

feed

Fig. 6. Cross section of undeformed chip.
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Fig. 7. Germanium disk showing the finish-
es produced by 16 depth-and-feed condi-
tions. Notice the smooth areas, the light-
scattering areas of pitting, and four-fold
symmetric pattern of severe pitting. The four-
fold arms are centered on axes displaced
from the <110> axes by 8°.

volves the tool-nose radius, R; the feed
rate per revolution, f; and the depth of
cut, d.

t,=f cos™! I:l—%:l 2

The chip width is given by
w=Rcos~ | 1-2 |+L 3
R 2

For example, in a typical cut with depth
and feed both 2 um, and R=3.2 mm, the
maximum thickness of the undeformed
chip is 1/30 of the depth of cut, and the
width of the chip is >50 times greater
than the feed. The tool will be removing
material from above any point in the fin-
ish surface during each of its 50 passes
over that point.

Diamond-Turning Studies

Optical-grade germanium single crys-
tal, in the form of a 2.5-cm- (1.0-in.-) ra-
dius disk, was centered on a holder that
can be mounted on the lathe. The crystal
was ground parallel and then etched to
remove grinding damage. It was oriented
with the (100) direction facing up, and
this face was machined on the lathe in a
facing operation. Deionized water was used

o

Fig. 9. Chips of (A) germanium machined at 1.5-um feed, 0.5-um depth of cut, and 0.025-

Fig. 8. Pits produced in the surface by a 2.25-um depth of cut and 5.83-

um feed. Area between the arrows is one feed. (1000x)

as the lubricant/coolant.In the initial tests,
facing cuts were made at 1000 rpm, giv-
ing a cutting speed of 2.5+0.5 m/s. The
rake angle was —1°,

The first series of cuts taken illustrates
the type of surface damage that occurs.
Much of the face was very smooth, but
there were four arms of high light scatter
in the form of a four-fold symmetric cross
through the center (Fig. 7). These regions
were composed of 0.1-um-deep pits (Fig.
8). In subsequent trials, on surfaces ori-
ented on the (100), (110), and (111) planes,
the pitting occurred while the tool passed
within a few degrees of the <110> di-
rections. For the (110) samples, pitting
also occurs in the <100> direction.

The surface profile in the unpitted areas
was measured with a stylus profilome-
ter."s The peak-to-valleyroughness, R,, over
sample lengths of 75 um, averaged 8 nm,
and over lengths of 12.5 um (~8 feeds),
it was 1.6 nm. The waviness over longer
sample lengths was larger because of un-

*Talystep, Rank Precision Industries, Inc., Des
Plaines, IL.

um t, and (B) copper machined at 6.3-um feed, 2.3-um depth of cut, and 0.5-um ¢, (bars=5

um)

wanted tool motion in the tool-feed mech-
anism.

Scanning electron micrographs of the
machining debris reveal chips from ma-
chining germanium that appear quite
similar to metal chips. Figures 9 (4) and
(B) compare germanium chips to copper
chips for given machining conditions.”
Figure 10 shows germanium chips and the
ribbon-like continuity which is expected
for ductile material flow. It can be con-
cluded from these experiments that duc-
tile-regime deformation is possible when
machining germanium. Further experi-
ments are required to clarify the range of
parameters which define the limits of the
ductile regime.

To test the effect of cutting depth and
feed, a matrix of experiments—three
depths and three feeds—was performed.
Table 11 displays the results. The presence
and extent of pitting is the criterion used
in analyzing the results in Table II. As
conditions worsen, the smooth surface gives
way to one with scattered pitting in the
four symmetric regions, then to concen-
trated pitting over 360°. Careful study of
Table I reveals that smooth surface fin-

Fig.10. Machining chips of germanium show
ribbon-like continuity. (bar=10 um)
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Fig. 11.
of cut=4 um; feed=6 um.

ishes resulted when the maximum chip
thickness was <<0.1 um.

Very recent results® have in fact re-
vealed that damage created at the for-
ward edge of the tool is frequently re-
moved by the final passes of the tool over
a spot on the final surface. There is indeed
a critical chip thickness, but it is not the
maximum chip thickness, z,,, as herein de-
scribed. The critical chip thickness, ., is
that chip thickness for which no fracture
or pitting occurs during material removal;
if the feed per revolution is set such that
there are several passes of the tool with
chip thickness less than ¢, the final sur-
face will be unpitted. A surprising result
is that the feed per revolution is the im-
portant parameter and that large depths
of cut (>500 um) can leave a smooth
surface.

It is interesting to note that even a bad-
ly worn tool can remove the material in
an apparently ductile fashion. The nicks
and grooves in the tool edge create rough-
ness within the groove that leads to a dif-
fraction effect from the otherwise spec-
ular surface. But Fig. 11, the profilometer

\

Profilometer diagram of turned germanium surface. Depth

DOVETAIL
SLIDEWAY

Fig. 12. PEGASUS grinder schematic.

image of the surface, shows that the tool
edge is replicated quite faithfully from
groove to groove.

This faithful replication will be used in
a new technique for monitoring tool-edge
wear: the witness-sample method.*'® At
the beginning and end of each trial, the
tool is slowly plunged into the surface to
twice the finish depth of cut. Alterna-
tively, a copper witness sample can be used.
The shape of the groove is a signature of
the tool, giving a record of tool nicks and
a measure of the recession, through wear,
of the cutting edge from its original nose
profile.

Diamond Grinding

Using the machine guidelines already
described, the precision engineering
grinding apparatus for superfinishing ul-
trahard surfaces (PEGASUS) was de-
signed and built. The machine operates
in a plunge-grinding mode, in which the
workpiece is fed in a normal direction to

the surface of the 0.64-cm-wide rim of a
cup-grinding wheel.

The grinding wheels used on this ap-
paratus are type 6A2, 10-cm-diameter cup
wheels with diamond grain size of 4 to 8
um and concentration values of 75 (3.3
carats/cm®). Bonding matrices for the
diamond grains are either metal or resin.
The grinding wheel is mounted on a 10-
cm-diameter air-bearing spindle driven by
a variable speed (0 to 5000 rpm) dc mo-
tor. The grinding-wheel spindle is fixed to
a 60 cm by 25 cm scraped dovetail slide-
way.

The workpiece is mounted to the face
of a piezoelectric actuator capable of 12.5
um of linear infeed motion, at a speed to
12,7 cm/s and a resolution of 12.5 nm.
The base of the piezoelectric actuator is
attached to a clamped flexure assembly
that is manually actuated via a leadscrew
(3.15 threads/mm) for coarse positioning,.
These flexures are clamped during the ac-
tual grinding. The linear range of this
coarse-positioning system is ~0.5 mm
with a resolution of 0.5 um. The entire

Table Il. t,, versus Depth of ‘Cut and Feed per Revolution flexure/PZT/workpiece assembly is
dopth o - mounted on a movable saddle on the

Sample (um) (um) (um) Description of finish dovetail slideway and has a 15-cm linear
I >3 71 .08 Smooth range. Figure 12 illustrates the PEGA-
2 . . . . . N _
I, 2.3 4.2 0.16 Scattered pitting only in 4 regions (£ 7° wide) SUShde?Ing, Whereast Flg'Tl 1’3)1 1 IZ}IphOtQ
I, 2.3 59 0.22 Scattered pitting over 360° graph of the apparatus. Table 11l sum-
11, 1.1 2.1 0.06 Smooth marizes tl?e relevant mac%une parameters.
1L, 1.1 4.2 0.11 Scattered pitting only in 4 regions _The spindle motor drives the spindle
11, 1.1 5.9 0.15 Severe pitting over 360° via a flat belt. The stiffness of the appa-
111, 0.46 2.1 0.04 Smooth
1, 0.46 4.2 0.07 Smooth
111, 0.46 5.9 0.10 Smooth

Tabile lll. PEGASUS Parameters

Stiffness wheel/workpiece interface 53x10° N/m

Axial wheel runout 0.25 pm per revolution

Workpiece-positioning resolution 12.5 nm

Feed rate 0-12.5 cm/s

Wheel speed 0-5000 rpm

Lubrication Variable-pressure air-entrained fluid or flood types
Computer-controlled constant-force or

constant-infeed grinding modes

Fig. 13. PEGASUS grinder photograph.
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ratus at the wheel/workpiece interface is
~53x10% N/m. This value far exceeds
that of standard grinders and is within the
bounds typically specified for precision
machining.

Wheel truing is necessary to minimize
the surface runout of the grinding wheel
face. Runout of the wheel surface causes
fluctuations in the grinding force, which
can potentially affect the ductility of the
grinding process. These runout-induced
force variations are magnified by the ri-
gidity of the PEGASUS apparatus.

For example, a 1-um surface runout of
the grinding wheel causes >50 N of var-
iation in the normal cutting force. The
other contributors to force variability
(bearing runout and vibration) are small
by comparison. The goal of the truing ef-
fort, then, is to reduce the wheel runout
to a level that is comparable to the com-
bined effects of these other sources of run-
out (=~0.05 um). Recently developed
techniques® reduced the face runout to
0.12 um, peak to valley.

Ductile-Regime Grinding

To demonstrate its potential, the PEG-
ASUS machine was used to grind a sam-

#Noralide NC-430, Norton Co., Worcester, MA.
SOf type supplied by Cincinnati Milacron, Products
Div., Cincinnati, OH.

Fig. 14.  Silicon carbide plunge ground on {A) a conventional grinder (1000x), (B) on PEGASUS (1000x), and (C) also on PEGASUS (5000x).

ple of reaction-bonded silicon carbide.} A
parallel plunge grind was made on this
same sample using a conventional grind-
ing machine. A comparison of the results
of these two experiments should qualita-
tively demonstrate the potential for a brit-
tle-ductile transition, given an adequate
control of the machining parameters. Fig-
ure 14 dramatically illustrates the differ-
ence between a brittle material removal
mechanism and a ductile one. Figure 14(A)
is the sample ground by a conventional
grinder,t whereas Figs. 14(B) and (C) il-
lustrate the same sample ground on the
PEGASUS machine. The parallel lines
on these photomicrographs (particularly
evident in the sample ground on the PEG-
ASUS machine) are grooves from which
the diamond grains have ductilely re-
moved material. The irregularly shaped
areas dominating the conventionally
ground sample are areas of brittle frac-
ture and cracking, as was indicated sche-
matically in Fig. 1. Many of the grinding
parameters were different for the two sys-
tems. The infeed for the conventional
grinder was manually actuated, with a
resolution no better than 2.5 um, and ex-
hibits considerable stick/slip in its mo-
tion. Additionally, the conventional grind-
er exhibits >12.5 um of axial runout.
Because of these differences, this test yields
little quantitative information concerning
the effects of individual machine param-
eters. Nevertheless, the motivation for re-

searching ductile-regime grinding is clearly
demonstrated, as is the potential of the
PEGASUS machine to achieve this re-
gime.

An attempt is being made to isolate the
parameters of ductile-regime grinding for
specific materials. The protocol for this
experiment is to keep certain machine
variables and workpiece-material prop-
erties constant, while individually varying
other grinding parameters. The goal is to
identify the effects of these parameters
on the ductility of the grinding process.
The fixed conditions are: contact stiffness,
53x108 N/m; overall depth of cut, 30 um;
wheel grain size, 4 to 8 um, 3.3 carats/
cm’; and infeed mode, constant, comput-
er-feedback-controlled. The variable con-
ditions are: workpiece-material feed rate,
0.25 to 25 nm per revolution; wheel speed,
100 to 5000 rpm; lubricant, oil, water,
ethanol, or none; and wheel bond, resin
or metal.

Despite that these experiments are in-
complete, a range of grinding ductility
was observed when certain machining
conditions were varied. Figure 15 illus-
trates the brittle—ductile transition through
a series of SEM micrographs (5000%).
These micrographs are of fused-silica
samples ground at infeed rates from 37.5
to 1.5 nm per revolution. A significant
improvement in surface quality can be seen
for progressively smaller infeed rates.
Profile measurements along the grinding

Fig. 15. Microground fused-silica surface with infeed rates of (A) 37.5, (B) 7.5, and (C) 1.5 nm per revolution. (bars=10um)
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grooves of these samples yielded a re-
markable difference: the more-ductilely
ground sample has a peak-to-valley
roughness of ~50 nm, whereas a corre-
sponding groove on the less-ductilely
ground sample has a peak-to-valley
roughness of >1 um, a 20:1 difference in
smoothness.

As the experimental grinding research
progresses, the critical influences in duc-
tile-regime grinding of hard materials will
be defined in terms of both grinding pa-
rameters and material properties. Addi-
tionally, the mechanics of the grinding
contact will be investigated, including the
effects of temperature, grain dynamics,
and local stresses at the wheel-workpiece
contact.''"'3 As a first approximation, ap-
propriate extensions of previously report-
ed scratch-and-indentation analyses will
be made.'+'¢ Finally, the analysis re-
search will include an investigation of the
mechanisms involved in both ductile and
brittle material removal in hard mate-
rials.
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