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1. INTRODUCTION
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structural ceramics continue to increase as the

worldwide advanced ceramic industry surpasses $20
billion in sales [1]. Included in this industry are
engineering structural ceramics, electronic ceramics,
bioceramics and others. These materials are used in
applications such as engine components casting and
extrusion dies, oeanngs medical implants, nozzles,
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of ceramic armmlicatione comes a hroad ranoce of
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precision requirements, which in turn leads to various
required processes to accommodate a spectrum of
specifications. A process for grinding ceramic
components to micrometer tolerances was employed
and further developed at Lawrence Livermore
National Laboratory for iwo separate grinding

pr cht.tS.

The grinding methodology was developed for a
variety of ceramic grinding processes including
creep-feed and cylindrical grinding. Figure 1 shows a
schematic with the major componcnts of the grinding

machine used to creep-feed grind flat ceramic
An ingitn EDM sotating aranhits
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electrode is used to profile metal bond grinding

are mounted on air-bearing spindles [2]. The rotating
electrode has separate truing surfaces, for coarse and
fine profiling. In turn, the profile that is imparted
onto the grinding wheel may have muitipie compiex

features for coarse siock removal and finish aetamng

2.1 Cree

One application which greatly benefits from adoption
of this methodology is creep-feed grinding of
precision grooves in flat BeO substrates. Figure 2
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Fig. 1. Creep-feed grinding process schematic with in-
situa EDM wheel profiling,
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is necessary to maintain surface roughness and sub
surface damage below levels that significantly
affect the material properties and component
performance [3].
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dynamometer, The machine tool is tenmerature
controlled to £ 0.5 C and air-bearing spindles
support and drive the grinding wheel and graphite
electrode.
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Fig. 2. 4cmx 1 cm x 0.2 cm BeQ substrate

This work was performed under the auspices of the U.S. Department of Energy
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continuously clean the wheel surface. Figure 3(b)
shows the graphite electrode about to profile the

metal bond, grinding wheel. For this particular
process, a CBN grinding wheel, mounted on the same
spindie as the diamond grinding wheel, is used to
profile the graphite electrode. Table 1 provides
typicai process parameters for the creep-feed

grinding.

Profiled
Grinding
Wheel

Fig. 3(a). .Crccp-feed grinding of BeO

Electrode Profiling.

Table 1. Creep-feed process parameters.

Parameter Description

Grinding wheei SDI000, NIOOM, 18cm @
Workpiece BeQ

EDM electrode Poco Graphite (1 ym grain size)
Wheel speed 105 m/sec

Feed rate 7.5 cm/min

2.2 Cylindrical Grinding

Another this process
methodology is cylindrical grinding of structural
ceramic engine components. These multi-featured
components have typical tolerances down to a
micrometer. Figure 4 shows a photograph of one of
the zirconia components.

application that utilizes thi
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The process procedure is similar to that for creep-
feed gnndmg except that the workpiece is rotated in

a1

a spindle mounted collet, instead of mounted on a
traversing table. In this case, in-situ profiling of the
EDM electrode is performed ucing a single-point
tool mounted on the machine. The profiled

electrode is used to EDM profile the grinding
wheel.

Figure 5 shows a photograph of the grinding

machine and shown are the grmumg wheel splndle
and  tha  ssraelea .......A &

- e o al .
ana tne wunnyn;pc spindle that rotates the
workpiece and the EDM electrode. Also shown are

the ceramic workpiece and the single point tool
used to profile the ¢lectrode, Table 2 presents the
nominal process parameters used in this particular
application.

Fig. 5. Cylindrical grinding machine tool.

Table 2. Nominal process parameters for cylindrical
grinding using EDM profiled grinding wheels

[Process Parameter Description
Grinding wheel 15-25 yum, cast iron bond, 30 em 3
Waorkpiece AlQ SiN and AlLZr0)

T a7 MR T SRR SRS,
EDM electrode Poco Graphite (I tm grain size)
‘Wheel speed 25 mfsec
Workpiece speed 150 rpm




3. PROCESS ANALYSIS
3.1 Grinding Wheel Wear

Understanding and controlling wheel wear is an
essential factor in determining both the level of
achievable precision and the economics of the

crnndlncr process [ M.'I To facilitate thie nndarctanding
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an instantaneous mndmg ratio (volumetric material
removed/volumetric wheel wear) test procedure was
developed to examine the changes in grinding ratio
over time. To circumvent the problem of directly
measuring small changes in wheel dimensions,

measurements of witness grinds were used.

Figure 6 shows a schematic of the instantaneous
grinding ratio method using cylindrical grinding, A
workpiece is rotated in a spindle and a grinding wheel
grinds with only half of the available bond surface,
leaving the unused portion intact. Shallow witness
grinds, with both the ‘unused’ and the worn portions
of the wheel, are performed on available workpiece
areas afier each successive grind. This produces a
measurable artifact for step height differences

between the worn and unused wheel surfaces.

Figure 7 shows an image of a typical ground
workpiece from such a test. On the left are shown the
grinding steps and on the right is one of the witness
grinds used to measure wheel wear. Figure 8 is a plot
of data obtained for a particular grinding wheel for
different workpiece materials.

Investigation of the presence of residual damage,
including sub-surface damage ($SD) [5]. and its
effect on workpiece material properties is being
investigated. Transmission electron microscopy
(TEM) analysis was used to examine the SSD. Figure

0oL

5 shows a typical TEM of a BeO surface using

" Cylindrical Workpieca

Fig. 7. A typlcal workpleéc g"round dunng-an
instantaneous grinding ratio test.

Grinding Ratlo

Material Removed (cm*3)

Fig. 8. Instantaneous grinding ratio data for vanous
materials, Wheel: 15-25 pm, cast iron bond.

grinding conditions shown in Table 1 and a wheel
traverse speed of 5.1 cm/min. This workpiece
showed a significant number of cracks between and

through grains to depths of 10 pm or more. A

sample crmmd at 0.7 cm/min sho

weod sccantially no
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cracks, but had a larger number of dislocations near
the surface. We surmise that the more catastrophic
damage of cracks may significantly affect the

thermal and mechanical properties of the
component.
round Surface
Cracks
Fig. 9. TEM image of a ground BeO surface with wheel
traverse sneed of 5.1cm/mi

Another type of grinding test was conducted to
investigate the effect of residual damage on the
modulus of rupture (MOR) values of zirconia-

alumina (ZrO,-Al,0,) bars. Three groups of bars
were machined, then tesied in a 4-point fiexure [6].
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The first group was loose abrasive polished (0.5
llm diamond), lhe second was eround with 2 25 um

was ground w1th a 100 um dlamond abraswe.
bronze bond wheel. Figure 10 shows a plot of the



MOR values for the three cases and indicates that the
polished and the fine ground parts had statistically
similar MOR values, while the coarse ground paris
xhibited a reduction of MOR by a
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Fig. 10. MOR values as a function of grit size. ZrQ -AlQ
s b el
MOR bars
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operator set-up and tear-down times over multiple-
machine procedures. Using a single machine tool
reduces capital equipment expense and decreases
required floor space. However, one of the largest
economic incentives of such a proceaure is that
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machine can cionificantly imnrove part aconracv
machine cal igntficantly 1mprove part accuracy

leading to 1mDroved vield. Equally important is the
versatility to generate complex profiles in grinding
wheels, which can reduce the number of passes
required to grind a given component.
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Control of wheel wear is essentiai to controili
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grinding, with a g ratio
value as the result. The instantancous grmdmg ratio
tests discussed here allow the user to capture wheel
wear information throughout the life of the wheel.
The data shown in Figure 8 all show a sharp increase
in gnnamg ratio aIter the nrst few grinding steps.
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during EDM .
the bulk bond mamx To mamtam dlmensmnal
accuracy, the user must be aware of how the wheel
wears over time and optimize the wheel profile and
EDM parameters to account for the recast layer.

Fantowe ~f
AVILSI Uy a laviul Ul

The residual SSD imparted in the ceramic
workpiece is often as important to the customer as
lS compuance with geometric specmcauons As

In one test, we
noted a 3 times decrease in modulus of rupture
values for coarse ground parts over polished or fine
ground parts. This has significant implications
regarding component reliability and time between
failures. Furmer research will continue at LLNL to
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A generalized precision grinding process is under
development at Lawrence Livermore National
L.aboratory to use EDM profiled, metai-bond,
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grinding of 0.5 mm w1de grooves in BeO subslratcs
and cylindrical grinding of wvarious ceramic
components with micrometer tolerances. Resultant
sub-surface damage and grinding ratios were
investigaled to optimize grinding conditions for
fnaxxmum lelG and wheel life.
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