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ASSESSMENT OF THE STATE OF THE ART IN MACHINING AND

SURFACE PREPARATION OF CERAMICS

D. P. Stinton

ABSTRACT

Ceramics are currently being developed for use in high-
temperature engineering systems and must be machined to close
tolerances for these applications. The high cost and poor
reliability of these components has hindered more rapid
commercialization of advanced ceramic materials. Unfortunately,
machining makes a significant contribution to both the high cost
and poor reliability. The contribution is so significant, in
fact, that researchers are developing carefully controlled
processes to utilize "as-fired" components and aveid machining
altogether. Processes that fabricate ceramics to near net shape
are also receiving increased attention because of minimal
postfabrication machining. Therefore, the topic of machining and
surface preparation of advanced ceramic materials was assessed.
Abrasive processes, including the commercially used process of
traditional diamond grinding, are reviewed. Mechanisms of
material removal are described to familiarize the reader with the
surface damage created during machining. The more developmental
nonabrasive techniques are then described. Finally, recommenda-
tions are made for additional areas of research that have
significant potential to reduce the cost and increase the
reliability of ceramics.

INTRODUCTION

In recent years, advanced ceramics and composites have been introduced
into a number of commercial applications. Materials such as silicon
carbide, silicon nitride, whisker-reinforced alumina, and transformation-
toughened zirconia offer numerous potential advantages over conventional
materials because of their unique physical and mechanical properties.
Diverse technological applications of ceramic-based materials such as in

microelectronics, cutting tools, ceramic armor, turbine blades, heat-engine

*Research sponsored by the Office of Energy Utilization Research,
Energy Conversion and Utilization Technologies (ECUT) Program, U.S.
Department of Energy, under contract DE-AC05-840R21400 with Martin Marietta
Energy Systems, Inc.



components, and wear parts have been developed because of the materials’
chemical inertness, outstanding strength and stiffness at elevated tempera-
ture, high strength-to-weight ratio, corrosion resistance, oxidation resis-
tance, wear resistance, and unique electrical properties.

The market for advanced ceramics (electronics, thermistors, gas
sensors, cutting tools, structural ceramics, etc.) was estimated to be
between $2 billion and $2.5 billion in 1980 in the United States and
between $5 billion and $6 billion worldwide.! Applications of high-
technology ceramics in other areas are expected to expand the market six-
to eightfold by the year 2000. Therefore, tremendous commercial interest
has been generated in the fabrication of advanced ceramic components.

Two major impediments to more rapid commercialization of advanced
ceramic products are their current higher cost and variable performance
(reliability).?°* Costs are higher because advanced ceramics are usually
fabricated by processes that require much more accurate control of the
composition, purity, and size of the starting particulates than do conven-
tional processes. Furthermore, the raw materials are quite expensive
because the low-volume production has limited competition (i.e., the
driving force to reduce costs). In additiom, the forming, consolidation,
and heat treatment steps require a level of processing science and
engineering considerably beyond conventional ceramics. Finally, ceramic
components for advanced applications require stringent dimensional
tolerances and fine surface finishes because they must be assembled with
other ceramic and metallic components. Therefore, machining is an
essential step in the fabrication of ceramic cowmponents. Machining of
theoretically dense, fine-grained materials into components by even the
best techniques is very time consuming because of the high hardness of the
ceramics. Machining rates are severely limited because extreme care must
be taken to avoid excessive stresses that result in brittle fracture of the
component. The low rate of material removal (very small depths of cut and
low feed rates) required to avoid excessive stresses, of course, translates
into a very slow process. Even for the gentlest of processes, significant
surface cracks or flaws are created by the machining process. For these
reasons machining of ceramics is very costly and often exceeds 75% of the
final cost of the component.

Design of components from ceramic materials is very difficult because

of the large scatter in the fracture strength from one specimen to another.



Such variability exists in brittle materials because fracture is

statistical in nature and is controlled by the Griffith relationship

of = A(Ey/e)1/2
where
of = fracture stress,
E = elastic modulus,
v = fracture energy,
c = flaw size,

A = constant (geometry).

This relationship indicates that stresses concentrate at flaws (pores,
cracks, inclusions, etc.) in brittle materials and failure is initiated
at the most critical, often the largest, flaw present in the volume of
material tested. Therefore, components that contain large flaws will have
low strengths, whereas components with smaller flaws will be considerably
stronger. The careful control of the starting materials and complex
process controls that are designed to reduce the size of flaws contribute
to the high costs of advanced ceramics.

Design of equipment incorporating ceramic materials is difficult
because the design must accommodate the weakest specimen in the distri-
bution or eliminate the weakest specimens by proof testing. Flaws that
initiate fracture are created either during the production of the material
or during the machining of the material into its final shape. The
variation in strengths is best characterized using a Weibull distribution
(Fig. 1). Plotting lnin[l/(1-F)] (where F = the probability of failure)
versus the ln of the applied stress (typically bend strength) illustrates
the variability in strengths. The slope (m) of this line depicts the
reliability or predicted reliability of the material or component. Low
values (about 5) represent low reliability and high wvalues (about 25)
represent much better reliability. Therefore, the size of the flaws
created during machining clearly affect the final strength and ultimate
usefulness of the component.

Machining processes are, therefore, a major contributor to both the
high cost and variable performance of advanced ceramic components because

surface flaws or cracks are generated during machining. Machining
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Fig. 1. Weibull distribution illustrating the variability in strength
for two composites; composite A (m = 3.7) shows much greater variability
than composite B (m = 16.1).



processes must be improved to develop cost-effective and production-viable
processes. Research in the area of machining of ceramics offers tremendous
potential to reduce costs, improve reliability, and make advanced ceramics
practical for many engineering applications.

The purpose of this report is to conduct a preliminary assessment of
ceramic machining and surface preparation and identify areas needing addi-
tional development. Ceramic components can be machined by processes using
mechanical, chemical, and thermoelectric energy (Fig. 2).% Unfortunately,
the machining of ceramics by any technique is difficult because of the same
properties that make them attractive for advanced applications (high
hardness, high thermal resistance, chemical inertness, poor thermal and
electrical conductivity). Mechanical (abrasive) processes that are widely
accepted as the most economical way to machine ceramics are described
first. Next, the nonabrasive techniques using chemical and thermoelectric
energy are described. Nonabrasive techniques are infrequently used in
current practice but are being improved to increase the material removal
rates, improve the surface finish achievable, and reduce the capital
equipment costs to make the processes commercially attractive. Finally,
this report identifies potential areas for additional research and develop-

ment to advance the science of ceramic machining,
MACHINING PROCESSES
ABRASTVE REMOVAL MECHANTSMS

Ceramic materials can be machined by numerous processes; however,
abrasive removal or diamond grinding is by far the most frequently used.
The mechanisms of material removal during diamond grinding will be
described first to help the reader understand the problems associated with
abrasive processes. Single-point grinding has been studied in great detail
to identify the mechanisms of material removal.® !5 When a groove is
machined at a low speed (less than 1 mm/s) by a single-point diamond,
material displacement occurs by two modes. In the contact region between
the material and the single abrasive point, considerable plastic deforma-
tion (Fig. 3) occurs because of the high stress and the elevated tempera-

tures that are created. The temperature of the machined chips in
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Fig. 3. Drawing illustrating the plastic
deformation that occurs below the contact region
during single-point machining of ceramic materials.

dense Si;N, and Al,0; is estimated to exceed 1200°C. Temperatures at the
abrasive point/substrate interface are slightly less but still very high.

The dominant mechanism of material removal during diamond grinding,
however, is brittle fracture. Careful observation of the brittle fracture
during single-point grinding shows that many chips are removed in front of
the point by brittle fracture. Surprisingly, a substantial number of chips
are also removed behind the abrasive point. These chips result from the
tensile stresses generated during the relaxation of the high compressive
stresses in the plastically deformed regions in the wake of the cutting
peint. Both transgranular and intragranular fracture occur as these chips
separate from the workpiece. In Fig. 4 note the plastic deformation that
occurs within the machined groove and the brittle fracture that occurs
along the groove. Similar behavior occurs with multiple-point abrasive
material removal during grinding and cutting operations.

Abrasive wheels for the machining of advanced ceramics are fabricated
with resin, metal, or vitrified or electroplated bonds depending on the

specific application.®:1%:17 Congiderable research is currently ongoing at
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Fig. 4. SEM photograph showing both the plastic
deformation and brittle fracture that occurs during
machining of aluminum oxide.

many locations to optimize the bond type, diamond type, diamond size, and
concentration for rapid material removal with a minimum of surface damage.
Coolant/lubricants are required when using abrasive wheels to cool both the
wheel and the workpiece. Resin-bonded wheels are somewhat resilient and
absorb some of the vibration present in the grinding zone. Metal forms a
very strong bond with the abrasive and thereby extends the life of the
wheel because it retains its shape hetter than resin bonds. Vitrified
bonded wheels are wmore porous than resin or metal wheels and entrain more
coolant/lubricant within the grinding wheel. Electroplated products have a
thin layer of diamond particles bonded to a steel preform but are infre-
quently used for ceramics. Contact of the coolant/lubricant solutions with
the ceramics at high temperatures creates the possibility of interaction.
Such chemical effects have received little attention to date.

Climb or down grinding (Fig. 5) is the best way to machine ceramics
without causing large catastrophic fractures. The workpiece is moved in

the same direction as the rotating wheel so that the ground material is in
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Fig. 5. Drawing illustrating climb or
down grinding. Note that wheel rotation
creates compressive stresses in the workpiece.

compression. For hard ceramics, the vertical grinding force is consid-
erably greater than the horizontal grinding force. Diamond wheels appear
to remove material by plastic deformation and by brittle fracture just like
single point diamonds. Grinding results in considerable heat generated at
the diamond/workpiece interface. Use of coolant/lubricants during machin-
ing normally reduces the grinding forces and the resulting temperature of
the chip considerably.

Normal machining operations create considerable damage in the form of
surface cracks in the ceramics.18724 A vertical crack originates directly
below the plastically deformed region, as shown in Fig. 6. This crack,
referred to as a median crack, runs parallel to the machining groove and
perpendicular to the surface. The severity of median cracks are a function
of both the applied load and the speed of the scratch. A second type of
crack of somewhat less significance than median cracks is located parallel
to the surface and extends away from the plastic zone (Fig. 6). These
cracks, referred to as lateral cracks, initiate because of tensile stresses
generated at the interface of the elastically deformed region and the

plastically deformed region. Because lateral cracks are parallel to the
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Fig. 6. Drawing showing median, lateral, and
radial cracks that result from machining.

surface, they frequently curve toward the surface, resulting in chips that
spall (fracture present in Fig. 4). As described previously, these spalled
chips account for a significant fraction of the material removed by
machining. The final type of cracks, referred to as radial cracks, are
initiated at numerous points along the length of the grinding groove
(Fig. 6). Radial cracks run perpendicular to the length of the grinding
groove and are perpendicular to the sample surface. It is believed that
they result from high tensile stresses that exist at the trailing edge of
the point contact.

The damage caused by machining operations may significantly affect the
strength of the ceramic, depending on its microstructure,28732 Very dense
fine-grained ceramics require high grinding forces and long times to

machine. The strengths of these types of ceramics, which are normally
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quite high, degrade considerably during machining because the flaws created
by machining are often larger than preexisting processing flaws in the
material.?3:%4 Coarse-grained material with uniformly distributed porosity
is much less susceptable to strength degradation due to machining because
the size of the flaws created by machining are comparable to or smaller
than existing flaws in the material. Composite materials toughened by the
addition of dispersed phases, whiskers, or continuous fibers are also less
susceptible to strength degradation by machining than dense fime-grained
ceramics. The mechanisms that toughen the composites also act to reduce
the severity of the cracks caused by machining.

The orientaticn of the grinding operation also has a significant
effect on strength.25729,32 Ag described previously, the strength of the
ceramic is controlled by the size of the flaws within the tensile portion
of a test specimen. Stress concentrates at the tips of cracks that are
oriented perpendicular to the stress axis. Therefore, stresses concentrate
at radial cracks for specimens ground in a longitudinal direction (parallel
to the length of a flexure bar). For specimens ground in a transverse
direction (perpendicular to the length of a flexure bar), stress concen-
trates at median cracks. Because median cracks are much more severe,
transverse grinding will result in significantly more strength reduction
than longitudinal grinding. As will be described later, postmachining
treatments that could repair or reduce surface damage would be of signifi-
cant benefit and are being investigated.

Now that the mechanisms for material removal have been defined, the
specific techniques for machining of ceramics will be described. During
the discussion of each technique, it 1is useful to visualize the extent of

the damage that is created at the machined surface.

ABRASIVE TECHNIQUES

Traditional Abrasive Machining

Machining of ceramics with abrasive wheels requires precision machines
very different from those designed for machining conventional construction
materials of this century, such as steels, nonferrous metals, and various
plastics.22:35 Machines for grinding ceramics must be exceptionally stiff

so that infeeding the tool results in increaged chip removal and not
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flexure of the machine. Submicrometer tolerances required for many
advanced ceramics would also be impossible to achieve with conventional
lathes because the high normal forces that result when machining hard
ceramics cause severe vibration and tool fixture deflection.

Requirements of machine tools for advanced ceramics include
submicrometer control of the tool infeed with respect to the workpiece.
These machines must accommodate thermal drift, vibrations, and spindle
runout and have a high degree of static and dynamic stiffness resulting
from specially designed spindles, bearings, and work support structure.
Grinding wheels must be carefully balanced to avoid vibration resulting
from wheel rotation.®:%¢ 1In addition, abrasive wheels must be precisely
trued for accurate geometric shape of the wheel face and properly dressed
to expose the abrasive grit for efficient grinding.16:17,37,38 Finally,
the abrasive nature of the machined chips requires a sophisticated system
to remove the chips from the recirculating coolant.

Traditional abrasive machining consists of a sequence of grinding
steps of decreasing severity to remove material from the workpiece.39 44
First, a rough grinding step (high normal force) forms the material into
the shape of interest but leaves the surface severely damaged. Coarse
diamond wheels (100 to 150 pm diam abrasive) are used to remove material at
about 25 pm/pass during rough grinding.*® The resulting cracks often
extend 100 pm into the workpiece. Greater downfeed rates are impractical
because the machine stalls when the infeed rate exceeds the material
remcval rate or the depth of damage created becomes so great that it could
not be removed by subsequent steps.37,%4€ Finish grinding with fine
abrasives (325 pm diam abrasive) is then performed to obtain smooth
surfaces with the desired tolerances. The subsurface damage created by
finish machining (about 10 pm) is considerably less than the damage
produced by coarse abrasive wheels. Lapping or polishing of the part is
finally performed to obtain the desired surface finish and minimize the
subsurface damage (3 to 5 um). Each step of an optimized machining
operation is designed to rapidly remove the damage introduced by the
previous step. A mnormal machining operation consists of from three to
five steps. Unfortunately, abrasive machining techniques are empirically
determined and highly dependent on the operator.%7:48% Very fine surface

finishes are often difficult to obtain because of pullout of individual
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grains during polishing or lapping. Pullout of grains occurs in ceramics
because of their brittle nature and the different cohesive strengths of
grain boundary regions as compared to the grains themselves.

Complex shapes such as threads or curves are normally machined using
carefully contoured diamond wheels. An almost limitless number of con-
toured wheels for special shapes are available from the manufacturers of

abrasive wheels.

Abrasive-Jet Machining

Several types of erosive techniques have been used for cutting or
drilling of hard materials that use a directed stream of abrasive particles
at high velocity.®:10:49 Specially designed abrasive-jet nozzles combine
compressed gases (0.55 to 0.69 MPa) with SiC or Al,0, abrasive particles
(25 to 50 pm diam) and transfer the momentum of the compressed gas to the
abrasive particles. Very fine nozzle orifices are able to collimate the
abrasive particles into a stream about 125 to 250 pm in diameter for
cutting or drilling. Cutting rates are controlled by the abrasive
parameters (size and hardness), standoff distance, and abrasive feed rate
(up to 10 g/min). Because the abrasive particles are well collimated near
the orifice, precise cuts or holes are produced only at minimum standoff

distances (Fig. 7).
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Fig. 7. Schematic of abrasive-jet machining process.
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The primary advantages of abrasive-jet machining include no degra-
dation of the cutting tool; mno thermal stresses generated; and, because of
the low forces gemnerated, very little damage to the material surface.
Therefore, applications of this technique include the cutting of thin (to
minimize the standoff distance), very fragile, or heat sensitive materials
where other techniques failed because of extensive thermal shock damage.
The primary disadvantage of this technique is the lack of close tolerance
at higher standoff distances (nonuniform surface), which prevents its use
in applications other than cutting or drilling of small thicknesses. A
second disadvantage is nozzle erosion because that affects the tolerances

that can be obtained and the economics of the process.

Abrasive Waterjet Machining

A variation of abrasive-jet machining substitutes a high pressure
waterjet for the stream of compressed gases.5,10,80°83 yarer is
pressurized to 175 to 380 MPa and combined in a special nozzle with
abrasive particles. The collimated particles exit the nozzle at high
velocity and remove material from the workpiece by erosion and shearing
action. The cutting rates are controlled by the abrasive feed rates,
standoff distance, waterjet pressure, and abrasive parameters (size and
hardness). Advantages of this techmique are the same as abrasive-jet
machining (no degradation of the cutting tool, no thermal stresses
generated, and low forces generated in the workpiece). The technique is
limited to cutting thin sheets or drilling very shallow holes because the
abrasives fan out as the standoff distance increases, which results in
rather rough surfaces. Because of this limitation, abrasive-jet machining
and abrasive waterjet machining are rarely used for the fabrication of

ceramic components.

Ultrasonic Abrasive Machining

Ultrasonic abrasive machining is a more widely used technique for the
fabrication of ceramic components because of the increased machining rates
and improved surface finishes.5%4:8% The cutting tool is ultrasonically
vibrated up and down (no rotary action) while a slurry of abrasive
particles (normally boron carbide, silicon carbide, or alumina) is pumped
between the tool and the workpiece (Fig. 8). The abrasive particles are

accelerated thousands of times per second against the workpiece by the
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ultrasonic vibration. Therefore, machining occurs within regions where the
workpiece and tool are in close proximity. The abrasive particles erode
the material, and the workpiece takes on the exact form of the tool.
Cutting tools are fairly inexpensive because they are made of soft
materials like brass or bronze that, because of their ductility, are not
cut by the abrasive. Very hard tools are unacceptable because they would
fracture the abrasive particles on impact. As abrasive particles become
impregnated into the soft material, the efficiency of the cutting tool
increases. Because no pressure is directly applied from the tool te the
workpiece, the grinding force rarely exceeds 0.1 MPa. The low force and
cool abrasive slurry prevent significant thermal and mechanical stresses
from building up in the material. Ultrasonic abrasive machining is ideally
suited for drilling irregularly shaped holes or cavities because the tool
can be fabricated to the exact shape of the cavity. This technique
produces minimal tool wear and very tight tolerances and smooth surfaces.
The gentle grinding forces that are used result in very little strength-

limiting damage to the surface of the workpiece.
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Rotary Ultrasonic Machining

Ultrasonic vibration is also being used in another machining
technique. In this technique, a rotating diamond tool is ultrasonically
vibrated at about 20 kHz during machining (Fig. 9).5%:56:57 The numerous
advantages of this technique include much faster machining rates, superior
surface finishes, and very light tool pressures. Ultrasonic vibration of
the coolant provides benefits such as a cleaning action of the tool to
eliminate binding and loading of the diamond matrix. The low pressures
used minimize chipping and damage to the surfaces being machined and make
it possible to drill very straight deep holes and adjacent holes or grooves
with very thin dividing walls. Sonically drilled holes are perfectly round
and very smooth because of the rotary action of the tool. Rotary ultra-
sonic machining can be used to drill holes with diameters varying from
250 pm to 0.04 m. Drill bits for holes from 250 um to about 900 um are

normally solid wires, whereas the larger holes are made with a core drill.
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Cooling water is forced through the center of the core drill to prevent
core jamming. The low pressures and clean cuts produced by this technique
are ideal for ceramic composites because the gentle action prevents
delamination of the fibers and the matrix. The length-to-diameter ratio of
holes drilled by this technique can be very high (300:1) compared to other

techniques,

Mechano-Chemical Machining

Mechano-chemical machining is a very gentle abrasive technique used
primarily in the electronics field to polish or lap a workpiece.?8760 A
soft abrasive material that normally would not scratch or damage the
workpiece is used to polish a much harder, brittle material. However, in
mechano-chemical polishing the abrasive material is carefully selected to
react with the workpiece and form a reaction product on surface asperities
of the workpiece (Fig. 10). The very thin reaction product (100 A) is then
abraded because it is poorly bonded to the workpiece or possesses a reduced
hardness. Materials polished by this mechano-chemical technique include
sapphire by 8i0,; silicon nitride by Fe;0;; S§iC by SrCO; or Mg0; and B,C by
SrC0;, NiO, Fe,0;, or Si0,. The polishing rate can be increased by
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polishing dry to generate higher temperatures. However, increased normal
forces are usually preferred to increase the temperature because the

amounts of edge chipping and cracking are reduced.

NONABRASIVE TECHNIQUES

Chemical Machining

Chemical machining is a technique to very gently remove or dissolve
material frowm the surface of a glass or ceramic.%,10,61,82 A chemical
reagent is selected (HF for silicate glasses or molten Na,B,0, for Al,0;)
that will dissolve the workpiece in a controlled and uniform manner. Masks
are used to protect areas from the reagent, and dissolution occurs in
unmasked regions. The technique is limited to very thin specimens because
the reaction undercuts the mask. Chemical milling of glass specimens under
appropriate conditions removes surface flaws and improves the surface
finish and strength of the specimen. Chemical wmilling is rarely used for
ceramics because reagents that uniformly dissolve polycrystalline ceramics

at low temperatures are not available.

Electron Beam Machining

Electron beam machining is a thermal process that removes material by
melting and vaporization.!0:63,64 Material is heated by focusing a beam of
electrons (energy density of 105 to 106 W/mm?) on the point of interest
(Fig. 11). Advantages of this process include the small size of the
electron beam and the speed and ease with which the beam can be positioned
(electrical control of magnetic fields). The process is ideal for drilling
small, deep holes in very hard materials because the hardness has no effect
on material removal rates. Careful control of the electron beam allows the
drilling of cylindrical holes, holes with tapered walls, or holes at any
angle to the workpiece. Because electron beam machining is a thermal
process, microcracks and highly stressed regions are created in the
thermally affected region. Samples machined by this technique will
experience significant strength reduction because of the damage to the

surface.
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Fig. 11. Schematic of the electron beam
machining process.

Electrical Discharpe Machining

During electrical discharge machining, an electric arc between an
electrode (cutting tool) and workpiece generates very high temperatures
that melt or vaporize material in close proximity to the arc.5:10,65,66
This process is controlled so that many small arcs are produced across a
dielectric fluid between a workpiece and the tooling (Fig. 12). Machining
continues until the workpiece takes the form of the three-dimensional
reverse image of the tool. Cutting tools are very inexpensive because they
are made of soft conductive materials like graphite. Only electrically
conductive materials like certain carbides, silicides, borides, and
nitrides can be machined by this technique. No mechanical loads are used
in this process; however, the surface of the material is degraded con-
siderably by residual stresses and microcracks that result from the

resolidification of melted material. The damage in the thermally
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Fig. 12. Schematic of electrical discharge machining process.

affected zone is responsible for severe strength reduction that often
exceeds 50%. A second disadvantage is the rather low rate of material
removal. Electrical discharge machining is routinely used for metals and
for the few electrically conductive ceramics as well as for ceramic
composites containing an electrically conductive phase. In fact, ceramic
composites are now being designed to contain electrically conductive phases

to use electrical discharge machining to fabricate components.

Laser Beam Machining

Laser machining is a third process that uses thermal energy to remove
material by melting or vaporization.®7°7%5 ILaser energy is focused on a
workpiece to melt or evaporate material at the focal point. High-pressure
gas jets blow the melted material away from the groove or hole being
machined (Fig. 13). Two types of lasers (CO, or Nd-YAG) are routinely used
for machining because of their high power levels. Advantages of laser
machining include the elimination of tool wear because it is a noncontact
method, Because lasers create no cutting forces, machine tool deflections,
fixturing, vibrations, and stiffness requirements are not a problem. Laser
machining has the capability to drill, cut, thread, or groove a wide range

of materials because the hardness has no effect on machining rates.



21

ORNL-DWG 87-145686

LASER MIRROR

COLLIMATED
FOCUSING LASER BEAM

LENS

HIGH PRESSURE

CUTTING DIRECTION
—

/%, # 7 a~MOLTEN
2.  MATERIAL

CERAMIC WORKPIECE

Fig. 13. Schematic of laser beam machining process.

However, laser machining is an inefficient technique because a large amount
of energy is required to remove a specific volume of material. Positioning
of the laser beam is slower and less precise than ion beams or electron
beams because it requires a mechanical process to align the mirrors.
Thermal stresses generated are small because the laser heats only a small
volume of material; however, thermally affected regions are still created.
Therefore, mechanical strengths of laser-machined specimens would be
expected to be somewhat lower than abrasively machined specimens. It has
been observed, however, that the Weibull modulus of abrasively machined
Si;N, specimens increased after laser machining, although strength

decreased.®

Ion Beam Machining

Ion beam machining produces the least amount of damage to the

workpiece of all the techniques described because material is removed one
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atom at a time.® 77781 FEnergy from an incident beam of ions is transferred
to surface atoms that are ejected from the surface (Fig. 14). Movement of
the ion beam is rapid and quite simple because electrical control of a
magnetic field moves the beam from one location to another. Unfortunately,
ion beam machining is also the slowest of all the techniques described.
However, the strength of specimens machined by this technique will normally
be greater than a specimen machined by an abrasive technique. Because

there is minimal surface damage, the strength of the material is then
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Fig. 14. Schematic of the ion beam machining process.
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controlled by processing defects like large pores or inclusions. Ion beam
machining is often used for producing semiconductor devices and the preci-
sion polishing of optical components (lemses). Ion beam processes are
ideal because they produce a surface free of residual stresses with a depth

tolerance of 1 nm.
DISCUSSION

Review of the literature identified at least eleven different
techniques for the machining of ceramics. Unfortunately, it is not clear
from the review which of these techniques are most economical for a
specific material and are used commercially. Therefore, manufacturers of
ceramic components and machining specialists such as Norton, Norton/TRW,
Sohio, Coors, GTE, Ceramatec, Cummins Engine Company, Ellis Ceramtek,
Insaco Inc., and many others were contacted to determine which techniques
were used in the production of their products. Their unanimous response
was that diamond machining was the only technique of significant commercial
interest. However, they felt that current machining processes must be
improved before ceramics could become a cost-effective alternative to
existing materials.

Programs are under way or being planned at these companies to increase
material removal rates, reduce the surface damage, and therefore reduce the
cost of processes used for diamond machining of ceramics. Researchers at
Norton Company are attempting to obtain a better understanding of the
grinding process so that the surface damage and residual stresses could be
minimized.®? 1In addition, programs are under way at many locations to
determine an abrasive size, matrix material, and abrasive concentration for
increased grinding rates that also reduce the damage created at the surface
of the ceramic.®2°8% There is also considerable interest in identifying
potential postmachining treatments that could be used to repair or heal the
surface damage created during machining.®?’ Treatments such as annealing,
oxidation, laser glazing, or etching are being investigated. There is also
renewed interest in the machining of ceramics by electrical discharge
machining.®® Numerous composites are being developed that contain an
electrically conductive phase that allows them to be machined by electrical

discharge machining. This technique offers the potential of greatly
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increased machining rates and, with further development, could increase
the reliability of machined ceramics.®8 Potential reactions at elevated
temperatures between diamond tools and ceramic substrates, particularly Si(
and SijN,, are suspected by various researchers. An investigation of
special lubricants to prevent or reduce reaction was also of limited
interest 89,90

Further investigation of the alternative techniques revealed a better
understanding of the limitations of each of the techniques. Abrasive-jet
machining and abrasive waterjet machining can be used for cutting or drill-
ing very thin, thermally sensitive materials. However, these techniques
cannot be used for the machining of flat or contoured surfaces because
close tolerances cannot be maintained. Ultrasonic abrasive machining
and rotary ultrasonic machining offer significant potential because of
increased machining rates and reduced grinding stresses (surface damage).
Unfortunately, the techniques are only occasionally used for drilling deep
holes or for special applications because commercial equipment is just
currently being marketed,

Mechano-chemical machining is rarely used outside the electronics
industry because the material removal rates are slow and because soft
abrasives that react with certain advanced ceramics have not been
identified. Chemical machining is rarely used for the machining of
advanced ceramics because of inadequate tolerances and because reagents
that uniformly dissolve advanced ceramics at low temperatures are not
available, Electron beam and ion beam processes are not of commercial
interest because the material removal rates are very low and machining
complicated shapes has not been demonstrated. Electrical discharge
machining is a commercial process but only applicable to conductive
materials and, therefore, not to advanced ceramics such as SiC, SizN,,
and whisker-toughened Al,0;.

For the previously described reasons and the lack of experience with
recently developed techniques, commercial machining of advanced ceramics is
performed by diamond machining. Unfortunately, current diamond-machining
practices contribute to the high cost and poor reliability of ceramics.
These processes must be improved to reduce the costs and eliminate much of
the surface damage created by machining. Ceramics manufacturers are

funding research in the area of diamond machining; however, additional
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research in the area of diamond machining as well as other techniques may
offer tremendous potential for reducing costs, improving reliability, and

making advanced ceramics practical for many engineering applications.

RECOMMENDED FUTURE WORK

The following research areas are suggested for future research and
development to advance the science of ceramic machining and surface
finishing.

1. A systematic study of various postmachining treatments on a wide
variety of materials could potentially identify a treatment or treatments
that could repair or heal the surface damage created during machining.
This damage is extremely important because it is responsible for the
drastic strength reduction that is experienced after machining advanced
fine-grained ceramics. Treatments such as annealing, oxidation, laser
glazing, etching, ion implantation, controlled corrosion, and wvarious
others should be investigated.

2. Normally, ceramics cannot be machined by electrical discharge
machining because they are nonconductive. However, many composites are
being developed today that incorporate sufficient quantities of conductive
phases (TiC, TiN, etc.) to make them conductive and, therefore, machinable
by electrical discharge machining. Traditional electrical discharge
machining processes cause surface pitting and corrosion, which results in
residual stresses and severe strength reduction. Equipment used for
electrical discharge machining processes should be redesigned to optimize
the process for ceramics (minimize the resulting surface damage). If the
thousands of existing electrical discharge machining machines could be
retrefitted with improved components, machining of conductive ceramics
could be significantly improved in a short time.

3. A study to identify ways that industry could better utilize
advanced machining techniques, particularly ultrasonic methods, should be
initiated. Ultrasonics offers the advantage of reduced normal grinding
force and increased grinding rates and, therefore, has the potential to

reduce the damage caused during machining.
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4. A basic study to investigate interactions between the diamond
tools and the ceramic workpieces, particularly silicon carbide and silicon
nitride, could identify mechanisms causing rapid tool wear. The elevated
temperature resulting from grinding operations accelerates reactions that
cause wear of the diamond tools. Special lubricants might be developed
that could prevent unwanted reactions and significantly increase the life
of the diamond wheels.

5. A systematic study of techniques to machine ceramics in the
unfired state could be beneficial. Green ceramics should be easier to
machine because of their reduced hardness. Unfortunately, the abrasive
nature of the particulates causes significant wear to nondiamond tools and
soft green ceramics are frequently damaged by the mechanical equipment used
to hold the part during machining.

6. A study to determine the effect of laser machining on the
mechanical properties of ceramics is needed. It has been reported that
laser machining causes some strength degradation but, more importantly,
increases the reliability of ceramics,

7. Development of processes that fabricate ceramics to near net shape
should be supported because the amount of diamond machining is thus

minimized.
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