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Abstract

This paper presents an experimental study of the turning of a ceramic material - aluminum oxide (A}O;). Emphasis is given o gain a
comprehensive understanding of the cutting mechanism. This study explores the wtilization of cutling fluids with chemical additives o develop
a novel machining process. The machining tests were performed on a CNC lathe. Polycrystalline diamond compact tools were used. Fhe
cutting force during machining was measured using an instrumented tool holder as a dynamometer. The surface finish was inspected using a
profilometer. SEM iechnique was used to study the mechanism of the surface formation in microscale. Results from this experimentul study
provides rich information on the cutting mechanisms during ceramics machining and the chemo-mechanical effects on the machining

efficiency.

1. Introduction

The need for high-strength materials at high lemperature
applications has led to the development of advanced ceramics. Today
industrics, such as aircrafl, automotive, and micro-electronics, arc
tinding increasing applications for ccramic materials. Machining of
ceramics has been a rapidly growing ficld. However, ceramic
materials are hard to be machined. Although most of ceramic parts are
manufactured 1o near net shape size by pressing and sinlering
processes, precision machining is now required to achicve a high
degree of the geometrical accuracy of ceramic parts after the pressing
and sintering processes.

The traditional technology 10 machine ceramics is grinding.
By means of making very small chips produced by the cutting edges
of abrasive particles, the grinding process removes ceramic material
with a low productivity. With the ever increasing number of ceramic
materials in the market place, there is a pressing need to improve
traditional methods to machine ceramic materials for cost reduction
and gquality assurance in order to achieve the {ull potential of ceramics.
As reported in [1], a "laser lathe” was developed in MIT where the
dual beam principle was applied to remove ceramic materials in liquid
form. However, the surface damage and sub-surface damage induced
during machining arc issucs remaining unsolved. In abrasive jet
machining, the high pressure abrasives wash and picrce ceramic
materials away [2]. But, the availability of new equipment and
economic factors have limited its wide use on the shop floor. With the
availability of making abrasive grain consistently to high levels of
performance and accurate size, the grinding process has maintained its
popularity in a world of machining operations. Grinding wheels made
of hard structural ceramic materials such as SisN,, SiC and alumina
(hot pressed silicon nitride ceramics) are capable of achieving high
quality of microfinishing. It was reported that the roughness average
value (R,) of the surface ground by wheels of #140-200 mesh size
diamond abrasive was about 0.1to 2 um [3]. However, little work
has been conducted in the study to gain a comprehensive
understanding of the cuiting mechanism during the machining of
ceramic materials. Lack of such knowledge has slowed down the
development of new and innovative machining processes that may
revolutionize the machining technology ol advanced ceramic materials.

The work presented in this paper ts an experimental study of
the cutting mechanism during the machining of ceramics. The
experimental work is based on a single-point turning process, a
fundamental clement of machining operations. In this study, the
workpicee material used was aluminum oxide (Al,O4). The culting
tools used were polycrystalline digmond compuct twols. Method of a
two-level experimentation design was employed to study the chfeets of
machining paramcters such as feed, depth of cut, and cutting speed on
the machining performance with respeet to surface finish quality.
Special attention was puid to the coltection of evidence which can
support the theories assumed to be the cutting mechanisms in the
material removing process. To apply these findings, or more
importantly, to develop new and innovative machining methods based
on these findings, chemical-assisted machining processes were
explored to achieve a better machining performance. The paper is
organized as follows. Scction 2 of this paper describes the
experimental procedures. The experimental evidence and results are
reported in Scetion 3. Scction 4 presents the study of cutling
mechanism with emphasis on the tribological interactions in machining
aluminum oxide (Al,(4) when selected chemicals were added o the
applicd cutting {luid. Scction S contains concluding remarks.

2. Experimental Procedures
2.1 General Description of Experimental Setup

In this study, the ceramic material selected to he machined is
aluminum oxide (Al,O4). The purchased 99.8% AlyOy is a cylindrial
bar with diameter = 19.0 mm and the Iength = 76.2 mm. The material
is noted as a strong, dense reerystallized high-alumina ceramics. In
order 1o machine aluminum oxide (Al;O3), the tool insert material
sclected is polyerystalline diamond compact. Some material propertics
of the ceramics are listed below.  Note that the hardness of
polycrystalline diamond compact is, at least, five times as hard as that
of aluminum oxide material to ensure that the cutting teol will have
sufficient length of tool life to peform the cxperimental study.



aluminum  polyerystalline
property item unit axide diamond compuct
Tiardness kgl’mm2 LTO0-1200 HUO)-9000
Misdulus of Llastivity GPA 45 TI5-1049
Compeessive Strength Mpat 2071 2041
—
Froclme Tonghness MPaY m 44 R

Figures T and 1b show the experimentad sctup, The machine
el used was o ONC Slater Tathe. The sluminum oxide bar was
mounted in the spindle. The cutting ool was fixed on the rotatory ool
post attached to the lathe. Strain gages were attached 1o the tool holder
which convert the strain induced by the cutting foree generated during
machining intw an electrical signal Tor the cutting force measurement,
As illustrated in Fig. b, a pc-based computer data acquisilion was
used for on-line recording the cutting, foree signal.
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Figure | Experimenti) Setup and Jts Schematic Diagram

2.2 Setting of Machining Conditions

In order to mvestgate the culting mechamsm, the faclorial
design, bused on the principle of orthogonal array, was employed.
The three parameters under investigation were feed, depth of cut, and
cutting speed. The following design matrix lists their settings used in
the experimental study.

In order to explore the possihility of using catting ffuids as an
eificient means o achivye satisfactory machining performance, four
types of cutting fluids were used during the study. They arc 2 type of
rradivional mineral oil, an oil-based waler soluble coolant, pure
distilled water, and a mixture of distilled water and a selected chemical
additive. In this experimental study, our finding was that the cutting
fluid with the selected chemical additive performed surprisingly well
regard the machining performance. Therefore, in the paper we present
the experimental results from two types of cutting fluids. These two
types are the cutting Nuid of pure distilled witer and the cutting fluid
with the sclected chemical additive.
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condition af cut rat spuedd insert
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In vrder 1o hlock experimental errors due o the variation
among the ol insert quality, u single toel insert was used W cut 16
tests, 8 tests for the pure distilled water conditions and ¥ tests {or the
chemical added conditions, To get fuir estimales, three tool inserts
were used 1o duplicate the 16 tests, Whenever a new Lov] insert wis
used, the method of tossing a coin was employed W determine which
of the two sets ul B tests should be performed st to randomize the
cffect of ool wear on the machining performance when the
experimental study was in progress.

3. Experimental Results and Evidence

The expernimental study consisted of three phases, L the st
phase, the cutting luree generated during machining at cach of the 8
tests for a give catting {luid was on-line recorded. Figure 2 presents
two cutling Torce signals measwred during machining and mdcaes
that the average value and its standard deviation are caleulsted Trom the
recorded data. Figure 30 and Figure 3b displuy the measured cutting
foree at cach of the 8 tests for the distled water cutting (uid wnd the
cutting fluid with the selected chemical addinve, respectively. A
comparison hetween two curresponding corners reflects the effect of
the selected chemical additive on the magnitudes of the two cutiing
force components measured during machining,
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Figure 2 Cutting Force Signals Recorded during Muchining

In the seeond phase, the machined surfuce of the cerame bar
was examined asing a scanning clectronic microscope. Photeos were
taken o gain a qualitative information on wpography of the machined
surface i micro-scale. Figure 4 displays the appearances ol two
machined surlaces under an identical machining conditions except the
cutting fluid wype.  The picture depected 1o Fig, da show the
topography of the surface formed during the machined with pure
distilied water, and the picture depected in Fig, 4b with the selected
chemical additive, The geometrical shape and sive of the visible marks
and the contrasts hetween the Tightest and darkest parts of’ these pwvo
pictures signify a fact that the surfuce conditions shown in Fig. dh ure



a. Cutting Fluid Type: Distilled Water
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b. Cutting Fluid Type: Distilted Water Plus a Chemical Additive
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Figure 4 SEM Micro Graphs of Two Machined Surfaces



a. Three-Dimensional Surface Topographies
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b. Typical Surface Profiles Taken from Surface Topography

Figure 5 Three-Dimensional Visualization of the Surface Topography

better than those in Fig. 4a, indicating the elfectivencss of using the
sclected chemical additive for improving quality of the machined
surface. To quantify such cffectiveness, the topography of a
machined surface in macro-scale was constructed in a 3-dimensional
space from the measurement on a surface profilometer. Figure Sa
depicts the surface topography of a portion of the machined surface.
To clearly visualize the characteristics of surface roughness, an
enlarged view of the area chosen from the 3-dimensional display is
also presented in Fig. Sa. The three traces shown in Fig. 5bh were
taken from the chosen area, representing the best, median, and worst
traces regarding the roughness characteristics, that are possibly taken
from the sclecled arca.

In the third phase, evidence relevant to the study of machining
mechanism was collected in this experimental study. The evidence
presented in this paper includes the geometrical shape and size of the
chips formed during machining shown in Fig. 6, and characteristics of
the tool wear progress during machining shown in Fig. 7. In Fig. 6,
qualitative and quantitative information is depicted. A comparison
within Fig. 6a or Fig. 6b indicates how the machining parameter feed
influences the chip formation. It is cvident that the larger the feed, the
larger the size of the chips formed during machining. A
corresponding comparison between Fig. 6a and Fig. 6b indicates how
the type of the cutting fluid used during machining influences the chip
formation. The evidence is the chemical added cutting fluid produced
smaller and more uniform sizes of chips. In Fig. 7, the ool wear
phenomena in two different stages arc illustrated. The tool wear
shown in Fig, 7a represents an initial wear stage. The tool wear
shown in Fig. 7b represents a severe tool wear stage.

4. Discussion of Experimental Results
4.1 Interpretation of Cutting Mechanisms

In the machining of aluminum oxide (Al,05), three types of
cutting mechanisms were presented. They are brittle fracture, plastic
flow, and elastic recaovery. The tool, travelling across the workpiece
surface, acts like an indenter to compress the material, thus inducing
the stresses within the cutting zone. The propagation of the induced
stress defines the three cuiting mechanism boundaries. Crushing and

chipping were produced by brittle fracturing.  Therefore, it is
anticipated that the indentation fracture mechanism of material removal
will result in severe surface damage and sub-surface damage.
Consequenily, controlling this cutting mechanism and limiting it
within a certain range is a key issuc for any machining processs. The
results from our experimental study strongly support this asseetion.
By cxamining the profiles shown in Fig. Sb, the height variations
never constitute the outline of the cutting edge geometry such as the
nose radius and never show any tendency of the side and end culting
edge angles. The random pattern of the height variation only explains
the fact that brittle fracture is an cssential mechanism 0 remove the
ceramic material when itis being machined.

Regarding the plastic flow mcchanism, if onc visualizes the
chip removal process, the plastic and clastic boundarics should be
compressed under the tool nose tip as the ol advances. Note that the
part of the ceramic material in the cutting zone is under high loads,
speeds and temperature. The fact that onc of the material removal
mechanisms is in plastic should not be surprised. Results from our
experimental study also support this assertion. By examining Fig. 7a
and Fig. 7b, the wear marks on the rake face reflect the contact length
between the chip and tool insert. The observation of crater wear on
the tool rake face is an alias of the chip plastic flow over the tool rake
face. The existence of such a plastic flow can be further evidenced by
the photo taken on the back of a ceramic chip, as shown in Fig, &,
The smoothness of the chip back surface and signs of plowing wear
on the back surface indicate that the ceramic chip material once was
softened under high cutting temperature when it passes through the
tool cutting point.

Dircet evidence to support the existence of elastic deformution
and recovery mechanism during machining scems hard to find out
because of the cxtreme low clasticity of aluminum oxide (Al;O3).
However, the effectiveness of using a chemical additive with respect
to reducing the friction might imply its existence, One of the
lubricating functions of the chemical additive is to form layered
structure on the tool insert flank surface and workpicce material. The
atoms within the layered structure, separating the two contact surfacus
due (o the elastic recovery mechanism |, shear and slide over each other

- with relative case, and thus pravide low {riction.
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Fipire 6 SEM Micro Graphs of (he Chips Harmed during Machining

Tribologicul loteractions

I this expecimental study, distifled water wis used a5 o
cutting fluid for the purpose of inproving machining performanee. I
fact, water has heen found Lo exhibit significant effvels on the
wibolugical beturvior of alumina (4 | A Tihn-fike substance his heen
found on the surfaces of water Tubricated aluning wear surluces,
suggesting the possibility of ibochemica reaction hetween water and
aluming b the contaet junction. [ has been found that at high
emperature - 2000C) aluminmn oxide hydroxide (hochmite,
ALO(OH)) 1y formed, while at luwer lemperature (= 100"CY the
formaion of alwnimam ribydroxide (hayerite, ALOLTR) 15 favored,

The wikochemical interactions between water and wluming
provide a serics of reactions. The "ieiho™ part serves two Tuncions,
First, it provides anisotropic shear siresses and igh pressures which
induce the phiase wansformutions.  Swecond, il provides high
femperatures through frictional heating which are nccessary w drive
the: subsequent "chemical” reactions st the proper rates.

T
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friction and wear i the two moving patrs, i,
rake face wnd the piir of ool Mank £
surfuce, By examining the catiing force dia displiyed fn )
Fig. 30, two inrportunt observalions (rom conyyisison bet
machining process usmg distilled water amd the addit

prerinent
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ion ol the

selected choenical additdve can e made.

The tangentiol cutting foree isoedueed and the feed cutting
foree s mercased, while maintaining o constant Tevel of ihe
resiltpnt vadting Torees As dhustrated o Fip, 9, the chang in
the direction of the msultant cuiting foree keeps e Lol
staying o the cutting vone and witenoates wol vibrdon
elfectively.
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Figure 7 Bvidenee of Tool Wear In Two Prfferent Slages
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Figues 8 Smooth Back Surface and Plowing Marks Blentilied on Chip

A stabilived tood mativo leady oo beter surlace quality such
ps surlace finish.  Figure [0 displays the measured
reugliness average Ky vilues from the suifaes machind
ander the 16 tests when the two cutting Tuids were used, 1L
iy interesting o note that the main offect o the chemical
additive 1% the improvenent ol surface roughness
significanty. 11 seems (hat cutting speed has thie Teast el teet
on the surface Tinish improvement while decrensing Towd
leads @ belter surfice Hnish, A combinaton of low foed,
figh cutting, speed and small depth of el will resul iy oan
exeellent surfuce Linish,
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Conclusions

1. Three types of cutting mechamsms exist during the
machining of aluminum oxide (Aly04) in a single-point
cutting process: brittle lracture, p]mu Mow, and clastic
reeovery, Although actual quantitative measurement off
clus wery is dilficult, evidence ol plastic ow and
britle Teacture during the ceramic material removal iy
strong. Controlling the brittle fracture duri ing machining
15w vital issue to control surface damage and sub-surface
damage.

T

Muchining purameters have signiticant effects on the
machining performance, Increase of depth of eut orfand
e will induce a strong propagation of stress wave
vriginated from the cutting zone. There is o pressing
nect W pursug ex perimental and anadytical studies [or the
establishiment of g machinability datuhase and that wonkd

significant siep in manufacturing precision
sunen(s nude fronn advaneed coginecring matecials
such w ceramies and compusiies,

b

3 The tibological interactions on the interfaces betweet e
culting ol and ceramic material have o strong ¢l on
the cutting mechanism (5,61 1 has been vhserved ihat
the Teed vutting force inercases while the tangentizl

cutling loree decreases when a seleeted chemical additive

15 wdded Lo distilled waer, The chemo-nwechanical elteet

enfurees the cutting ol w stay in e culting zone, and

sipaifivantly reduces the ool vibration during machining;
twoa hever surface guality,  Further

i larily the details of the chemo-
mechanical eflects (o the developuent of aonew and
novel machining technelogy.
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