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Abstract

The stereographic scanning electron microscopy (SEM) imaging was used to investigate the wear mechanism in wire electrical discharg
machining (EDM) truing of metal bond diamond wheels for ceramic grinding. A piece of the grinding wheel was removed after truing
and grinding to enable the examination of wheel surface and measurement of diamond protrusion heights using a SEM and stereograph
imaging software. The stereographic SEM imaging method was calibrated by comparing with the profilometer measurement results. Or
the wheel surface after wire EDM truing and before grinding, some diamond grain protruding heights were measuredumthey8R
Comparing to the 54m average size of the diamond grain, this indicated that over half of the diamond was exposed. During the wire EDM
process, electrical sparks occur between the metal bond and EDM wire, which leaves the diamond protruded in the gap between the wir
electrode and wheel. These protruding diamond grains with weak bond to the wheel were fractured under a light grinding condition. After
heavy grinding, the diamond protrusion heights were estimated in thefgnlfnge above the wear flat. A cavity created by grinding
debris erosion wear of the wheel bond could be identified around the diamond grain. © 2002 Published by Elsevier Science B.V.
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1. Introduction to a pair of SEM images, a topographic representation of
the grinding wheel surface can be obtained. The height of
Diamond wheels are used extensively in grinding of engj- diamond protrusion from the wheel surface after wire EDM
neering ceramics for structural and electronic applications. 'Uing and after grinding can be quantified using the stereo-
To achieve the desired form accuracy and surface integrity 9r@Phic SEM imaging analysis. SEM examinations of grind-
on ground parts, diamond wheels are usually wear-resistant"d Wheel surfaces and comparison of diamond protrusion
and difficult to shape or true to the desired geometry [1]. heights _at d|ffere_nt levels of grinding can r_eveal the wear
The electrical discharge machining (EDM) process has beenMéchanism for wire EDM trued metal bond diamond wheels.
applied to generate the precise form on metal bond diamond An €arly application of stereographic SEM imaging
wheels using either the die-sink [2—7] or wire [8] EDM con- method was presentgd by ITee and R__USS [9] for the m‘?”o"
figurations. At the start of grinding, a high wheel wear rate ©9Y ©f microelectronic devices. Syoji et al. [10] applied
was observed on metal bond diamond wheels trued by thet€ Stereographic SEM imaging to measure the protru-
EDM process. The wheel wear rate was significantly lower SN height of abrasive grains on a metal bond diamond
in subsequent grinding [8]. The goal of this research is to wheel and to correlate the measured results to g_r|nd|ng
study the wear mechanism of the wire EDM trued diamond Performance. Zhao et al. [11] used the stereographic SEM
wheels for ceramic grinding. imaging .to study the shape of cutting edges on surfaces of
Advancements in three-dimensional stereo image analysis® €sinoid bond CBN wheel and to observe the effect of
using the scanning electron microscopy (SEM) have made 'UiNg parameters on CBN grains. _
it an ideal tool to examine the surface topography of metal The diamond wheel used in this study consists of an elec-

bond diamond wheels. By applying computer image analysis trically conductive metal bond and the non-electrically con-
ductive diamond grain. During the EDM truing, electrical
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1. after wire EDM without grinding,
2. after one pass of grinding with 0.127 mm down feed, and
3. after 100 passes of grinding with 0.127 mm down feed,

are prepared and quantified using the stereographic SEM
imaging method. A wheel wear mechanism was proposed
based on the observation.

2. Grinding wheel preparation

The 200 mm diameter grinding wheel was too big to

) of diamond ¢~ ) be observed using the SEM. After grinding, a piece on

Rotating 0.054mm — ~ the wheel surface, as shown in the front view Fig. 2, was

‘metalbond _ [ removed from the wheel and examined using the SEM.
diamond wheel -

\ The truing of the grinding wheel was conducted using
a Brother HS-5100 wire EDM machine. After truing, as
Fig. 1. Schematic illustration of the EDM wire, rotating diamond wheel, shown in the side view in Fig. 2, the wheel was used to
the gap between wire and wheel, and the protrusion of the diamond grainSQrind the sintered silicon nitride (TSN-10 by Toshiba) us-
on the wheel surface. ing a Harig 618 grinding machine. The table speed was
50.8 mm/s, wheel surface speed was 37 m/s, and length of
the part ground was 21.7mm. In each grinding pass, the
wheel surface [8]. During the wire EDM process, as shown down feed was 0.127 mm and specific material removal rate
in Fig. 1, a gap in the 3am level exists between the wire was 6.46 mMymms. The middle section of the grinding
electrode and rotating diamond wheel. The diamond grain wheel surface was worn by only a single pass of grind-
protrudes out of the wheel surface by a height close to or ing of Workpiece #1, i.et; = 0.127 mm in the side view
slightly less than the gap distance. This theory is examined Fig. 2. Workpiece #2 was ground by 99 passes, each with
by using the stereographic SEM imaging to measure the di- 0.127 mm down feed, to wear the left section of the wheel
amond protrusion height on wheel surface. in the side view by heavy grinding. The in Fig. 2 was
In this paper, the preparation of the diamond wheel 12.573 mm.
surface with different conditions for SEM study is first In summary, three areas were generated on the wheel sur-
introduced. The procedures for using the SEM to generateface. These three areas were: (1) after wire EDM without
three-dimensional topographical data and calibrating the grinding, (2) after light grinding with one pass of 0.127 mm
stereographic SEM measurement are then presented. Thredown feed and (3) after heavy grinding with 100 passes of
conditions of the wheel surface: 0.127 mm down feed.
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Fig. 2. The grinding wheel surface and the preparation of three areas with different levels of truing and grinding for stereographic SEM imaging study
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3. Stereo scanning electron microscope distance and the pixel size, these two images could be com-
bined using the Alicong! imaging software to construct
The stereographic SEM imaging is a measurement tool a three-dimensional image of the surface. Several line seg-
used in this study. This section discusses the procedure toments were drawn on the SEM image and the software cal-
generate the surface topography using stereographic SEMculated and created a chart to show the change in height on
imaging and the calibration of this measurement method. pixels along these line segments.

3.1. Procedure for stereo SEM 3.2. Calibration

A Hitachi S-4700 field emission SEM was used in this ~ As shown in Fig. 3, a wear groove about 300 wide
study. This SEM was selected due to the automated stageand 12um deep was used as a standard sample to calibrate
positioning and tilting features, which were required for con- the stereographic SEM imaging method. The SEM micro-
structing a three-dimensional topographic image of the sur- graph of the groove and a line segment across the groove
face. First, an SEM image of the surface was taken with the are shown in Fig. 3a. The procedure presented in Section
stage set at zero degree tilt. A feature that could be relo- 3.1 was applied to generate the stereo representation of the
cated again, once the table was tilted, was then marked onsurface, as shown in Fig. 3b. The same groove was also
the image. Once this feature was identified, the stage wasmeasured using the Talysurf profilometer with diamond tip
tilted by a specific small angle, two degrees in this case. contact stylus. Comparisons of these two measurement re-
Another SEM image was taken. This image was then trans- sults are shown in Fig. 3c. The two closely matched traces
lated to bring the original marked feature back to match the verified and calibrated the stereographic SEM measurement
original position in the first image. By knowing the work used in this study.
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Fig. 3. Calibration of the stereographic SEM measurement method using a wear groove: (a) SEM micrograph of the wear groove and the starting anc

ending points of a line segment, (b) stereo representation of the surface and (c) comparison of the wear groove measured using the Talysurf profilomete
and stereographic SEM imaging methods.
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Fig. 4. (a—e) SEM micrographs of the grinding wheel surface after wire EDM without grinding.

4. Diamond wheel surface after wire EDM truing Two types of metal resolidification can be identified on
the wheel surface. The first type is the recast sphere, which
The first area to be observed using stereographic SEMis the molten metal bond that did not escape the gap during
imaging was the wheel surface after EDM truing without EDM spark erosion and was resolidified on the wheel sur-
grinding. SEM micrographs of the wheel surface are shown face. Examples of the recast sphere are indicated in Fig. 4b
in Fig. 4. As shown in the overall view in Fig. 4c, the surface and d. The second type is the splashed recast, as shown by
was rough with sparsely and evenly distributed diamond examples in Fig. 4a and e. The splash in Fig. 4e is further
grains. Some metal bond material has been resolidified ormagnified in Fig. 5a. This type of recast is possibly due to
recasted to the wheel surface. It is noted that these recastghe collision of the single spark eroded molten metal with the
are strongly bonded to the wheel surface, despite the usediamond and then splashing and resolidifying layer-by-layer
of a high-pressure jet of deionized water during wire EDM on the surface close to a diamond grain. Figs. 4e and 5a
truing and the ultrasonic cleaning before examining in the show that several layers of splashed recast can occur. This
SEM. indicates that the splash occurs at different time during the
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Fig. 5. The height of diamond protrusion on the wire EDM wheel surface without grinding: (a) the diamond grain in Fig. 4e and (b) the diamond grain
in Fig. 4b.
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wire EDM truing. Besides these recasts, diamond grains ex- The average size of the 325 ANSI mesh diamond grain
posed out of the wheel surface can also be observed. Then the wheel is about 54m. Results in Fig. 5 indicate
protrusion height of these diamond grains is measured usingthat after wire EDM truing, many diamond grains on
the stereographic SEM imaging method. wheel surface have exposed over half of their size out-
Fig. 5a shows the enlarged view of the diamond grain side the surrounding metal bond. Section 5 will show
in Fig. 4e. Three line segments were selected on the SEMthat these over-protruded diamond grains are expected
image to measure the protrusion height of the diamondto fracture or pull out of the wheel surface after light
grain. The AlicondM three-dimensional imaging software grinding. It is noted that not all the diamond grains are
was used to construct a stereo image of this surface and taprotruding in the 3@m level. Other diamond protru-
calculate the variation of height along pixels on these three sion heights, in the range of 6-gfn, have been mea-
line segments. The measurement trace starts from a pointsured. Some of these diamond grains may not be frac-
marked by s and ends at the point e. Two or three othertured and become active for material removal during
points, marked by a—c, are used as the intermediate markergrinding.
to link the position on measured height trace to the point on  The hypothesis of the fracture of over-protruded diamond
SEM image. grains after light grinding can support the wear measure-
Results of the height variation are shown in the trace below ment results presented in the wheel wear study [8]. The ini-
SEM micrographs. The diamond grain in Fig. 5a protrudes tially high wear rate on the wire EDM trued metal bond
over the surrounding metal matrix by about;29. Fig. 5b diamond wheel surface can be caused by the fracture of
shows another diamond grain, the one boxed in Fig. 4b, over-protruding diamond grains. Fig. 5a and b also demon-
protruding out of the surrounding surface by abouj.82. strate the advantage of using the stereographic SEM as a
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metrology tool to quantify the diamond protrusion height on in Fig. 6¢c and e. Some of the diamond grains exhibited
grinding wheel surface. fractured surfaces, such as those marked in Fig. 6a and b.
Wear flat areas on the metal bond, such as those shown in
Fig. 6a and c—e, were created after light grinding. These
5. Wear of the diamond wheel surface wear flats were used as the datum for stereographic SEM
after light grinding measurement of diamond protrusion heights.
Fig. 7 shows results of two diamond protrusion height
SEM micrographs of the wheel surface after one pass measurements. The starting point of the line, marked by s,
grinding of silicon nitride with 0.127 mm down feed are was located on a wear flat, which was set as the datum for
shown in Fig. 6. The spherical and splashed recasts, whichmeasurement. The straight-line segment in Fig. 7a crossed
originally bonded to the wheel surface after EDM truing, the two diamond grains shown in Fig. 6d. The first diamond
were mostly disappeared. Some diamond grains had beergrain, marked by b, had about the same height as the wear
pulled out and left a cavity on the wheel surface, as indicated flat. The second diamond grain, marked by c, was about

1
100um

Fig. 6. (a—e) SEM micrographs of the wheel surface after light grinding.
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Fig. 7. The height of diamond protrusion on the wheel surface after light grinding: (a) the two diamond grains in Fig. 6d and (b) the diamond grain in
Fig. 6e.

6 wm above the wear flat. Both diamond grains showed rub  The diamond grain located in the middle of a large wear
marks on the surface and appeared to be active in grind-flat area shown in Fig. 8b was studied using the stereographic
ing. Another example illustrated the active diamond grain in SEM imaging method. Fig. 9a showed a line starting and
Fig. 6e, which is marked as point b in Fig. 7b, had about the ending both on the wear flat. The diamond grain, indicated
same height as the datum wear flat surface. Fig. 7 and othelby b, was protruding aboutjam over the wear flat. A cav-
measurement traces on the wheel surface after light grindingity in front of the diamond grain, aboutpdm deep, could
concluded diamond grains protruding above the wear flat by be observed. As illustrated in Fig. 10, the grinding debris
about 6—-12.m after light grinding. eroded the bond in front of the diamond grain during grind-
ing and generated a cavity. For grinding ceramics, the use
of debris for erosion wear of the wheel bond in front of di-

6. Wear of the diamond whedl surface amond grain has been reported [12]. This is a technology to
after heavy grinding self-dress or self-sharpen of wheels for efficient grinding of
ceramics.

The wheel surface after 100 grinding passes of 0.127 mm  Another diamond grain, not shown in Fig. 8, was studied
down feed, or 100 times more work-material removed than using the stereographic SEM imaging method. As shown
the light grinding presented in Section 5, was studied. SEM in Fig. 9b, this diamond grain, marked by b, is protrud-
micrographs of the wheel surface after such heavy grinding ing over the wear flat by about 13n. A cavity in front
are shown in Fig. 8. Comparing to Fig. 6c, relatively larger of this diamond grain could also be identified in Fig. 9b.
wear flat areas could be seen in Fig. 8c. The cavity createdFig. 9 and other measurements showed diamond grains are
by diamond grain pull out, as indicated in Fig. 8b and c, protruding about 5-1pm above the wear flat after heavy
could be identified. grinding.
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Fig. 8. (a—e) SEM micrographs of the wheel surface after heavy grinding.

7. Discussion and concluding remarks The stereographic SEM imaging measurement results
showed that, after the wire EDM process, some diamond

The stereographic SEM imaging method was used as agrains were protruding extensively, about 3@, above
measurement tool to examine the surface of a metal bondthe surrounding metal bond. Such diamond height is over
diamond wheel. Grinding tests were conducted to create half of the 54um average size of the diamond grain. These
three distinct conditions: (1) after wire EDM truing before over-protruded diamond grains do not bond strongly to the
grinding, (2) after a single pass of light grinding of the sil- wheel and are fractured under the light grinding condition.
icon nitride and (3) after 100 passes of heavy grinding the The fracture of these diamond grains creates the initial
silicon nitride, on the diamond wheel surface. The stereo- high wheel wear rate [8]. The advantage of wire EDM
graphic SEM imaging method, which had been calibrated truing of metal bond diamond wheel is the capability to
by validating with profilometer measurements, was used to generate intricate and precise profiles for form grinding.

study the diamond grain protrusion heights in these threelt is possible that, during the wire EDM truing process,
conditions. the desired form is preserved on the metal bond, slightly



652 B.K. Rhoney et al./\Wear 252 (2002) 644-653

5 19 J l\”/\ AN "g
E [P0 f -~y 5
B g~ e -t VN o
T /N /;\\\//\. NS \.‘ v ’l e i
.E g ‘I'\ . E
] J/ g
e
g ° 5
o (=}
0 10 20 30 40 50 0 40 80 120 160
Length of trace (um) Length of trace (um)
(a) (b)

Fig. 9. The height of diamond protrusion on the wheel surface after heavy grinding: (a) the diamond grain in Fig. 8b and (b) a diamond grain protruded
from the wear flat.
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