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Ceramic workpiece integrity and residual surface stresses generated by single pass
diamond grinding were evaluated for three flaring cup wheels and four machine-loop
stiffnesses. Stresses in silicon nitride bars ground on one face were characterized by X-ray
diffraction, strength by four-point bending, and grinding damage depth by scanning
electron microscopy. A custom-built workpiece holder was used to tune the grinding
machine-loop stiffness. Electrolytic in-process dressing was applied to one of the wheels to
provide stable cutting conditions. The experimental results indicate machine stiffness does
not have significant influence on flexural strength, but rather affects the depth of cut. All
ground surfaces have some degree of damage and residual stress, and differences are
revealed between wheel bonds and grit sizes. The competing phenomena of strength
enhancement due to residual stress and strength degradation due to damage are
discussed. © 2000 Kluwer Academic Publishers

1. Introduction compression tends to reduce, but does not eliminate, the
Fixed diamond abrasive grinding is widely studied andresidual tensile stress acting on the strength-controlling
applied to produce ceramic components of high quaflaw [8].
lity in terms of form and finish accuracy. While these Residual stresses in ceramic materials have long been
features are often of primary concern, the processingecognized as having a significant influence on mecha-
conditions and final workpiece integrity may be equally nical behavior and surface integrity [8—12]. Compres-
important. To economically produce and improve thesive residual stresses can enhance the strength of a
reliability of brittle materials, the machine dynamics specimen, in contrast to tensile residual stresses. Ad-
and grinding conditions as well as the resulting work-ditionally, studies have shown that grinding-induced
piece state of stress, subsurface damage and strengthmage can be detrimental to the strength and thus the
should be considered. The fundamental objective of gerformance of ceramic parts [13-16]. The extent and
grinding process is to achieve the maximum possiblenature of machining-induced damage resulting in work-
material removal rate while maintaining sufficient ma- piece strength reduction can strongly depend on the
terial integrity and dimensional accuracy. process parameters, for example the machine dynam-
The material removal mechanism in grinding brit- ics, grit depth of cut, or abrasive grit size [13, 17-24].
tle materials involves localized contacts that cause irreFurthermore, the extent of strength reduction is also
versible inhomogeneous deformation and fracture. Thigelated to the material properties, e.g. microstructure,
process leads to machined components that often cowgrain size or fracture toughness [3, 12, 25-27].
tain a deformed layer, surface and subsurface micro- Accounting for the process conditions and mate-
cracks, material pulverization, smeared areas, phagél properties, the strength of a ground ceramic work-
transformation regions, and other types of surface angiece depends on the baseline material strength and the
subsurface damage [1-8]. This damage is the origin ofompeting phenomena of strength enhancement due to
both compressive and tensile residual stresses. Itis welksidual stress and strength degradation due to dam-
postulated that isolated elastic-plastic contact gives risage. Therefore, the strength may be expressed as
to aradially compressive residual stress field, withacore = o, + Ao — Aoy, Whereoy, is the baseline work-
responding locally tangent tensile residual stress fielghiece strengthAo; is the strength gain through the in-
outside the plastic zone which surrounds the contadroduction of compressive residual stresses; is the
site. Strength-degrading cracks form on median planestrength loss due to grinding damage. Under normal
withinthe local tensile stress field. Overlapping residualgrinding conditions, the superposition of strength gain
stress fields from adjacent damage sites in the groundue toAo. and strength loss due thoy occurs simul-
surface form a layer of residual compressive stress. Thianeously, which makes predicting ground workpiece
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strengtho difficult. This suggests that both residual ing scanning electron microscopy (SEM). In addition,
stress and damage measurements are required to pseveral samples were etched in hydrofluoric acid to ob-
dict workpiece strength. serve the grinding damage.
Several researchers have shown that surface grind-
ing transverse to the tensile stress direction in bars sub-
jected to four-point bending results in a lower strength2. Experimental procedure
compared to grinding in the longitudinal direction [13, All grinding tests were conducted on a precision
15, 19, 27]. Rice [27] reported that strength anisotropygrinding machine (Dover Instrument Corporation,
with reference to grinding direction, was higher for Model 956-S) capable of achieving sub-micron toler-
finer-grain materials. Strakred al.[15] showed grind-  ances. The vertical-spindle machine had a granite base
ing conditions did not affect the strength in longitudinal and column to support th¥-Y-Z aerostatic table and
direction; however, strength was reduced when grindaerostatic spindle respectively. A closed-loop laser in-
ing was performed in the transverse direction as theerferometer system provided a 75 nm slideway po-
volumetric material removal rate was increased by asitioning resolution in theX, Y and Z-directions. The
factor of 30. spindle axial run-outwas 0.Q6m and the slide straight-
Nondestructive and destructive approaches havaess error was 0.0im over 25 mm.
been explored to assess damage in ceramics inducedSingle pass grinding was used on the HPSSN (Al-
by a machining process. Ahet al. [28] used an ul- lied Signal Inc., GS-44) workpieces. Additional prop-
trasonic technique to detect subsurface lateral cracksrties for the single phase polycrystalline material are
in silicon nitride subjected to diamond indentation. A shown in Table I. Two set depths of cut (SDOC) and
thermal wave measurement technique was also investieur machine stiffnesses were used for each wheel. The
gated. Both of these methods were successful in detecgpproach used in this study was to select an SDOC and
ing cracks, butwere less successful in detecting damageary only the machine stiffness. In this way the actual
depth. depth of cut (ADOC), and hence the stock removal rate,
In order to directly observe subsurface damage, dechanged with machine stiffness. This approach was se-
structive techniques are likely required. Yoshikawalected to observe the static and dynamic responses of
et al.[5], and Zhang and Howes [6, 7] used four meth-the machine for a given input (SDOC). The post grind-
ods to characterize damage induced by a single-poirihg measurements reported are surface finish, bending
diamond for several ceramics. The slicing, etchingstrength, surface residual stress and damage depth.
fracture and taper polishing methods were claimed to be
equally effective for multiple-point diamond grinding.
Adifferent technique was used by Xu and Jahnmir[29],2.1. Grinding process configuration
where an adhesive was used to mate the polished fac@sunique aspect of this research was the application
of two specimens prior to grinding, leaving approxi- of the compliant workpiece holder shown in Fig. 1.
mately 1um between each specimen. After machining,

the specimens were separated and optically viewed to _ o
identify subsurface damage. TABLE | S3N4 properties (Apllied Signal, GS-44)

Perhaps the most common method for evaluating mapensity 3.2glcrh
chining effects on the strength of brittle materials is atlastic modulus 300GPa
bending test, where the surface of interest is subjecteexural strength 1051 MPa (ambient)
to tensile stress in bending. Using this technique, many 655MPa at 1,100
. - y . _fracture toughness 8.25 MAd/
investigators have assess_e_d the effects of various gringlr.. - ce temperature 1100
ing parameters and conditions on the bending strengtpoisson’s ratio 0.27
of ceramics [12, 13, 15, 19, 20, 30]. Thermal conductivity 35W/nK

The objective of this experimental study was to char-ThifmaLexsansion if 6lOg ‘;/"C (20-1,000C)
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acterize the competing phenomena of strength enhancéi-zey final (Lx W x H) 45 4 3mm

ment due to residual stress and strength degradation
due to damage for high pressure sintered silicon nitride
(HPSSN) ground using flaring cup diamond wheels un-

der several conditions. Three wheels were used, en

abling two mean grit sizes and two bond types to be  Ssliding
evaluated. Grinding was done in the transverse direc ~ Clamp
tion (using longitudinal feed) relative to the stress direc-
tion used in four-point bending tests. Results for four
machine stiffnesses and two set depths of cut are re
ported. Residual surface stresses are characterized |
X-ray diffraction. Surface finish measurements were
done with a profilometer, and a standard four-point
bending test was used to measure the workpiece tran:
verse bending strength. After the strength tests, the F
largest remaining workpiece sections were taper lapped

to ascertain the mean subsurface grinding damage usigure 1 Adjustable-compliance workpiece holder.
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The motivation for designing and using such a holdemanufactured to enhance the electrolytic conductivity.
was to isolate the effect of machine stiffness for aA square pulse wave with a;2s on/off time was used
given grinding cycle. This approach eliminates the in-with an open voltage of 60 V and peak current was
fluences of motion errors and positioning characteris10 A for the ELID system. Before the grinding tests,
tics that would result if different machines were used.each wheel was subjected to grinding a cast iron block
The holder design incorporates sliding clamps to fixto stabilize the wheel surface. The wheel was consid-
the ends ba 3 mm thick flexure. The compliance ered stable when the grinding forces became steady.
of the holder was tuned by adjusting the distance be- Five workpieces were used for each grinding con-
tween the sliding blocks. For the grinding tests, thedition, where the wheel surface speed was 24 m/s
workpiece holder was tuned to stiffnesses of 5, 10, 22,500 RPM) and the table feed rate was 5 mm/s.
and 40 N/um. The grinding forces were measured usingThe final dimension of each workpiece was approxi-
an integrated three-axis piezoelectric force transducamnately 45x 4 x 3 mm. Two SDOCs were used in this
(Kistler, Model 9167A1.5) mounted between the flex- study, 10um and 25um. These SDOCSs yield specific
ure and the workpiece mounting block. The force signaktock removal rates o®/, = 2.4 mm#/(min-mm) and
was digitized at a rate of 500 Hz for the grinding tests.Q|, = 6.0 mm?/(min-mm) respectively. The stock re-
The pseudo-static machine-loop stiffness was meamoval rates were calculated neglecting deflection and
sured using the integrated force transducer, a piezaising a workpiece width of 4 mm. The specific stock re-
electric actuator (Physik Intrumente, P-841), and cammoval rates were obtained assuming the grinding wheel
pacitance displacement sensors (Lion Precision). Thepindle was vertical and the wheel width was 5 mm. Al
actuator was located between the workpiece mountef the above conditions were used for each wheel with
ing block and the abrasive rim of the cup grinding the exception of the 600-V wheel. The grinding ma-
wheel. The highest measured structural-loop stiffnesshine motor lacked the necessary power to maintain
was 100 Nium , where the applied force was 80 N and the wheel speed at an SDOC of 2.
the measured displacement was@rB. An impulse re- The ADOC was experimentally measured using the
sponse test was performed under 10, 20 and 400N/ integrated workholder force sensor and the grinding
stiffness conditions using the same setup as the statimachine’s laser interferometer. One grinding pass was
stiffness tests. The respective natural frequencies wemaade at a fixed depth of cut, and the grinding wheel
60, 75 and 80 Hz. was then withdrawn. The ground surface was located
Two of the three flaring cup diamond grinding wheels by slowly feeding in the wheel while monitoring the
(Type 11A2) used had vitrified bonds and the third wasforce signal for fluctuations indicating contact with the
a cast iron fiber bond (CIFB). The outer diameter ofworkpiece. The reported specific stock removal rates
each wheel was 180 mm with an abrasive rim 5 mmwere calculated based on these ADOC measurements.
wide. The diamond abrasive for each wheel was friable.
Additional wheel specifications are given in Table II,
where the abbreviated wheel designations used belo®.2. Post grinding measurements
are shown in parentheses. Note that the 1000-C whegurface roughnessR;) measurements were made in
complies with the Japanese standard, which is equithe longitudinal direction (feed direction) with a
valent to a U.S. standard mesh size of 600. The maxsurface profilometer (Federal Products Corporation,
imum axial runout for all the grinding wheels was 2 Surfanalyzer 5000). Longitudinal residual stresses
wm. The cutting fluid used was a synthetic, water sol-were obtained using X-ray diffraction (Philips,
uble solution (ITW Fluid Products Group, Rustlick G- Model PW 1835) with chromium-K radiation. Addi-
10066D) that was delivered through a heat exchangetional measurement conditions are shown in Table IIl.
A silicon carbide wheel brake-truer was applied to The effective X-ray penetration depth was2®, based
each wheel prior to grinding. Alumina dressing stickson the reduction of the primary incident beam intensity
were used for the vitrified bond wheels and a com-to 37% (e.g., 1e%) of its initial value [11]. The sifis
mercial electrolytic in-process dressing (ELID) systemmethod was used to determine the residual stresses. The
(Fuji Elider, ED-910) was used for the CIFB wheel. workpiece strength was measured using a hydraulic ma-
A custom-made copper electrode was designed angrial test machine (Instron Corp., Model 8511) with a
four-point bending fixture per standard guidelines of

TABLE Il Flaring cup diamond grinding wheel specifications

. TABLE Il Residual Stress X-ray measurement conditions
Grinding Bond Mesh Mean Wheels
wheel type no. gritsize dressing Radiation Cr-K, spectrum
Radiation wavelength 0.2291nm
SD120N100V Vitrified 120 125um  Alumina Mono-chrometer Setnng CrK
(120-vy Stick Diffraction plane bikl) B-SigN4 (321)
(600-Vy Stick Tube current 35A
SD1000N100€ Cast-Iron- 1000 (Japanese) A&  ELID Bragg angle 118.25
(1000-C¥ Fiber W angles scanned —40, =25, —10°, 0°, 15, 30, 45°
Data points pel angle 250
aNorton Company. Step size 0.02
PAbbreviations for grinding wheel designations used in the text. Scanning speed ¢8nin

¢Fuji Die Company.
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Ground Surface SEM Damage Observation face into the lapped surface it was considered damage.
: If a pattern extended from the lapped surface into the
ground surface and terminated near the transition ref-
erence line within the ground surface, it was not con-
sidered damage and was assumed to be an artifact from
the lapping process. Once these patterns were evaluated
for a given frame, the pattern extending farthest from
the reference line (perpendicular) into the lapped sur-
face was measured and considered the component of

\4 Lapped Surface damage depth for that frame. The mean damage depths
for each workpiece were calculated based on the mea-
Figure 2 Lapped workpiece showing SEM observation area. sured lapped angle as shown in Fig. 2. This angle was

measured using an optical comparator to withity 2°.

the American Society for Testing Materials (ASTM)
C1161-94 Configuration B [31]. It should be pointed 3 Results and discussion

out the Weibull statistics are not reported because ag,, following sections present and discuss the ex-
inadequate number of bending tests (five) were pefperimental data for each of the three wheels tested.

formed for each grinding condition. Five workpieces were used for each grinding condition,
An SEM (Jeol, Model JSM 840A) was used 10 as-\yhere two SDOCs and four machine stiffnesses were

sess subsurface damage induced by the grinding projseq for each wheel, with the exception of the 600-V

cess. After performing bending tests, the largest regnae| as noted above. In addition, no data was collected

maining specimen piece was selected for the damaggy; ihe 120-v wheel for 20 N/m machine stiffness and
depth measurements. Each specimen was prepared Byyoc— 10 um. The measured (actual) specific mate-

taper lapping a portion of the ground surface, along theja| removal rates (mAi(min-mm)) are indicated next

specimen length, ata small angle relative to the ground, ¢ respective data points on the charts that follow.

surface plar_1e as shownin Fig. 2. Various_lapping angleghe filled family of symbols are for an SDOC of 10n
were used in the range of 815 he lapping process 4.4 the open symbols are for 25n SDOC.
consisted of four stages, using progressively smaller

free diamond abrasives. The abrasive grit sizes were
6-12um, 2—4um, 1-2um and 0-0.2%m. Preparing
the specimens in this way generated a gradual transB.1. Machine stiffness and grinding forces
tion between the ground surface (damaged) and lappédeig. 3 shows how machine-loop stiffness affects the
surface (bulk material). normal grinding forceFs,, where Fg, is the mean
Fig. 2 illustrates how the transition region betweenvalue measured during steady-state grinding. In gen-
the ground and lapped surfaces was viewed using SEMeral, as the machine stiffness is increased a correspond-
A magnification of 100& was used, which provided ing increase irFg, is realized. This results in a larger
a viewable screen image (frame) of approximatelyADOC and correspondingly higher stock removal rate.
110um wide. By traversing along the transition region It should be pointed out that the threshold grinding
frame-by-frame, 99-170 damage measurements wefferces were considered constant for each wheel because
made for each workpiece depending on the specimeoaonsistent wheel truing/dressing was performed before
length. The measurements were made using a scale @ach workpiece was ground.
the SEM screen to an accuracy-bi mm, which cor- The 600-V wheel produced the high&€g compared
responds ta-0.63..m accuracy for each damage depthto the 120-V and 1000-C wheels at a 4éh SDOC.
measurement. Although both the 600-V and 1000-C wheels have a
One concern in assessing the damage depth is detanean grit size of 15:m, the Fg, is nearly double for
mining the location of the reference edge between thé¢he same SDOC at each machine stiffness. Further, the
ground and lapped surfaces. Three criteria were usedpecific stock removal rates for the 600-V wheel were
First, if the edge transition was apparent, it was ex-consistently lower, indicating the 1000-C wheel acted
tended horizontally to the next frame and subsequergharper. Thisis explained by the use of the ELID system
frames. Second, the ends of apparent micro-scratchegpplied with the 1000-C wheel. ELID maintains the
resulting from the lapping process were used to indiwheel sharpness (condition) throughout the grinding
cate the end of the lapped surface. Finally, significantycle thereby yielding a lowefs, and higher removal
changes in the uniformity or appearance of the groundate.
surfaces were taken to indicate the end of the ground The influence of ELID is further revealed by com-
surface. paring the 120-V wheel in Fig. 3a, mean grit size of
Another issue was determining the difference be-125um, and the 1000-C wheel in Fig. 3b. One would
tween grinding-induced damage, a material characteiexpectFs, to be significantly higher for the smaller
istic, and a lapping-process artifact. This issue wagrit grinding wheel used at the same SDOC. However,
addressed once the transition reference line was estabeth Fg, and the stock removal rates are comparable
lished for a given frame. If a geometric pattern (void, but slightly lower for the 1000-C wheel under each test
pit or crack) appeared to extend from the ground sureondition.
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(b) SD600ON100V and SD1000N100C wheels.

Figure 3 Machine stiffness versus normal grinding fofeg. Measured

stock removal rates, mtf(min-mm), are shown next to data points.
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Figure 4 Machine stiffness versus surface finis. Measured stock

removal rates, mAi(min-mm), are shown next to data points.

3.2. Workpiece surface roughness
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Figure 5 Machine stiffness versus measured damage depth. Measured
stock removal rates, mitf(min-mm), are shown next to data points.

There is little change in the surface roughness as the
machine stiffness is increased, although both e
and stock removal rate increased with machine stiff-
ness. Comparing these two wheels for g0 SDOC,

the surface roughness was consistently greater for the
1000-C wheel. The results for the 1000-C wheel at both
SDOCs are nearly the same, although the stock removal
rates were higher for the larger SDOC. This result may
be due to the wheel's CIFB, where rubbing between
the workpiece and bond may occur and control the grit
depth of cut.

3.3. Damage depth measurements

Fig. 5 shows how the mean depth of grinding induced
damage varied with machine stiffness. The damage
depth curves for the 120-V and 1000-C wheels have
the same general trend as tkg, curves shown in
Fig. 3. The workpiece damage caused by these two
wheels increases slightly with machine stiffness and
Fsn. The above trend, however, does not hold for the
600-V wheel, where an increase in damage occurred at
the 5 Num machine stiffness data point.

In an effort to explain this variation, spectrum analy-
siswas done on the normal grinding force data. A domi-
nant periodic variation occurring once per revolution of
the grinding wheel (42 Hz) existed for the 600-V wheel.
The other two wheels showed similar harmonics, how-
ever the relative magnitude peak-to-average ratio was
approximately one-third that was found for the 600-V
wheel. The 600-V grinding wheel was then carefully in-
spected and an imperfection, a small crack, was found.
The significance of this analysis reiterates that when
the grinding machine operates near resonance, as is the
case when the machine-loop stiffness is o/ it be-
comes sensitive to periodic excitation at the frequency

Fig. 4 shows how the workpiece surface roughriss of the wheel rotation. Increasing the machine stiffness

changed with machine stiffness. Increasing machinéncreases the resonant frequency of the system, making
stiffness yields higher stock removal rates, e.g. largethe system less sensitive to periodic disturbances at the
ADOCs. Mayer and Fang [13] show that as the gritgrinding wheel rotational frequency.

depth of cut increases the surface roughness corres- Fig. 6 shows how the measured stock removal rates
pondingly increases. This is the general trend for theaelate to damage depth. Each wheel is represented by

120-V wheel curves with a mean grit size of 126.

a uniquely shaped symbol, in which symbol-fill gra-

However, this was not the case for the 600-V anddients are used to differentiate the machine stiff-

1000-C wheels, which have a mean grit size ofdb.

nesses. The programmed specific stock removal rates
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Figure 6 Stock removal rate versus damage depth.
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ness. The close grouping of data for the 120-V anc

1000-C wheels at an SDGE10 um, with respect to (b) SD60ON100V and SD100ON100C wheels.

the ,StOCk rem,oval rate, indicates the ConSIStenCy_Of T[hgigure 7 Machine stiffness versus bending strength. Measured stock
cutting condition. The data for the 600-V wheel indi- removal rates, mii(min-mm), are shown next to data points.

cates that as the machine stiffness increases the dam-

age depth remains nearly constant although the stock

removal rate increases.

a fine-grain material [3]. According to Xat al. [3],
the important manifestation of a steeply rising tough-
ness curve is material flaw tolerance, where strength
3.4. Workpiece strength and residual stress becomes less sensitive to the size of flaws (or cracks)
Fig. 7 indicates the bending strength of the groundoroduced by machining. This is one reason why the
specimens is not significantly influenced by machinematerial did not suffer a significant strength reduction
stiffness, although the strength was different betweeffor the larger damage depths.
each wheel. Theoretically, the strength of the ground In an effort to further explain the workpiece strength
workpieces should decrease with an increase in madifferences between the grinding wheels, residual stress
chine stiffness due to increasing ADOC and inducedneasurements as well as lapping and bending tests were
damage depth. The damage depth for the 120-V wheelonducted on the as-received specimens. The bending
is about one-and-one-half times greater between thstrength of the as-received workpiece material, spec-
two SDOCs, as shown in Fig. 5, although the work-ified by the manufacturer, was 1051 MPa. In-house
piece strength was practically the same, as illustratebending tests on the as-received specimens yielded a
in Fig. 7a. The results for the 1000-C wheel, Fig. 7b,strength of 1040 MPa, which confirmed the consis-
were similar to those for the 120-V wheel. The strengthtency of the testing method. The mean residual stress,
of the workpieces ground with the 600-V wheel wasto a depth of 25:m in the longitudinal direction, of
higher than the other two wheels, however the damageight as-received pieces was found to be compressive
depth was only slightly less. with a magnitude of 226 75 MPa. Lapping tests were
One explanation for why the workpiece strengths areconducted to remove the residual stresses in the as-
not significantly affected by the damage depth may beeceived specimens on the bending tensile stress face.
found in the material grain structure. The grain struc-The strength of specimens lapped using 6xh2free
ture of the HPSSN test material has large elongatediamond grits was 764 8 MPa, and using 0—0.25m
grains with lengths between 1+8n and a relatively grits, 846+ 8 MPa. The surface roughness along the
large aspect ratio of about 4, as shown in Fig. 11. Matelongitudinal direction was 160 nm for the as-received
rials with this characteristic have a steeply rising tough-specimens, 110 nm for the specimens lapped with
ness curve with increasing crack length as compared tooarse grits and 24 nm for those lapped with fine grits.
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Based on the residual stress measurements and lapressive residual stresses were 242 MPa, but at a low
ping experiments conducted, it was concluded that théevel of damage depth due to the smaller mean grit size.
longitudinal direction compressive residual stress in
the qs-recelved work_pleces influenced the Wo_rkplec%_S_ SEM observations
bending strength. This was because the lapping pr =
cess removed the surface residual stresses, causing(:Egc'
strength of the lapped specimens to be lower than the
as-received strength of 1040 MPa.

To further analyze the results shown in Fig. 7, the
corresponding workpiece strength, residual stress and SN #s
damage depth measurements for an SBOKD m
and machine stiffness of 10 N are shown together
with the as-received workpiece data in Fig. 8. The er-
ror bars represent one standard deviation. If the bend-
ing strength of the fine-lapped specimens is consid-
ered the baseline strength of the as-received specimens, =
846 MPa indicated by the dashed line, the 120-V and
1000-C wheels yielded workpieces with approximately
10% and 7% strength reduction respectively. The 1000-
C wheelinduced the lowest compressive residual stress
to the workpiece, and also a relatively low damage
depth. However, the 120-V wheel induced the highest
level of compressive residual stress and damage depth.
The strength benefit of the compressive residual stress
in this case is counter-balanced by the detrimental ef-
fect of the damage. The 600-V wheel, which also had a
vitrified bond, resulted in a mean workpiece strength of
around 1129 MPa, a 22% strength increase. The com-
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& &
A Figure 9 Comparison of ground surfaces and damage for different mean
%Q grit size wheels. The ground surface is above the dashed line and the
lapped surface containing the subsurface damage is below the line. Each
Figure 8 Workpiece strength, residual stress, and mean damage deptiorkpiece was ground with SDOE€10 pum and machine stiffness of
for SDOC= 10 um and machine stiffness of 10 . 5 N/um.
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TABLE IV SEM micrograph grinding results summary Ground Subsurface Damage

- T Surface

Figure Grinding Ry Damage depth, Fsn

number wheel (nm) meam(n) (N) _._— e
Lapped 5%

9(a) 120-v 76.0 3.35 27.22  Surface

9(b) 600-V 34.8 2.34 36.99

9(c) 1000-C 46.0 251 21.38

10(a) 120-V 98.0 5.84 61.75

10(b) 120-V 106.9 6.52 71.07

machine stiffness of 5 W/m. Asillustrated in Fig. 2, the
ground surface is shown above the dashed line and tt
taper lapped surface below the line, where the subsu 0066 - 2BKU {Brm-HD37
face damage is revealed. The grinding-induced damage
was measured with a scale relative to the dashed referigure 11 Side profile of etched silicon nitride workpiece ground with
ence line in a perpendicular direction toward the lapped20-V wheel at and SDOE 10 um and machine stiffness of 5 .
surface. Table IV shows the average measured pararﬁhe specimen was etched in 2@hydrofluoric acid for 25 min.
eters for each wheel under this grinding condition.

The ground surfaces in Fig. 9a and Fig. 9c have sim- ) o )
ilar characteristics in that they are densely populated¥idespread damage is shown in Fig. 9a. The micro-
with numerous pit and void irregularities. The irreg- 9raph for the 600-V wheel, Fig. 9b, shows a much
ularities in Fig. 9a appear less concentrated but geggmoother ground surface with sparse damage on the
metrically larger overall compared to those in Fig. 9c./apped surface. These images typify the measured
The subsurface damage appearance on the lapped s@@mage depth values. The larger grit grinding wheel,

face is similar between the specimens, where the mogt2> #Mm, produced a rougher surface and more dam-
age compared to the 36n mean grit size wheels. The

1000-C wheel had more damage and a rougher surface
compared to the 600-V wheel of the same grit size. The
ELID system maintained the wheel sharpness through-
out the grinding cycle.

Fig. 10 illustrates the effect of machine stiffness on
subsurface damage and ground surface characteristics
for the 120-V wheel used with an SDGE25 um.

Fig. 10a shows the results for a machine stiffness of
10 N/um while Fig. 10b shows the results for a stiff-
ness of 40 Nkm. Table IV shows the average values
of the measured parameters. The ground surface ap-
pears slightly rougher for the higher stiffness while the
damage depths appear similar. In both cases, the lapped
surfaces have few scratches and the transition between
the ground and lapped surfaces is apparent.

. , Fig. 11 shows the side profile of a specimen etched in
(@) Machine stiffness = 10N/m. 100°C hydrofluoric acid for 25 min. The top surface was
ground with the 120-V wheel atan SDG£10m and
machine stiffness of 5 lWm. The indicated grinding-
induced subsurface damage is abouytr. The large
elongated grain structure can be observed with grain
lengths between 1-48m and an aspect ratio of about 4.
The grain size characteristics are related to the material
toughness and resistance to strength loss resulting from
grinding-induced damage.

Ba41 268KV 21,088 18rm WD3S

4. Conclusions

The experimental results indicate the grinding wheel

g : bond and grit size influence the grinding forces, sur-
8873 25KV ¥1,000 Im HD35.° face roughness, damage depth and bending strength of

silicon nitride workpieces. All workpieces had grind-
(b) Machine stiffness = 40 N/um. ing damage and measurable residual stresses, which do

not seem to be limited to severely damaged surfaces.

Figure 10 The effect of machine stiffness on the surface of ground sili- 1€ grinding machi_ne stiffness has an insignificant
con nitride for the SD120N100V wheel used with an SDOC of@s.  effect on the workpiece flexural strength, but rather
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influences the depth of cut. Machine-loop stiffnessewith the Lockheed Martin Energy Research Corpora-
as low as 5 NAm can be used for single-pass ceramiction, and by the U.S. National Science Foundation un-
grinding; however, the grinding efficiency and ac- der grant DMI-9500223. Appreciation is also owed un-
curacy are reduced. A stiffer grinding machine hasdergraduate students Mr. Khon Lam and Mr. Hoang
advantages over a less stiff machine, with respect t®hung for their assistance in the experimentation.

accuracy, because the ADOC approaches the SDOC
as the stiffness is increased.
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