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Abstract. Correlation between shape errors of the tool amdmic work-pieces are presented in
the paper. A new tool, on which different shap@sriof convexity or concavity can be set, was
used during experiments. Results from flat grindsgch as the shape errors, are presented and
analyzed. Computational calculations concerning ldeal shape errors of the tool and the
technological effects such as surface roughnessaavihess parameters as well as the work-
piece plane-parallelism are also presented.
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Introduction

Grinding of ceramics is widely used for reducing tliorkpiece roughness from preceding
processes and can be carried out with differentwaokpiece configurations. Lapping is the
basic flattening process which allows for achievinbigh degree of flatness and parallelism of
machined parts. It is still one of the most comnpoacesses to flatten e.g. the sliced silicon
wafers [7]. Apart from lapping also grinding opéwat are carried out for parts flattening with
two basic tool-workpiece configurations: singleesigrinding (SSG) and simultaneous double
side grinding (SDSG) [13]. These processes hawesmdvantages comparing with lapping e.g.
lower cost and higher throughput although therestié a problem with effective waviness
removal by SSG and with a dimple in the centehefwafer after SDSG [13]. Most suitable for
processing the workpieces with coplanar functi@rabs are manufacturing technologies which
allow for both areas to be processed at the same Grinding (flat honing, fine grinding) with
the use of grinding wheels mounted on a double-@digsking machine is widely used in practice
[1, 5, 12]. Special machines for high speed grigdire available now [2]. Single-disk machines
can be also used for single side grinding [4] Wst donventional configuration needs the
modification - the leading ring rotational veloc&kould be higher and set independently unlike
on conventional machines, where the conditionirgading) rings rotate with workpieces
without any additional drive. When grinding whesl used on a lapping machine, dressing
influences the grinding process significantly, degieg on how it is done [11].

Grinding with lapping kinematics ensures a verydyflatness due to the fact that the active
surface of the tool is simultaneously the machindajum surface. In consequence of such
configuration, there is a very close correlatiommsen the tool and the machined part flatness
errors. During the process both surfaces: activéase of the tool and the surface of the
workpiece change the profile shape due to the aleragear. The active surface of the tool
usually is not flat and can be either concave awes. This exerts the main influence on the
shape accuracy of the workpieces. Kinematical amalpf grinding marks was used in a
mathematical model for the wafer shape predictiooppsed by Wangping Sun et al. [13].
Influence of a double-side lapping kinematics omfdice grinding was studied by Uhimann and
Ardelt [12]. The proposed and used in this papedehéor the theoretical shape error estimation
[7] is also based on the kinematical relations additionally on local shape errors of the tool.
This kind of relation must be considered when the# surface is simultaneously the machining
(fixturing) datum.

Results of grinding of ceramics flat pieces whebmsitted to single-disc lapping kinematics
are the subject of this paper. The grinding todseselectroplated with diamond grains D64 and
D107. Different tool profiles were set for eachlttm check the correlation between the shape
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errors. Results from the computational simulatioascerning the local shape errors of the tool
are presented to predict the correlation betweapesterrors in flat grinding. Technological
effects such as surface roughness and wavinessng@as as well as the workpiece plane-
parallelism were also checked during experiments.

Experimental procedure

Experiments were carried out on a modified singddlapping machine with the
independent drive of a leading ring realised with use of a stepper motor [3]. Placed in a
separator ceramic workpieces were loaded agaimstasing tool and rotated together with a
leading ring. The rotational velocity of the toohsvset tay, = 63 rpm and the rotational velocity
of a ring was set to, = 120 rpm in the opposite direction of the todlatmn. Cutting fluid
(based on kerosene and machine oil) was introdatteg by drop into the contact region
between the workpieces and the diamond electrapkael. To check the correlation between
the tool and the workpiece shape errors, tool tauizfiles were measured along eight paths on
the CNC measuring machine as well as with the @isedigital indicator - Fig. 1 [6]. The design
of the tool allows for setting required profilesdais a subject for the polish patent law. After the
measurements of two tools, the average profileg walculated (Fig. 2) and used for numerical
analysis. The tool #1 was covered with diamondrgr&107, and the tool #2 with grains D64.

Measurement paths
and points

Measured tool

Fig. 1. Measurement of the tool shape
Computational results

Numerical simulations are based on the developedeinfor the shape error estimation
during machining with flat lapping kinematics [7,8]. During the simulations, the theoretical
distance between the workpiece and the tool sutatied [9]. The analyzed tool shapes, set and
measured before experiments (Fig. 2) and for wiieh calculations were carried out are
presented in Fig. 3. The workpiece area is dividéa elementary areas and the orientation of an
adjacent plane containing the workpiece is fourtds Brientation depends not only on the shape
error of the lap but also on the shape and sizefwvorkpiece [7]. During the computational
calculations the active tool surface is limitedle area containing the analytical points for each
discrete location of the workpiece. The movementhef circular workpiece is analyzed and
some its discrete locations are shown in Fig. 3.
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Fig. 2. Measured and analyzed tool profiles
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Fig. 3. Workpiece orientation on the tool surface:
a) tool #1 - one discrete location, b) tool #2rethworkpiece discrete locations

The average distance (during the cycle tifjebetween the elementary work-piece afga
and the tool surface is the main variable in a agerpmodel developed for the estimation of the
work-piece shape [7]. Distributions of the distamdor a circular work-piece¢34) and for
analyzed tool shapes (Fig. 3a, b) are shown in&ighe average distribution along the work-
piece radius is presented in Fig. 4c, d. The redollicates that the work-piece shape errors
should be higher when the tool #2 (Fig. 2 and 8iy.s applied.

Grinding results

Ceramic work-pieces were pre-grounded before emxpmris with the initial average surface
roughness parameter®; = 1,96um, R, = 22,7 um, measured within the central area of the
radiusR = 6 mm, with the initial and final biggest shapeoes. The average initial plane-
parallelism wad, = 0.062um. Surface roughness and waviness parameters vessuned with
the profilometers Hommel Tester T500 and ME10 ochesample after each test along three
paths. Additionally these parameters were measaneldthe work-piece surface was inspected
with the FRT non-contact measuring instrument (fiemes Research & Technology Company,
Germany) - Fig. 5. Plane-parallelism was checketth @imicrometer of sensitivity ilm (from
Mitutoyo Company, Japan, Kawasaki). The heighthef samplesih,, reduced by grinding was
measured individually after each test.

The first three tests were carried out on ceramiosk-pieces (AIO;) with the use of a
tool #1 with diamond grains D107 and with the rhgimfile presented in Fig. 2 and in Fig. 3a.
The required velocity of the tooh(= 62 rpm) and of the work-piece holdes € 120 rpm) as
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well as the load on the contact were §et(2.7 kPa), and tests {¥ T3) were run for total
machining time of 3 minutes for each test. Everg¢hminutes, five work-pieces were removed
from the separator and, after cleaning, the plarellelism, surface roughness and waviness
parameters were measured. Results show the reduntibe shape errors from the initial state
(Fig. 6, Fig. 7) to the final one (Fig. 7 and Ry.for each work-piece.
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Fig. 4. Distribution of the distance, between the work-piece and the active surfachefd) tool #1,
b) tool #2, c) average radial distribution for thel #1, d) average radial distribution for thelt42

i
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Fig. 5. Machined ceramic workpiece: a) analyzed totalaaa) filtered image with porosity

Next tests (1 + Te) were carried out also on ceramics work-pieces@4lwith the use of
the electroplated diamond tool #2 with grains D64 with the radial profile presented in Fig. 2
and in Fig. 3b. The required velocity of the ton| £ 62 rpm) and of the work-piece holder
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(n; = 120 rpm) as well as the load on the contpct .7 kPa) were set. The first test)Tas
run for total machining time of 3 minutes and nigts E and T for 2 minutes. The machining
time was reduced in order to minimise the wear airgle-layer electroplated diamond tool
which was higher comparing to the previous setests, because of smaller grains - D64.
Results show the increase in the shape errors thenmitial state (after the tesg)Tto the final
one (Fig. 9 and Fig. 10) for each work-pieces. Thats expected after the numerical
calculations (Fig. 4), which indicated the higherlk+piece shape errors for the tool #2 applied.
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Fig. 6. Exemplary results from the measurement of theainéiate of a ceramic sample
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Fig. 9. Plane-parallelism errors recorded after grindegis T,+ Tg

Surface roughness and waviness parameters achaftexd grinding tests and measured
within the central area of the radiBs= 6 mm, with the initial and final biggest shapmes, are
presented in Fig. 11. All parameters are belowitit@al values but the change in the grain size
from D107 to D64 does not influence considerabdy shrface finish Ra, Rz, Rt. The increase
in the waviness parameteMAt( Wa), which are also below the initial values as iséen from
Fig. 11, is caused by the bigger tool shape eebfas the tool #2. This shape results in higher
values of the distance between the work-piece eltamg areas and the active tool surface what
is seen in Fig. 4.

Conclusions

The results of experiments enable formulation efftilowing conclusions:
(i) There is a close relationship between shape eafotise tool and the work-pieces in flat
grinding with lapping kinematics. As expected frooomputational calculations, higher
workpiece shape errors were induced by grinding tie tool of bigger shape error.
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(i) Surface finish was improved by flat grinding witletroughness and waviness parameters
lower than the initial values, although the grairesfrom D64 to D107 does not influence
considerably the surface finistRa, Rz, Rt. The increase in the waviness parametéfs (Va),
which are also below the initial values, is caubgadhe bigger tool shape error set for the tool
#2. This shape results in higher values of theadist between the work-piece elementary areas
and the active tool surface.

(i) Plane-parallelism was also improved by single-$liaiegrinding with the correlation to the
tool shape error.

(iv) Presented in the computer simulations assumptiomddcbe included in a more
sophisticated model to predict the work-piece shapschined with grinding or lapping
configurations.
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