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LAPPING FOR MIRROR-LIKE FINISH ON CYLINDRICAL INNER AND END
SURFACESUSING THE LATHE WITH LINEAR MOTOR

Lapping is an old traditional machining process tias been useful all along in the human histonyifdym
surface finishing by manual hand lapping on cylicalrinner and end surfaces are very difficult. Aidaally,
the geometrical form accuracy and productivitylamer. In a previous study, the new lapping metfarcbuter
cylindrical surface using the lathe with linear srohas been reported. However, this method coutdbeo
applied directly for the cylindrical inner and esrfaces. Therefore, lapping for mirror-like finish cylindrical
inner and end surfaces using the lathe with limeator is investigated. In this study, lapping te@ls modified
from previous study to be suited for the cylindricaer and end surfaces. Then, lapping methodinfeer and
end surfaces were developed for uniform mirror-fikésh. Surface roughness and geometrical fornuamy
improvement were measured for both surfaces. Thienap conditions for high productivity and high dita
mirror-like surfaces were investigated. It was doded from the results that, the developed lapgiygiem was
able to process mirror-like surface on cylindricaler and end surfaces. Moreover, the optimum ¢mmdi for
the mirror-like surfaces were revealed experiméntal

1. INTRODUCTION

Inner surface quality of high precision machine poments such as injection pump
cylinders and hydraulic cylinders are critical foany industries. Additionally, mirror-like
surface is required for high quality precision paRecently, linear motor applications [2,3]
in machine tool industries have been developedigih productivity.In a previous study
[4], we developed a high-speed lapping technology tnirror-like finish on outer
cylindrical surface by using the lathe with lin@aotor. However, this method could not be
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applied directly for the cylindrical inner and esdrfaces. A new method and arrangement
of lapping system are required for inner and enthsas.

Therefore, the research concerning about the lgpeichnology for mirror-like finish
on cylindrical inner and end surfaces using thadatith linear motor was carried out.
At first, a suitable lapping system for cylindricaher and end surface was developed. This
developed lapping system included a new lappingj aod developed lapping slurry from
another research [1] for cylindrical inner and endfaces. Then, lapping methods for
mirror-like finish on cylindrical inner and end $aces were proposed. Surface roughness
and form accuracy were measured for evaluatiomefprocess. Finally, optimum lapping
conditions for mirror-like surfaces were clarifiedperimentally with the newly developed
lapping system.

2. DEVELOPMENT OF LAPPING SYSTEM FOR MIRROR-LIKE RFACE ON
CYLINDRICAL INNER AND END SURFACES

2.1. DEVELOPMENT OF INNER SURFACE LAPPING TOOL ANDAPPING METHOD

The newly developed lapping tool for the inner aoef lapping is shown in Fig. 1.
This lapping tool consists of cylindrical lappingdd ( lateral area of head was used for
lapping) made by polypropylene, the spring for gatieg lapping pressure, and linear
guide for stabilization of dynamic behaviour betwéke lapping tool and the main spindle
while processing. The 78 mm long weak coil spnvith stiffness value of 2.726 N/mm
was used. Even though positioning accuracy of lathe tool setting accuracy were poor;
the spring was used to prevent the effect on psiegsaccuracy as much as possible.
In addition, the spring would also maintain thegassing accuracy while the lapping head
wear out occurs. For producing of high qualitynanitflike surface, lapping head needed to
be rapid contacting and detaching intermittentlgnir the work surface for dressing
(catching new grains) and cleaning (removing somps} purpose. In addition, the smooth
rapid Z and X axial tool feed were also required stable lapping process. High speed
linear motor drive of Z and X axial directions hi@adbe effectively utilized in this study for
mirror-like surface processing.

160mm
I Linear guide

With linear
Spring ball bearing

]!
: Lapping head K=2.726N/mn
i [ 10mmx6mm

Y X

Work piecepl8xpl4d

Fig. 1. The schematic view of the lapping tool fiarror-like finish on cylindricainner surface
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Outline of inner surface lapping procedure is tated in Fig. 2. During the inner surface
lapping, lapping pressure was supplied towardsotlter radial side by X axial direction
tool feed.
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Fig. 2. Lapping method for mirror-like finish orylmderical inner surface
by the lathe with linear motor

At first, the developed lapping tool was instalEdool post of linear motor lathe. The
lapping slurry was supplied into the rotating cgliical work which was fixed at the collect

chuck of main spindle (see proced@ein Fig. 2(b)). Lapping head took diamond grains in

the lapping slurry at position (A) by X axial tofdled (see procedur® (a)). The lapping

process was carried out on the work surface wighdiamond grains that were taken on the
lapping head. Then, the relative speed (calleditapgpeed) was provided by suitable
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combination of the Z axial tool feed and the spndpeed (see procedu@and ®in
Fig. 2(a)). In procedur®, combination of high spindle speed with slow Zahxool feed

were provided. However, in procedug the fast Z axial tool feed and slow spindle speed
were applied. With these two arrangements of spiisgleed and feed speed combination,

the different lapping directions were provided nogedure® and®. Between the lapping
procedure of® and®, dressing and cleaning was performed in orderbtaio the stable
lapping process (see procedu#e in Fig. 2(a)). Then, the lapping was continuedhs
following procedure of®-@-®-@®-@-> - -

2.2. DEVELOPMENT OF END SURFCAE LAPPING TOOL AND IBRPING METHOD

The outer cylinder flat end face and inner cylindlibottom end surface are similar.
Moreover, the surface roughness measurement andlbkervation of the mirror-like
surface conditions can be processed easily witlkerocyglindrical flat end surface in this
experiment. Hence, the outer cylinder flat end fa@s used as the inner cylindrical end
surface in this lapping process. Fig. 3 shows tiematic view of the developed lapping
tool for the end surface lapping. In order to aplalyping pressure on the end face, the
assemble position of the lapping head on the shdas changed and lapping tool was
installed axially on the Z direction. Cylindricablypropylene lapping head was used for
this lapping process. During the process, lappiresgure was supplied vertically on the
work surface by Z axial tool feed.

Lapping head 160mm |
0 10mmx6mm Shaft , Linear guide |
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Fig. 3. The Schematic view of lapping tool for rirtike finish on cylindrical end surface

Fig. 4 shows the outline of end surface lappingedures. At first, the developed end
surface lapping tool was installed on the tool padinear motor lathe. The lapping slurry

was supplied on rotating cylindrical work end su€a(see proceduré in Fig. 4).
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The lapping head took diamond grains from the lag@lurry at (C) by Z axial tool feed
(see procedur® in Fig. 4). Then, the relative speed (called lagmspeed) was provided by
combination of spindle speed and X axial tool fé&sek procedur® and® in Fig. 4). The
lapping was carried out on work surface with themthnd grains which were taken on the
lapping head. High speed spindle rotation and loaxd&al tool feed were set at proced®@e

. Procedure® and® are similar processes, but low spindle rotatiod kaigh X axial tool

feed rate were set at proced@e By that way, the lapping direction in proced@®@ewas
processed with different lapping direction from grevious lapping direction of procedure
®. Between the process of proced@e and ®, dressing and cleaning operation were
performed (see proceduf®). For dressing and cleaning, the lapping head frezgiently
detached rapidly in sequence and re-pressurizethieomork surface by Z axial tool feed.
From that point, the lapping process was condusiéd the following procedure op-®
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Fig. 4. Lapping method for mirror-like finish oglmdrical end surface

by the lathe with linear motor
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2.3. DEVELOPMENT OF LAPPING SLURRY FOR APPLICATIOWITH LINEAR MOTOR LATHE

During inner surface lapping, slurry was relativedgsy to be kept in the hole.
However, it was quite difficult to keep lapping sluon the end surface because of gravity
and centrifugal forces. The special lapping slusgs required for end surface lapping.
Lapping slurry needs to maintain the dropping acattering of slurry at variable spindle
speed during the process. Additionally, grains dgnsriation in the lapping slurry due to
spindle rotation was also required to be stablenddespecial lapping slurry was prepared
as the previous report [4].

The specification of developed lapping slurry iswh in Table 1. It is a water based
solution of polymer Polyethylene oxide (PEO) witloncentration of 2.0 wit%. The
concentration of diamond in lapping slurry slurisy 4.0 wt%. From the preliminary
experiment results, slurry dropping and scatteditgnot occurred on end surface when the
spindle rotation was in the range of 3~700 TiNoreover, uniform state of the diamond
abrasive grains in side the lapping slurry was taamed between these spindle rotation
ranges. Because, developed lapping slurry [1] cket&p the diamond abrasive grain firmly
between the molecules of the polymer to resistgfravitational and centrifugal forces.
The conditions of lapping slurry on thel8mm work piece rotated at 700 miis shown in
Fig. 5. Lapping slurry contained grains normallybmth inner and end surfaces of the work
piece at that spindle speed.

Table 1. Specifications of lapping slurry

Mixture ratio of solvent Water : PEO =98 : 2 wt%

Viscosity 158 Pa- s (at 0.1 rps)

Shearing stress 15.8 Pa_ (at 0.1 rps)

Size of diamond (um) #400~500 #1200 #2500
(30~45) (12~22) (4~8)

Concentration 4.0 4.0 4.0

of diamond in slurry wt% wt% wt%

(a) Inner surface (b) End surface
Fig. 5. Conditions of lapping slurry on the workfages at spindle speed 700 min
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3. EVALUATION OF PROCESS CHARACTERISTIC FOR INNERW END
SURFACES LAPPING BY DEVELOPED LAPPING SYSTEM

3.1. EVALUATION OF THE INNER SURFACE LAPPING

Inner cylindrical work surface lapping was perfothwith the developed lapping tool.
Surface roughness and geometrical accuracy wersurezhto evaluate the effectiveness
of the process. The lapping speed (resultant vettomer perimeter speed and Z axial feed
rate) could be processed normally 3000 mm/min teplom the previous study of outer
cylindrical lapping [4]. Fig. 2 shows the inner e lapping procedure. Three different
work materials of Cemented carbide (JIS V10), medaarbon steel (JIS S45C) and Brass
were used for experiments. Diamond grains sizég100~500, #1200 and #2500 were used
In this experiment according to the surface roughnmprovement. The lapping condition
for mirror-like finish on inner surface is shownTab. 2.

Table 2. Lapping conditions for mirror-like finigt inner surface

Lapping slurry SeeTablel
Catct 10
Lapping diamond (Spindle speed 20 mif
Pressure
(MPa) For lapping 4
Lapping speed (mm/min) 3000
Fig. 2(a) ® ®
Spindle speed ( mih) 68 3
Feed speed (mm/rev) 0.1 900
Work pieces A5C V10 Brass
Lapping #400~500 15 15 15
time #1200 15 20 15
(min) #2500 10 10 20
Total time (min) 40 45 50

During the process, surface roughness was meaperestlically with the stylus type
surface roughness profilometer at the single cipadition of work piece. After processing
of final mirror- like stage, work piece was discested from the chuck. Then, it was cut
axially by wire cutting machine for accurate measuent. The cut surface was measured
with the laser profilometer to confirm the mirrdike surface finishing. The form accuracy
of cylindricity, circularity and straightness weakso measured only before and after lapping
because the work piece was impossible to be remdueitg process. Fig. 6 shows the
relationship of surface roughness improvement wi#pping time. After processing
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of 40~50 min, all materials (V10, S45C and Brass)dme mirror-like surface with surface

roughness value Rz (maximum height) abouput1The photograph of final mirror-like
surfaces after lapping is shown in Fig. 7.

Surface roughness Rim

Lapping timet min

Fig. 6. Relationship between surface roughnesdapping time for inner surface

Fig. 8 shows the measurement result of form acgubafore and after the lapping. It
was found that Cylindricity, circularity and strhigess were improved greatly after
lapping. Because, the eccentricity effect of theernmal surface influenced in this lapping
process. For example, if the eccentric value addte work surface, the lapping pressure
and rate of material removal will decrease. Howgif@éhe eccentric value becomes minus,
the result will have reverse effect. There is, ltEping pressure will increase. Concretely,
the rate of material removal and geometrical aaguveill improve inevitably. In regarding
to the straightness, the positioning accuracy o&xzal feed of the linear motor lathe
influence greatly on it. As mentioned above, theetigped lapping system for the inner
surface was capable of mirror-like surface. Furtiee, the form accuracy of cylindricity,
circularity and straightness also improved simudtarsly.

otor Nagaoka UnlverS\ty ot Ye
rear mofor T .inecar matar LN

Fig. 7. Photograph of mirror-like surface regardihgee materials
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Fig. 8. Relationship between improvement of forrousacy before and after lapping for inner surface

3.2. EVALUATION OF THE END SURFACE LAPPING

Inner cylindrical end surface lapping was perfornoedthe outer cylinder flat end
surface because these surfaces were similar imendéloreover, evaluation of process was
easy on outer cylinder flat end surface. In cyhcar end surface lapping, lapping tool
movement was performed by X axial tool feed whalpding pressure was applied vertically
onto it. In this lapping, application of simple tdeed with spindle revolution could not
obtain a uniform mirror-like surface. Because & tleasons described as follows; (1) the
lapping speed increases proportionally with inceeafsradius and it becomes zero at centre

Spindle speed: Variable

Previous cutting line Previous cutting line
\ apping 15\ \ \ \ | Go
. direction : .

Work piece
centre

Y : U Spindle
1l Workpleceg_;._.l_4_l_._l._.|_.TSDGECI: Low
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Go Back I I /-I /.’ /.

Y R H
/ '. : '/' /7 Lapping 7/ ./' .. , / ./'
Z$—>X pa /% ya direction L7 m/
Tool feed Tool feed
: Sow (variable) : Fast (constant)
(a) Lapping of circular direction (b) Lapping of radial direction

Fig. 9. Lapping algorithm for mirror-like finish eand surface
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of cylindrical end surface, (2) previous cuttingdicannot remove with only one circular
lapping direction provided by simple tool feed. ldephorizontal lapping direction provided
by suitable feed on the end surface becomes negessa

Surface roughness R

Lapping timet min

Fig. 10. Relationship between the surface roughardshe lapping time for end suraface

The developed new algorithm for uniform mirror-ligerface on end surface lapping is
described in Fig. 9(a) and (b). As mentioned alaverder to solve the problem of (1) and
(2)) circular lapping direction was provided by iedte main spindle speed corresponded to
radius for constant lapping speed (see Fig. 9@y)this way, the material removal of
circular lapping direction became constant. Foralaldpping , main spindle rotation was
reduce to 3 min (the lowest limits of spindle speed where endamefcan keep the lapping
slurry) and high speed X axial tool feed perforntieel horizontal lapping direction which
was nearly perpendicular to the previous circudgping direction (see Fig. 9(b)).

The end surface lapping was carried out with thppileg procedure described as in
Fig. 4. The condition for mirror-like finish on emsurface lapping is shown in Tab. 3.
Similar work materials and abrasive grain sizesewesed in this experiment. During the
process, surface roughness was measured perigdigathe stylus type surface roughness
profilometer. At final finishing stage, surface ghmess was also measured by laser
profilometer to confirm mirror-like surface finisithe relationship of surface roughness
improvement with lapping time is shown in Fig. 20l three materials of V10, S45C and
Brass became the mirror-like finish of surface ougss Rz (maximum height ) value about
0.1um after processing of 45~65 min. Photographs offihal mirror- like surface of three
materials after lapping is shown in Fig. 11. Theamwement result of the improvement
of flatness before and after the lapping is shawRig. 12. Higher improvement of flatness
was found and it could be concluded that the reagas similar to the form accuracy
(Cylindricity, circularity and straightness) impewent of inner cylindrical surface lapping.
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Table 3. Basic lapping conditions for mirror-likerface of cylindrical end surface

Lapp|ng S|urry See Table 1
. For catch 50
Lapping | giamond (spindle speed 10 nit)y
pressure
(MPa) | For 30
lapping
Lapping spee!
(mm/min) 3000
Lapping algorithm Fig. 9(a) Fig. 9(b)
) . 53,60,68,80,95,
Spindle speed (mih 120,160.238.477 3
Feed speed (mm/rev) 1 900
Work pieces A5C V10 Brass
Lapping | #400~501 20 20 15
time #1200 20 15 20
(min) #2500 20 10 30
Total time (min) 60 45 65

ear motor Nagaoka University ¢
or Linear motor L.inear motox

Fig. 11. Photograph of the end surface regardiregtmaterials after lapping

The newly developed lapping algorithm and positignaccuracy of X axial tool feed
influence greatly on it. It was confirmed that ngwleveloped lapping system was capable
of producing mirror- like finish. Additionally, theleveloped system can improve the
flatness simultaneously. Finally, optimum processdition for the end surface lapping was
examined under five different process conditionse Experiment conditions are shown in
Tab. 4. In this experiment, S45C was used as watenal. Fig. 13 shows the experiment
results of the five different lapping process cdinds. All process conditions satisfy the
mirror-like surface finishing. From the resultsetprocess condition 5 was able to reduce
the lapping time to one-fourth from the basic pesceondition of 1 by increasing the
lapping pressure, lapping speed and spindle rotalibus, condition 5 was regarding as the
optimum condition for higher productivity mirrokk finish surface. Furthermore, that
condition was the process limitation of taking dards to lapping head during process and
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the application limit of the linear motor lathe fwhich the machine vibration needed to be
taken into consideration.

Table 4. Lapping conditions for mirror- like finistith productivity

Lapping pressure For catch diamond 50 ( spindle speed 10%nin
(MPa) For lapping 30 30 40 45 45
Feed spee Fig. 9(a) 1 20 20
(mmirev) Fig. 9(b) 900 800
Spindle speed (mih See Table 3 See
Lapping speed (mm/min) 3000 4000
Lapping #400~500 20 15 10 5 5
time #1200 20 15 10 10 5
(min) #2500 20 10 10 5 5
Total time (min) 60 40 30 25 15
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Fig. 12. Relationship between improvement of flatnbefore and after lapping for end suraface
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4. CONCLUSIONS

It is concluded from the result that; (1) The newbveloped lapping system was able
to process the mirror-like surface finish for theriwvmaterials of Cemented carbide (V10) ,
medium carbon steel (S45C) and Brass. (2) The optnoonditions for the mirror- like
surface on cylindrical inner and end surfaces wevealed experimentally.
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