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A Study on the Electrochemical Micro-machining for Fabrication of Micro
Grooves

Jeong-Woo Park*, Eun-Sang Lee**, and Young-Hun Moon***

ABSTRACT

A specially-built EMM (Electrochemical Micro Machining) / PECM (Pulse Electrochemical Machining) cell, a
electrode tool filled with non-conducting material, a electrolyte flow control system and a small & stable gap control
unit are developed to achieve accurate dimensions of recesses. Two electrolytes, aqueous sodium nitrate and aqueous
sodium chloride are applied in this study. The former electrolyte has better machine-ability than the latter one because of
its appropriate changing to the transpassive state without pits on the surface of workpiece. It is easier to control the
machining depth precisely by micrometer with pulse current than direct current. This paper also presents an
identification method for the machining depth by in-process analysis of machining current and inter electrode gap size.
The inter electrode gap characteristics, including pulse current, effective volumetric electrochemical equivalent and

electrolyte conductivity variations, are analyzed based on the model and experiments.

Key Words : EMM(Electrochemical Micro-Machining, v}e]Z 2  #8}7}E), PECM(Pulse Electrochemical
Machining, - 4387}, Electrolyte( %1 3] 2¥), Inter Electrode Gap(=17}=1), Electrochemical
Equivalent (‘5 7} d 7} 8l &k

7154Y S = gap size
V = voltage

A = atomic weight f = feed-rate of electrode
z = valency of dissolving ions Kv = effective volumetric electrochemical
I = current equivalent
i = current density
F = Faraday’s constant 1. ME
A/z = electrochemical equivalent
XA =% of element A o] AR 7hEVI&S WA B, 9=A, AHF
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Fig. 2 Cross-sectional diagram of A-A in Fig. 1

Table 1 Experimental set up

20V, S00A DC, Pulse

Power supply 7,, 0~999ms
Toff 0~999ms
Workpi
oreprece STS304 DISC
(anode)
. Aqueous 30% NaCl
Electrolyte
Aqueous 30% NaNO;
Tool electrode
Bronze
(cathode)
Surface Mitutoyo Surftest

SV400
CCD Camera
(100x, 200x)

roughness tester

Surface

measurement

Table 1 2} ol & dol A&l d9le 3
20V, 500A o} 2 3L /b Aol i

103

-

E§ 589, HUEE S50 Asie) ALg
Helth, B AHe 49 F ERAE) 347)
2 agne) gas dolg Fysglon

%4 A Fig 2 o go] %0 upawe FARE
NEow 39 Hgstel g |Eagnh

Z1 o]

4. ¥ U D@

4.1 Ms{HYol wE MslEM
BodgdA qed dsee

EH sgoli s

% welste] ARk

4o A
peoR 47 BE

Adzbgol el defole W BHE Abol
of Fitslel ¥Fel AagEFE Uoslm, e
G AAYYES AR A HEE Ty

she s Arishs Qs W

Fig. 3 & ztzbe] A EH 83 dshd
EH# ‘%"“ of olsf wAl HarbeE FAHAES
W zb gHEe] 7 FEHE vjag slelrt s

of o] *\Q:Ir.T: 20C o], «]H-of A 04—‘—7‘4,_9.,‘?: "T:*"
3k Aelel M A5 dle dAgARE Bt
A SIS Edow e FusHS
A%, eidew slgue] waen 7130l

VA FHHULS o & ek

Oiv
-

Electrolyte Groove Profiles

| v

NaCl -
—— m i,
, m}w\ s ffif'wf

3 Sommrsomer e, UM o
\;"“’ '\:j
NaNO;

’ T

Fig. 3 Comparison of groove profiles created with 2
electrolytes (Applied DC voltage = 8V, T=207T)

L N

=t

B dake g Qldle] 7hEE




7 WY FHE FAHIL AFERDG 05 F
5% A%E melm ok
AEIEF F89 Aol el RAH
o glt= FAll AFAE ool b
do}4]7] g

100%2] AFEEO] AF7h=ol
Z FHolx 7hae] dojutil, Table 2 oA 2t 3kol
Cl- o]&& FEeg d7] oQ7] el =3t

AsfgEz A T5AHA AE@inzgo] BAds
o] o JMEAYEE Ay FE Y
o] AAUEg £E49 Fede o
Ef 58] Ao B} 4P| e
E rolx Utk 7kFZ 7 5~10 meluiol
3t 7bsEAY AAVZE 7hEde mdd
AL AE vEba gtk ol Table 2 o A2
ol HAAMUEFS FEeizt et a8 AsHA

£ oRIAE ool FHETel H9e 5y un
g WAool #AT AAREL o Wk ofy)
2 G ARUE QoA WR AR W] W
Fol Qb Relolw daHe S doslY] HE
o1},

sey e 29 =2vE A4 e Ue
Ho 98 B & i, ok W mAY F
go) HE@ ARUFOR st HsHgo] @
wa) A ol

Table 2 Capability of changing in transpassive state

OH  ClOy CrOy NOy CH;COO SO Cr
44— —
Easy Hard

42 M2 ¥ M3 Aol g 54
Fig. 4 © #3324 g a5xe 7157
°ol& uehd AHeltk. 5 29 JHFAIZL, 0.54,
0.584/cm’ & AFAZ 20T Ha¥ w7t 7
f99en, Agde FUUYEF FEHo] ALE
= HETo) o3 d=uirE F
Ha, HeEPE 58 A
A Hoez AIFzhFo] ZAHSAE A9 #AA
2 Q8 AFago FUbstA = 14 we
gk MajEg oz shyzielrt FkskAl FHoh. 1

Ay AFFe)] T s A FFo] 2
&3] ool 7] W&ol 7tEH AEirt Bt
QoA H3, 7t3o] 2 Aol FAEY A3
Abolel] o] ARmE AFI AFs] FFHA
ol HAFAL AaAEE @ol HaE L) PE
of WAl ¥l AT shwel £AA ot

20 T T T T
1: [ Time : 5 sec
E s [ Electrolyte temperature : 20°C
® [ Electrolyte : NaNO, aqueous ]

15

14[ ; J

13 ]
g 12l \f ]
& 1 —=— 0.58A/cm’ \i ‘
10¢ —e— 0.54A/cm’ !
or ! T L L 1 1
010 012 014 016 018 020
Electrode Gap (mm)

Fig. 4 Relationship between electrode gap and depth
of grooves

Electrode 2

Electrode 1

Electrode

'y

Grooves "LAVrﬁ “\M /

1 : Electrode

2 : Transient current

3 : Embedded material

4 : Homogeneous current distribution

Fig. 5 Comparison between two different electrodes

Ao BFYY FE, 2AY FE S A
Fo WFAN] WK AT FYuAY

1
WA A webd B AQelME AT 2
gold TS AAgsd 7S4S BN wan

ahy.

A
Ao =4 gow date el wAE
A




gL - o2y - FYF . gdT A Al9H M4E
Fig. s & ®@4bo] the ¥ e W3, 2 A% 1 9 vhes g
o W= 2 B ARgste] oAl Asivbes 5y
A 2AE9 178 ’\"bﬂ——"— 2% zA}psio|n}, Si
dubAel At 1 & A deeli mag Ko T )
g210] ARYF ??4.’?}_‘25& A "“’ﬂ A KA
el el sl el BUw s boli: A7 k= ofel AAH axel AR
weol AwE Aol 452 3% ARA ATE g gagee wge anseln, | b A
TR oy A ?‘iv"r%i’ié et A Abzy PYle. Vis Mok §i= A7 vbebdic
Bel e Askd molar Ao, wabq v Faraday 9}‘% # ol 01%}047-313\_ on-time o)A
%13}17}‘;61 A ﬁ;:‘o 53)6]'}'&,71]%} %}.L‘&ﬁ] —E)—Jq_‘tﬂ— °§ 9] i"—é‘-xﬂ;{?}b E}— 7} 7)_[‘] []O:II.IZ]
P& AT Yes o 4 A, B
ds Ax.(V,—-AV
43 AN IHB(PECH) 8N =Y B_AxclazdV) )
dt Szp F
431 HI3=S HAUS
A8 el sl 4ge ey ¥ e shelaz AT HEE
o] Ayl HEe FIFHES HIgEs - e vl W MR E Hesdong
3 4= glont o] X vk ~unfM§91 Ak AT olEATIA gt B 1, Al
S olsunt opudl 7 mellEbel dAM, Ty AR FEAA ol@ AFnae o
qag A48 |4 Bew e wed a9 o el geldc
2700) Ge Wi 77 seblelel e o4
Zol| oly sl Aol A& Holr), J'ru// SdSz‘r"” Ax (Vy, —AV) ” ©
Fon Ton zpaF
Tool S, =+/S,} +2K Kk Vt
A )
K, =
zFp,
K, 3= effective volumetric electrochemical
N equivalent = 739]E]tﬁ 11}_,;011 tt}a} R R
Workpiece ey apreE B o] Lol Al . -
f Kol 42 B = 3.57x107em /A o] i %7
L 3_75_%120‘3-4“415—300‘5}
Fig. 6 Schematxc diagram of combined electrolyte A9 AT B “H Qe He A
conductivity otu} Alzbel uwhet A% Ht ‘7*_0 H] ) 8t
) i F7vakAl gt
24 gae AnEy: AatzAle] 43l
dgg st vetelEe] suR X, FavFA 432 OlM & JHRZol
9 el e e e el A T e Taga e qg agael v
g Bt Az AR vhy el b 2 Wazrcte] wWEE U Aoz, A7k
719090 Fig. 6 3 20 1A% RARE TH mu aoteeersl 2ol AmEEele B
3to] ol o] Hgg BT TS F 4 sHEA 4] JtEzelst ¥n, FEAge BT 9shol Tofr
Z’l%‘ ﬁ?}'%ﬁ% 2 %5}'011 Ohm's law Oﬂ :ﬂ%g} =0 o 6}»93\13}-. 4“”‘73‘%_5‘ /q__g_ ]’M"7 %

105




e . olea - BE  waAUzesA 4193 45
Fa7bA BE Lo AR Z7) AEEE 3} S F F dv Ao AnE BEdE 3
A& gyl B e S = 04mm o NFFUE Vo=7V, t=5sec ¥ Wl 7}FZ 0] S=52m, Vo=7V,t
MR Al EYeld HHE EdE W Vo= = 10sec ¥ W S =104mol, AFe) oj3 Azt
8V, t = 400sec & uj, 7} l S = 0.08mm, Vo = X Zhz} §(Vo= 7V, t = 5sec) = 5/m, S (Va=7V, t=
12V, t = 400sec 4 uf, ﬂjz% 1 S=01mmAxE7} 10sec) = 12 m=Z 5o Aws] ZAES nolz g
e o 5 o, ujA darrgel dstrl 9 t}.

&A= 7h’r et e T, % A A s Folof gy
0.24
022}
0.20
ot8f
016}
014
012}
otof
008}
oos|
004l

oo2l— o

0 500 1000 1500
Pulse on time t_ (sec)

K =3.57+10"
x,=0.02948 A/Vem
AV=3V

T

V=12V
V=10V
V= 8v

Electrode Gap S (cm)

2000

2500

Fig. 7 Model results of gap variation with pulse duration
T ., and voltage V, for three voltages

0.0430
Experimental
0.0425 - S,70.04cm
K,=3.57+10°

’g 0.0420 b . 5031\),2948 ANem V=8V
~ AV=
w
200415 |- )
0] .
@ Theoretical
200410}
8
Y 0.0405 - ~

0.0400 -

0.0395 L——L UM S Y S S—

0 5 10 15 20 25

Pulse Duration _ (sec)

Fig. 8 Change of inter electrode gap with short pulse
on-time T ,, and voltage V,

Fig. 8 & }‘:S‘é olg wlo]lA g W9 E Ao}
7) Askel B AAFAT GG AFeelH
éﬂ%-%ﬂﬂ.ﬁﬁi‘é Adkst 43 A

106

433 B2 M&7lE (PECM)
Aurrow AsTEEAL A7) 3R]

Jel

9w e Favts, 99 o BAZ 27
U3U5E A Syan ol A
71717t o1t 013 aNAstr] s H2H
Abgste] 7] HF S 0.2mm ¢332 Mz’l?:l'o]
Ao deae age Aoi7k Fhseh7]
A

@ [*/w/~

sl

£ - Tastz, )

u _. ktoﬂ

Fton

Machining Time, t
Fig. 9 PECM working cycles within short pulse periods

H2d9e AH8F PECM 7}“%%9— A& 2
G)FE JE3¥ &3 2. F, On-time(t=1~k)d
= ezl s 6351Usn 7hE A b
upe} Sn ko] wlald oy Zrbstm thg Aol
= 2710 So 7 Sn-t B AAE 7] &
o on-time T-XHHe Aol AIRE ¢ o tiEhA A

G303 gew 2.

S, (2,) =S, 1 (z,)} +2K K V1 ()

gy 7HEAZE ¢ 7} off-time Al RO (t=k+1~
m)dl HAEH EH™o] FAEH7] mfEo] o] we

AT o)A ontime AZbhe) mpA ek A7kl



wge - oled . PAE

pu

L @AY A A1

H ez

tk oA Sk A E 2R KA k. uhEhA
off-time ¥ W Sn gt vhS3 @i
Sn (Tt’ﬁ") = Sk (Tnn) &
Z PECM & 7d%-9l+= Fig. 9 9 #°| on-time ¥
= A3 EZo] ﬁ“j}l Maslol ATl &
7183l off-time ¥ Wiz 74Eo] Al A 115101

O
213
=4

A, F27hA BE ART ARAY AAE A
o Mze Waole] ¥ Yats] P
8
K,=3.57+10° -
x =0.02948 AVcm ﬁ=12v
_ 6} Avs=3V -
g ,:10ms - ,___/\G-WV
(7; Tt 10ms ,/N:,V%V
[
g
ok
o 5 10 15 20
Machinign time t (sec)
Fig. 10 Model results of gap variation with pulse
duration
Fig. 10 & %7] =& Al22 F1 94 A<t
@ 8V = 6}01 PECM 9] 7}&Algbel wp& A=
hitel WEE e Ao, vlolAmue F7
9 7}%30 g AT F 9eE ehack A

£

A A= l/} LO] Z7)ek
wm, 5.1 mmE UERar ok fF AYL AL
MRt oHh Whe FAE nolih AFnoe o

& AR7E BEH R g AR 9F

S = Z}Z} 38 um, 4.5

E7b Fobd mAAdeE7E 4sshAl |t
Agtdo g HAAHYE ALREE A olliz 77
o) ZAFEZL 9l duty factor & #£3b=d] o}
= The 3 #ol Hejdt
DutyFactor = = (10)
T, + T

107

st " HajrhEo 2lelA duty factor o
el ThEEAde]l AEE HoE A" 9o
L AA 7HE Aldle B3 duty factor g 7=
HAdxzdgQue &3 Az & A3E 19
& ¢ Utk wEbx o8 ] 3] 9t
Fig. 11 #} 7o) duty factor o wheg} M =7k=to] W
g}ehr BAEge VERU

25
" T, 20 ms
K,=3.57+10 ;200 ms »
20} «=0.02948 AVem Ty factorzg_1%//
T AV=3V -
=2 V,=3.5V ,~\/ »
»n 15+ L o
o o o e
10} e —
% / — T \
w :10ms f 5ms
05 : 100 ms :50ms
duty factor=9.1% dutv factor=9.1%
0F
1 1 R s N

10 15
Machinign time t (sec)

20

Fig. 11 Model results of gap variation with duty factor

Fig 119 Aol 9|5l 22 duty factor & 7}

A= A_ZAQYE 81383 on, offtime ] o)
uf-g} "1- 02 ANE Heln Qv F s

duty factor(=9.1%)% 7} &% B3lx 74'21(-4 z

el whef ¢ = 10sec Y wl A= FohE s
7F 1.6 m, 1.1 gm, 0.8 ym= A] 5L Abo]dl AutE Ho)
i1 2dth

upeba] HAHAs Hgsk Asrhgeo] 2doiM

duty factor 7} HIQ1z}7} obyel A A &3}

1= on, off-time o F2|7} 7HEAHE s AR}
2 g Elojol 31Y, on-time ¢ 07}"“"“ upe} )
F%Hol WA FTristnz AWUg Ao E s

A3 off time ¢ FXE AH2I] FHEE Hol
5 E&Hol)
5. @8
Aaiztgel ol e Hs) dAHdEHE o
83 AT AAYZE A8, olF ol&

@ sholam AsitEel AESHE AT A



Microfabrication: An Introduction,” IBM Journal of
Research & Development, Vol. 42, Issue 5, pp. 563,
1998.

McGeough, J. A., "Principles of Electro-chemical
Machining," Chapman Hall, London, 1974.
Patterson, A.G., M. A. and A. M. . E. E.,, "The
Evolution and Design of An Aerodynamic Gas
Bearing," Gas Bearing Symposium, March-April,
Paper (D, 1965.

Chikamori, K., "Possibilities of Electro- chemical
Micromachining," International Journal of JSPE, Vol.
32, pp. 37-38, 1998.

De Silva, A. K. M. and McGeough, J. A.,
Monitoring of Electrochemical Micromachining,"

"Process

Journal of Materials Processing Technology, Vol. 76,
pp. 165-169, 1998.

K. P. Rajurkar, D. Zhu, J. A. McGeough, J. Kozak, A.

De Silva, "New Developments in Electro-Chemical

108

g e . ol2A - BYE T AIEIEIA H19d AM4E
=3 22 4EE AT Machining," CIRP, Vol. 48, No. 2, pp. 567-580, 2000.
7. Rolf Schuster, Viola Kirchner, "Electrochemical
A7ty wHe Ay AxE A A Micromachining," Science, Vol. 289, pp. 98 ~101,
AAUEF F8%0] HUEF FEAEY 2000.
G353 AAE et a, oA &9 vlelz 8. B. Wei, K. P. Rajurkar, S. Talpallikar, " Identification
2 F BYEE 7hestA str] sk <A of Inter Electrode Gap Sizes in Pulse
d AFEEZE HAE A584e Tk Electrochemical Machining," The Electrochemical
A7t AYUYES 388 volaz A3 society, Vol. 144, No. 11, pp. 3913 ~3918, 1997.
7bEe] 7hEZolE dEde AlgdHeldS T 9. E.S.Lee, J. W. Park and Y. H. Moon, “Development
%3at7] Slated, Malqe H7) drxE 9 of Ulra Clean Machining Technology with
stoll glojA AA spEz:dd A 2387 Electrolytic Polishing Process," International Journal
e oz 7AH AAFE ZFstA ol5Y of KSPE, Vol. 2, No. 1, pp. 18 ~25, 2001.
e BE g shFAle dWE, A 10. K. P. Rajurkar, B. Wei, J. Kozak, "Modeling and
EQS 2t ko & A& stEHOE A Monitoring Inter Electrode Gap in Pulse
SR eh=y Electrochemical Machining," CIRP, Vol. 44, No. 1,
HAAY s #83 A7 d M= duty factor pp. 177-180, 1996.
7 ALzt opEt AAl HEL3b= on, off- 11. K. P. Rajurkar, D. Zhu, B. Wei, "Minimization of
time & FX7} 7}FAES Fdste AAE 1 Machining  Allowance  in  Electrochemical
# 5 olot 3, on-time ¢ 7o wheEl &) Machining," CIRP, Vol. 47, No. 1, pp. 165~168,
EE5%o] F43 FrhstnE AUE Aojs 1998.
el off time & FXE HAH3| FHE = 12. K. P. Rajurkar, B. Wei, J. Kozak, "Study of Pulse
7Zio] B2 &gHolt) Electrochemical Machining Characteristics,” CIRP,
Vol. 42, No. 1, pp. 231 ~234, 1993,
ATEd
Datta, M., “Applications of Electrochemical



