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Introduction —

Electrical energy used mmtion with chemical reactions to
[Emove material o — _
Pejjj Qﬂl‘ﬁr" C[’C Blect C\"“'C aterial re OVc

Michael F araday discovered that if two electrodes are Iplaced in a

Ddth con alnlnﬂ a conducting liquid and a DC potential is applied
gCrOss them, then metal can be depleted from the anode and
slated on the cathode — process universally used in electroplating
.)\/ mat =ng the workpiece the cathode

rIVI the material is removed and hence electroplating is
= 'ﬂ - ;eresed l.e. workpiece is made the anode

V ork material must be a conductor

~ Machines having current capacities as high as 40,000 A and as low
2 -,as 5A are available

“®  Processes:

1. Electrochemical machining (ECM)
2. Electrochemical deburring (ECD)
3. Electrochemical grinding (ECG)
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Principle of ECM - 1
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Fig. 11.15 Principle of electrolysis



PrlnC|pIe of ECMJ*

- Net result of eIectrdTL Iron gets dissolved
fliomithe anode. and.forming the residue
gEnNsUmMINg electricity and water, and nothing
gJsel Reaction products are ferric hydroxide and
n\/rJ OF‘ ) gas

Metal from the anode is dissolved

‘elect ochemlcally and hence the MRR based on
~Faraday’s laws will depend upon atomic weight,
= r’valency, the current passed and the time for

~ Which the current passes

e At the cathode only hydrogen gas is evolved and
no other reaction takes place, hence the shape
of the cathode remains unaffected
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Fig. 11.17 Schematic diagram of the various elements present
in a commercial ECM machine



Pump for circulating
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Fig : Schematic illustration of the electrochemical-machining
process. This process is the reverse of electroplating.
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ECM machine (Source:
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Sub—systems

—
POWEr source e
High value DC (may be as s high as 40,000A) and a Iow value of
electric potential (in, the range of 5-2 acra e IEG is
fJ:;JrrJJP
Withi the help of a rectlﬁer and a transformer, three phase AC is
gonverted to low voltage, high current DC

erorre rectifiers (SCR) are used both for rectification as
\/\HH as for voltage regulation

mlyte supply and cleaning system

Q- n5|sts of pump, filters, piping, control valves, heating or cooling
+; = -Gils pressure gauges and a storage tank

__ =k -_-"Tfool and tool-feed system
=4 - Workpiece and work-holding system

~ -  Only electrically conductive workpieces can be machined by this
process — the chemical properties of anode material largely
govern the MRR

e  Workholding devices are made of electrically hon-conductive
materials having good thermal stablility, and low moisture
absorption properties. For example, graphite fibres-reinforced
plastics, plastics, perspex, etc
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Operatlon __‘.’—.b—

Material is depleted from anode workpiece
(FJOJJFJ\/A soleY and transported to a catl ode tool
(heg rJF € pole) in an eIectronte bath

e 0 Sfte flows rapidly between the two poles
"9 'ty off depleted material, so it does not
— ple =e onto tool

ectrode materials: Aluminium, Cu, brass,
t1tan|um cupro-nickel and stainless steel

-® Tool has inverse shape of part
® Tool size and shape must allow for the gap
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BFOCess capabilities

h

ecJ 't'r- machine comp jities in high strength

AF)IJJJCEJ'FJOF]” in aerospace industry, jet engines parts
and mozzf" =
ECM' process gives a burr free surface
' No 'r'm'@:"ff' al damage

= _mF :e ~{bol forces prevents distortion of the part
—— _...]Ee foaLwear

1"‘Capable of producing complex shapes and hard
‘——-__' ~ materials

=



ool material
Properties expected outﬁe—tool mater|a|

> High electrical. and p_'rrf conductivity -
NG00 Stiffness |

2 EaSY chlnablllty particularly important if complex
er)erl [00ls are required

HIgh corrosion resistance - to protect itself from the
'n] J'FE' “corrosive electrolyte solution

ESERIgidity - Rigidity of the tool construction and material is
= important because the high pressure can cause
—  deflection of the tool

 Easily available

-Generally aluminium, copper, brass, bronze, carbon, coner
-manganese, copper tungsten, tltanlum cupro -nicke
and stainless steel are used




‘0ol"design consideration

-
, . —
IWormajor aspects of tool design:
1. Deter Jnlng the tool shaﬁé‘sc'fhat the deS|red shape of the job is

rjrj’]j‘—l\ e

— —
J i i a = n ! L

erwrror*res"c 5'SUCh as electrolyte flow, insulation, streng
and H/l: g arrangements

Morhnm ion of the tool profile to get the required final surface is
elati Hcomplex FEM can be used to get the final tool design

Pesigner must determine the nature and the extent of the required
devia mn or gap allowances from the mirror |ma%e configuration,
WE le prowdln% for a uniform and sufficiently high flow rate of

= glectrolyte in the gap to allow a practical MRR

i -|.__T—

' “Tool dimensions must be slightly different from the nominal mirror
dlmensmns of the completed part to allow for ECM overcut

o — Part and the cathode must have adequate current-carrying
~  capacity

~®  ECM cell must have strength and rigidity to avoid flutter and arcing

| 'b"‘u hi{_’ ,'
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ool designtypes o

"MVost _ammon — op@:ﬂow type
JFrOw—'M lype for external machining.... -
SBBECaUse of the interaction of working-tip shape
and dimensions, location of insulation, current
fJP‘J'JJJIW and feed rate, the design of tools for
rrw ing complex shapes requries
ur erstancmg of fluid flow, electrcial and
' Ectrochemlcal principles as well as experience
ﬂan(_:[ iIngenuity

Although tool design may be difficult and time
consuming, the cost of additional or replacement
ECM toollng IS usually much less than that for
conventional machining
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L.

gIEssinking tool of the open-flow type with insulatédiside wall

— ‘F

Insulation







ool for tapering a predrilled hole

Workpiece
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gpLJor enlarging interior section of,aNiGIE s

Predrilled hole Stationary + +

\ 27 tool

Workpiece /.
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@pen-flow cathode used to'generate theseutside
gienfieter walland leave ansembessment
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Workpiece

N

///




BissEilow (00I"UISed to generate ribs on apsuikfiace
Without leaving, flowslines.omthgipart ="

Workpiece



Electrolyte __}_3—

dlytes used in ECM should be carefully
J‘JE:‘C so thatthey provide the necessary
iions without plating the cathode

JOH\- expected:

J Cer eting the electrical circuit between the tool

ar nd the workpiece

-T:z llowing the desirable machining reactions to
fke place

Carrylng away the heat generated during the

operation

K Carryi fg away products of reaction from the
zone of machining
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Desirable electrolyte prope e —
High electrical coné ctivity - easy jonisation
[BOW \/JJ(“('“ tvy - for easy tfiow
HIgh s eC|f|c heat - to carry more heat

giemical stability - to be chemically neutral or
4OES Nt ot disintegrate during the reaction

¥ Resistance to formation of passivating film on
= {] eworkplece surface

.E‘Nan corrosiveness and non-toxicity

.—-'._-_

~ ® Inexpensiveness and easy availability

Salt solutions with water forming a large
proportion satisfy many of the above conditions
and therefore they are generally used
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Electrolytes -

Iypes: Sludging and Nonsludging .
INSS|lidging: solutions of typical salts such as Na%!(. —
J Salts are generally not depj'@l;ieq_an_d they provide su ntial conductivity

1@ the solutioning water

Hydroxide ions combine with the metal ions that are being removed thus
[OHMING INSOlUblE reaction’ products or sludge

S5oditim chloride or potassium chloride up to 0.25kg/litre
Widely used because of its low cost and stable conductivity over a broad
iange of pH values

FHOWEVET Itis corrosive and produces large amount of sludge

PR Sodium nitrate up to 0.50kg/lit

e 'ess corrosive but forms a passive film on the workpiece surface — hence
= not used as a general purpose electrolyte

=% Used for machining aluminium and copper
———

~2."_ Nonsludging:
-® — Strong alkali solutions for e.g. NaOH are used in ECM of heavy metals
(such as tungsten and molybdenum) and their alloys

o Salts are depleted because the sodium ions of the salt join with the
metals being removed

° New compounds such as sodium tngstate form during the process and
makeup of both the alkali salts and water are required

° The new compounds in the process are quite soluble in water and heavy
Erecipitate volumes do not occur. However, there is a tendency for the
eavy metals to plate onto the cathode

AR



PEsign for electrolyte flow _ -
NEEd TOrsufficient elg_cg_olyte flowﬁmEﬁe‘b-
100l and the workplece'
9 1) chr__\r\\ gy the heat-and the products of
Machin ‘ing
To fJSJJi» the machining process at the required
e_cL ate, producing a satisfactory surface finish

VI atlon stagnation and vortex formation
~— should be av0|ded since these lead to bad
="~ rsurface finish

- There should be no sharp corners in the flow
path. All corners in the flow path should have a
radius

e
C

J



Wihenidrilling a hole — flow through the hele under
& high pressure and exits through the workpiece

—

—
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(a) Electrolyte through electrode (b) Insulated electrode
Fig. 11.18 Electrolyte flow methods in ECM




Insulation

Insulation Tool

Streamlined electolyte flow
Fig. 11.19 Electrolyte flow methods in ECM
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Reverse flow would be useful since it decreases the metal removed, by

‘|

Insulation

smﬂm" VTS

[}

P
Workpiece

SIS

Suction through workpiece

Fig. 11.20 Electrolyte flow method in ECM



e
laitiglishape of thiercomponent generally may not.cemply With

EReLIEsHEpPEand only. a small fraction of. theg@rea's clesexto®
EReBISUIace at the beginning, — the problém of supplying
HEREIECHGIY e OVer suchrarea is.overcome by using, the flow
ESLrCLIoN teChnIque

)

LI
tr
£r)

Flow
restrictor
dam

Restrictor

Fig. 6.46 Control of electrolyte flow by restrictor dams.
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iRy situations, when the initial work confoiisito theg o
PIBEPE, the machininggprocess itself*calises the formation
of 0933 nd ridge in the workpiece, which helps in the proper
dlistiiibubioamefsiieseectielytesdilow

=

Z
N\

(a) Boss formation

\

Boss

Ridge |

5

(b) Ridge formation

Fig. 6.42 Formation of boss and ridge on machined surface.



JIeOIWIth an?Ecﬁe.lyte supply slot isysimple to manufacture, butssuch
ssiPmleaves small ridges on the work. However, the ridgesséan be
iEdevery smallsby. making the slot-sufficientli/fnarrow

11, 113

08mm 0.8 mm

AT T

(a) Sharp corner

(b) Rounded corner

Fig. 6.43 Slot in tool face with sharp and rounded corners.

The flow from a slot takes place in a direction perpendicular to the slot and the flow at

the end is poor — therefore the slot is terminated near the corners of the w/p surface



lihershaperanaNeeation of the slotishould be such that.eveny

BENSIIIEI0f the surface is supplied with electrolytesiow ande
- NO passive drea exists

Passive
area

Passive area

(a) Passiv_vation due to flow (b) Passivation due to sharp
interruption bend in slot

Fig. 6.44 Development of passive area due to improper slot design.



Slot design to avoid development of passive area.




Insulation -

Igsulation is important in the control of the electrical curr —
Desirable qualities of insulation: -

Adhesion to the tool: pref \insulation can be held to the tool by

shrinkfitting, adhesives or fasteners
ay machining by

\)‘_'"]JJJ'JU WIthoUE POres or 2aKS: that.could cause St
current _r;' z[6[=

r\rlequ« e thickness

Simoothness to avoid disturbing the flow of electrolyte

REsiStance to heat for continuous service at 200°C without breakdown
JIJMG lity to resist wear in guides and fixtures

mical resistance to the electrolyte

- ",J! h electrical resistivity

- q—_—_f" = Uniform application to minimize disturbance of the flow of electrolyte and
— — = to prevent interference

= 2

= 10. Low water absorption

= ’“dGeneraIIy the simplest method of applying insulation is by spraying or
jejeligle
° Teflon, urethane, phenolic, expoxy, powder coating and other materials
are commonly used for insulation

° Sprayed or dipped coatings of epoxy resins are among the most effective
insulating materials

° For optimum effectiveness, these coatings should be used with a
protective lip on the tool to protect the edge of the insulation from the
flow force of the electrolyte

|— C/ C

N2
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process without and with a proper insulation

(a) Tool without insulation (b) Insulated too!



(a) Too! without insulation (b) Insulated tool



PFOCESS parameters ——
MRR with ECM are su ﬁg@lajge and c e with that of

the co vent|onal methods

[he rate of material removal in. ECM is governed
rJrJrJ [S'a function of current density.

Current den5|ty is not only controlled by the amount of current
that the power supply is delivering, but also by the size of the IEG

Asmall | EG results in the highest current density. However, when
t5 very small, there is a danger of sludge particles bridging the
gap and causmg a short circuit

= Wi e‘n ‘the gap is too large, current density is reduced, resulting in
: ._:a_,_-m poor surface finish and decreased MRR

=% Other variables that affect the current density and the MRR are:
= T Voltage
-~ 2. Feed rate
Electrolyte conductivity
Electrolyte composition
Electrolyte flow

Workpiece material

9‘9".—“9’



0 Increased current leads to electrolyte
- heating — low temperature of the
electrolyte is conducive for a better
surface finish and tolerances



Feed rate —
Feed rate determines the ggnt passed Mthe

WOKK
Asttihe tool approaches the work, the Ienth of the conductive path

WEEHEases ana the magnituderer tne current increases

High'feed rate results in higher MRR
HIgh fe,,,. ates also decreases the equilibrium machining gap

FEesulting g/ in' improvements of the surface finish and tolerance control

Most rapi d feed possible is not only highly productive but also
produ L@-I. the best quality of surface finish

J r\r Slower feed rates, the MRR decreases as the gap increases
== resulting in the rise of resistance and drop in the current

& [imitations of feed rate are removal of hydrogen gas and products
__ﬁ”*“ of machining;

— i

~_ ® Also higher feed rate requires fine filtering

D



ectrelyte conductivi

- —— e

JAfirects the resistance across the gap
icreasing the concentration will cause
nad Ct|V|w to rise

5N
O
— E ) perature increases of the electrolyte

— als so increases conductivity

"0 Low concentration and low temperature
will results in lower MRR

-



- —
‘1ectfol)g_£ompesiﬁ@_g} —

- C 'omr)o_» ion directly influences conductivity,
MIRR'and surface characteristics

“*Parar eters used for a given application may not
\/ e ~the same ECM results if a different type of
ectrolyte IS used

TNormaI development of an operation begins with

~ the selection of the correct electrolyte. The other
parameters and the cathode are adjusted to get
the desired result

e
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- "
“Electro eﬂow~r-aﬁ@__‘-}- ——

-

—— -

"ie velocity and the electrolyte flow through the gap Is

alS0ian in portant parameter affecting the surface finish
and J\/JPR =

fiffthe velocity is too low, the heat and by-products of the
eacti nl build in the gap causing non-uniform material
wﬁ OVad

#_.z:f éJoqty that is too high will cause cavitation, also
——— pjdmotlng uneven material removal

e —

~_ ® Increased electrolyte velocities require larger electrolyte
pumps that add capital cost to the system

e Pressure control is the method of controlling the flow
rate



Adva ntages

Ability t —machm,e complex 35 !cidrveddsurfaces without feed EILS

Machines complicated shapes,in.single pass .
Eapable of r ICRINIF etals and alloys irrespective of their strength
gdid nhardne

Since metal | _emoval is by mettalic ion exchange, there are no
cUtting rorm , and the workpiece is left in a stress free state — very
ialla] ’eg}e ns can be machined

" There is 5 little or no tool wear — so large number of components can
DE N r hined without replacing the tool
- j—;«f Not s Jected to high temperatures
— & Burr free
= "1=G®od surface finish
~ ® Good accuracy and tolerance
- ® | ow machining time
® |[ow scrap

® Automatic operation




J -
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E L|m|tatlons ‘—"_ -
-

Work must be electrically conductive

| rJFJ'J]I]"r\/' machine sharp interior edges and corne -
r]rJ‘—i OWer consumpti [ed problems (heavy Initia

[AVEStmen

POSt mrma ining cleaning is a must to reduce the corrosion of the

Wworkpiece and ECM machine

1i00l design is complicated and needs cut and try methods to

denieve the final shape

,’— thou gh the parts produced by ECM are stress free, they are found

= -__jc:'*‘ @ have fatigue strength or endurance limit lowered by

.I-"'_._

| I.:-I‘H'-

S

ar

approximately 10-25%. So may require |I:>ost treatment (shot
. fpeenlng) to restore the strength especia

ly for situations where
~ fatigue strength is critical

Additional problems related to machine tool requirements: power
supply, electrolyte handling and tool feed servo system

High maintenance
Can cause intergranular attack (IGA)
High tooling and set-up costs
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‘Applications

5 Aerospace wM&ﬁmmg gas tur ades, airframe

component fabricatio ney-comb alrcraft panels jet
2ngine blade;a I Oils. =

*HVlanuracture of general macnine parts: thin wall mechanica
SIOttir gl, difficult to machme hollow shafts, chain pinions,

internal profile of internal cams, driving Jomts pump glands
and Ir apellers, connecting rod, hydraullc spools, gear wheels

¥ Facing and turning complex 3D surfaces
;%—_?;'s’inking, particularly deep narrow slots and holes
® Profiling and any odd shape contouring
=== “Mu1t|p|e hole drilling
e Trepanning
fr—-;;__- Broaching
~ @ Deburring
- e Grinding
® Honing
® Cutting off
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ECMed bottom contour of a deep igiE®
- -"E'.'rb =




PNIGIls. machined directly on a COMPressOiFdiSkasss
—




§iishing of a conical hole in a nEZZIE: s

—

10.2

"1 di)a*rn
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dlarn §.9 Surface finish.
0.125-0.25 m
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Contouring a turbine blade surface

1.85 R
A-286

‘\/ A (surface finish,
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111111
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_____

: "
LLLL
5 B

\\ ' 17.78
902\4>( Waspaloy
L S (surface finish,

0.25-0.50 #m)




—

Cutting slots in a valve plate,

25.40
Slot, 503
(max) wide,
6.60

610 long,
— 1 896 4eep
= 8.20

(1 of 8)

0.63-1.25
pm
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Silbting multiple small cavities in IncopelWvit.g
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= .
Disc turned on ECM lathe

Fig. 3-6. Disc turned on ECM lathe to

an accuracy of .0003 in. (Courtesy, Anocut

Engineering Company)

.

—



ink impression for conne_c_ting JLOANAIE"

—

Fig. 3=7. Die sink impression for con-
necting rod die machined from a solid
blank in 18 min. (Courtesy, Anocul Engi-
neering Company)



ontrol cam proﬁled by ECM

p; "?n 8. Control cam profiled by ECM

after hardening, with repeatable accuracy
within .001 in. (Courtesy, Anocut Engine

ne Co mpany, |

L |
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N B
Fig, 3-9. Stainiess steel paris electro-
chemically machined with same electrode
(note identical reflected light patterns
illustrating repeatability). (Coertess, “no-

cut Engineering Company)
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Multiple hole drilling in a SS bur‘n%r_ola’ee P—

Fig. 3—10. Multiple hole dreilling. (Cour-
tesy, The lx-Cell-0 Corforation)

Part with 198
holes
dia:1.25mm




e

Machining of integral valves, s

e ™
= —

Fig, 3—-11. Trepanning of nozzle valves.
(Courtesy, The Ex-Cell-O Corporation)



FEEliction of burr-free slots in a tool StEEIfPatmmss

¥

=

-1

Fig. 3-12. Electro-broaching slots in a
tool steel part. (Courtesy, The Ex-Cell-O
Corporation)
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8.4mm thick plate (hardened steel of 65HRC);
NaCl; 1800amps; 130sec/part



iIBIpockets 1N @ cavity machined simultangsisly..

— E 4

Process time: less than 6 mins



o profiled by ECM (Source
profiled by ECM (Source: courtesy, AEG-
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cover
Insulating w__
Inwinr -, e

-l--

B Forging

o

-
foleaezlnimnes | wwaan b siaee opper Electrods
@ learireules AT ST

86 imum (=)

Fig : Typical parts made by electrochemical machining. (a) Turbine blade made of a nickel
alloy, 360 HB; note the shape of the electrode on the right. (b) Thin slots on a 4340-steel
roller-bearing cage. (c) Integral airfoils on a compressor disk.
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Sodbium nitrate  solutbon

Copper-tungsien  electrode

|'.Ir -‘

Cobalt-chrome  implant

Fig : (@) Two total knee replacement systems showing metal implants (top pieces) with an
ultrahigh molecular weight polyethylene insert (bottom pieces) (b) Cross-section of the ECM
process as applied to the metal implant.
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gn co |erat|ons‘l’br Electroc ‘g'
oJ.. eerodes shar

es and profiles so not suited

|
for sharp edge e
IEgular cavities' may not be proaucec

=1 I s |

Withracceptable dimensional accuracy

|
DEsigns should make provisions for small taper for holes
2ind C ‘,':J\/lr}v-‘h o be machined

s =

- Gf"‘j“

5 )
U

a0

Pllsec 'eIectro chemical machining(PECM)

E=s -W—sm: ment of ECM
== & Uses pulsed rather than direct

— ,__g‘i-I'mproves fatigue life, eliminates recast layer left on die and
~ mold surfaces by electrical discharge machining

| - ® Very high current densities, but the current is



