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FOTATTION DIZENSIONS
a atomic welght It
24,8 atomic weight of element A,B etec. it
b electrode width L
c cathode step size L
Ce solubility limit of neutral salt 1L
Co concenvration of ions next the electrode KL-B
o, bulk concentration of ions in solution ML_3
. - .o s o0 AR
C electrolyte specific heat QL "8
i L s N L] LA . 2'.1-'1
D diffusion coefiicient L
) chemical ecuivalent for metal I
" : 3 NN . H
Ly chenical ecuivalent for hydrogen 1i
- 3 r _1
e electrochemical eguivalent 1O
£ volune fraction of hydrogen in electrolyte
(= VH/9)
by Faraday's constant (96500 A.s) 0
. - . 31
G equivalent average value L0
= LRT(x
TP (x
h inter elecirode gap wiath L
hg initial gap width, gap width at point x = 0 L
he eguilibrium gap width L
n(x) local gap width at point x along electrode L

length
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Re
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(v)

IOTATION

current density

current density at x = 0
initizl current density

local current density at point x
elecirolyte conductivity

initial electrolyte conductivity at
poinv x = 0

elecirolyte conductivity at point x
electrode length

mass remnovel rate per unit anode area

removal rate for alloy

gas pressure at point x
electrolyte volume flow rate
Gas constant

Reynolds number (= flow rate per unit
width/kinematic viscosity)

Reynolds number at point x
anode step size

machining time

electrolyte temperature

initicl clectrolyte temperature,
temperature at flow entry

elecirolyte temperature at point x
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NOTATTON

cathode feed rate
electrolyte velocity

electrolyte velocity at point x
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= %o Triction velocity

applied voltage

decomposition voltage (constant = 2V)
dependent on electrode potential and
overpotentials

velune production rate of hydrogen
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temperature coefficient of electrolyte
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Chapter 1

Genaral Introduction

The development of alloys resistant to high temperatures and
stresses has made forming by established processes increasingly
difficult. HIlectrochemical machining (Z.C.li.) has been developed
initially to form such metals, although any electrically conductive
naterial can be so formed. The main features of the process have
been described by Kleiner(l), Mountford(z), and Boothroyd(3), The
anode workpiece is dissolved at a rate roughly proportional to the
product of its electrochemical eguivalent and the current density
(usually in the range 100 to 1000 A/in2). Electrolyte is pumped
through the inter-electrode gap (usually inftﬁg/range 0.005 to 0.030 in),
at velocities up to 200 £4/s to remove the products of machining.

lost electrocnemical literature is concerned with low current
densities ( <14/in2) and electrolytes which are unstirred or in
notion at low velocities. For example, Hoar and Rothwell(h)(5) have
investigated the electrolysis of copper, magnesium and nickel in an
electrolyte flowing at velocities in the range O to 40 om/s (1.5 £t/s)
and with a maximum current density of about 2A/in2- Higgins(6) has
studied the dissolution of nickel in an unstirred electrolyte with |
current densities up to 16 A/in®. He has concluded that anodic
dissolution is in certain circumstances governed by the existence of
a boundary layer in which the ion concentration gradient determines
the limiting current density on the basis of an ion diffusion process.

Ord and Bartlett(7), amongst others, have studied the dissolution of



pure iron similarly with current densities up to about 1A/in2.

Work of this kind has been stimulated by the industrially important
processes of anodic polishing, following the earlier work of Jacquet(a)
Edwards(9) and mlmore (10) on this subject. Vhile these investigations
throw increasing light on such features as the importance of ion
diffusion boundary layers in limiting anode current densities for
polisning conditions, they stop well short of the range of current
densities important in E.C.M.

Little information on work at these current densities is
available. Relevant literature on 5.C.M. is given in a recent
review by Cole(ll). _

He and his co=-workers have investlgated electrolytic grinding<}2)<l
in which metal is removed from the anode by a comvination of mechanical
and electrolytic action. Current densities up to 1150 A/in2 were used.
Negligible residual stress was induced on the metal by the process;
the electrolyte flow rate had to be uniform to obtain unifiorm metal
removal. A method for "jet polishing" of metals by ancdic dissolution
at high current densities (to 1750 A/inz) has also been develoPe&(14>
in which any metal can be polished in ordinary salt solutions if the
current density is -sufiiciently high. i

Recently, Cuthbertson and Turner(l5) have shown thet Nimonice 50
can be machined satisfactorily in saturated sodium chloride solution,

and from potentiostat studies have deduced that the machining reaction

is diffusion controlled.
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Tlpton( ) has proposed a method for predicting the shape of

the cathode required in ths %,C.M. process to give a specified iinal
Torm to the anodic workpiece. In the analysis ne assumes thet metal
removal takes place in accordance with TFaraday's Law and is independent
of' flow conditions. The usefulness of this kind of work is confirmed
by the observations of Faust(17>: Tor a mila steel anode at current
censities of tne order of 100_A/in2, the current efficiency (actual
netal removal rate as a percentage of that predicted by Faraday's Law)
was in the range 97 to 100% in a die-sinking process.

However there is little information availsble on either the
relationship between the principal process variables, viz. current
density, voltage, inter-electrode gap,.flow rate, conductivity and
temperature, or their effects on the machining action. Investigations
of some of these problems are described in the following chapters.

In Chapter 2, the effect of eleetrolyté veloclty upon current
density is investigated in terms of the diffusion layer thickness
next to the electrodes. At laminar flow rates, the current density
ig shown to be proporiticnal to the sguare root of the velocity, but
for sufficiently high turbulent flows, it is independent of flow
rate and approasches the value given by Ohm's'Law.

In Chapter 3 the products. of machining are shown to have no
effect on the conductivity and density of the bulk electrolyte, but
increase slightly its viscosity.

The machining of metals under E,C.ll. conditions of current

- density and flow rate is described in Chapter 4. Three methods for

predicting alloy removal rates are outlined, and one, based on the
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Law of Superposition of Charge shows good agreement with experimental
results for Nimonic 75. Tor a given flow rate, current eficiency

_ and surface roughness are observed to decrease with increase in
current density. These, and other results, e.g. that metals like cast
iron do not machine satisfactorily in 20% NaCé, are discussed in terms
of Jacquet's theory of electropolishing,

The related use of the potentiostat as an instrument for
selection of suitable eliectrolytes for different metals is considered
in Chapter 5. Results from potentiostat experiments predicting
anvropriate electrolyte/metal combinations are shown to agree with
. C.M. tests,

Some aspects of the forming process are analysed in Chapter 6.
For a cathode with a single step, the machinins time required to
impose a similar step on an initially flat anode is deduced in terms
of the cathode feed rate and gap width. . The ‘time decreases as the
sap is decreased. Experimental results agree with the theory and
also show that definition of the anode step is better for the narrower
gapse

Chapter 7 deals with the effects of Joule heating and hydrogen
evolution on the forming process. The former causes the gap o
inerease in the direction of flow whilst the gas causes an ovposite
effect, which is showm to be much greater. Ior both conditions,
salcoulaetions have been made of flow rates recuired to meintain a
certain accuracy of gap along the electrode length, and the machining

;ime required to achieve an ecuilibrium state.



General conclusions and suggestions for further research are

given in Chapter 8.



Chapter 2

b ¥l

The mflect oi Hleotrolyte Veloclity on Current Density

2.1 Introduction

Tn this chanter the effect of electrolyte velocity on curren;
density is investigated both theoretically aﬁd experimentally, for a
system with & constant potential difference applied across plane,
parallel electrodes, between which the electrolyte flows.

The factors vhich affect current density have been considered by
Hig;ins(é) in his study of the disscolution of nickel in unstirred
hydrochloric acid. He obtained a limiting current densitr of 16A in2
end suggests that such a reaction is diffusion controlled.

For a diffusion reaction, Fick's Law states the current density

i is given by

i =Dz 0Oc (2'1>

vhere D

1

- . s 2 :
diffusion coefiiciont (em”/s), z is valency of discolving

ions, I = Faradav's constant (96500 ¢ and 9¢ is the concentration
3 2 —
oy

gradient across the region vhere the ions diffuse.

Fqust(l7) 2lso has consldered the diffusion reacvion as the
controlling mechanism for ion transport. To machine nickel in HCE
at 12OA/in2,he estimates that the diffusion layer would have +o be
0.000L in. %hick., This is an order of magnitude less than the
thinnest £ilm measured for diffusion controlled dissolution, even
in stirred solutions. To achieve such high current densities, Faust

concluies that high electrolyte flow rates must ve used.



Diffusion reactions in moving electrolytes have been studied by

. 15 s e
Lev1ch( ). ilis studies form the basis of Section 2.2.

2.2 Theoretical Considerations

(i) Leminar Mlow

Tor an electrolyte flowing past a flat plate the ion concentration
distribution is similar vo the velocity distribution. Thus Levich
considers that in a layer next the electrodes (the layer being the
equivalent of the hydrodymamic boundary layer) a concentration gradient
exists.

In this region ;ons move under the influence of diffusion. The
thickness of this diffusion layer & is

5 = 50 <D\11/3 <‘vx\ L2
ity -;-/-; | (2.2)
where v is the electrolyte kinematic viscosity, x is the distance alonz
the electrode length and v is the electrolyte mainstrean velocity.

Beyond the diffusion layer, the electrolyte concentration is assumel
to be constant. In this regilons ions should migrate under tne influence
of the electric field across the electrode gep.

Irom mass transfer considerations, the ion diffusion rate across
the diffusion leyer must ecual the lon migration rate across the
constant concentration zone.

Since the reaction commences next the electrodes, the dilfusion

mechanism will determine the quantity of current that can pass.
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Using Fick's Law (2.1), Levich gives the diffusion current density

i=Dz7 (o ~ cp)
8 (2.3)

where ¢, is the bulk concentration of ilons in the solution (g mole/@),
and cg is the concentration next uhe elecirodes
Por the limiting current density, ¢y = 0. Using (2,1), the

expression for 1 becomes:
i= Daloy \1/3 Yo (2.
55\ & )

Thus 1 inereascs with v]:/2 but decreases vith x'%/z,

Current density i will not increase indef'initely as v is increased
or as x is decreased. ITon migration across the constant concentration
gone will impose an upper limit to the dlffu51on current densities given

(2.4). Tor a constant voltage gradient, the meximun current density
(given by Ohm's Law) will be reached for flow conditions such that the
nigration path length approaches the electrode gan width, i.e. tae

diffusion boundary layer thickness is small. (Note that at x = 0,

8§ = 0. The current density here is given by Ohm's Law).

(ii) Turbulent Ilow

i

In many 2.0..0. applicetions, the flow in the gap vill be
turbulent. Ior turbulent flow past a flat plate, Levich sugges
that only in a very thin laeyer next ‘the electrodes, the diffusion

sub-layer, §q,1is ion transfer controlled by diffusion. The limiting

difTusion current density for turbulent flow,i;, is again given from



o

Fick's Low (c.@. 2.3):

- = D Z F(Ob"co)
0,

Levich calculates that

1
. /9503 z
°1 = L (2.6)
\ Y Yo
vhere 35 is the thickmess of’ the laminer sub-layer, = vy is o

dinensionless cuantity (of approximate value urd.tv ), Vs is the
e [ by Sohld chbi (19) o/ _
friction velocity (siven by Schlichiing as v = 5.0Y (2.7))
(Levmcn does not pursue further the expression for i1. %o deduce

ipin terms of measurable quantities (i.eywdz) results fron Schlichiing

have been used).

o

Schlichting also gives the magnitude of &, as:

= 4.6x (Rey) 0? : (2.8)
where Reyx = vx o g\
> (2.9;
oo 51 = 11-6 x( VX>-0'9<__112_ >O.25 \ (2 10)
v Sv

For high Prandtl numbers (v/b>>l), and for y~L, Levich writes:

il_‘I)cbz?F

o~

59

il

Thus, using Levich's and Schlichting's results, il is deduced as:

Lo 0.9 /5 \© |
i = 3.0 DC«OZF . /_V_}_\ /’__',t)__\\ (2.1:]_)
184 = \v/ \5 ' '

.
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Thus, it is postulated that, for turbulent flow, at any point -

0.9

i]_ o vV
Ls before, ionic misjration current density sets an upper limit (the
Olaie current density) to the current density for diffusion in
turbulent flow.

Uhile Levicn and others nave investigated diffusion experimentelly
at low Flow rates and current densities (e.g. up 4o 18 in/s and 2A/in2w
Hoar and ﬁouhwoll( )), no work has previously been done Toxr I.C.i1L
conditions.

noserinments to dinvestigate these elfects of electrolyte velocity
on current densitr Tor the conditions of .C..i. have been verformed

and are reported below in lections 2.3 to 2.7.

2.5 Anvaratus and Procedure

i "Barmax" electrochemical machine, manufactured by Croiw,
Hamilton and Co. Ltd. under licence from Rolls Reyece Lid. was used.
A constant voltase of 12V was supplied across itwo plene perallel
electrodes of side 1 in., the anode being of mild steel and the
cathode of brass. The associated puwap system delivered electrolyte

between the eloctrodes at  flow ratesin the ranse 0.2 to 62 in’/s

ciated eculpmentv are descrived Iully

U:
¢4]

TMhe Barmax nachine and i

in “ﬁacqu % 1.

Fi-.2.1 shovs details of the typical perspex Jjig used with the

Barnaex machine.
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Flow Systen This is showm in Fio.2.2

(i) Flow rates between 23 1n3/ and 60 in”/s.

A Saunfers six stage centrifugal numn was used for thece flouw

rates, which were ncasured with a Platon "Gunmeter'" calibrated un to

The Tlow rates could be varied by adjustment of hand volve in the

by-pass line.

(ii) Flow rates wn to 23 in”/s

below 23 inﬂ/s. The main flow system, discussed in ‘mpendix 1, wo

nodified and an aurriliary »ump, normally used for draining the tenlk,

L

ennloyed to give the recuired flow rates. A "Rotvameter" flommeter,
21librated for flows wp to 23 1n§/s, replaced the Gopneter! Tor these

tests.

-

Mow rates could again be varied by the use of the by-vass.

To ensure an exact gan, the electrode surfaces viere ground hefore

ts. 4 ground finish on the cathode alsc reduced the elfect of

BN 2.1 o
bty in the gar

hydrogen (vhich, by lovering the effective conductivi

can lo;cr “he currént density) os hyérogen bubbles ore less lilely

: (20
to form on a polished surface than on a rough onc. )

v

Tt is normal elecirochenical nractice to ensure thot the electroly™

is "elean™. This usually demands careful filtrcotion beltre use. During

1l

the X.0.10. %ests, the solution velocities were hirh cemparcd witn

velocities hitherto used in electrochenistry . .



e

flow rates U, and gaps indicated in Fig.2.3 : v = %/bho’ where

b is the electrode width, and he is the gap width.
RPN . s . 19 ) - . 4
(ii) Following Scnllchtlng( ), regions of laminar aad turbulent flow

were deterained from the Reymolds number, Re @ Re = 28 hy vhere v
——— , T - =

b ho\)

is the kinemotic viscosity. For laminar £low, Re <2500. Tor

vrbulent flow, Re >2500
(iii) In Fig.2.5, the electrolyte velocity regions in which current
density is constant, have not been included.

&+

rent densities i were celculzated fron the ecuation i =

o’
o

fatls} cur

1=

Bte
G

(iv
X (7 - V) / hg vhere X is the electrolyte conductivity, V is applied
voltage, and V, the decomposition voltzge, (assumed constant).

{(v) the theorectical lines in Fig.2.k and 2.5 were calculated from eruatio:

by
(2.4) and (2.11) vespectively. Previous work (%) (15) (17) has indicated
that the diffusion layer has an almost constant thickness. Thus values oo
{ow

& averaged vith respect to x (¢ .8 2 SfbrlaMMQrw were used. Theoretic:
50"

current densities were calculated from these values.

(vi) Tor the electrolyte the following velues were used:

1 -1 . -
e (extrapolated from Keye and Laby's Tabl.c

Xy = 0.1050°
(.7)1\") - " o ~ :—/ .
Vo, = 2V (constant) 3 oy = 143 g mole/&.) D= 1.2 x 10 7 -

- -
(from International Critical Tables(22>)g3;/1.l.10 2in?/s (by e:meriment)
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Fresn electrolyte was presented to the clectrodes every fraciion of

a second, so the electvrolyte was "clean" without the ususl nrecoutions.

2.k Procedure

An anode sohecimen wos dnserted dn thae nemspent Jin, and tha cathode
vound. dovn until it touched the anode. 4L micromcter gau-e neasured
hen wound beelr until the
uired gan woes read on the geuge. The pump was switched on ans
required flow obteined by velve adjustment. Inlct temnorature and

e S
Langareous

U)

ressure were noted. The voltage vas switched on and the in
maximun current read. (This occurred affer 0.5 to Lls)
The voltase and flow wvere switched off, tne cathode hoad raiced

and the test piece removed.

The proceiure vas revesved for different flows and geps.

2.5 R[esults

PULEEERY S Sy

Tig.2.3 shows for e voltage of 12V anplied across gaps of 0.010 in
to 0.040 in, the elTect of electrolyte volume flow rete unon the mean
current density. TFor each gap, the theoreticel Omnic current density
is indicated.-

In ¥is.2., 2.5 and 2.5% the theoretical and observed effects
of electrolyte velocity on current density for the above fens and volwa
are comwered Uor laminar and turbulent Ilow respectively.

otes: (i) Hlectrolyte velocities v were determined from the volume

L0

e
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2.5 Discussion

Tron Fiz.2.3, for cach pobtential gradient current density
increases with flow rate to a limiting value; As the notential gradient
is dincreased, the Llow rate for which the 1imiting current density
1s achicved also increases.

Tor the larger geps, 0.040 in and 0.030 in, the limiting current
density is near to the Chmic value. This suggests that for the high
velocities the transport of ilons is migration controlled, and not diffusic
controlled.

For the smaller geps, 0.020 in and 0,010 in, the limiting current
density is near to, bul proportionately 1éss than, the Chmic value.
However, values near the Cmaic values again indicate a migration con—
trolled reaction. The observation that as the gap is decreased, the
current density value becomes less than the Ohmmic value, suggests
that hydrogen evolution is indeed. occurring at the cathode, and is
inereasing the effective resistivity of the solution and so reducing
the observed current density. is effect is more marked at smaller
gaps. It is discussed rore fully in Chapver 7.

The regions vhere flow rate alfects the current density can ve
divided into laminar and turbulent flow regions.

From the theoretical anzlysis for laminar flow, current density
is propér%ional 4o the scuare root of velocity (Zqn. 2.4).

Pig.2.4 shows good agreement between the theorstical and

experimental plots of current density as functions of electrolyte velocit
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The current densities for each gap are less than the Chmic value, and
foxr cach veloclty tnore is no aparent effect of gep width. Thus the
ionle diffusion rate 15 not yet being limited by the ilonic migration
rate, and the current density can be czleulated from Levich's equation
(2.4) and not from Gim's Law.
T [ VR, o R o SR - 1. _ R 009.,‘ ~
For turbulent ©low, it has been postulated that i« v "7 (Ban.(2.13))

Tas

Fig.2.5 shows pocry agreement between theory and experiment for

T
turbulent flow. Current density nevertheless increases with velocity
(up to the limiting value) and the current density values are still
greater than those Tor laminar flow. Thus diffusion must still be
influencing the ion movemont, and the diffusion layer must be thinner.
However, tae re-drawing of Fig.2.5 - Fig.2.5% - shows the effect
of zap width on the current density-electrolyte velocity relationshiv.
(For laminar flow there was no such effect). Tor a constant velocity,
as the pap decreases, the current density increases. This suggests
the additional influcence of lonic migration.
Thus, Tor turbulent flow it is suggested that:
(1) at the electrodes, ions still diffuse scross the diffusion layer.
(i1) the diffusion rate is greater than the rate for laminar flow.
iii) the migroation rate linits the diffusion rate.
(iv) the diffusion rate can be increased by increasing the electrolyte
velocity. (The nisration rate can be increased by decreasing the gon
width., Tor a constant electrolyte velocity, the ion transfer rate can

be increased only if the gap is decreased).
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N\ . . . - . . 1 . - . -
(v) the wortinmunm curwent density is the Ohmic current density. (This
1s obtained when vhe patih length for ion migration apvroxdmates to the
gan widbh, and occurs when the diffusion layers are decreased by the

high velocivies %o very thin rezions).

2.6 Conclusions

(1) For laminer flow, lonic transport is diffusion controlled,
the current density is eporoximately pronortional to the scuare root
of the electrolyte velocity.

(2) Tor turbulent flow, current density still inereases with

velocity but the ion migration rate limits the diffusion rate. TFor

-

a given potential gredient, the maximum migration rate is given by

Chm's Law. o

l/

.
P
(3) ®or the smaller gaps, 0.020 in and Q.0L0 in hydrogen evolution
rd

[ R

anpears to lower the maximum current density below the Ohmic value.
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Effects of the Products of ilachining on Blectrolyie Pronerties

3.1 Introduction

429

During machining the metal dissolved from the anode goes into nasic
solution as metal hydroxide. In most DR RAR anpplicatvions, the electrolyt
wiith the hydroxide in suspension, will duly ci:culate back to the
working area. I the mnetal particles affect the electrolyte proverties
the machining action may be affected, and calculations based on the
original propervies made crroneous.

The resulis below show the effects of macaining products on the

bulk electrolyte conductiviity, density and viscosity.

Se2 poratus

Conductivity wes mecsurcd at 1800 using & Vayne-Kerr Conductivity
Bridge. Density was measured with a Grifiin and George Iydrometer
calibrated in 0,001 g/mé¢ divisions from 1.000 to 1.500 g/mé. 2

Grifiin and George U-tube viscometer was used tc check the viscosity

(at 16°C).

i

Table 3.1 gives the‘measurements of eiectrolyﬁe conductivity,
density and viscosity for three samples of 205 WaCe solution: one
fresh and uncontoninated, and twe containing the products of
epproximately & hours and 9 hours machining respectively, at an

L

average current of 80A, with a total electrolyte volume of' 12 cu.ft.



TIN0RLTTICAL | TRaSH SOLUDTION SOLUTION
(from Kaye | SOLUPION ATTER ATTER
snd Loby's 6 hrs. 9 hrs.
taples(2L) LACHINING | IIACHINING
CONDICTIVITY '

— — r z
LLSITY . 1.149 1.15 1.15 1.15
(o/m2)(187¢)

V.LLJCOD).L.;:(.; 0.97 1'01 1.03
(e) (267C)

The elf'ects o thwe products of machining on thne

conductivity, density and viscosity of a 200 IiaCf solution.



The conductivity ond density are not altered by the metel
hydroxide narticles in suspension in the solution. The solution
viscosity is however increased, but the change is smell and would have
little eifect on the electrolyte motion.

1 > a3 9—'\4
Similar results have been found by Bayor(“3f,

3.5 Coneclusion

The metal pariticles in solution should have virtually no
effect on electrolyte motion and do not affect conductivity or density.
Their effects on metal machining can then be disregarded.

This is assumed in subsequent discussions on machining erperiments.
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The lachininz of l‘etals

L.l TIntrocuction

There is little published work on the behaviour of metals in
difierent electrolytes under E.C.i. condltions., This chapter describes
experiments to investigate some efTects of current density and Reynmolds
number on removal rates end surface Tinish for a range of metals, machined
in a 20% sodium chloride electrolyte.

There appears to be no established method for predicting removal
rates for an alloy from the electrochemical equivalent of its
constituent metals. Three possible methods are first deduced. These
have been tested with three alloys: Nimonic 75, ﬂonel, snd an aluminium-

copper alloy.

L.2 Removal rates for allovs

In the methods below, an alloy is considered to consist of s %
by weight of element A, with atomic weight a, and with 1ts dons
dissolving in valency state zz, of XB % of' element B, with atomic
weight and valency ap and zp respectively, and of X % of element C

etec.

pethod 1: "5 by welsht® method

L)

The sum of the chemical ecuivalents (C.B) of each element in the
alloy, multinlied by its respective proportion by weight, gives a

value for (éi) , the C.&. of the alloy:
%2/ alloy



fﬁi = Xz ffﬁ, . Ay (aB\ — /aC}
\ % alloy 100~ \%A/ 150 \%} 100 K zp/
ne

removal rate can then be found from Faraday's Law:

. /a,\ i
I . o
\za/alloy ¥

nethod 2: "observed removael rate for elements' method

for

By this method, it is not necessary to know the C.Z. values

each element, if the elements are individually machined at the

required current density. The observed removal raves, multiplied as

above, are then added to give a removal rate for the alloy:

= —-l m + '1:-8 11'1 - (ﬁl )
1oo< Ja jaa( B

'ethod 3: "Suverpositlion by charge! method

o
£201r

cont

1

Trom Faraday's Law, trhe addition of' the coulomps re.uired to

S

erate the mass contributions to the alloy of cach element,. gives the

er oif coulombs regquired to liberate 1, of the alloy. Xvrom tais,

iue for the C.B, for tne alloys is i'ound:
element A, the number of coulombs required to liberate the mass

ribution = 44 %A R
100 a,

(3imilarly for elements B,C) :

Tor

. .. ." z\ B
the alloy, the number of coulombs reguired to liberate lg & =\ \ 11
a/ alloy



. F = 'ii\ /i:-;; :I/L ~\ .{El[/ .}:'; \i/ PRy .
e »«/ 21loy NUOAR - A\2CC &y
/2 100
i.e. = L v A -
\ Z /ﬁlloy 4&137/’/ “E’::i:\“}_ -’»7(2\—}- XC / &q
a0 Zr /’, \ ZC

The removal rate for ©the alloy can then ve Tound from Yeraday'!s Law,

Le3 Anvaratus end Procedure

The apparatus ased vith the 3armax machine is Tully described
in Aonendix 1.
™o tyvwes of plane, parallel electrodss have been used:

: « s . fe 2 _ .
(2} #or current densities up to 525 4/in": cylindrical electrodes

(b) for current densities between 500 and 1200 A/in?: square elecirodes

-~

of side 0.L5

e

N

e

A tyoical jig used with the Barmax machine is shown in fig.2.l
A 206 sodium chloride solution was chosen as the electrolyte,
3 - Batle 5 A L o o 7 e T oy
on advice from industrial users of the process, because it was knomm

-

to give satisfactory resulis in the machining of mill steel and Ilimonic
alloys under suitable conditions of current density and ¢cn widtn.

The Tollowing metals have been investigated: nickel, I'ironic 75,
mild steel, aluminium, monel, copwer, cast iron, and an aluminium-

copoer alloye.

Tae exnerimental procedure required with the Barmax machine is
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also given in Anpendix 1.

Loty Results = cllov removel rotes

Removal rates For on aluninium-conser alloy,.ﬁimonio 75 and
fonel have been calculated by the first and third nethods, and compeared
with experimental values,

The second metnod has been applied vo tne aluninium-copper alloy
(with constituents copper and eluminium) and to lon2l (vwith its mein
constituents, niclkel, copoer and iron}o

The composition and assumed atomic weignht and valency of each
metal vere:

LL=0u alloy: 945 ALy 5% Cu; 0.5% Bij 0.5? e
v

ou

.

99,97 Cu; 0,055 Bi; 0.055 Pb;

. ~Y A =t — - o . o .
AL : 990 4&; 0.1% Cu; 0.7 Fej; 0.6 Im; O.1js Zn.
&rp = 26997 2, g, =3

For the calculstion tne provortions assuned were:

A8-Cu alloy: 0Lss 48+ 5L Cu (%he other 1% was neglected
')7' /\1 3 (2 i [
fu : 100%

'4
.
¢

}.-.J
o
o

‘ ’ Y v . e e
WNimonilc 75 72450 Ni; 19.5A Cr; 0.0 Ti; 57 ¥e; 0.57 Cu; 0.1C 53
0.L% 1m; 0.1 Cu. -

llonel 63,005 Wi 31.7% Cus 2.5% Fey 205 imj; 0.5: 8i; 0.3: C.
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Table L.1l: Zvaluation of C.x:. for A% ~ Cu alloy, ifdmonic 75 and lLonel
by llethod 1.

] i
Alloy | Element | <5 by wh.|Atomic wi. Valency| C..., C.2. xforop.
X 2 z (24) | by wt)
AL - Cu AL 9L..C 26,97 3 8.9 .45
Alloy Cu 5.0 63.57 1 163.57 3,18 1
| Alloy I 11,63
' i
1 e ) o '
ironic Wi 72,5 53,71 2 129,36 21,20
5 Cr 19,5 52,01 3 |17.3% 3,37
Fe 5.0 55.85 2 127.93 E 1.39
|
T4 0ol 479 2 123,95 0.09 ;
|
Si lao 28009 )-}- 7002 OcO?
in 1.0 5l 9L 2 127,47 0.27
Cu 0.5 63457 1 163.57 | 0.31
C : ;
(inert) 0.1 - i
|
A1loy 1.00 26.70 i
i 3 S. 29,35 8.5
Honel Ni 63 85,71 2 9,55 ; 16.5
Cu 31.7 6%.57 1 163.57 | 20.2
Fe 2.5 55.85 2 127.95 | 0.69
lin 2 Bl 0L 2 27.47 ¢+ 0.55
Si 0.5 28.09 A 7.02 | 0.0L
. A
(inert) 0.5 ' )
Mloy 100 ; : . 59.96
i i
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Tovle 4.3 Sveluetion of C.Z2. Zor A8 - Cu alloy, [fmonic 75 and

~1loy Tlement | &Ly wbl C.O.| X/a (.00 alley
w i a .
+ /% g = 100/%/a
4
{
Aluminium - Al 9l 8.99 | 10.55
Copner
ou 5 365.57 0,08 i
{
A1loy 1G0 10.473 i Q.53
Mimonic ! }
75 A 72.5 129.36 2.7
or 18.5 117,34 1,12
e 5.0 27.95 0.179
Ti Ood 25.95 0.0L7
S5 1.0 7.02 0.1435
e l.o 27’02-:—7 Ou 036"
fu 0.5 63,57 0.003
C
(inert) 0.1 B -
Alloy 100 3.97 25.2
lonel e 63 29,35 2.15 |
. !
Gu 31.7  163.57 0.4.9
Re 2.5 127.93 0.3¢
1111 2 1—70-)—}-7 O. 07
Sh 0.D 7.02 0.07
i
C -
(inert) 0.5 - -
Mloy 100 5.67 L 27.3




Teble Lol:  Comporison of predicied anc obzerved reanovel rates for

gaca olloy
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Tables L.1, 4.2, L.3 show the celeulations of the C.2. for each
alloy by eacn method.
Yl

Table L.4 shows the couparison of tho csleulated removel rate

Tor each method, and observed removal rates for each alloy.

L.5 Discussion
Low current densities were used,as at nigher velues. other anodic

reactions cecoue appreciable and lower the current cfficicncy. (See
hY
later - 4,10},

The removel rates predicted by metnol 1 are lowver than the

Rl

observed rates for the Aé~fu alloy, but nisher for “Hdnonic 75 an

Iionel. Therc is no gpparent theoretical basis Tor adaing the resnective

nass contributions for eacn alloy in this way, end the nethod can only

be regeried as bmv1no an empirical value.

In liethod 2, tThe necessary kﬁowledge o ion velencies is avoicded
by adding knovwn removal rates for the alloy constituenss. In zeneral,
the theoretical rates are less than the observed. ilowever, thes use of

the method is limited, as all the alloy censtituents may not be readily

evailable Tor machining. 7“his was the case with Nimonic /5.

Tae Law of Suwerposition of Charge was used as the physical basis
Tor the third method. Tanere is good agreement between the predicted and

o
1o

onserved renoval rates Tor IHnonic 75, but poor agreement for the other

For alloys with a large nunber of constituents the third nethod

is possibly the most suitable as it does have the theoretical grounding
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that the others lack.

L.,6 Results - The Mochining of metals

Meg.h.1l shows the effect of current densities ranging from 75 A/in2

to 1200 A/in2 on the theoretical (Fsraday) and experimental removal
rates for nickel, mild steel, Nimonic 75 and aluminium.

For these metals, and the range of current densities 75 to

1200 A/inz, Reynolds numb 'rs ranging from 10000 to 48000 have no effect

on removal rate,

Fig.L4.2 shows the corresponding effects of current density on
current efficiency.

Fig.4.3 shows the effect of Reynolds numbers ranging from 10000
to 48000 on the removal rates for copper, machined at cqrrent
densities from 30 to 90 A/inz.

Fig.h.4 and 4.5 show the dependencé of removal rate and current
efficiency, respectively, on current densities ranging from 1'A/1n2

to 150 A/inz‘for cast iron.

\

4.7 Discussion

Lo7.1 The machining of nickel, mild steel, Nimonic 75 and aluminium.

From Figs. 4.1 and 4.2 the following characteristics of the

individual metals h:ve been established:
(i) Nickel
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