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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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Chenter L

s e

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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A

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
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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
"ickel appears to dissolve in the divalen' state. The current

2
efficiency decreases with current density from about 102% at 75 A/in

2
to 97% at 12000 A/in




(11} 13la Uteel

Regerded from an electrochemical viewpolnt as divalent pure iron,

(e

mils stecl has o current efriciency vhich decreases with current

lensity from a.out 1057 at 75 A/in2 to 96% at 1200 1-‘-./13:12.

(1ii) Himonic 75

Theoretical removal rates, showvm in ¥ig.h.l were calculated
.by the third method for calculation oi alloy removal rates described
above., From Fig.l.2 current efficlency decreases with current density

from about 100% at 75 4/in? to about 927 at 1200 4/in?,

(iv) Aluminium

Tae observed removal rates are greater than the theoretical
for the metal in its normal trivalent state. This may be due, either
to the sodium chloride electrolyte which has a strong affinity for
aluminium (see, for example, Lellor's "iodern Inorganic Chemisﬁry"(24>)
assisting the electrolytic action by dissolving the metal whose ionic
bonas have been loosened vy the electric Tield, or to the metal ions ging
into solution in a lower valency than normel (see, Tor example,
"Ineyclopaedia of lectrochenistry™ (25) ), or Lo the metal ions dissolving
in several diifTerent valency forms: these lons may then react with
the hydrogen present, or with the water in the electrolyte, to form
ions of normal valency. For examnle, for .i2 ioné dissclving in the

divalent staie, a possible reaction might be:
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118;5 at 75 &/in® o about 102% at 1200 A/in2,
censral decrease of current efficiency with increase in

current Censity is discussed later in relation to surface finish.

FTrom Mg.l.3, removal rate increases wivh Reynolds nuabersup to
about 40000 after wvhich the latter has no effect. Within the renge 60
to 90 A/in%, machining at Reynolds numvers less than 20000 was not
possible due to shorting across the electrode gan., This limiting currerd
SGensity Tor a given Reynolds number suggests that the <issolution of

cooner in sodiwn chloride is diffusion controlled. %he diffusion of

.

has also been noted o, Hurlen(

N

copper in sodium chloride 6>.

Conper avpears to dissolve Irom the anode in the monovelent state.
"nis has also ceen ouserved bty Ilurlen who shows that in sone solutions
(e.z. chlorides and cromides) copper dissolves monovalently, whilst
in others (e.;5. sulvhates) it dissclves divalently.
n Mgob.’ for the removal rutes independent of Reynolds num-er,
the current efficiency was estimated as avout 1027, That the efficiency
was greater than 1007 was possioly due to the detachment of actual
grains from the anode by electrolytic grain voundary attacc. The
granular surface fdnish of the copper descrived selow corrovorates this
explanation. Another possivle reason ~ corrosion oy thc sodium chloride

vhich, in Hurlen's work, is stated to cause efficiencies in excess

of 1007 = is dismissed oecause:
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(i) the duration of each test (10 min.) was insuffigiently long
for corrosion to take ploace, and
(i1) in checks with the electrodes 0,060 in. apart with the
electrclyte flowins (Re = L3000} but no current, there was no weight
loss from the anode.

ifects of Reynolds nuamber and current density on surface finish

are described bhelow,

4.7.8 The iachining of cast iron

Fig.h.ly shows that the exmerimental and theoretical removal
rates (assuming, as before, that the metal is divalent pure iron) are
almost coincident only up to asout 10 A/in® above which the ouserved
rate falls away from the theorctical.

This effect is due to partizl passivation (2 phenomenon descrited

fully by Evans(27), and'Uhlig(QS))° It can be atiributed to =
protective oxide leyer on the metal surface produced vossiply by
direct oxidation of the silicen in tne metal with moisture, tﬁe
reaction peing
Si+ 2 HpO= 8i(0H), + Hp

and to chlorineﬂforming on the inert carbon in the metel (The chlorine
was easily smelled ét the end of each test).

Attemnts were mode to reduce the passivation effect (and so
increase the removal rate) by
(1) increzsing the Reynolds numver o mechanically remove the passive
layer,

(ii) screping the surface to remove the initial oxide £ilm, and



...2_1_5...

(iii) smearin: the surface with concentrated HCL acid
the leyer. They were all unsuccessful - at the end or each test, the
netal surface was still covered with a thicik, black oxide layer.

A possibie explanation for passivity has been given by Unhlig.
He suggests that metals whicn passivate are usually incomplete in
the d-energy levels in the shell below that of the valency electrons,
and thus have an incomplete filling of' the d-band in the crystalline
structure, i.e. metals in the electrochemical "transition group".
Passivation will correspond to incomplete vands, and adsorption to

A

filled bands. The adsorption of oxygen atons onto the metal surface
induces passivity since they vehave as electron abdsorcers with no
fend@ncy to supoly electrons to surface atoms ox' the metal.

digele b shoﬁs that the correspconding current efiiclency decreases
rith cucrent density from about 1155 at 25 4/in2 4o about 32% at 150 4/in®.

At the Tormer current deasity, efiiciency greater than 100k is provavly

O]

due ©to differential erosion of the other elements in the nmetal, causing
the grains of inert carvon to dron out, and thus increasing the observed

removael rate,

L.o Denendence of surface finish on machining parameters

Surface roughness measuremerts (using a Talysur? instrument) were
) - 0 v » R A - 2 » - 2 i)
mede for current densities ranging from 75 4/in® to 1200 AL/in“, and
. N . - 0,
for a constant Reynolds number (13000) and temverature (16 C).
L.9 =Rresults e

s
Table 4.5 shows the effect of current deénsity on surface roughness
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Qe 13,000 21,0806 27,0C0 37,000 45,000
Rougnness

at
(150 4/in%) L7 33 28 o5 23

Table L.6: BSurface roughness (micro-in) as o function of Reynolds

nunber for mild steel.



Pig if.7 : Typical finishes for copper at 60 A/in
(i) (Re = 10000) : (ii) (Re =20000)
(iii)(Re = 36000 : (iv) (Re =ifBOO0O)
Pig if.6 : Typical finishes:
Monel : A(75 A/in*) , B (225 A/in*) (Re = 2ifO00)
0375 Al/in") (Re = 16000)
Nickel : D (375



(measured in nicro-in) Tor nickel, Mimonic 75, mild steel, aluminium
and Xonecl.

Table L.5 for mild steel shows the dependence of surface roughness
on Reynolds numbers ranging from 13CC0 to 6LCO0, for a current density

of 150 &/in®

iy

Mgt illustrates three onel snecinens nachined at 75 24 in2

k

and 225 4/in® (Re = 24000) and 375 £/in® (Re = 16000) and one nickel

)

snecimen nechined at 375 4/in? (Re = 16000).

2

£]

g7 illustrates four copper snecimens each machined at 60 £/in

but at different Reynolds mumbers (10,000, 20,000, 35,000, L43,000).

L.10 Discussion

(1) Wiglkel, Tidmonic 75, lorel, mild steel and aluminiun
From Table L.5 for current densities ranginm from 75 to adbout

300 £/inZ Tor niclel and aluminiunm, and from 75 to 500 i/inQ for Humonic
75 ana mild steel a snooth finish is obtained; Tor aluminium the finish
is smooth but etched.

For Nimonic 75, for current densities from 75 to 150 &/inc the
surface roughness values are grecter than those for nickel and mild
steel. At nigher current densities, the eifect is less marked and a
snoother finish obtained. This i3 nossibly due to diff'erential erosion
of tne alloy constituents: the constituent with the lovest
deceomposition potential will dissolve first, (This potential denends
on the alloy, the elecitrolyte and on-the current dersity). Tor a

grein ol metal at the anode surface which has a greater decumposition
13



- 50 - e

voliame than the surrounding matericsl, less curvent will flow to

PN EE . b dat s, - FN . K
thot gredin.e  Tnis walll then dissolve at a lower ro

LN

e thnan the

<

1

surrounddng metal, end will proitrude from the surlace increasing tne

1 rouchness.

overs

{{lo%e: ior any voltase gradient across the san, Adssolution of the

L~

~rotruding srein will ornly commence vhen its Do

3

ential reaches the

C

(=

tion notenticl. At hisher currvent densities the voltarne

i)

4.3

gradient incresses, tee ascomposition potential will be achieved more

3 o > b 3 ) N
cuickly and thz surfcce vwill becomc smoother).

ot LR o i

& osindilar efTect is observed for llonel., In Fig.l.7 differential

erosion at 753/in? has sevarated the copper (dark) and the nickel

c o . 1o o - . 06 A frnlN 4 .
(Light). At a higher curvent density (225 4/in®) the senaration is

o

)

the differential erosion eifect is decressed and the
surface is snoother,.
Table L.5 also snows o fencral increase of snoothness witn

\
current density. This has also becn noted by Edwards(9f, but foxr

%)

ot

low current densities (to 1 £/4

T - 4 - - LD ..
4 higher current densities (above 300-500 A/in®), for nmickel,

[Iae

-

aluniniun and Nimonic 75, & polished, cusped Tinisn is octoilned.

ey

Ce Fiep.S = THckel specimen).

\.
A
ot

For mild steel there 1z increased pitting at these curre

-

Jensities coausing e rousher surface.

¢

Sacothine and Poliching

Tor o ziven Reynolds nwever, smoothness denends on current density

&

NP
. q - 'R ] ) N = — . . o . .
(Zoor and ﬂomnwell(4/(5/>. The smootning and nolishing action is
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controlled by thne ion dirffusion layer next vo tne ancle; it is discussed
nore fwlly in the next chanter:

3riefly, in the 'Jacquet'! theory for the vpolisnin: of a nmetal in
an electrolyte, The plot of current potential ageinst arode votential

s an ‘tinverted S' shoned curve, wWith a platecau regicn narallel to

IR

the poterntial axis indicatins the mexiaua smoothing (i.e. polishing)

condivions. Tne curve then rises: tnis section corresmonds to gas
evolution at the anode ceausing pitiiny of the nolished surf
current will be aveilable for metal diszolution and {the curren

eftlciency will be reduced. The currentv density and notential at

-

1ich DOllShlﬂu and gas evulutlon occur respectively con be increased

by raising the fLow vate(L)(5),

Current Zfficie ney el and Gos Svolution

For the above metals, the decrease in current efficiency as the
current density is increased may be linked to the pitiing effect and

hence to the evolution of gas (vossitly oxysen) at the anode.

of' gas evolution may not be great, and the surdcces become smoother,
The polished, cusped Tinish at the higher current densities nmej
siznify that in the polarisation curve, the region favouriné z28
evolution with vwolishiny has vesn eantered, and that the Reynolds nutver
is too low for overall polishinj. Gas at tae anode may then disrupt
the polisning filnm and hinder vhe »olishing action.

Wor mild stecl there is no evidence of polishing, although at the



lower currest densivics, wmoothmness incienses wWwilth curvent density.

For this metal the Jsaciuet pladtean current censity rejion may ve short,

LIV - ~ o K I e =
causing early onsct o ras evolution. Tais elfect would be more
- T S NN S B . i iade D NI .4 1 ] ie FUNPL I
rariee ot nigner curvent Jencities. The observed extrene nitiing

orovides somc evidence for this,

-

The eivect of nitting on surlace smoothness can be reduced if

T

the gas 1s swent awey befors it can aiffect the volishing film., I

Table 4.5 for milé siteel, machined ot 150 A/in< the roughness is
reduced as the Reynolds numver is increased, It is inferred that the
effect or pitiing on the surface roughness can be reduced if the gas

[

is swept away belore it can aftect the dirfusion layer.
(11) Comser

A rouzgn, uaeven but nolished Tinish is obtained in sodium calorice.
Trom WMizlk.7, at low Reynolds numbers (10,000 to 20,000) %rnere is

creater erosion at the edges of the specimens, This is vresunably

O

due to higher flow at the sides allowing a local increase in conductivity

)

by reducing the effect of hydrosen gas. {(Tane efect ol hydrogen is

discussed in Chepter 7). 4s the Reynolds number is inereased (to
3,000) the surface while still uneven becomes more uniform, possibly
as a result of a more uniform flov,
J_‘(

“hilst it does not seenm vossible to obtain e smootn Tinish, the

surface texiture does become {iner as the current density is increased.

APter removal of tne black, oxide layer o coarse, black finish
was revesled. The roughness excesded 20C nicro-in for the range of

current densities.
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for mild steel in saturated NaCf. At zero flow rate they - observed
a limiting current density of about 1.85A/in2. This is indicated in
Fige5eke By raising the flow rate to 24in/s they increased the 7

limiting current density to about 5.8A,/in2.

Mild Steel °

Fig.5.5 shows that plateau regions occur in 20% NaCé, 5% HCE and
%
5, (] H2SOA’.

i1s comparatively low. These solutions will then be suitable for the

In the last named solution the limiting current density

machining of the metal. As the potential is increased above about 2V,

" in each case the ocurrent density rises. Gas evolution and surface
pitting are associated with this increase. When nild steel is
electrochemically machined the anode potential is usually above 3V.

From the potentiostat results surface pitting will then be expécted.

This effect has already been observed for mild steel machined in 20% NaCe
(Chapter 4).

In 5%:53P04, the current rises to a peak at about 0.3V then falls
to nearly zero at about 1.2V. Dissolution recommences at about 1.7V.
This is evidence of anodic passivation, which has been discussed in
Chapter 4 for cast iron in 20% NaCe. It occurs when the normel metal
dissolution process (M==M++e“) is replaced, or curbed, by the onset
of -another reaction (e.g. 2 H,0=0, + yH*+e”). The efficiency of
the process is then reduced.

Thus, from Fig.5.5 efficient machining is only possible to about

0.6V. From about 1.2 to 1.7V complete passivation is encountered,



and above 1.7V, partial passivation occurs. Under E.C.ll. conditions

dissolution at a low current efficiency will be expected.

Cast Iron

From Fig;5.6 the presence of»plateau regions for current density
for all four solutions indicates that the metal should machine satis-
factorily in these electrolytes. Paradoxically, from Chapter 4, cast
iron appears to partially passivate in 20% NaCé.

Comparison of the polarisation curves for mild steel (Fig.5.5)
aﬁd cast iron shows that for cast iron the limiting current density
values are lower for each electrolyte and that the rise in current
density assocliated with gas evolution is steeper. Unlike the mild
steel, the metal was always covered with a thick black film at the
end of each test. Increase in flow rate had no effect on rémoving
this film or on raising the current denéity.

If from an electrochemical vieﬁpoint mild steel and cast iron are
assumed to be pure iron, then anode reactions should be similar. The
observation that the limiting current density is lower for cest irgp
in each electrolyte indicates that the reactions are not the same, and
that for this metal partial passivation is occurring. Thus from Fig.5.6
efficient machining of cast iron in either NaCe& or HCZ solutions is
only possible up to about 0.5V. Above this potential, partial
passivation takes place with subsequent loss in efficiency. Above about
2V, the large slope suggests coplous gas evolution and consequent

{
extreme pitting. ILow current effiolency together with a pitted surface
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Current was kept constant by adjustment of a variac in circuit
with a 50A rectifier. Current and voltage were measured with a
25A ammeter and 20V voltmeter respectively. Machining times were taken
with a stop Wafch. |
5.8.3 Procedure

The electrolyte was poured into the tank. A weighed anode was
fitted into the flow box, and the cathode position adjusted for a gap
of 0.030 in. The pump was switched on, and the valves adjusted to
give a flow rate of 7in3 s. (As with the procedure for the potentiostat
(5.5) the volume flow rate for each electrolyte was adjusted to
compensate for the different densities). The electrolyte temperature
_was noted. The power was then switched on, and the variac adjusted - .
to give 10A. During machining the valves were adjusted.to méintain
a constant flow rate. After 5 min., the current and pump were switched
of f and the anode removed for examination and reweighing.

The procedure was repeated for each metal and electrolyte.
5.8¢4 Results

Tables 5.1, 5.2, 5.3 show the comparisonsof the potentiostat results
and predictions, and the results of the machining tests for the above

metals in the (respective) solutions, H% HCL, 5% HyS0, 74 HBPOLF.

5.8.5 Discussion
With the exception:of copper and aluminium,tables 5.1, 5.2 and 5.3

confirm that when the potentiostat results show a diffusion reaction



- P .

- \ [ I P T,
LGOI N PRSIV
P s e e e o e e aas maaeree

e e, 30_. Mmoo e

1
.oLets cLOLTLC | Curens PSR 0
. [PV - LA t i N o It
. N : mL LG L [ s.-.C [v] ;_.,.O--uLJ
\ Yaonl e e ! R
' il o G NN ealeretonhs 1‘1"“‘ e
- LOLCll WL
-
il o
'D..Gk__‘_Cu ors i ~
= ; o
'
} 1
}
N e . o !
e T T - EE
Dirlusion reaetion 0L
P o
L .l [T -
ool PR v:‘..v.» [ UC "\}r

electrelyie

PI‘_ - e W . ~ N
Snootn LIS i

e oldlalaald 1

on rzaction L5 Soll ower e e
cascivetion
Lo currenth
eriiciency

U n Ao

W -
PSDZST covered

T “'].—- —— o

L m b N i~ —_ N g -
ey A VIS L C R e vha s W
3 A R,
Dlocs dajer

Poor Qinish

nhclrel DifMusion reaction 1 Srioht

satlsoctory smcooth

elecurolyt o :
i

Snooth fin

ﬂi’.\.‘ ~e 200N ven 0""1 n 09 Vmnt '-‘.'\-"
3 DS )

Rt PN --O-,*nr ) ‘~.~‘—~,
R i ieTeivtyl

Nimonic U
75 sa
.

Nl . LR . —~ e Ry, " S et e
volner Ditfusion rooction NG nv(;_lju_')_.":k i alorite ,\._OT,QT

Perticl mrssivation . eloctrolyte
above 0.8V

-

‘.J'elv‘r 1oTT currents

ottt
densi cLEes -

“ o
eat T Aty
Bd et e b i L

Junmdindun | Jesctloll nov co .;.LZ_L:L g
a
AT

e

Mty o) i~ . I R T e Vet Bo Fomy S [ERPR O BN . 2. -
Jaole D.l: Scomnaricon of notentiostat anl machinin s rcoulis oo

I3
~ c-ay
[T s
/1' PP




._77...

b
IENEE)
TR
R S e et o . N - ,
- . PR EL R vy s e o . i gy e
.2 le PRt CRVIC IV ¢ FOR vt ¥ (VIO CH I IS RATIFAN 61 LOINGITTS
P N el T R Y
resalivs and ~l.Loneners SRINASN
- . S Fal
vrecictions 1 ™
= J
s . L.
- IR AL ) - — =
Lild Diztusion lloccewicn v
o o

Steel

Cost Tron

inonic

Covsrrotively low
B
("]

.T:)inﬁ. e C“Y\'j“!{‘&‘f\
e A Arwa
.
”

densit

)

T T Y YOS N A
LATIRO0N MIOCTLOon
Dacadd AT s e ndra g

— e Ve e PSS e u._no -
o ann .!..

LoV guinren

Jidcien i and

e
EN -\-lll.. LJ.'.-

PooY

sned

nins wossible

a.»-_‘

] E u.._ - (I
Jeactlien not
CSL:7liSAed

-

e e
P . S
RGTRIRIS Wi &

PR

o
N
£

[}
L
o ot
“3 of

&

Suil

boarse

n

o

: i

[
)
chk
3

oA

v
RS

r-j—.e-vr

v

Conner 100 3riont Greavin
sa (divelent) Zurioco sossinly e
elecirelr e (reaction) dewnly to Jlowr end
3risnt fMinian Zroovcd GoGo ClLLLUION.
oS
Aluminium o reaction o nmackining
Unsaisiachery nossibvle
electrolyse
Rable H.Z2:  vousrolison ol votentiostat and Loohinin rosu o



~J
(@3]

L R R

. - . .
N A & LA SRR
e Melaiaal Lol

R P

—_ e el

il ~
IR RN
ft R e - e 5

.. v
IR LR

- —————

Ay g e o

LV L ST &

™y
A
L

3
O oW
ook

3

-

Conmeor

noan
- el

Diviusion ren
Poriicl

Lo carment
cificiency

L

» . 4 Y -
e nicled

R

m e
S0 € RO AL ¢

Ty
vy -
LR
. .
et a
g u.—u...\_

elactrelrie

e
TS 4

Lowvr
Cecxy

— = e .
. I R ~
o5 aon

-
— -
- —

o rcac*;or

el

,
soalvation

AR

CoLCll

.
P N
nassivation

anonli 'f:: cotol n

- _JL-;O

.

glantreld

0Ll

(x|
n

Sull

Tt
-t l\.

= -

—% o~ A P 1."'\
—- LN [ O SO
. .

TN P e A oo

SR S P (&

R
Tall e

~
LOals

e 3
R
o0

reaper
\.J'L eJ

T o7
hiNToTe N WAL

T e s e r_-"'.‘ =
AR

.——a..._.- - - - - e A
P = -
e cleeotrclye

\"—v-
o

i

07T

Ae i m e
Hplyond

05

e

(I

R
s

=

o T
antl N

3 S

g

Y
- O



...79..

with no passivation, in the corresponding machining a good surface
finish and a high current efficiency are achieved.

For copper in 5% st the potentiostat results indicate that

O
satisfactory machining is possible. VWhilst a ocurrent efficiency

of 1007 and a bright finish were obtained, the surface was deeply
grooved (c.f. the granular texture for copper in 20% NaC& - Chapter 4.).
The effect is possibly due to a combination of E.C.M. conditiéns and
the characteristics of the metal. It is probably caused by local
conductivity variations along the electrode surface. There is no
apparent reason though why this should only occur for copper.

For this metal in 5% HCE the potentiostat results indicate partial
passivation above about 0.8V. Under machining conditions.complete
passivation is obtained: it was not possible to machine at current
densities from 10 to SOAJEJ? and voltages from 5 to 20V.

For combinations where partial passivation is obtained in the
potentiostat work, the corresponding machining produces a non-bright
finish and a low ourrent efficiency (e.g. 45% for cast iron).

For groups where the reaction is not established (e.g. nickel in
5% HZSOA) a groy matt finish and intermediate current efficiency
(e.g. about 66% - Ni in HZSOA) are generally obtained.

(Note: from Table 5.3 for nickel in 5% H3P04 the surface finish is
bright. There is no apparent reason for this; paradoxically, a dull

grey finish is produced with Nimonic 75 (which contains about 727% Ni))
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Chapter 6

Some Aspects of the Forming Process

6.1 Introduction

In electrochemical forming, the anode tends to assume the inverse
shape of the cathode. For a given cathode feed rate and inter-electrode
gap, it is necessary to know the time of machining required to produce
a given shape.

A theory is developed below for a cathode with a single step,
based on the well known simple analysis desoribed.by‘Kleiner(l),

(32) (23) (16)

Foertmeyer s Bayer and Tipton , in which it is assumed
that (i) an Ohm's Law relationship applies across the gap and (ii)
current travels only normally between the electrodes. This gives the
height of step formed on an initially flat anode as a function of machining
time, cathode feed rate and minimum gap width. The concept of the
equilibrium gap is introduced, and the general theory is applied for
a case where the initial minimum gap is equal to the equilibrium gap.
Using cathodes with steps of 0.028 in and 0.125 in, experiments
have been carried ouf to test the sections of.the theory which deal
with shaping. Tor a flat cathode, the theory of the equilibrium gap
has been tested. The equipotential distribution between the electrodes

has also been investigated using electrode models on conducting paper.
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the electrolyte conductivity the anode characteristics and the applied
voltage. i}

If the current travels only normally between the electrodes
(i.e. no stray currvent effects), tﬁe time taken for the gap between

surfaces CD and RS to grow from ho to h, (and for the gap betwwen

AB and P} to grow from (hgtc) to (htc-s) is

.
«h !

b=y han T4
p=Uh <-~_-——-—> (6.4)
h, o \PR
Cese Ll: Zero cathode feed rate, B=0
(6.4) becomes
h
G B S
5 — (6.5)
hote P
1 2, 2 1 2 2
= 7?§~(h ~ho“) = 3 [(h+c s)“=(hg+e) ] (6.6)
It follows that
h2 = ,‘02+2{:~)'{3 . . (6'7>
and 52-25(h+c)+20(h—h0) =0 B (6.8)

or s = (o) \/{(11+c>2-(211c-2h90)}

:[ [(1102+2§3t)%+0} - J {(ho+0)2+2@t]] (6.9)

only the negative sign being applicable here.
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Solution of (6.9) for larce t

(G.9) can be written

2\ % 2\ %
s:—.ng-}t{(l-f- 1_12_,.>“+ ._9._.—<1+(h°+°)>}
oh% V' 28t 265t

Ixpanding for large values of t gives:

s = 1~ - - \ '
C[ o(28t)z } (6.10)

i.e. for large t, s approaches c.

Cose 2: Constant cathode feed rate, U

/

-~

Trom the first integral of equation (6.4)://////

o2t + B on(( £ofe)] (6.22)

This is of the form t = h + A + B&n (h-D) which is solvable for h

for specified A,B,D, and t. A method for solution is cutlined in
Appendix 2.

Also, from (GJ4):

$ = = (ho-'h)-t-s—x-ﬁ_‘an(?’"Uc“Uhon) (
v U g + Us - Uc -

The times t in (6.11) and (6.12 arve the sane, so:

[GY
L ]
=
no
~

v Sen/p = Uh - - -
G9(ETE ) bmro- s pon (LrTzzlos )
U = Ue = Uho
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i.es s = %&1[ (f +Us = Uc - Uh) (@ - Uho)} (6.13)

(8 ~ Uc = Uho) (B = Uh)

This is of the form s = P¢nQ (R-s), and is solvable for s for
specified P,Q,R, vhere Q and R involve h, which is given by (6.11).

Equilibrium Gap

For a constant feed rate U, and voltage V, the gap h tends to an

equilibrium value he given by

he = % (6.14)

This follows from ecuation (6.3):

A
for "4, > U, and for initial conditions,

dh : -5 | -
—d-._—t—- 15 +ve, aﬂd‘%?%: %2 (%*h)(O )

h then increases asymptotically to a value which corresponds to dh _ 0

at
i.2, he = %

Similarly, for 13/1 <U, h decreases asymptotically to the value, hg = %
o

From (6.11), hg is only achieved after an infinite time; in effect,
h values near he can be obtained after finite times.

Special case (1): h->hg after short time 1t

In many applicotions of the process, values of U and ho are
chosen such that h approaches t after a very short time .

In this case let h = 7he (whereT> 1) and let hy = mhe(n>7 ).

Then for required t, from (6.11)
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t=%‘i{(m_r)mn<“;::lt>] | (6.15)

Thus from defined t, he, m and 7, the required U can be found.

Special case (2): he>he

' In other uses, the initial gap hg is much greater than the
equilibrium gap hge

In this case, from (6.11):

hr = h ha=~ h
L o] S\ - 2 0 e
: <h “'he> ' n( (ho‘he)"(ho'h)> (6.16)
= &n &
1l -~ ho‘h
( hO‘he>
ho-h 1 ho=h N2 1/ ho-h\3
=(h0_he> -3 ( hoo—he > + 3( hoo_h.g tee o (6.17)

Tor the condition h<O (hg):
; ho-he\ ([ ho-h

on( —3:1-:3;)-\’< ho-'he ) (6.18)
(6.11) then becomes:.

1 hga~h
-U-[ (ho=h) + he (“fl‘g:ﬁg >} N

R=) | (629

prs
N

It

il
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l.e. the gap width h, initially varies. linearly with time t.

Thus for givea U, hg, and hg, the approximate time for h->hg can

be estimated.

1
Tote: for h=hg, the tern .&3<ﬂ.= Uh0>

St (} 'i’»n(f*_’ - Uhg B
U U Y = Uh N

S

This can be written:

U2 /e
(B = he) = (g = he)g W /B (6.20)

Thus h=hg only after large t.

Sneciol Case (3): Gan, hg, constant during machining

In this case ho = hg = © .
e /G (6.21)

Ixoression for s, for constant hg

In equation (G.h4), using (6.21):

+C=3
t= [°
hote 2-Uh
L) oL Benf___ 1 G.22
= U. { S 4+ U < l " Q/C )} ( )

Thus for siven ¢, S can be found in terms of t.
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Avoaratus
The perspex jig_shown in Fig.2.)1 was again used with the Barmax
macinine. The mild steel anodes and-brass cathodes were of side 1 in.
Three cathodes were used. One was flat; the other {two had vertical
steps of 0.030 in and 0.125 in. respectively halfwey along their lengthse.
To reduce side current travel the electrodes were insulated along their
vertical sides with varnish.,

For the experimgnts with stationary cathodes, a 20% NaCé ele ctrolyte
was used. For constant gap machining tests, the solution was changed

to 8% NaCé. The only significant effect of this weaker solution is a

-1 1 -

lowering of the conductivity (from 0.195(2—1cm for 20% NaCe to 0.1050
for 8% MaCe at 18°C).
Thus with the same power supply which has a fixed voltage/current

characteristic, the electrode gap can be reduced.

6ol - Tperimental Techniaue and Procedure

6olel Tests with stationary cathodes (U = 0)

(a) Initial gap width - determination: +the initial gap width, of 0.030 in.,

vas set by:

(i) winding down the cathode until it touched the anode.

(ii) noting the reading on a clock gauge which registered the travel of
the cathode. |

(iii) winding back the cathode 0.030 in.

(b) Gap width h, and step heisht S: See Fig.6.1. The head was wound
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down until CD touched RS. The difference in the gauge readings plus hg
gave ‘tne final. gap width, h.

The final gep width between AB and PQ, hl, was given by hl=:h+c~s.
The step S.was found by taking the average difference in anode heights

PU and ST, measured at several places along the length with a micrometer.

The gop width was set as above and the electrolyte circulated
between the electrodes. To reduce the effects of %emperature and hydrogen
on conductivity (see Chapter 7) a high volume flow rate (60iné's),(see
Chapter 2) was used. For such conditions the Ohm's Law ﬁas assumed valid

Eqn.6.2). The electrolyte temperature at inlet was measured with a
mercury thermometer. |

A constant.voltage wes applied across. the electrodes. The machining
time t was measured with a stop watch. At the end of each test the
voltage and flow were cut off, and the gep widths h and nt, and step
heights s measured.

The procedure was repeated for different machining times and for

-

each cathode.

Eulie? Tests with constant gap (hy) and feed rate (U)

The modified Barmax control system (described in Appendix 1) was
used to maintain a constant minimum gep hy during machining. The controls

were adjusted so that this gap was attained almost immediately after the

start of machining.
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Determination of feed rate U, final gap hl, sten S

The average feed rate U was found by dividing the difference in

final and initial clock gauge readings by the time of machining.

The step S and gap nt were found as above (hl - hg + ¢ = 57 since

ho = h).

Procedure

A procedure similar to (6.k4.1) was used, except for the mointenance
of the constant gap he during machining. With the cathode in its
uppermost position the pump and voltage were switched on. The cathode
was made to descend at a fast approach speed (Fin/s) until the pre-set
gap hy Was achieved. At this stage the stop watch was started.

At the end of each experiment the cathode was halted. The pump
and voltage were then switched off. The gap hy was checked. After
removal of the specimen the step height s was measured.

The procedure was again repeated for different machining times and

for each cathode.

6.5 Results

Table 6.1 gives, for fixed cathodes with steps of 0.028 in and 0.125 in
and for initial gaps of 0.010 to 0.030 in the machining times required
for the anode step s to approach 0.9¢ (from ecuation 6.10). For these
times, the exact step size (caleulated from equation 6.9) are tabulated.
TMg.6.2 shows for the fixed, 0.028-in. stepped cathode, and for an

initial gap of 0.030 in., the ccmparison of the theoretical and experimental

anode steps as functions of machining time.
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- PR B TH M eanmmer ime mnm s e e waa e s+ m o ammen e - Y

C ho t Se:fao’c '

i in') 1 * =U. . . :
| ( (in.) for (s=0 90Amﬁ©x. (in) |
. 0.028 0.040 1270 ©0.0195
: o
i 0.030 840 .0195 |
! .020 500 0.0196
. 0.125 0.040 4560 0.0878
| .030 3720 0.0880
i
% .020 2960 0.088
... -

Table 6.,1: Dependence of machining time for S +0,5¢ on initial gap

width and cathode step size. (For these times, the exact

s values, calculated from equation 6.9 are also given).
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Tige5.3 shows, for a flat cathode with a fixed feed rate of

8.8 x 10"413/5, and for initial gep widths of 0,030, 0.060 end 0.098 in,

the subsequent gep widths as functions of machining time. The theoretical

relationships -~ gap width at the start of machining, as a linear function
of time (equation 6.19) and final equilibrium gap width - are also

indicated.

In ¥ig.6.4, for plane perallel electrodes, are compared the theoretical

(from eqn.5.16) and experimental dependences of cathode feed rate on the
goullibrium gap, for gaps from 0.010 in to 0.050 in.

Figs.6.5 and 6.6 give, for the 0,028 in and 0.125 in stepped
cathodes respectively, the comparison of the theoretical (from eqn.6.22)
and observed anode steps as functions of machining time and minimum
equilibrium gep.

Fig.6.7 shows the initial equipotential distribution between the
0.028 in stepped cathode and a flat anode for minimum equilibrium gaps
ranging from 0.010 in. to 0.042 in.

Fig.6.8 gives the equipotential distribution between the 0.028 in.

stepped cathode and the anode, the latter having steps of 0.0l4 in. and
0.028 in. The eguilibrium gaps hy are 0.010 in. and 0.014 in.
respectively.

(Wote: four 1 ft. long brass plates were constructed so that when
plated on'con&ucting paper they simulated the electrodes in their
machining positions. A scale of lin= 0.0l4 in. was used. This allowed

the plotting of equipotentials for distances of 0.l7 in. on either side
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of the cathode step. -The reduced plots in Figs.6.7 and 6.8 indicate the
equipotential for distances of 0.040 in and 0.070 in on elther side of
the lire of cothode step. Beyond these limits the ecuipotentials were

parallel).

6.6 Discussion

From Table 6.1, for a fixed cathode, the machinins time reéuired
to achieve a given siep decreases sharply as the initiel gap is decreased.
For the 0.125in stepped cathode the time for s +0.S95 would be very long -
4560s. The machining times calculated for s -»0.5¢ in ecuation (6.10) were
substituted in ezuation (6.9) to calculate s. The fourth column shows
that the exact values for s are smaller (about 0.7¢).

Tig.5.2 shows good agreement betveen experimental and theoretical
anode step values as functions of machining time. However, sharp edges
on the formed step were not obtained. The profile of the step became
less distincet as the machining time (and hence sap width) increased.
This was possibly due to @ side current flow effect, not accounted for
in the theory. It is discussed more fully below.

These observations indicate that to reduce the machinin: time and
— .

-

to increase the definition of the formed step g@p’gontrol in  orming
1s necessary.

BExperiments to test the theory of the ecuilibrium gayw were then
performed. Fig.6.3 shows that for a flat cathode descending at & constant

feed rate, and for the different initial gaps, the Tinal gap always tends
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-to a limiting e;uilib;ium value. The results also show that the nearer

the initial gap width 1s to the equilibrium value, the shorter is the
time required to achieve it. The experiments also prove that equation
(6.19) is valid; i.e. for hg™ he, the subseguent gop initially varies
linearly with time.

These observations were then used to investigate the relationshi;
between feed rate and equilibrium gap. The results are shown in Fig.6.4:
for a fixed applied voltage and for a range of equilibrium gaps, (0.0lOin
to 0.055 in) the feed rate varies inversely with the gap. There is good
agreement between theory and experiment.

For such gops, foruing tests were done with the 0.028 in. and 0.125in
stepped cathodes. The results, in Figs.6.5 and 6.6, show good agreement
with theory: +the lor_er gaps require a longer machining time to achieve
a reguired step on the anode. In addition the definition of the steps,
while more distinct than those obtained for the fixed cathode tests,
still less well defined at the larger gaps (e.g. for the 0.0L5in gap,
the step was Jdefined over an anode length of about 0.15in whilst for the
0.010in. gap, it was defined over a length of about 0.060in.).

These effects were invéstigated using brass model electrodes placed
on conducting paper.

Frow the equipotential plots at the start of machining (i.e. flat
ano&e)shonl in Pig.6.7 these observations can be made:

(1) perallel ecuipotentials are obtained only in regions awey from the

cathode step region.
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(ii in this area the equipotentials transcend not sharply but
gradually from the smaller gap ho to the larger gap hal-

(iii) as the gap is increased the transition lines from gap hy to gap hg‘
are more sradual.

(iv) for this increase in gap the egquipotentials become parallel at
points further away from the cathode step region (ccmparison
of similar eguipotentials for gaps of 0,010 in. and 0.014 in.

makes this clear).

These results can be applied to the experiments on forming:
(1) for regions where the eguipotentials are parallel to the cathode
surface, there wi’l be an even current density distribution.
Even machining will take place over such regions.
(i) in the equipotential transition region from thc smaller gap ho
to the larger gap hg‘ the local current density will decrease

graduelly from the higher value at gap ho to the smaller value

at gep hae Thus the anode step will be smoothly and not sharply
defined.
(1ii) as the gep is increased, there will be a more gradual change in

current density. The step profile will then be more gréﬁually
defined at larger gaps.

(iv) for the lﬁrger gaps, the step profile will be deiirned over a
larcer electrode leungth.

However, actual mecsurements of such lengths from the ecuipotential
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plots is difficult. To do this requires knowledge of the shape of the
anode as machining progresses.

The plots in Fig.6.8 were dmwn to'simdate typicel conditions during
nachining. Even for ideal anode steps with sharp edges, smooth
equipotential curves are still obtained. Thus in practice the anode
step will not be sharply defined.

Comparison of similar equipotentials from (i) and (iii) shows that
for the latter, the ecuipotentials become parallel to the electrode
surface at further distances on either side of the cathode step line.
This again indicates that for larger gaps, the anode step is defined
over a wider electrode length, and its profile is more graduclly

defined than for smaller gaps.

6.7 Conclusions

1. In forming, gap contrel is necessary to reduce machining time
and to improve the definition of the anode shape.
2. The smaller the controlled gap, the better is the definition

of the anode profile. .



The effects on Torming of temperature and hydrogen - theoretical

considerations

7.1 Intrcduction

[

Two principal factors affect the forming process - electrolyte
heating and nydrogen evolution.

The former effect is coused by the current as it crosses the gap.
The temperature increase raises the electrolyte conductivity and hence
raises the metal removel rate. Local machining rate increases in ‘the
direction of flow. Thus a configuration of plane, initially parallel
électrodes will become wedge shaped.

An opposite»effeot is caused by the hydrogen evolved at the cathodle.
The gas reduces the conductivity and hence the mechining rate. Due to
the electrolyte flow, the volume of hydrogen inorgases towards the flow
exit. The local machining rate tﬁen decreases along the electrode length
developing a wedge profile in an opposite direction to that caused by
temperature.

The mapgnitude of each effect is anelysed seperately, in terms ol flow
rate and potential groadient. The variation in electrode profile along
the electrode length is calculated; also, the machining time recuirecd

to achieve steady state conditions is estimated.

7.2 The effect of temperature

The current crossing the gap causes the electrolyte temperature to

rise. The temperature increase along the electrode length, 4T can be
dx
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calculated from Joule's Law, if it assumed that all the heat remains
in the electrolyte and that no other factors increase the temperature.

Assuming also Ohm's Law, the temperature rise is

ax - g (7.1)

where K, V, Vg» h, v have been previously defined, p o = electrolyte density
(g/me), C is the electrolyte specific heat (Jg"lOC{L).
Using the same assumptions, similar expressions have been deduced

3Y
(16) and by Merchant(BB’.

by Tipton
This temperature rise will cause the gap, conductivity and velocity

to vary along the electrode length. ZEgn. (7.1) should thus be written

an(x)_ K (x) (V= Vp)° -
x h2(x) o C v(x) (7:2)

where K(x), h(x), v(x) are the local conéuctivity, gep width and
velocity at point x along the electrode length.

The electrode profiles, initially and after machining time t are
indicated in Figs.7.L.

7.2.2, Machinine time reauired to achieve ecuilibrium

The final electrode profiles will be similar to those shown in
Fig.7.2. In this figure the y axis gives the deviation of the profile
a2t time t from the initiel profile, for any x along the electrode length.

To find the machining time recuired to achieve the final profile,
suppose that the system can be represented by a first order differential

equation:
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. dy - -
T ..a.% + ¥y o= .Vf (7-))

vhere 7 is the time constant for the system and yp is the final
deviaticn at the point x.

The solution to ecuxtion (7.3) is

y =y (1~ o7 (7.2)
where T = yo//q35 ) .
A:S ‘ (7.5)
CL7An

The general shape of the curve for eguation (7..) is shown in Fig.7.3.

7.2.3. Calculation of yel(x) Fouilibrium condition

The steady state will be achieved when there is no further variation

in gap along the electrode length. The local maghiﬁiﬁg rates will then

~
~

be constant, as will the local current densit§ and the electrolyte
volume flow rate.

For the last named condition, the velocity v(x) is

YeD) (7.6)

where Vg, hg are the electrolyte velocity and gap width respectively at
flow entry and are constant.
I the cathode descends vertically with feed rate U, the steady

state gap (from Chapter 6) is given by:

iy

B (V= Vo)K(x)
I =
1(x) 5 (7.7)

where ¢ is the anode material density.
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The current density is also constant along the electrode length:

Ceoi(x) = (V- VodK(x)

e (7.5)
The temperature rise, @@ will elso then be constant. Using (7.8), aT
dx dx
becomes:
aw (V- Vo) KXo \
== e e = B, S8y (7.9 p

The temverature difference between the temperature, T, at x,

and the initial temwerature, Ty, can be writien

AT = T - Tq (7.10)
» & (A7) = aT
Tt dx (82 e (7.11)
0.' AT =

({v - VO)ZKO «
Pec Vo hO
= Bx (7.12)
(Since at x = 0, T = O the constant of integration is Zero ) .
'If the conductivity K(x) is assumed to vary linearly with

temperature:

K(x) = KoL +¢ AT) (7.13)
= Ko(l +a Bx) (7.14)
where ¢ is the temperature coefficient for conductivity.

fow h(x) = K(x) S&; Vo) (7.15)
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H

(V - VOJKO

Ig‘"—" ( +aB‘>€.)
= hy (1 +aBx) | | (7.16)
. from Fig.(7.2)
ve (x) = h(x) - hy (7.17)
= Bx
2
= (V Va ) Kox
(¥ Vo) Kox (7.18)
peC vollo
7.2.4. Caleulation of (dy) - Initial State
\at/

If initially, the electrode surfaces are parallel, then y = 0.

T
At any time, t, we have /,/
e
y(x) = h(x) - ho ’ (7.19)
From Chapter 6, the vate of change of gap 18
j"‘.i‘.}(x) = .1.3.3:_.(1) - T n
at - 1,1‘0 U . (7“—0)

. Using (7.19) and (7.20) the initial rate of change of y(x), ! c’lv(“,\
%=0

nay be written:
".§:£(>:)> _ & (a(x) - ng) (7.21)"
a_t ‘t'O
t=0

(i(x> - io)‘(‘,:O (7-22)

e
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X . 16) . . e . .
The work of T:Lpton( ) is of use in finding an expression for (l(X})t_o

He suggests that since that at the start of machining the gep has a

constant velue hy at x=0, the velocity will also be constant. Ecn.(7.2)

nay then be written:

ar  K(x) (7 - Vo)?

———a—s T

Assuming also that (7.13) applies and that

&gy . O
?fi-(AT) Tdx

he obtains the expression

%(AT) — BXy T = BXo

= 0 the solution is AT =

For the boundary conditions AT = O when x

-

1 ‘ve aBXoX -

.

]

]

|

a .|

since ‘the current density is i(x) = (V - Vo) K({)
2
hg

Using (7.13) and the expression for (AT) gives

i(x) = (V= V5)Ko | o BE®
hg
= ige BRK (7.23)



T (x) can

where ig

Phus for

.-]_13.-

T (7024)

also be found from (7.5) using (7.18) and (7.24).

solution, ecun.(7.4) can thus be writien:
3

- ¢hnBX %

=g hBx <1 - e %%2(1"9 Jh}) (7.25)

Ko(V = Vo)
ho

siven values of the variables y(x) can be found as a function
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7.2.6 Theoretical Calculations

The effects of temperature have been caloulated for an 8% NaCe
electrolyte at initiel temperature 18°¢ flowing between 1 in square
electrodes (the anode being of mild steel) and for gap widths and
electrolyte velocities in the ranges 0.010 to 0.040 in and 200in/s
to 2000 in/s respectively.

(For each gap the maximum velocity has been estimated for a pump

pressure, p, of 250 lb/inz, from the relationships

P =P + Py

where Pl is the pressure required to overcome inertia, and po, is the
pressure to overcome viscous forces.
For turbulent flow along recctangular channels of thickness h, Py

may be written

2
pl = 0.5pev
a = 0,31 \FL
an P2 3lp ;__2_5_ (after Blasius)
LhRe ™"
where Re = 2vh )
v

and L is the electrode length)
(The full data used are given in Appendix 4).
Fig.7.4 shows the dependence of the eguilibrium temperature gradient

(7.7) on electrolyte velocity and gap width .
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Llectrolyte | Distance, x
velocelty along
v electrode
(in/s) length
(in) 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Gap variation
230 _?a:g'c&‘leter .09 -18 028 .37 047 .56 066 n75 185 09
yf- P

(flo“jiﬁ)
Time for

y(ﬁzos%’f(}‘) 59k 593 592.5 592 591 590 580 589 588 587.5
S

X 0.1 0.2 0.3 W4 o5 & .7 8 .9 1.0

250 ve(x) _2 +06 .12 .18 .25 .31 .37 Jhk .50 .56 .62
35 (x 3070)

t(s -
(y(x)=0.)9yf(x)) Bl 593.5 593 592.5 592 582.5 59,3 590 590 539.9

(T= 258)
o x 0u1 042 0.3 0.k 0.5 046 0.7 0.8 0.9 1.0
160 R
ye(x) JOh 209 o1k 218 .23 .28 .33 .37 JL2 L7
K10 )
(fc(fg s3) 59 599 5.5 5% 5928 H2.5 592 5918 505 590
x 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
530 ve(x) .03 .07 J11 .15 .18 .22 .26 .30 .34 .37
@lonjin>
t (s)

(T= 253) 59k 594 5937 593 593 5929 586 525 592 591.8

Teble 7.1: Gap variation parameter yp(x) as a function of electrode .
distance x, and electrolyte velocity v, for a gap of 0,040 in.
Time required for y(x) to approaca 0.9yr(x)
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h, Restraint on .
o Ve (x=1in) v +
N x=1 in - .
el in) @/s) | (s)
0.030 .3 x 1077 .0003 690 592
(7= 258)
.020 .2 x 1077 .0002 1230 333
(r=145)
.010 1 x 107 .0001 6000 36
(7 = 16)

Table 7.2:

required to achieve 1% accuracy on ye(x), for x = 1 in.

Effect of gap width on electrolyte velocity and time
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h Restrain on
" o Accuracy velocity t
(in) yf(x)(x-lzxﬁ v \
(in/s) (s)
0,040 .2 x 1070 5% 230 587
(r = 255)
.030 A5 x 1077 310 329
(v = 143)
.020 1ox 1070 1460 145
(r = 63)
.010 .05 x 1077 1350 35
(T = 16)
. 04O .08 x 1072 o5 350 590
(r = 256)
030 .06 x 1077 160 330
(T = 1bL)
.020 0L x 1072 1160 1,7
(T = 6L)
.010 .02 x 1072 3700 35
( =16)

Pable 7.3: Dependence of accuracy of restraintimposed on yf(x) and
mechining time reguired upon electrolyte velocity, for

gaps from 0.040 to 0.010 in.

i
<
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Teble 7.1 shows for hy=0.040 in the variation of the gap parameter
y(x) with electrolyte velocity v and distance x along the electrode
length., The machining times refuired for eguilibrium conditions to be
approached (i.e. y(x) = 0.9yp(x)) are also indicated. These have been
caleulated frem (7.19), (using (7.28) to calculate the time constant 7).
4 mean value for 7 has been used (although the factor only varies by 1s
Por x ranging from 0.1 in to lin).

Tables 7.2 and 7;3 give for some or all of the gaps hy = 0.040
to 0.010, and Tor # = ljm%the electrolyte velocities required to
maintain an aceuracy, ye(x) $0.0lhg, and yp(x) $0.02hg, 0.05h,
respectively.

The machining times for y(x)» 0.9yp(x) are also given.

7.2.7 Discussion

Fig.7.4 shows that for each of the gaps the temperature rise is
srall and will not cause electrolyte boiling.

The temperature increase will still affect the electrolyte
conductivity. The gap will then vary from i@s eguilibrium value.

The magnitude of this variation is given by (7.22)

ve(x) = hoa Bx
Note that B involves v (7.7). If an arbitrary restraint is imposed on
ye(x), i.e. the electrode gep value must not vary by more than a fixed
amount, say 1%, from its equilibrium value hy then the electrolyte velocity

required for this condition can be calculated from (7.22).
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Obviously, and from (7.22), this effect is achieved more cuickly
for low x values (i.e. at the upstream end of the electrode length)
than for high x values.

These effects have been investigated for a gap hy = 0.040in.

The results are given in Tables 7.1 to 7.3.

For the gap to vary by only 1% or less, reguires

Ye(x) €0.4 x 10 %in.

Table 7.1 shows that a veloecity v = 230in/s brings ye(x) within
the range for x = 0.1 to O.4in. For the whole length (x = lin)a
velocity of 530in/s is required. The approximate machining time
required is 592 s).

Clearly, equilibrium is not achieved until the yf(x) value for
the largest x (i.e. x = 11in) is below thé imposed limit. For the gaps

hy, = 0.030 to 0.010in, table 7.2 gives the velocities required for

Je (x = 1in) 0.0l hy
and the machining times required.
From the table the observations are made thab:
(i} as the gap is decreased, higher velocities are required to achieve
the restraint on yp(x).
(ii) for these velocities the machining time for equilibrium decreases.
Tor the gap hy = 0.010in, the rejuired velocity, v = 6000in/s is

greater than possible for a pump pressure of 250 lb/in?. Thus an
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eccuracy of 1% is not obtaineble.

Table 7.3 shows that for these conditions a 2% accurcey is not
possible, but that an accuracy of 55 is attainable.

Comparison of the results from Tables 7.2 and 7.3 also shows that
if the accuracy required for the gap is lowered, a lower electrolyte

velocity and a smaller machining time are recuired to achieve it.

Te2e Conclusions

1. For an 8% NaC¢ solution flowing at velocities ranging from 200
to 1850 in/s between 1 in square electrodes with iritiel geps of 0.040

to 0.010 in, the equilibriun temperature increase along the gap is small.
El pw] g p

2. If a restraint is imposed on the emount by which the gep may increase
alorng the electrode length, then the electrolyte velocity recuired to
achieve it increases as the initial gap i1s decreased. Nowever, as the

velocity is increased, the machining time is deoreased.

3. For any gap hg, if the accuracy required is lowered, a lowver

velocity and a smaller machining time are required to achieve it.

-
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7.3 The effect of hydrogen

Suppose that the plane, initially parallel electrodes have width b
and length &, and thav the electrolyte at temperature Ty, flows between
the electrodes with constant volume flow rate Q. TFor a constant
voltage V, and constant cathode feed rate U, suppose that machining
commences when the gap is initially hy. Assume also that hy is the
eguilibriun gap for a system undisturbea.by hydrogen.

The initial configuration is showm in Fig.7.5. The wedge-shaped
profiles caused by the hydrogen are shown in Fg.7.6.

In Tig.7.5, for any point x alonz the electrode length, the ¥ axis
glves the deviation of the anode profile from the initial proiile.

As in 7.2, for an Ohmic relationship at point x we hove:

i(x) = K(x) (V- V,) \
h(%) | (7.26)

Kenne&y(ﬁh) haS done some calculations on the pressure change along
the gap due to hydrogen. From his analysis and frcm the equation given
by De La Rue and Tobias(55) (see below (7.27)) he has derived an
expression for the Ehange in conductivity along the electrode length.
The method of using the results of De La Rue and Tobias has again bsen
employed. However, in this expression the term involving pressure hao
only a second order effect on conductivity. Thus instead of using a
complex expression for prescure in this term, an aversje ecuivalent

auantity hos been substituted. This involves only stondard temperature
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and prescure values.

(35)

From the work of De La Rue and Tobias , XK(x) can be expressed

es o function of the retio £(x), of hylrogen volume rote Vy to the

electrolyte volume flow rate

K(x) = Ko (1 - £(x))7 2 (7.27)

Ko being the conductivity at flow entry.

7.%32 Determination of £{x)

In Fig.7.5, consider the element dx, of depth h(x) end width b (electre
wilth). Current produced at the element = i(x)dxb (7.28)
where 1(x) is the current density at x

il x :
.o total current produced from x = 0 to x = x, =] i(x)bax
0

J. total mass/s of gas produced

]
}:It?
s

hjl

X

[ i(x)bdx (7.30)
J
0

i
H

=
H

x)

- 3 1 : s \ - Ao
where B is the chemical equivalent (g) for hydrogen,

Also, from the Gas Law

x) Vor (% = m(x) RT(x . -
p(x) Vy (%) ( 7\){ (x) (7.51)

vihere P(x), Viy(x), m(x), T(x) are the pressure, volume and mass



production rutos, and temperature ot the point x, R is the Gas Consiont

A

and W the meolecular weight for hydrogen.

X
e = Ter 2 M (5
Viz(e) i ‘) i(x)badx (7.32)
F‘\"."Pi}'{j "
-0
IT the gas is assumed to cbtoin instontancously the electrolyte veloeity
at point x, v(x), then the frocticn dax oX it is in the volume

v(=)

element at any given time,
il.c. the volume of gas in the element is

] R
e EgRT (")

G e /' i(x) b dx (7.33)

Volune of elcctrolyte in the element =bhlx)dx (7.35)
S u,_,lﬂb (7 ._/_7), £ X) - E:IRT (K) . [X. F \
PP (x)v(x)he) JIO 1) dx (7.36)

w £(x) has only a second order efiect on X(x). Then, put

x
]' i(x)dx = igx, (7.37), as an approximetion and since P(x) and
0 .

?(x) are no% knowm alonz the zap, put

o= RT (x) i . .
33?%%:7“ = & (7.38), an average eguivalent quantity.

3 L) 0 rad -
In “he subsequent caleulations, stendard temverature (273 1) and
pressure (1 A*mos) values have been used in calcoulating this expression.
(Recently, Hopenfeld and r‘Ol"( ) rave shomn that this assumption is

velid).
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Since  is constant, put

N ~ - .
v(x) VG (7.39)

se (7.36) becomes
—— : (7.40)

7e3.5 liachinin: time recuired to achieve ecuilibriun

Similar to the method for electrolyie heating (7.2.2), the systen

mey be represented by & first order differentizl equation:
- & -

where'ﬁ~is the time constant.

"he sclution is

-t/+

y = yp (L-e 771) ' (7.42)
where 7= ¥ //g"\
/&) | (7.43)

7.3.4  Celeuletion of ye(x) = Feuilibrium condition

-

As before, for ecullibrium conditions the current density is

constant. elong the gap:

Seodg = KoV - V) (%)
ho

i

X(x) (V- V) - .
xE) (7.5
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and h(x) = B(V - Vo) K(x)

Using ecns. (7.27), (7.40) and (7.45) gives

(1 - A
Ch(x) =3V - V)Ke (1 - C—iob}:\ = <
FpU o ) (7.LO)

“u

Toting th = B(V - Vo) : ; :
oting that hg “(vﬂ 5?0/(0, and assuning that GigbX < 1 (alse
2p 0

v

7
proven to be valid by Hopenfeld and Cole( ,, gives

h(x) = no <1 -3 __%Qghz»:) (7.47)

As before, yp(x) = hy - h(x)

(7.48)

(¥ote that since ig = XKo(V - Vo) , vp(x) is independent of hg).

ho
7.%.5 OCalculation of <;Qﬁ - Initial State
dt/’t:O
As belore, suppose that, dnitially, vy = 0
.' (D ) = " . .
= (1 = i(x)) A9
\dt >_“ l‘p ( 0 ( ))_,G:o (7 l,/)

Using (7.26), (7.27) end (7.L0), and assuming *hot initially, h(x) =

gives

i(x) = Ko(V - Vo) (1 3 &Ko (v - Vo) bx\ (7.50}
«50)

ho h - Y,
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. <“§L_y(:c,\ _ ?I’Q(V" Vo) (3 GXo (V = Vo) bx) (7.51)
P i - ~ . /
ak . T p o 2 ho & /
Thus, from (7.43), using (7.48) and (7.51)
2
7 = * hq_ﬂﬂn
Ko7 = Vo) - (7.52)
Fp
(Note that 7, is independent of £(x))
The expression for y(x) (egn. 7.42) becomes:
e the Fo \
Vv 3 Gighx T ERKV -V, .
y(x) = 3220 (o o FRelT-V) (7.53)

yv(x) can thus be found in terms of + and x, Tor given values of the

process variables.
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LElectrolyte | Zlectrolyte| Distance
volune velocity x
flev rate v along
R (in/s) electrode
(in?/s) - length
(on/min) (in) 0.1 0.2 0.3 0.4 0.5 0.6 C.7 0.8 0.9 1.
9.0 230 Gep varietion| .3 .6 0.9 1.2 1.5 1.8 2,1 2.4 2.7 3.
(2) varameter
Ve (x in x 10)
1l 350 2 Wb 6 .8 2.01.2 1.4 1.61.8 2.
(3)
18 460 ¥ (%) 15 .3 4 6 .7 .9 1.01.2 1.3 1.
(&)
23 530 Jd2 .2 .3 W4 W60 .7 8088 1.1 1.
(5) |
32 800 .03 -:].7 -26 935 o}-]- 05 -6 l7 179 O-'
(7)
)_:‘2 1.050 QO6 013 .20 027 03 oL}- ol.]- oEu’J.- .61 O.
(o) '
51 1280 05 .11 6 .22 .27 W3 .35 W W50 0.
(11) |
60 1500 D 09 14 19 23 28 .3 W37 WJL20d
13
69 17_7)0 oOt’_:-‘ 008 -12 016 02 -21-}- .28 .32 056 G#
(15)
79 1980 005 007 ol cl}-}- 018 02 025 028 032 Oo
(A7)

Table 7.l

Eydrogen effect: gep variation pirameter as a

distance x, end electrolyte flow rate

¢ for a

funetion of eloct

cep of 0.040 in,
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L.ocuri.cy Ly Srutonint 5 Toleclty -
ba) z "
on (3 _1_')/' \ B
R U, [CI \, \‘*"' ViVl ICIIR SN
S\ meTmen eaal ‘\J...{A [y
T S e oo, 10"—3 - ooy )
£,5 PRRY) U IN . )/ '/C.O wSG
- -~ -~
0.030 S o 10 15 1540 €90

0.020

32

-
- SRR \
1;"5'1,“].11,!310/'

0.010 222107 | 83 -
{not attaincble)

5 0.040 2 x 167 | 1 55 250

S0 - Ol 2 x 1 & 550 w90
- 0350 1.5 210 3.0 520 260
. 020 1 x 107 23.0 1160 295
.010 53107 | 55 5540 85

(not atioincdle)

105 .0LO w157 9 230 50
OTO 7 _v ']O—-—) O --]C - O
.05 3 x 1 9 51 9
020 w 107 ] Zq 00
.02 2 x 10 1 . 590 &¢g2
. 010 1% 167 28 2770 gz

' . - h
(no: avbainzble)

20,5 .00 S8 x 107 | 1.6 120 595
030 5 % 167 | 1.6 150 55
a0 o X o~ Se - oz
.20 Lox 107} 9.0 150 £9¢C
C1C 12 x 10 B 1380 890

¥
Table 7.6: Dependence of accuracy of restreint iuvosed ye () on
cilectrolyte velcelty and tise, for zons frem .. CLT fo 0.010
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7.3.7 Theoretical calculations

The effects of hydrogen on an electrcle-elecirolyte systern,
similer to that described in (7.2), have been investizated.
Mg.7.7 shows the relationshin between the rotio of conductivities,

5

X(x)/Ky, end the ratio of hydrogen evolution rate %o electrolyte volume

flow rate, f(x), for x = 1in (i.e. for the flowr exit point)

)

Table 7.4 shows,for a gap hy = 0,040 in, the gop veriation paranmeter

v{x) as o function of electrode distance x and volume flow rate §,for x
and ( ranging from O.lin tc lin, aed fron 9in3 s to 79jJ£Vs respeotively.
Tables 7.5 and 7.6 show for geps from 0.0L0 to 0.010in, the
dependence of the restroint imposed on y(x) on electrolyte flow rate
¢ end machining time +, for restraints of 1% , and 2, 5, 10 and 207
resyectively.
In Fig.7.8, for x = lin, the ratio y(x)/ye(x) is plotted as o
function of gap h, and machining time t, for ho values ranging Ifrom 0.0L0
to 0.010in,

Note: In the tables, for each @ and hp value, the corresponding value

for electrolyte velocity is also given, .

7.3.3 Discussion

Pig.7.7, shows that, for any given flow rate, the conductivity is

reduced more for smaller gaps, than for larger ones: e.g. for a flow
ote of 4.6 3}/ for he = 0.010 K{(®)/x. = 0 but For hg = 0.CLO
rote of L.6in?/s, for ho = 0.010 BAX//K, = 0.4, but for ho = O. s

IC(K)/KO = 0.84 .



This reduction in conducetivity will reiuce the gan alonz the electrode
length, (c.f; the effect oi temperature on cenluetivity is to increose
the gap).

Comparison of ecuivalent yp(x) values from Tables 7.L and 7.2 shows

cnat the hydrosen has a greater eff'ect than tenperature; e.g. for

{v]

Q= 9.0in7s (i.e. v = 230iy/s), and for x = 0.1in.

r

yp(x = 0.1) for hyérogen = 0.3 x 1077 4n
and yp(x = 0.1) for temperature = 0.09 x 107 4n
and for ( = 18 in?/s (v = L50in/s)

Je(x = 1in) for hydrogen = 1.5 x 10 - in

and yo(x = 1in), for temperature = .47 x 1077 in.

Thus the overall effect is a deoregse in gap along the electrode
length.

Also from Table 7.4, flow rates higher than those for temperature
effect are needed if the gap is not To vary by more than a certain
anount.
e¢.8. for a variation along the length of noﬁ nore than 15, o minimum

>

flow of 69in?/s is recuired (c.f. temperature eilect: 9in€/s).

i

From Table 7.5,For the gaps 0.030 to 0,010in, the flow rates
required for the maintenance of a 1% accuracy in gap excced those
nossible from a pump whose capacity is 250 1b/in.

Lesser accuracies can be obtained for more practical flow rates.

- ~7 ~ .
Table 7.6 shows that for accuracies from 2o to 20 imposed on yf(x),
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for x = lin, the flow rates for each gap,

reduction of the accuracy reculred. e.g.
2% accuracy recuires a flow ra

requires a flow rate of less than L.6in s

A 0.010in gan still regulres high flow

a flow rate exceeding 83.0 in5 s is
(1380@/5} .

The machining times reruired for y(x)
are also given in Table 7.5. (These have
(7.53)). They show that for each gap and
time recuired is almost constant at about
Conclusions

1. The effect of hydrogen on the gap

of temperature. Thus the overall

the direction of flow along the electrode

o+

2. To naintain a

ord

(e.

smaller the gap,

373z1/s to maintain a 2

3. Tor small gap e

<
2y

conditions may not be sufficient to mainftain a high

e flow rate of 95:11/5 would be recuired t

a of‘ 0.0101in).

gap

e of 37in€/s‘bu

recuireds for

efflect is

recuired accuracy oF

5 accuracy on a gap of

.010in, the normel Llow

-
0oné

dininisn icerably on

h

£o1 & 0,0 in

o

L
L

]

20% accuracy

n

~

rates. Tor a 2 accuracy,

204 accuracy, 14in%/s

to approach yp(x:) (y(x) = 0.9ye(

been calculated from ecuation
flow rate, the machining

890s.

er

1s much great then that

o decrcase ln the ged in

length.

gas

recuires high flow rates

OL0in). The

-

the greater is the flow rate recuired.

rotes for ©.0.1.
accuracy (e.g.

o maintain a 5% accuracy on



Gereral Cenclusions and Sugrestions for Mariher Research
In Chante 2 to 7 possible solutions have been presented to some

the problens encountered by users of the %.0.il, process.

&

ot
In Cnepter 2 it has been shorn th't the current density may be
calculated from QOhn's Law if {the electrolyte velocity is sufliciently
highe
In Chapiler 3, the anodic products of mechining have been shova
to have negligible effect on the oroperties of the bulk elecctrolyte.
curable resulis may be obtained when the elccetrolyte velocity

is high, e.g. the surface roughness of mild steel decreases as the flov

ks
P ]
Cv
o
P
w
[N

increa sedg (Chapter &). Increasing the flow rote also ~cduces
the efects of tempersture and aydrogen on forming, (Caanter 7).

In the work on forming reported in Chapter 6, high flow rates have
been used for this purpose., PFor suca conditions it nas been indicnted
that the ancde shapes have best definition when the electrode zap is
smalle .

Problens concerning the electrochenistry of the orocess have &lco
beer investinated. ifethods for calculating electrochsenical eguivalents
for alloys have been presented in Crapter L. The use of the potentiostat
for selecting electrolytes for different metals has also been esteblished.

For suitable electrolytes the current efficiency of the machined metal

is generally high.
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Mrea these observations, further work can be sugzested:

Srperiments nust be done on the effects on forming of temperature

end hydrogen, Ieasurement of tne variction of the electrclyte temperature
alonz the length of the gap weuld be necessary. Insertion of thernocouples

ot the Flow entry and exit points to the machining erea sheuld be simple

enouzn, However, the thermocouple wires would hawve to be chosen so ha

ney would rot be attacked by o solutien, and so thut their juncticn

e

would not be fractured by the flowing electrolyte. s t
smgll, temperevture msasurement in the machining crea noy be more

difiicult. Since ths anolde is dissolved during mocaining, insertion

o

the thermocouples into the electrolyte frem ths cathode surface would

n

»nrcoebly be more dractical.

Dor the hydrogen efiect, Lrebsuﬂe neesurement is a sinilar troblem.
In 2ddition e theoretical anxlysis has yet to be npubliched of the precsure
&istribution along the gan length. Such on investigation would nsossidbly

’

involve thc effects of two and/or thre

@
(0]
e
Hs)
0
w0
o
4y
|..J
o
l...lc
)
=5
el
Or
=
w
o]
3
(s

n A TRts

industricl users have reduced the effect of hydrcgen on the conductiviiy
by imposing a back pressure at the flow cxdt point. This effeet cculd
be investizated both %heoretically and experinentally.

Such work is necessary before design studics are coircnced o
cotnode tools to machine ceriain shapes. In this worlk an investizaticn
ol the electric field IJisiribution in the gan wevld nolo. niz c.uid
be Jone either by solution of Laplaoe‘s-zguation or by direct nlciiing

. S \
using electrode models on conluciing parer, (see Chonter 7).
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The 3arnmar | ccnine Installetion

l.1 Introduction

A Crow, FHemilvon and Co. Lic. "3armax" elcctrochenicel nachine,
manufactured under licence fron Rells Royece Lid., wes used for the
experinents described in Chanters 2, L and 6.

The machine was originally desisned to give constant current

control. The work discussed in Chapter L was verformed using this systexm.

Later the control systen was changed to allowr constant gan machining.
AT the same time the clectrolyte flow SJsbew vas simplitTied. The
re—designed ecuinment was used for the investigations described in
Chaznters 2 and 6.

The forner systvem, vthe associaved flow system, and experimental

apparatus and proce.ure arc first described.

;-..

1.2 Constant current anmaratus

PR

r L)

The Barmar machine is spown in Fig. A.1l. The nerspex worx Jig

used with the machine has been previously described. {Se Mge2.1 and

section 2,1).

The anode electrodes were held by a fixing screw in the Jig, which

was nounted on a brass support. This was secured by tee belts on the
stainless steel machine toble.

™yo jigs have been used:

.o . 2
(&) Current densities to 500 4/in".

Phe electroles were cyliudrical vath a dlameter of 1.3 in.



Pig A.l1 The Barmax Experimental Machine



e cathode was moved vertically alons the axis of the anode. Tor
currenc censivies wn vo 100 /in”, This vas done by a scrvomotor, part
of & sysven, described by Lilltinmson end Stua“t( , desi
gan constant, Tor o constont temnerature, the current density is also
For nigher current densities, the cathode was driven manually.

. s et ~nn s AR
(v) current densiiies from 300 to 1200 £/in

ettt il AL i, ol

The electroles were scuware, with side 0.L5 in. The vertical
movement oi the cothode was controliled manually.

Tn (a) monel was chosen for the cathode meierial, because of its
resistance to corrosion by sodium chloride solution. In (b) brass was

used, as it wds more ecsily machined than monel. There was no diiference

0

in the experimental resultis obtained, but the electrolyte did heve a
corrosive effect on The birass.

1.2.1 Elootrg&zﬁe TLowr Svsten

=

% 2 > vy v R o . dam 3 3 : N e A
A schematic diagran of the flow system 1s given in I, 4,2,

Ll

A Saunders six starne centrifugal pump delivered elecirolyte from

a 100 gallon (27000 inj) storage tank to the Jjis at nressures wd to 250

1bf/in2 and at flow rates up to 92 in’/s. The electrolyte discharged

fron the jiz Lo o swm tonk benreath the nmachine and was returned to the
storage bamkc by o sumpn tank, ectivated b a level switch in the sump
tank,

r .

“Fter about 20 hours machining the electrolyte was pumned to the
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FLOW SYSTEM FOR BARMAX MACHI|INE,




settling tank and lelt for about 2L hours Lo alloyw the metol hydroxtées
to settle. Clear electrolyte was then dravmn off and returned to “he

23

storage tonk. %he sevtling tank was also used for the nrevarction of

Three filters were used:

(2) a bress geuze vilter, in the pump suciion line, vhich retained

ter then 0.040 in.

(v) & ceramic filter, in the delivery line, which retoined verticles

sreater than 0.00L in.,

(¢) 2 cylindrical, erforeted, stainless steel filter, in the entry

line To the Jjiz, vhich retained »narticles pgreater than 0.020 in.,
Flow rate was neasured by a Platen "Gepneter® Llov;oter of th

rotometer tyse, gsroduated up to 20 gallons/min. (92 iné/s} and £

in the pump delivery line. The flow rate was voried by a hand valve in

the Dy-pass line.
Slectrelyte tompercature wos measured at the exlt drom the jig

vith a mercury thermometer; graduated in 0.1°C divisions.

achining times were taken with a ston witon.

1l.2.3 IDlectrical systen

A Dymano and Zlcetrical Services Lud. silicon recvifier capadle
of 10004A at 9 Lo 15V was usad to suoply power Lo the Darpax mechine,
Auteonaticelly conlrolled consvant currents could be obtained by

connecting the approvriate resistors and by adjusting the centrol

2
amplirier settings. 4t current densities cbove 1004/in” this becane a
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vrolonged operatiocon reculring abdout 2%-hours to male Ll

Ll recessary

T g 2 CAsaa A4 e emy IS : SR . a4 s
cronzes.  Lor Whls weason vhe equipnent was nodified do alloy constend

current nachining by monusl adjustmend

of the cathode.

3 [ T
o a Gallexitany

eleciric balance.
Surface rousiness (to 200 nicroinches) was uecsured with a

Renk Taylor Hobson Telysurd

105 dinstrument.

2ol Procedurs
A

A welzhed snecimen wos Jivited 1

4
»

ne Jig. Whe pumn was svitched

the reculred f£low rote.

[
Lae

electrolyte tem:ercture was noted.

N

Turther procecdure is related to:

- ‘ . 2 S
(1) Current densities to 1004/in” : autometic current control

to the epvropriate values Lor that current density.

Por the experinents, the machining cycle was started by nus

T

bution. The cathole advarced automatically to tnas position T

e Tor
the recuired current density., The current density built un to tais

value in aboub 10s. After 10 minutes machininz the cathode was

retracted and the elcetric nower endé flow switched

L4l
Ui d o
14) Current ansidtias o -"OO':'?‘)? . 1 - e endeno
1L, Current densities anove 1 A/ LT meanucsl current conbtrol

“he electric power was switched on and the cathodle pocition
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adjusted ©o give the reguirec curreant density. The lovw rate wa

E-

checred as abeve. During machining the cathode was advonced uanually

PR AN

-~

to keen the current density constant. After 5 minutes nachinin~, the
electric power ond flow were switcaed off,

For cach procedure, at the cnd of macaining the snecimen wes
renoved fer observation and rewelghing.

Ny o e da er L ] £ S s J oy e e . .
The tests were repeoted for different Tiow rates and current

The currens fecddack control systen was unsuitable Jor emperimental
work because ol the time recuired to change fron one current setiing

to ancther. An cifTer by Rells Royce Ltd. to change the controel syoten

The new system allows adjusinents to be mede in less than 1C minutes,
It is based on the ccncent of the eguilibriun gap, discussed “n Chenter 6:
for o constant anvlicd volisase, and for any onc elcctx olvxe/
combination, the cathode Teed rate is inversely nrodortional e tne

equilibriun gap width. By empirical machining tests a potenticueter)

«
) b T = -
£

the settings of vhich control the feed rate was initlally calivrated

Por a ran~e of gans. CLhanges in coniuctlviyy were nonitored vwith a

F

conductivity cell, *the ...C. voltege fronm which is

@
[¢]
ct
[
=
IRD
(]
[N
[
1

into & swming junchion. Tae other signel for the Jjuaciion cones Irond

L

1 . PO |
¥

the voliage preportional to the speed of the motor cxriving thecztiode.



Thus after the initial calibretion, any 5o cuull be obisined

p LR < e » e I ER S T “
by sinply readjusting tie votentlometer setiin

- ey

drive position, the ecullibrium gap could be achieved after only avout

J
5 s nachining.
l.3.2 Slectrolyte Tlor systen
During these alierations, the ilow systen was medificd. Th

nain electrolyte tanlz wos moved under the nochine and the nain nDwad

sited clon;silie. This dispensed wilh The need Tor a swip tanic ani o
scavenge punp. 2nis pump was now used for dreining the vans. Do

3 ‘
. . - [ Y " e . . e s ~ . .
obtain the low flows {(up to 23 in /S) descrinea in Snonter 2, ©Gh.e nine
systen was allered furitner and the auxiliery nwip uscld to give these
flowss As before, the flow rates could be varied by hand valve.

The fully nodilled Zlow system nas been showm in Mirz.2.2.

3 siniler sysiten to that described in sectio:

'\n—

o
[
L

AW
]
1y
ct
e
(o)
v

s
v
L]
:j

was used. %he clzotrodes were scuare, of side 1 in., th:z catlhode o:
brass and tih. anowes ol nild steel, were used.

Thae modified Darnon eculnment was used ;“v the worl: described

in Chenters 2 and . Lhe anpropriate nprocedures are glven in each
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