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O UMMARY

The application of spark erosion to the machining of metals is
very recent, and although fhis method is gaining everincreasing
popularity, neither the physical fundamentals of the process nor its
influence on the properties of the workpiece are known sufficiently
well,

The present work, which was startéd towards the end of 1955, aimed
at obtaining more information on certain aspects of the process than
was available at that time,

As the result of the investigations, which were carried out in
electrical as well as in mechanical fielés, the following conclusions
could be drawn. |

1; In cases when thé epqsion‘has to be caused by sparks only
and the formation of arcé has to be prevented, the_minimﬁm permissible
ballast resistance iﬁ a relaxation circuit is a definite function of
the capacity used. The knowledgé of the relationship between these
two paramecters makes it possible to calculate and to design a
relaxation circult and tolestimate the power reqpireménts, once the

voltage and the maximum capacity are chosen.. The cathode rey
Rl a :

f _qucilloscope is a convenient means for indicating the limit of non-
arcing operation.
2, Conaifions‘wgre establiéhed for the successful application
"of a relax@tion circuit for spark.turning and ‘the reasons for

unsuitable voltage causing out-of-roundness of the workpiece were found.




3. The typical forms of sﬁark volfage and. currénts were found.
ABoth in the case of single sparks and in the case of continuous sparking
the reverse half-wave may be elther present or absent. Its presence
mﬁst be due to the swarf in the process, because the dielectric used
(paraffin) was shown to be capable of very fast deionization. Values
of inductance and cu?rent amplitudes were bofh calcglated and measured,
and thg results wers fouﬁd to be in reasonable agrecement. Bkin effect,
parasitic oscillations and other secondary phenomena were noted.

k.  The theoretically preaictable relationship between the centre
.line average value of a spark eroded surface and the energy of a single
- spark is very close to the actual one if the voltage is kept constant,
When different voltages are applied the surface finish relationship
indicates that the ensrgy losses are growing with incressing gap length.
The surface finish can be measured by means of the usual methods and
with existing equipment, and the consistency of the resulté is,
comparable t§ that obtained on surfaces produced by muchining.

| 5. Residual stresses arisé as a result of spark erosion. They
ére tensile and of a high magnitude. The dep£h~of the affected 1ayer
is small and is approximately proportional to the surface finish value,
There are good reésons to attribute the creation of the residual
stresses to the thermal effect of the spark. |

8. Spark crosion redgces'the endurance limit of mild steel,

.The effect of the residual stresses on this pheﬁomenon could be

demonstrated by considerable improvement in the endurance limit of




specimens which were stress relieved after being spark ero&ed.'.There'
was, however, also indication of some permanent damage attributable
to microcracks.

Suggestions were made as to possibie continuation of research into

the different aspescts of spark erosion process gna technology.
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NOTATION

Radius vector inside the heat source.
Radius of the heat source.
Time.

Duration of ‘heat input.

-Hpark (pulse) duration.

Thermal diffusivity.

Radius vector of a point in the heated body.

azimuth angle in the polar co-ordinates system of

the heatad body.

Heat input iﬁtensity per unit area per second.
Temperature of a point in the heated body.
angular frequency of the spark, rads./sec.
Length of the ligament strips in the reduotiop unit.
Ballast resistance.

linimum permissible ballast resistance.
Capacity.

Inductance.

Breakdown voltage.

Centre line average surface finish index.
Non~linear resistance of the spark.

Resisténce of' the discharge circuit.(inclqdmyl).
Chargé in the condenser.

b
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Charging time for one sparik.

Spark repetiti&n rate.

average power transmitted to the condenser.
The base of natural 1ogari€hms.
Charging-time to time-constant ratio.
Average voltage, voltmeter reading.

Power requirement of the relaxation circuit.
Barth acceleration.

Charging current.

Spark current.

Damping coefficient

Spark voltége.

Spark voltage at the begimiing of the discharge.

Spark voltage at the end of the first half-wave.

Spark voltage at the beginning of the second half-wave.
Spark voltage at the end of the sccond half-wave.
Amplituae of spark current in the first half-wave.
Amplitude oi' the spark current iﬁ the second half-wave.

Crater depth.

Different constants (factors of proportionality).




R,
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-

Radil of curvature,
Thickness of the stressed layer.

Thickness of the strip.

- Width of the strip.

Young's Modulus.,

Average residual stress.
Reciprocal of Poisson's ratio.
Chord length.

Bow of arc.

Crater diameter.

Crater volume.

The notation used in the appendices is not included.
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FOREWORD

The present thesis describes investigations into some aspects of
spark erosion. . The work was started towards the end of 1955 and
carried out in the Royce Laboratory of the Department of Mechanical
Engineering in The Manchester Collége of Science and Technoldgy.

At the time the investigations were started, the method of spark
‘machining was still largely a novelty, although the equipment for this
purpose had been manufactursd by then for about three years. The
available literature was scarce, and was mostly a repetition of the
same few original sources. The information pertaining to the
fundamentals was even more scarce and confined to &esctiption rather
than to analysis.

In view of this situation it was decided to pursue the research
in several fields simultaneously, namely in electrical as well as
mechanical ones. It was felt that a deep breach in a narrow section
would lead to amassing facts which could not Be properly appreciated
because of the lack of general lmowledge on the subject.

Since then, many new investigations by other;workers in different
countries have become known, some of them on similar'lines to the-
present one. Some of the findings presented here have been confirmed
by other work, some are still awaiting suéh confirmation.

It is hoped ﬁhat the gquestions 1éft open will eventually find
their solution; there is still more to be learnt about the subject

than is already known.




CHAPTER T

INTRODUCTION

1. HISTORICAL NOTES

Blectric spark machining is one of the several methods in which
electfic energy is directly applied to the working of metals. The
erosion produced by the clectric spark ﬁas observed and mentioned
already by Priestley in 1762 (1)*. Tt has been considered an adverse
phenomenon by electrical engineers since the first days‘of electric
contacts. Harly useful apélication of the electric spark discharged
in a 1iqﬁid dielectric is mentioned by Rudgrff (2) who quotes Svedberg
- 1906 , and Kohlschittter - 1919 . They produced colloidal metal by
eroding electrodes submerged in a ligquid, and they used a condenser
for the production of the'sparks.

The spark had been, of course, applied even earlier.for the
ignition in petrol engines, but the srosion in this case was always
detrimental and the discharge took place in a gas.

Other forms of electric encrgy were applied to metal cutting,
with varying success. Arc‘cutting is relatively common, friction-
disc cutting is sometimes assisted by electric arc, and disintegrators
have been used for some time for the removal of broken drills and tapé,
but are being replaced by spark disintegrators. Still othep forms are
the electrolytic etching with or without mechanical assistance and

other similar methods.

* Numbers in parenthesis refer to the Bibliography listed at the end.




2.

A1l these cannot, however, be termed "machining" in the sense of
producing accurate geometrical forms in a controllable manner. The
'first‘practical application of spark erosion for the oontrblled and
accurate reproduction of geometrical forms is generally attfibuted
to B. R. Lazarenko and hig wife N. T. Lazarenko who in 1943 designed a
spark eroder operating on a simpie relaxation‘circuit, l.e. a condenser
charged through a resistance and periodically discharged through the
spark gap. This develooment was a result.of a. prolonged study (since
1935) oflthe behaviour of electric contacts under various conditions,
including opsration in a liguid dielectric. The phenomens associated
with eroéion in liguids were described by the Lazarenkos in 1944 in a
treatise on electric contacts, while the application to machining was
described in a book'puﬁlished in 1946; These and other early
references are quoted in a recent work by the same éuthors (3). The
method thus became more widely known aﬂd many developments have taken
place since. In 1950 spark erosion machines were already manufactured
lin several countries and it is estimated that the number of models
produced now in the world is about 100. The relaxation circuit and
its modifications prevail in the majority of the presently produced
equipment, but other méans of' producing sleectric pulses have been
attempted as well, some with success.

2. PRESENT APPLICATIONS OF THE WSTHOD

sz

The application of the method is derived from its basic
characteristics. The spark will erode any material irrespective of its

properties, provided it conducts electricity. (Some non-conductors,




3.

notably diamonds can be machined by special procedures; but these are
rare exceptions). The tool may be softer than the workpiece but has
also to be a conductor. No mechanical contact %ﬁ requiréd for the
machining speration and the mechanical forces are therefore almost nil.
The erosion occurs on both the wofkpiecé and the tool, though not to
the same extent. Spark machining has therefore been employed for
producing perts from hard metals, e.g. various tools made from hardened
steel or cemented carbides, or for "drilling" fine holes and non-
circular openings in various metals. It would by far exceed the scope
of the present work to describe all the known applications of spark
machining, but a short list will indicate thé versatility of this
ﬁethod, The main applications are:-

Manufacture of press and forging tools.

Manufacture of form cutting tools.,

Manufacture of drawing and extrusion dies.

Manufacture of metallic casting moulds.

Drilling holes with a curved axis.

Drilling holes of small diameter (dovm to 0.0004 in.).

Machining of éwkward.metals such as Nimonic or manganese steels.

Tapping hardened steel and cemented carbides.

Metal sawing.

Circular and surface grinding.

Sharpening of tools.

Removal of broken taps, drills, studs, ete.

Toﬁghening. (This is a reversed application of the erosion, namelj

depositing a hard layer on the workpiece by operating in air instead of




in a liquid dielectric).

An extensive, though by no means complete description of the
téchnology and apﬁlications is gi&en in the book by Nosov and Bykov
(1),

e FUNDAMENTAL CONDITIONS, SPARK AND ARG

There are two fundamental conditions for maintaining the erosion
Process pse&.in spark machining:

I The spark gap which separates the two electrodes must be
filled with liquid dielectric, at least during the occurrence of the
breakdovm and the discharge.

IT. The dischargs must be of a tyue transient nature‘and must not
degenerate into an arc, i.e. it must be a spark.

‘It has been found by various investigators - Lazarenko (5)3
Mironoff and Pfau (5),; Koncz (6), Zolotikh (7), Bruma (8) that a single
spark diséharged in liQQid dielectric will always produce a well-~
defined circular crater and remove the same volume if repeated under
identical conditions. It was also found that if the sparks are produced
at a constant frequency, the amount removed is prooortional to time,
i.e. to the rsleased encrgy, provided the gap does not become too
congested with the swarf.

This is a phenomenon which cannot be observed with a gaseous
dielectric,iin which case the crater is of a very irregular form and
the amount removed varies conéiderably from spark to spark. The
presence of a liquid dielectric brings about a qualitative and a

gquantitative change in the nature of the erosion. The amount eroded




5. '
in a liguid dielectric may be ten times greater than in air, according
to Nosov and Bykov (4). Different dielectric ligquids produce different

rates of erosion, but the variation is not wide, il.e. in the order of
+ 3% at the most. Only water has a much smaller raté~of srosion,
approximately a half of that of paraffin, but this can be attributed
to the electric conductivity which develops even in initially distilled
water. The reasons for this increased srosion, as well as for break-
down in liquid dieleétrics in general are not yet fully understood.
Lazarenko (5) suggests that the spark in a liguid is more concentrated
because of the pressure caused by the inertia of the liquid on the
walls of the éxpanding conducting channel in the gap. This suggestion
is supported by‘fhe fact that a shock wave inevitably develops in the
liguid with the passage of a spark.

Another important property of the ligquid dielectric>is the prevention
of adhesion between the croded particles and the cathode. When a spark
is discharged in a short gap (in the order of one thousandth of an inch)

in air, particles eroded from the anode strongly adhere to the cathode.

This phenomsnon has been observed & long time ago and is being utilized
for depositing précesses since 1941 - Lazarenkb (3), Nosov and Bykov
(1) |

such adhesion can occasionally also be observed with liguid
dielectrics i1f the gap space becomes too congested with the products

of erosion.




4. THE VECHANTSK OF DIELECTRIC BREBAKDOWN

In the course of the last BO years the mechanism of the\eiectrical
breskdown of dielectrics has been the subject of very extensive studies
by'many investigators. Most of the work was done in the field of
gaseous dielectrics, some in solid and relatively little in liquids.
Until recently the breakdown Sf a gas‘was explgined by the Townéend
electron avalanche, but this was insufficient in some cases and the
theory of a "streamer" was proposed. Very recent investigations
‘indicate that the actual mechanism is rather close to the original
electron aﬁalanche theqry. The literature on‘this subject is very
large and is quoted in Llewellyn Joncs' book (9), and the works by
Loeb (10) and by Meek and Craggs (11). The breakdown of a liquid
dielectric i1s thought to be established by a similar mechanism, namely
of initial clectron emission caused by the electrostatic ficld and
subsequent lonization of ths gap by collision processes.

Thefe is a very great difference betwesen the dielectric strength
of’ a(pure and a contaminated dielectric. This was shown by Goodwin and
lacFadyen (12), Higham and Meek (13) and Lewis (1%4). EBven a small
contamination may reduce the strength to a fraction of. that observed
in a purified liquid. Stekolnikov (15) found that if fine metal
powder is dispersed in purified transformer oil, the conductivity rose
and a voltage of 250 volts was sufficient‘to produce a breakdown in
gaps of the length of 1 mn. Zolotikh (7) doubts that erosion produots
have any influence on the conductivity of the dielectric, because the

eroded particles were found to be coated with an insulating layer of




hydrocarbon resin (in the case of paraffin dielectric). The
conductivity of the fluid @id not change even when the erosion products
constituted BO% of the weight. On thé other hand, Zolotikh thinks

that the effective gap is diminished by the presence of the swarf and
the irregularity in the electrostatic ficld may enhance cold emissioin.
In the p?esent work the importance of the swarf for the breakdown was
@emoﬁstrated by a simple experiment: The two electrodes were separated
by a distance of 0.004 cm. in clear (not purified, only settled)
paraffin and a voltage of 130 volts DC applied. No breéak-down occurred.

When a small amount of contaminated paraffin was injected into the gap

)]

space, breakdown occurred and‘continuous sparking developed. Thi
experiment was repeated severa} times with identical reéults. Zolotikh
(7) found that contomination with swarf increases the distance between
the electrodes Whioh can be broken down by a giveﬁ voltage. He found
that while the first breakdown at 300 volts'ocourred at the distance of
2§}A in 2 purificd paraffin, the second breakdown occurred at 5“1f*
and the fhird and all following breakdowns occurred at the distance of
64ju . The gap conditions arc thus most importent for the breakdown.
The amount of swarf alsc controls the surface finish; Opitz (16)
féund that flushing the gap will greatly improve it,

It can thus be scen that the mechanism of the breakdown is not
yet completely known,_but'it has becn established that the breakdown.
occurs within a fraction of one microsecond (Zolotikh, 7, Crowe, 17).
During that time a conducting channel is established and the subsequent

history of the discharge depends upon the external electric circuit.

—
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Tn the case of é‘circuit with relatively small inductivity, and
sufficient energy storagé, the current will grow at a very fast rate,
up to 108 amp,/sec. It has been found that this is about the limit of
rate of gréwth, and 1f' exceeded, the spark channel splits into several
channels (Sommerville and Grainger 18). The rates of growfh in sparks
produced by relaxation circuits seldom’reaoh this value; from the |
photographs of currents in‘the preéent'work it can be seen that the

7

average value is approximately 2 x 10" amp./sec. The current density
in sparks has been in&estigated by Froome‘(19), Cobine and Gallagher
(20); Craig and Craggs (21) .who found that it varied from 104 to

106 amp./bm.g, but was seldom below 10° aﬁp./cm.z. Williams (22) has’
produced very intensive sparks by.speoial pulse c¢ircuits and found
current density approaching 107 amp./om.gn The current density in the
present work Judged by dividing the current amplitude by the crater

5

area, appears to be in the order of 10 ém.p,/cm.2

Current densities of such magnitude cannot bs maintained for long,
certainly not for more than ‘IO~3 sec. wWithin this time the metallic
vapours will £111 the .gap and the conducting channel will diffuse
sufficiently to provide a low-resistance path with ensuing arc. If
the source continues to provide energy, a stable arc will develop.

The current density in an arc is smallér by severai orders of magnitude
than in a spark and can be 102 amp./cm.2 and less, There is also a
great difference in temperatures; while an electric arc has a

temperature of not more than L ,000° C., the values given for sparks

vary from 10,000 to B0,000? C., according to Obrig (26). With the




~development of an arc the highly localized action as wsll as the

accuracy are lost. The sufface sustains a deep damage not observed
with a spark. The difference in accuracy is best illustrated by
Figure 1, which is reproduced from Laszarenko (3). Both holes were
produced by an octagonal electrode and in both cases the average power
was the same. The only difference was that one hole was produced by
arcs and the other by sparks,

The surface damage can be secn in Figures 2 and 3 whiéh were
prepared in the course of the present work. It is notable that the
surface produced by arcs with a capacity of 1.5 w B is muph roughen
than the surface produced by sparks with 100 uF in the charging circuit.
The reason for the different action is the very different length of |

3

duration. A spark doszs not exlst for longsr than 10 7 sec,, while an
arc, once it starts, will maintain itself from the source and exist
continuously. The thermal effect will be prolonged and will penetrate

deeply with adverse conssquences.

past s

5, THH MECHANISQVQE:EROSION

The passage of an eloctric sparlk is accompanied by erosion of both
electrodes. Under usual conditions, i.e. in a circult of the type used
in the present investigation, the crosion of the anode is greater than
that of the cathode, if both are of the same metal. If hardened steel
is eroded with a copper tool elcctrode as the cathode, the'ratiovof
tool/workpicce crosion is of the order of +. However, if the workpiece

1ls a cemented carbide, the copper tool will erode faster.
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The rate of erosion and the tool/workpiece erosion ratio are most
important technological paramcters, the dontrol of which clearly
regquires a complete understanding of the mechanism of erosion. Such
understanding does not appear to have been achieved as yet. Several
different explanations are given for the erosion. . Aécording to
Mandelshtam and Raiski (23), Haynes (24) and Fiﬂkelnburg (25), fine
Vapour jets or "flares" stream from one electrode to the dther, causing
erosion. Such streams were observed in high tension discharges in
gases, but it is doubtful whether they can exist in liquids.
Nevertheless, this hypothesis is brought forward by these workers to
explain spark erosion in general.

An entirely different explanation is given by Williams (22), who
discards the thermal effect altogether. According to Williams the
erosion is caused by the electrostatic field produced by the electrons
coming from the cathode and hitting the anode. The sud@en ihflux of
clectrons is said to upset the electrostatic equilibrium with ensuing
tearing out of metal particles. The erosion of the cathode is explained
by the impact of the particles torn from the anode. This hypothesis
cannot explain why hardened steel, despite its great tensile strength,
is eroded more guickly than mild steel, nor can it explain other
phenoﬁena such as residual stresses or structural changes. Mironoff
and Pfau (5) who have coined a new term; the "hyperthermal® shock,
consider that the erosion and other phenomena of spark cannot be
.explained by referring to phenomena obcurring at lower temperatures
and longer times. They do not offer, however, aﬁy real proof to

substantiate their assertion.
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A thermal basis of the erosion mechanism is suggested by
Llewellyn Jones (27), and in a somewhat different manner by Zolotikh
(7). Llewellyn Joncé analysed the data on spark erosion, mainly of
gparking plugs (from the extensive work by Debenham and Haydon, 28) and
found that the heat generated by the spark should suffice to melt the
electrodes. He assumed a point source and did not try to compare the
shape of the crater with thé theoretical isothermal surface. Zolotikh
went further and calculéte& the isothermal surface corresponding to
the melting point of the electrode material. He.did not show the way
in which the calculation was carried out and it appears that there are
no tabulated functions which could be referred to in such a calculation.
Agsumning that the heat qﬁantity g is fed into the electrode in one
second per unit area, and that the s?ark duration is.p, the_témperature
T at any point (r, z) at the time p is given by Carslaw - Jaeger (29)
as?

5 2np _ Re 2
PR e o,

Figure 4 shows the relevant geometry of this calculation. As
seen from the above formula, the integrand is the heat conduction
equation for a continuous point source in an infinite body. The
function g, however, is not known either in time or in radiusﬂ The
time distribution can be found from the power curve of the spark,
calculated from the voltage and current values, and its general shape

is shown in Figure 5.
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The space (radial) distribution of.q is not yet knowg,but it can
be assumed thgt it would be similar to a Gaussian distribution,

Figure 6. Another difficulty is the variation of the themmal constants
(Aiffusivity) with the temperature, Assuming average values for g and
for the therm;al difPusivity, Zolotikh (7) obteined isothermal surfaces
of the melting point closely congruent with the observed craters,
Despite the great interest in this calculation, it was decided not to
pursue it as this would require extengive numerical; point for point
calculations. It is considered, however, that it would be of considerable
value if the calculation of temperature distribution in the case of
continuous disc sources is attacked as a separate problem and the
special functions required (integrals of error function) computed with
the ald of an electronic computer. Thé reésults would benefit not only
sperk erosion but also investigations of spot welding, flame hardening,
ete.

ABot@ Llewellyn-Jones and Zolotikh showed that the amount of heat
iliberated in a spark ié sufficient to melt a volume of metal equal to
the observed éraﬁer. The question as to the nature of the forces
which 1if't this molten mefal and. tthW‘it into the gap space has not

The electromagnetic forces caused by the spark

been yet answered.
current could be sufficient at the moment the current is at its pesk,
but a very recent paper by Zolotikh (30) shows high speed cinemato-
graphic pictures, teken at over 60,000 frames/sec., according to which

the crater is only %+ of its final size when the current is at the

maximun., dMorcover, most surprisingly, the crater is not more than
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half of its final sizme when the spark is over, and continues to grow
after the spark had ended. The sparks investigated were rather long,
over 100‘/4360.9 but there is every reason to assume that at least to
some cextent, this phenomenon is common to all sparks. No fully
Sétisfactory cxplanation has yet been offered for the last phenomenon,
though it may hold-the key to the mechanism of the sp&rk erosion process.

6. THE RESBARCH PROGRAMME

The ressarch work was divided into two parts:-
1. Investigafion of the electrical propertiecs of the circuit.
This covered:-
I. The relationship between the minimum ballast resistance
Rm which still prevents arcing and the capacity C of the
condenser,
1T, The voltage and current forms of the spark discharge.
2, Investigation of the mechanical properties of the workpiece,
This covered:-
I. surface finilsh.

II. Residual stresses in spark eroded metal strips.

ITT. Fatigus of spark eroded mild steel components.
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CHAPT®R T1

THE BQUIPMENT

1. THE BIECTRIC AND SLACTRONIC BQUIPMENT

I. The Spark Erosion Machine

The spark erosion machine used wag the dark I Sparcatron
machine, the first spark eroder produced in the United Kingdom. The

machine has a nominal power of % KW net and operates on the normal 400 V.

&5
he]

hase sﬁpply. The direct current is obtained by metallic rectifiers
and the voltage of the D‘.C° source is 130 volts. A bank of condensers
cnables combinations of capacity from 0.5 to 6104}AF. Alternatively,
a D.C. voltage éf 28 V. oén also be obtained. The power supply unit
and fhe condensers are located in a cabinet which is connected by
cables with the proper eroder, or drilling unit. The latter consists
of a head with o vertical spindle to which ths tool cleotfodes are
fastened and 2. table with a basin for the dielectric fluid. A pump
system with filters snables circulation of the fluid if necessary,
The tool electrode is always the cathode, and the earthed table which
holds the workpisce, is the anode. The cabinet and the drilling unit
are shown in Figure 7. A special servo-mechanism sutomatically controls
the gap length, keeping it within the required length. The operation
of the servo mechanism, which is shown diagramatically in Figure 8 is
as follows:-

The electric motof has a split field and is at rest when each
field receives ths same current. When the current in one field drops,

the motor rotates clockwise, and when the current in this field rises,
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it rotates anti-clockwise. Rotation of the motor brings about iowering
or ralsing of the spindle by means of a pinion and rack. The {ield is
connected by means of an amplifier across a bridge,:composed of two arms.‘
One arm is the ballast resistance R and the upper portion of the
potential divider P, while the other arm consists of the lower portion
of P and of the equivalent resistance of the &ischarge'side. When the
gap is too long, there is no spark and the one arm of the bridge being
open unbalances it with subsequent downward wovement of the spindle.

On the other hand, in the case of a contact between the two electrodes,
the resistance of this arm of the bridge is too low, because the
resistance of the spark is missing, This causes an upward movement of
the spindle. Balance is obtained at a certain gapAlength, which is thus
automatically maintained.

This bridge method of gap control is universally used in all
relaxation~circuit operated modern machines. The electronic amplifier,
however, is not used anymore, and.the field of the motor is directly
connected to the bridgs. The new Sparcatron machine uses for example
a permanent magnet rotor for the motor. Older methods, as well as
variants of the bridge method are described by Gutlkin (31).

The machine used performed satisfactorily for resecarch
purposes, but it was rather uanstable when operating at low capacities
et 130 volts., Automatic gap control at 28 V. was almoét impossible.

The inductance of the discharge branch of the circuit was
measured with the Wayne-Kerr B,221 Universal Bridge and was found to

be 3.22/¢AH, The resistance at w = 10,000 was 0.011 Ohm, and this
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value can be taken as the approximate ohmic resistance. At high
frequencies the resistance was higher because 6f the skin effect.

The machine was provided with both voltmeter and amperemefer
(for the average current), but for experimental measurements an Avometer
was used becauss of thé better accuracy o‘étaina‘ble°

II. The -Oseilloscope

The oscilloscope used for measuring and recording spark
voltages and currents was a Solartron make, type Solarscope CD.711.
A Cossor oscillosco@e was tried, but was found too slow for the purpose.
The oscilloscope was fitted with a 35 mm. camera capable of taking
single pictures or continuous picture a film speeds up to 80 in./sec.
The response of this oscilloscope is up to 5 me./sec. It was possible
to measure voltage and current simultaneously; with one beam, by
switching it from one input to the other 150,000 times per second. This.
method has advgntages over the two-beam method in that the two bgams

may interfere with each other. The disadvantage is the difficulty of

'
\

simultaneous measurements of very short time phenomena. It was also
possible to measure cacl input separately. ‘The 300 V DC range was

used for the voltage and 10V oxr 3 V.rangaé were used to measure the
current, witih the use of a shunt; The shunt had a IC resistance of
0.0012 Ohm. It was made of a thin strip (0.003 in.), and its resistance
would, therefore, be practically.unchaﬂged for all measured cases.

The inductance of the shunt was negligible - 0.0E/M H,
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The shunt remained cold in all cases, exceplt in some short
circult experiments. Thus there was no need for a material with low
temperature-resistance ooefficiant and copper ﬁas sufficient. Tests
were made with the shunt submerged in the dielectric liguid, which
acted as coolant, but tﬁis was found unnecessary. The oscilloscope
Is showe-in Pigure F, the shunt in Figure 9.

ITI. The Sparking Lathe

The lathe on which the fatigue specimens were "sparked" was a
small bench type machine adapted for this purpose by attaching a brass
disgc on the spindle to which current was fed by means of a carbon
brush. ‘The brush was connected to the anode and was earthed. The fool
electrode was mounted on a block of insulating material clamped in the
.tool post. The leads were comnected to the cathode and the anode
respectively of the drilling unit, so thaf the total inductance of the
discharge branch thus formed was 6.5’ﬁ4H (as compared with 3.22/ﬁqH of
the drilling unit alone) and the total DO resistance was 0.049 Ohm.

The specimens wers ﬁeld between centres and driven by a turn-asbout.
The contact between the driving pin and the‘turn~aboutiwas sufficient
for the fine sparking required.

The lathe was capable of speeds up to 1,000 r.p.m., but above
200 r.p.m. considerable vibrations developed and speeds in excess of
200 r.p.m. were, thercfore, avoided.

The dieleotrib wag provided by the pumping system of the
drilling unit, plastic tubes being used to éonvey it to and from the

lathe. The use of paraffin limited the maximum capacity permissible
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to prevent fire risk. Tt may be mentioned that for heavy spark turning
transformer oil is generally used. The lathe and the set-up are shown
in Figure 10a and b.

2. MECHANICAL BQUIPMENT

Finish
T. Surfé@é*ﬁgaguringIEquiwment

The surface finish measurements were carried out on the
Talysurf Mark I, This instrument produces a pen record of the surface
by moving a fine diamond stylus across it. The radius of the stylus
is 0.0001 in., the range of megnifications is from 400 to 40,000 times
in the vertical direction and BQ or 200 times in the horizontal direction.
The magnification in the vertical dirsction is achieved by electronic
amplification of electric pulses obtained by the movements of a coil
connected to the stylus lever.

The instrument is also provided with a m@ter which gives the
average height of the surface roughness (Centre Line Average), by
integrating the electric impulses; The CLA shown by the meter is
obtained as an average of five values from five lengths of 0.04 in.
cach. In thie way undulations of the surface of 0.04 in. wave length
or mMOTE are largely‘eliminated'and only the fine fexﬁure is accounted
for. The pickup carrjing the stylus assembly is.moving on a straight
line generated by the instrument itself; it is of the so-called skid—!
less type. (The magnification of 400 x was obtained by means of a
special electronic unit ordered for this purpose, the lowest maghification
of the instrument as normally supplied is 2,000 x and the maximum CLA

value indicated 1501ﬂin.). The horizontal magnification is obtained by




19.

\

" a sultable ratio of the velocity of the paper to the velocity of the
pickup movement. The instrument, a product of Taylor-Hobson, performed
éxtremely well, despite its delicate elements and age (15 years). The
Talysurf set-up is shown in Figure 11.

For the measurement of surfaces with a CLA value over 300-400
ﬁAin. a special reduction unit was built, because of th@ danger to the
diamond stylus when it has to traverse a very rough surface, and in
particular at the speed of meter measurement. The reduction unit is
composed of a separate stylus holder, comnected by two parallel ligament
springs to a base which can be clamped to thé Talysurf pickup. The
stylus of the Talysurf rests on the upper spring and the movement of
the special stylus thus produces a smaller movement of the original
Talysurf stylus. . . “As shown in Figure 13, the
ratio between the two disolacements is constant and is higher than the
ratio of the two relative distances from the basis. This forms a kind
of a "shortened leverage". In addition, the design ensures freedom
from friction and backlash. The ratio was found to be constant over a
vertical displacement of 0.1 in., which is much more than required, A
thumb~screw enables the adjustment of the relative position between the
Talysurf stylus and the upper spring. A gramophone needle ground to a
cone of 90C with a radius of approximately 0.0002 in. was used as the
speéial stylus. The "unit" is shown in Figures 11 and 12. Only pen
records were produced with this unit, because when it was traversed at
the higher speed of meter measuremeht, vibrations developed. Damping

was tried with some success, but the very rough surface required
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planimetration of the pen records in any case, and the experiments with
damping were not continued. The steel strips used for ligaments are

0.005 in. thick and 0,5 in, wide. The distance between the strips is

5/16 in. and the length of the deflscting part 2€ is 2§ in.

IT.  The Fixture for Measuring the Curvature of Metal Strips

(Invgstigation of Residual Stresses)

The fixture devised for the measurement of the curvature
of the eroded strips consisted basically of a surface plate, a three
point support for the sfrip, a micrometer head and a microscope. The
three point support was achieved by three gramophone needles mounted
in a block which could slide on the surface plate. The plane represented
by th@ three points was parallel to the surface plate. A micrometer
head of 2% in, diameter, reading directly 0.0001 in. with the
possibility of estimating 0,00001 in., was mounted on a magnetic base
which was clamped to the surface plate. (In order ﬁo prevent lif'ting
of the strips by the magnctic force, the holder of the head was made
of brass). The spindle of the micrometer head was adjusted 8o that
it was perpendiculer to the surface plate. The measuring end of the
spindle carried a § in. diameter steel besring ball wﬁich was mounted
in a suitable socket and was concentric with the spindle axis. The
ball coﬁld be viewed through a microscope of a (variable) magnification
of approximately 30 x and which was mounted on the same magnetic base
-and adjusted parallel to the surface plate. The method of measuring
is described in Chapter III, Pagé 25. The fixture is shown in

Figure 1l.




21.

CHAPTER TTT,

THE EXPERTNMENTAL WORK

<

1,  TNVBSTIGATION OF THE CIRCUIT

I. The Rp~C Relationship

The exporiments were carried out by using a 3 in. diameter
brass electrode on a mild steel Workpiece; in pﬁraffin, with automatic
gap control and approximately 5O volts average breakdown:voltage.

An oscilloscope was comnnected to the vgltage acroas the gap
and adjusted in a way which gave o picture of many charging traces
simultaneously. “When the ballast resistanqe R was reduced, at a certain
point bright specks appeared on the lower portion of the oscillograms,
and with further glight reduction of the resistance these specks formed
a line, as shown in Figure 1ba. The traces were not_quite stafioﬂary
and therefore difficult to photograph because the picture became rather
blurred, The bright specks indicate incidence of arcing, and this was

checked by observing the surface produced in such a case., Figures 2b

L

and 3b show that in the case of incidence of arcing pitting starts on

the surface, and a molten layer becomes visible in the cross-section.

When the resistance was reduced further, arcing became more frequent,

until, at a much lower resistance a visible continuous arc developed.

The oscillogram changed its form suddenly, thé'trace did not reach the
value of the breakdown voltage any more but remained low, as shown in

Figure 15b. The gap was 1lit by the arc and the surface produced

completely ruined, as shown in Figures 2¢ and 3&. The hardness of the
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" white layer shown in figure 3¢ was nearly 900 kg./ﬁmlz, Vickers
Hardness Number, while the unaffected metal (mild steel) had a hardness
of 240 VHN only.

For plotting the Rp~C relationship, the value of Ry used
corresponded to the first incidence of the bright specks, i.e. just
before the bright line shown in ¥igure 15a appeared.

The R ~C plot is shown in Figure 16, the gelationship being
approximately R = 60 C_%.

The duration of the spark, p, was found to be p¢=2iT(D3)%,

from the plot in Figure 35.

iT. tieasurement of Spark Voltage and Current

The spark voltageiwas measured directly by connecting the gap
to a suitable range of an oscilloscope. For current measurements a
low-inductance shunt made of thin covpper strip was used and the
oscilloscops was triggered from the voltage, the shunt being on the
carthed (positive) side of the circuit., The oscilloscope had to be
disconnected from earth because of disturbances. Both the shunt and
the voltage measuring points were as near as possible to the gap itéelf,
to preﬁent phase displécement between the voltage and the current
readings. It was found that the shunt had to be made of thin strip
because of the skin effect. The shunt is shown in Figure 9. All leads
to the oscilloscope were screened.

Measurements were made for both continuous sparking and for

single sparks. In the latter case the source was discénnected before

the spark was produced, in order to avoid the influence of the source

’
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voltage; A1l values used in the cslculations were averageé obtained
from numerous visual observations. Photographs were taken too, for
better illustration, but in most cascs it wa.s impossible to ébtain a
photograph showing the average value.

A special technique was used in measuring single sparks,
Three types of single sparks were producad. The first one was Qroduced
by charging the condenser, disconnecting the source and then lowering'
the cathods until a breakdown occurred. By suitably adjusting the
spindle holéing the cathode it was possible to stop the electrode at
the distance at which the spark occurred. In the second method the
cathode was released from a very small height, approximately 1 mm,. ,
and allowéd to'drop down until it touched the anode. The spark
occurred before the contaqt was effected. In the third case the
cathode.was released from a distﬁncc of 100 mm. and dropped freely
onto the anode. The spark occurred again before the contact was
effzcted but in the case of sparks above a certain duration the contact
prevented continuation of the spark. The various oscillograms are
shown and explained in Figure 17.

24 THVBSTIGATION OF THS MECHANICAL PROPERTINS OF THE WORKPTECE

I. The Investipation of Surface Finish

‘

Mild steel and hardened tool steel surfaces were spark eroded
with different capacities and at different discharge voltages. Mild
stecl was eroded with rbund.brass electrodes % in. diamcter at 85 and
130 volts and § in. diameter slectrodes at 27 volts., Hardened tool
specimens, blocks % x ¥ in. were eroded with brass elesctrodes, at 70 -

85 volts. (All voltages ave breakdown values U).
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Care was taken to use a high ballast resistance to prevent
' B
any incidence of arcing,- surface finish was measured by Talysurf, for
finishes up to apvroximately 300 Min. by the average meter, above
this velue by planimetration~of records. Records of the surface were
also made on the Talysurf, and for finishes above approximately 300
/uin. the special reduction unit was used,

’ Single craters were also -investigated, the diameter being
measured with a microscope and the depth by means of the Talysurf
record. The specimens are shovm in Figure 18, the various records in
Figure 19.

Adxperiments were made on the effect of slight hand polishing
on the efoded surface, and'the results are shown in Figure 20, All
results of surface finish measurements are given in Tables I and II.
The values quoted are averages of approximately 20 measurements cach.

The results are plotted in Figure 21 and Figure 22.

IT. The Measuring of Residual Stresses

Strips of anncaled mild steel, ﬂard rolled brass, tempered.
spring steel and hardened high speed steél were spark eroded on one
side, the ensuing curvature meaau;ed and then the eroded layer femoved,
until the strip nearly straightened out again. The strips were % in.
wide and approximately 0,02 in, thick, and an H.3.S. strip 0.04 in.
thick was also used.

The spark eroded portion of the strips was 2% in. long. The
capacity used was 1.5/dF,, thé braakdéwn voltagé approximately 8% v.,

the gap was automatically controlled. To ensure uniform removal, a
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narrow brass electrods was used, i in. wide and Q%Ain. long. The

eroded strips were clamped by means of spriﬁgs to a plane surface and
that surface was adjusted to be parallél to the electrode., During
erosion the strip was traversed in such a way that the electrode moved
across the width of it. This snsurad uniform thicxnesé of the strip
after egosion and produced better results than a flat electrode covering
the entire eroded surface at a time, a procedure which‘wés trigd
previously. The flat surface‘to which the strips were fastened was
actually the bottom of a small tank, so that different dielectric fluids
could be used. MNost experiments were carried out in paraffin, some in
distilled water. The 0.0L in. thick H.S.S. strip was eréded at 300 ¥,
in paraffin.

The curvature was measured by the chord-bow method. Three
cirvcles, & in. diameter were marked on the uneroded surface of the strip,
at the distance of 1 in. from each other and opposite the eroded face.
They constituted the base and the peak of the measured arc. The strips
were then placed on three point supports parallel to a surface plate

and a vertical microméter was used to measure the heights of the three

points (i.e. the centres of the marked circles). Since measurement had
to be effected ﬁithout contact, as otherwise the strip might delflect,

a special method was employed, The micrometer spindle was provided
with a spherical end and as it approached the surface of the strip, the
sphere was reflected fpom the surface of the strip. The sphere and its
reflection were observed with a microscops and it was found possible to

bfing the two images almost together without actual contact.  With
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care the achieved accuracy of repetition was 1/100 000 in. which was
muich better than required. The sphere and its reflection are shown
in Figure 1h.

Af'ter the curvature had been measured, the eroded and stressed
layer was removad. A 25% solution of nitric acild was used, which
according to Richards (32) doeg not introduce new residual stresses.
Strips of annealed mild stecl, brass and spring steel identical to
those spark ¢roded were etched in order to find if the material was
stress free, which was actually the case.

| The thicknesé of the strips before and after etching was
measured with a micrometer having a 1/10000 in. vernier. Care was
taken to leave a small curvature.after removing the stressed layer in
order to ensure that not mofe,than this layer was removed., The high
specd steel strips could not be etched by nitric acid, and the layer
was therefore ground off instead. Grinding was also used in order to
check whether the strips were stress-free prio: to spark eroding. .

In connection with grinding, a series of experimentg were
carried out both on mild steel and H.S.8. to find the influence of
grinding on residual stresses. Details of the results of residual
stress measurements and the grinding experiments are given in the

Analysis and Discussion. S .

ITTL. Fatigue Investigation
The fatigue specimens were of mild steecl with 0.15% C.
content. The material was specially ordered to be from one cast and

was normalized. The shape of the specimen is shown in Figure 23.
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Tests were carried out in Wbhier type cantilever machines which were
capable of 100 1b. max. load, obtained by dead-weights. The speed was
2,800 r.p.m. Rubber sheets ﬁere interposed between the shackle and

the weights to minimize the effect of minor ecoeﬁtricity of the rotating
specimen. An automatic cut-out stopped the machine in casé‘the specimens
broke. Counters showed the number of stress reversals sustained by the
spécim.ens° |

Three series of specimens were tested:

(a) Turned,

(b) Spark eroded,

(c) Spark eroded and stress relieved.

The turned specimens were carefully machined with a sharp
tool and small depths of cut {(not over 0.010 in.); the finishing cuts
were taken at a feed of 0,003 in./rev. and depths of 0.005 in., 0,003
in. and 0.002 in. with a slightly rounded diamond-lapped tool. The
surface finish of ﬁhesé spédimens.was 60 ~ 100 /hiﬂ. CLA.

The spark eroded specimens were first machined as the turned
- ones and subsequently "sparked" on a small lathe which was converted .
for this purpose. A capacity of Sépr was used, and in order to ensure
roundness the ggggigg voltaée was approximately 80 volts instead of
50 ~»6O v, for moximum efficiency. The tool was a block of brass
which was trued by rotating a cutter mounted on a mandrel between the
centres of the lathe. After truing the mandrel was removed and the

fatigue specimen inserted instead.
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The sparking was done at approximately 200 r.p.an, and at a .
feed of 0.05 in. per revolution., The leads were connected to the anode
and the cathode of the drilling unit, so that the tbtai discharge
circult was of a rather large resistance, which resulted in a
relatively better surface finish that would have been obtained by the
same voltege and capacity in the drilling unit itself. The sparking
was continued until the sufface was completely-covered. The dieleetric
was paraffin,

The stress-relieved specimens were prepared in the same way,
namely turned and subséﬁueﬁtly sparked, and wére eventually heated to
a tamperéture of approximately 7009 C. for half an hour in an argon
atmosphere, and then cooled slowly in.the furnace for another half
hour. This procedure aimed at relieving the residual stresses induced
by spark machining.

The results of the endurance tests are shown in Figure 2L,
The turned mild steel specimens fractured still at 33,750 lbé./in.Z,
and the endurance limit was found to Ee‘between this value and |
32,600 lb./in.z, say approximately 33,000 lb./inwz. The curve shows a
bend at 6-9 x 106 cycles. A

The endurance limit of the spark eroded specimens was found
to be 27,250 lb./in.2 and that of~th@ spark eroded and stress relieved
specimens was at 30,750 1b./in.2. The two latter curves show a bend

at 3~ x 106 cycles.
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CHAPTER IV

ANATYSTS AND DISCUSSTION

1. ANALYSTS OF THE RELAXATION CIRCUTT

I. leximum Power Transmission

The complete relaxation circuit (Figufe 25) consists of a
charging branch and s discharge branch, In the charging branch is a
source of direct current, a ballast resistance R and a condenser C.
The condenser is comnected in series with the ballast resistance. The
inductance of the charginé circuit is assumed to be negligibly small,
The condensers used are of the non-inductive type»and'with a very
small leakage.

The discharge branch consists of the spark gap with a non-
" linear resistance ¢ , inductance L (which however simall, plays an
important part in the performance), and the olmic resistance ?'of the
leads etc., which is usually kept as small as possible.

The spark gap is automatically adjusted to such magnitude
that a voltage U is required to bresk down the dielectric. The

potential difference impressed by the D.C, source is €.

1f the charge in the condenser is ¥4, we have:

YR A o 4y = 8
d{R rE = g, where the current I = i and U = &
The solution is: ¥ = €C(1 - e”t/RG) or

U =B - o WRG - Equation (1)
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When the voltage across the condenser, i.e. across the gap
reaches the breakdown value U, a spark occurs, the energy stored in
the condenser is released and the condenszer starts recharging. Under
normel operating conditions the gap will become deionized and the
discharge branch will thus be open. This requires a sufficiently high
value of the ballast resistance R, If the resistance R is below this
value; an arc develops and the process is disturbed. The duration of
the spafk is between a few to several hundred mioroseconds, while the
charging time is very much longer. Tor given values of R and C‘the
charging time © depends on the required value of U/, i.e. on the
length of the gap.

From Equation (1) the charging time © is given by

6 = -RC log  (1~1/2) and the spark repetition rate n = g
& P 5

n = -[RC log_(1-U/E) | - Equation (2)

The voltage-time curve is shown in Figure 26.

The duration of the spark p is very short compared to 9, so
that for the practical purposs of evaluating the optimum ratio U/E‘it
has been assumed that @ + p~x @ .

It has been established by Lazarenko (3), Zolotikh (7) and
others thét the amount of the metal eroded is closely proportional to
the energy spent, ﬁence the rate of removal is proportional to the
transmitted power. (This préportionality holds for operation within
certain limits; if the capacity C is increased beyond about 500 ﬁicro-
Tarads, there is no substantial gain in removal; therefore eguipment

having more than this is rarely used).
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The power transmitted to the condenser at any instant is

equal to UL, T being the instantaneous charging current, where

The power is thus equal (using Bguation (1)) to:

€2 (4 _e-t/RC) /80
3

and the average power transmitted during one cycle is

®
+ 2 . !
‘% (1__e~t/RC)e-t/RG at

€2 R, -26/RC ~4/RC .
= 5 glze - e + 5 Bquation (3)
€2 1 =2k ~k 4 o '
or N = B k(e - + %) , where fc = k

The function N(k) is shown in Figure 27.

From Bquation (1) we hsve UK = P

or k = —1oge(1—U/€) ,
so that N is a function of U/A. The function N(U/) is shown in
Figure 28. Since the length of the gap is proportional to the voltace
U, the function-N:f(gap length) is of the same shape as N(U/?).

The value of k which corresponds to the maximum power

transmission can be found by differentiating Equation (3) in respect

to k and equating to zero.

B %[0 o™ - (P - P2 =0

or - -
k—%—e k~81{+%“
B -k -2k
e - e

The numerical solution of this transcendetel eguation renders

k=141.26 or U = 0.72
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A voltmeter indicating average voltage (as it is normally
used) will read UV which is found by integrating the ares under the
U(t) curve for one charging cycle. |

Q e

U == Udt:%f (1-e"t/RO)dt =f -f%§+f%c—e‘g/RC
0 Q

and by putting 9/RC = k = 1.26 we obtain Uv = O.h}h.f for the maximum

power transmission,

It has been assumed that thevduration of the spark p can be
neglected; that assumption can now be checked. As shown on Page 22
the minimum value of the ballast resistance which still prevents arcing

L .
was found to be approximately R . = 60 C 2. On the other hand, the

“min
. l "
duration of the spark was found (Page 22) to closely equal p = 2q(1C)Z2,
Since L equals approximately 3 microhenry, the duration of the spark

L
p & 10 C%, Hence the ratio p/o

1 i "
p/0 = p/RClog_(1-U/E) = 10C3/60C EClogeU-U/g) -

‘ '1/610ge(1.-U/E-’) ~ 0.13 (taking U/E = 0.72).

This means that the energy accumulated during the time © has
to be divided by 1.13 @ in order to obtain the true average power.
Since, however, the ratio p/@ is constant for the casé of most intensive
erosion, the optimum value of U/E will not be affected and remains 0.72.
~ Moreover, since it can ba assume@ that the minimum velue of the balla;t
resistance is a characteristics of the spark phenomenon, the'ratio /9

will be a constant for a relaxation circuit with a different inductance
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L, so that the ratio U/ = 0.72 for the highest power‘transmission
ghould hoid for all cases,

By substituting the value k = 1.26 in Equation (3) the
maximun theoretical power is found to be

: 2
Nmax = 0.21 %/Rmih Tquation (&)

(K or Rm iz the minimum ballast resistance which may be used).

R .
Vin

IT. The Bfficiency of the Relaxatiion Circult
The efficiencyﬂq:of the relaxation circuit is the ratio of the

transmitted power to the sum of the transmitted vower and the power

%)

lost in the resistance.

Hence: &, _28/RC _es/me
NeE2 te e or

—

" 5, 5 3 =
J1vat IR ot e

]

The maximum possible effdiciency is 0.5 which cérresponds to an
infinitely long charging cycle. For the case of k = ﬁ.26 the efficiency
is 36.9%, Taking into account that owing to fluctuation in gap length
the charging voltage connot be maintained constant (Figure 29), the
‘actual efficiehcy cannot be assumed to be much over 25%, By substituting
in Bguation (4) the value Rm = 60 C#% and dividing by the actual
efficlency, an expression is obtained for‘the meximum power requirement
Ninp of a circuit which has to operate at the highest possible rate of

erosions

%)

Assuming that the condensers cause no losses.
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. |
N, = 0-015 AN Rquation (5)

(Ninp - Watts; E - Volts ; G - microfarads).

Vasgiliev (39} measured the craters produced by various
breakdown Voltages and came to the'conclusion.that the highest rate of
removal is dbtéined when.U/f%: 0.85., This is somewhat higher than the
theoretical ratio of 0,72, and the power transmitted at U/E = 0.85 is
only 0.93 of the maximum. No other information on actual experimental
regults appears to have becn published.

IIT, Spark Turning

Departure from the optimum ratio U/F will result in reduced
rate of removal. In the case of ”drilling",'i.e° in the normal |
application of the common spark machining equipment the departure to
higher values of U/E than the optimum or to the lower ones will only
affect the surface finish; it will improve as the ratio U/E becomes
smaller. The rate of removal will decrease in both cases, so that
operétion in fhe lower region may sometimes be-of advantage. The
position is different in spark turning. In the course of preparation
of fatigue specimens for the present investiéation it was found that
perfectly round parts of'ten lost their circular shape and acqﬁired
errors of one and more thousands of an inch. Bventually it was found
that fof the production of a trgly circular shape it is essential to
operate in the region where U/E is well above the optimum value. The
ensuing loss of productivity,has to be accepted, as it is theoretically
impossible to operate the relaxation circuit in the 6ptimum U/€ range

without producing errors in the round workpiece. The explanation is as
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follows: Tt can be seen frém Figure 28 that if the ratio U/¥ is less
than optimum, the rate of removal decreases with the decrease in U/E,
i.e. with the decrease in the gap length., The opposite occurs when U/E
is more than the optimum, Owing to the fluctuation in the gap
conditions, setting for any value of H/g.will result in operation within
a certain range of values for U/E, the chosen one being the average.
Thus, if the operation is to be performed at the optimum ratio of U/E
and the gap is adjusted éccordingly, some sparks will occur When_the
gap is larger than the optimum and éome winen it is smaller. Consider
the case when the gap is below the optimum -~ a decrease in gép size
reduces tﬁe rate of removal, which means that points on the workpiece
‘more distant from thelaxis are removed more slowly than those somewhat
nearser to it. This will causc eccentricity of a‘mégnitude equal to. the
variation in gap length. Brought to the extreme - when the tool
clectrode touches the workpiece there ig no removal at all. The
mechanism is reversed for operations entirely above the optimum value
of U/%i Here the rate of removal decreases with increase in gap length
and the operation is sélf-correcting. A similar phenomenon is observed
when spark turning is employed for producing round components from
nonrcircﬁlar material. The form of the material is "copied™ in a way
not dissimilar to the "copying" encountered in the use of not very
rigid metal cutting lathes. It is therefore‘essential to operate
entirely above the'optimum gap 1ength &f circular components are to be

produced.




V. drcing

fha fundamental requirement of spark machining is thaf no
current should pass in the gap betweén sparks. After the completion
of a spark the gap must become non-conducting, the breakdown occurring
only when sufficient ensrgy has again accumulated in the condenser.
since the D.C. source is comnected all the time to the gap, thers is a
danger that once the dislectric breaks down, current will flow -
continuously through ths conducting path and short-circuit the source
and the condenser. This will prevent the build-up of ensrgy in the
condenser, reguired for the pulse, and will also result in an arc,
detrimental to the surface finisﬁ and structure of the machined metal.
The characteristics (voltagencurrent curves) of spark and arc are
entirély differént, but they can have a common point - Flgures 30 and
31. 1If the conditions are conducive to the development of a stable erc,
it will indeed occur, The conditions for glstable arc are different
for circuits with different ratios of}L/C; but in any case a stable
arc will develop if the éharging resistance is less than (I/C)%.
(Andronov and Haikin (42)).

It was found in the present investigation that a continuous
arc developed when the copacity was 1.5 microfarad and the resistance
aﬁproximately 2 - 3 ohms. As the inductance of the circuit was
approximately 3 microhenries, the condition for a stable arc was
about éha same as predicted. It was not possible to maintain

continuous arcs with higher capacities because of the f==rrmt=ptip
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limitation of the permissible current in the equipment. On the other
hand, it was found that if the resistance R was reduced below the value

.
60 C 2, occasional arcing would start (Chapter IIT-1-I). This
relationship was found to hold for a capacity range of & to 100

microfarads. Thus, while the theoretical relationship for continuous
1

arc Rrx'L%sz = 1.8 QM%'was found to be nearly true (at least for

small ogpacities),‘the larger constant (60 instead of 1.8) for first
incidence of arcs would indicate that arcing is also possible at a
different condition of equilibrium,possibly because of occasional short
circuits. Since even thevoécasiOnal arcing may be detrimental to the
surfac@, for reasons given in Chapter III-1-I, some means should be
incorporatéd in the machine to indicate arcing. A number of commercial
machines provide it by either an oscilloscope or a neon tube.

V. Analysis of the Spark Discharges

The shapes of current and voltage curves of spark discharges
were observed with the aid of an oscilloscope. NMeasurements were made
for a range of capacitics from % to 500 microfarads, mostly for those
voltages which could be maintained automatically by the servomechanism,
but also for some higher voltages approaching the pbtentiai difference
of the D.C. source, The current and voltage forms were also observed
for discharges produced after the source had bsen disconnected; owing
to the leakage of the condensers the lower limit of' capacity in this
case was 10 microfarads. In the latter case the breakdown was

initiated in three different ways:-
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(a) By bringing the two electrodes clasely together without
malking contact;
(b) As in (a), but with subseguent contact;
(c) By making the electrodes approach each other with
considerable velocity until contact was established.

Photographs of some of the current and voitage forms are
~shown in Figure 17. Observations of these figures show that both the
voltage and the current shapes have a characteristic commoﬁ for all the
ways of producing the discharge. (It will be seen that the only
exception is for the case in which the clectrodes hit each other with
a velocity above a certain limit ). The voltage curve starts at a
valug between 35 to 45 volts and drops to 10 « 12 volts with a nearly
constant slope, then it suddenly drops to zero and in most cases goes
over the zero line to a negative value. These values are independent
of' the capacity. A single spark with the source disconnected and the
electrodes nct in contact will show either a second discharge, this
time of the reversed shape, or a constant voltage of negative sign.
When the sparks are produced continuously (i.e. in succession), in
which case the source is connected, the two forms occur, but it can be
noticed that the complete reversed discharge is relatively rars here.
lioreover, the source voltage frequently supvresses the reversed
voltage, as can be seen in Figure i?.f

The typical forms are shown iﬁ Figuré 32 with the reversgd

half-wave both present and absent.
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The'current forms possess a similar duality; while the first
half-cycle is nearly a sine wave of an amplitﬁde increasing with the
capacity, the second half of the cycle is either a smaller sinusoidal
or zero current.

The current is lagging behind the voltage by an angle %
which diminishes with increased capacity. The current form is shown
in Figure 33. \

Both the current and the voltage forms are somewhat distorted
by superimposed hiéh‘frsquency oscillations, especially at low capacities.
The forms shown in Figures 32 and 33 have been "cleaned" of the
parasitic high frequency.

The erosive action of the spark discharge begins from the
moment the current starts.to flow., The breakdown of the dielectric
occurs in an extremely short time, a fraction of one microsecond
(Crowe, 17 ; Zolotikh, 7 ) and its mechanism is rot directly affecting
the erosion. For the investigati&n of the spark itself it is sufficient
to assume that the conducting chamnel is established practically
instantly. The equipment used was not capable of measuring the tiﬁe
of the breakdown.

The discharge circuit possessed both capacity and inductance,
therefore it would exhibit oscillation if the energy stored in the
condenser would be released by suddenly short-circuiting the gap.

Sine waveforms for both voltage and current were actually observed
wheﬁ a large capacity (50 microfarads or more) was used and the gap was

suddenly closed by letting the spindle with the cathode.fall-freely
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from a height of approximately 4 inches onto the anode surface,  Taking

the height as 10 cm. and the gap length as 0.0025 cm., the time in which
a1 X

the gap will be closed is 0.0025/(2g x 10)2 = 0.0025/(19700)% = 18

microseconds. If the pulse is several times longer, it will be of a

nearly~sine waveform., Figure 17 . Therefors, these forms of current

and voltage cannot be regarded as representative for a spark.

When the breakdown had taken place and the conducting channel
begins to form, and at the same time the gap is maintained, the
discharge is of an oscillatory nature and of nearly the seme frequency
as before but of a different character. The charge in the condenser
is discharged through the growing channel, the resistance of which
decreasses rapidly because of its expaﬁsion, The inductance of the
circult causes the currént to Yovershoot", so that after reaching a
maximum it decreases. If the energy stored in the condenser, UZG/Z
is completely spent by losses in the gap, the leads and by radiation,.
the épark is over when the current and the voltage reached zero. The
current reachss zero gradually, whiie the voltage>drops suddenly. If,
howéver, some ensrgy is still left over, the condenser will belfecharged,
but with reversed polarity. The gap deionizes apparently very quickly,
because it has been observed that the reverse charge will quite often
remain in the condenser; this observation was made by both dscillOSCOPe
and voltmeter., The latter swung over to below zero and returnsd to
zero only When the gap was short-circuited. With larger capacities a
visible second spark could be observed. In some cases, howsver, the

reverse charge was discharged through the gap, ecither by probably
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producing another breakdown or by conduction of the accumulated swarf,
or possibly by a combination of both, i.e. breakdown of a minute
effective gap left as the swarf nearly filled the space. Therefore,
the shape of the second half-wave of the voltage depends on the gap
condition in this particular instant.

The current wave is of a corresponding form - if the reverse
charge is discharged, a current will flow, and it exhibits a sine form.
It has been observed that while the first current amplitude increases
with the capacity (for a constant charging voltage), the reversed
amplitude is nearly constant (Table ITI). A similar result was

obtained by Zolotich (7).

VI, The Oscillatory Behaviour

A simple flﬂ circuit, with the three clements in series is

defined by the eqguation

2
a-T ar I
l,;;g + ?az‘+ g = 0 | I being the current.

This Bquation has a simple solution if'y, L and C are constants. 1In
the case of a spark thg resistance is not constant, but nevertheless
if the simple solutioﬂ’is ap?lie&, the cxperimental results agree
quite well with the calculations. Iflyg-( L1/C, the solution is an
under-damped oscillation given by T = Ime—gt sin (wt), § z.f/2L and
W= (1/10 - ¢2/1?).

It can be seen from the voltage and current forms that the
resistance of the spark is very small during almost the entire period,
and therefore the frequency can be taken as 1/2ﬂ(IC)%l The durétion

. i
of one half of one period is then g =T (10) 2,
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The measured times p were plotted against the capacities C
in Figure 35. The graph confirmed the assumption and the induction was
found %o be 3.1 microhenries, as compared to 3.22/dinm@ﬁured.

The lagging of current behind the voltage must be attributed
to the measuring techhique, since thercec can be no inductance of the
cdrresponding magnitude in a spark gap. The resistance of the spark
is ohmic, though nonflinear, and the inductance of the ohénnel as a
conductor is extremely small because of its small length. Séreened
earthed leads were used to connect the osoilloséope, but a short length
of each was unscreened. Moresover, the shunt which was used to measure
the current was some distance from the spark gap and this could add
some more inductance in the measuring circuit. A plot of the tangent
of the phase displacement ageinst pulse length p gave a‘Straight line
(Figure 34), which means that the ratio resistance/inductance QT the
disturbing clement was constant, an indication of a metaliic ogonductor,
The shunt itself had such a small inductance (0.0Z/&H) that it could
not cause the lég,

The reverse "overshooting" of the current, shown especially
with the smaller capacities; was probably due to a reflected wave
caused by mismatching of the impedénce of the shunt circuit with the
oscilloscope. At any rate, moving the leads up and down had some effect
on this phenomenon. The overshooting was observed in cases in which
the condenser remained reversely charged and no current could possibly
flow thrdugh the gap in the reverse direction. The phehomenon was
lesé disturbing with capacities above b0 microfarads, i.e. with éulses

above a certain duration (approximately 75 microseconds).
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No deteiled study was made of the high frequency oscillations
seen in some photographs. It was found that their frequency was nearly
constant, actually incfeasing slightly with increased capacity. A
change in the inductance oflthe discharge circuit, obtained by
connecting pieces of thick wire, only affected the amplitude\of the
n.f. wave-forms, It was éssumad, therefore, that the h.f. oscillations
were imposed on the discharge circuit, and were created probably by
the condensers themselves. The condensers, nominally non-inductive,
possessed a very small iﬁduotance each, which together with the capacity
constituted an oscillatory circuit. Assuming the inductance of the
condensers proportional to their size, i,s. to their capacity, a
congtant frequency would be expected Ly connecting the condensers in
parallel, since the\total inductance would be inversely proportional
to the sum of the capacities and their product would be'constant. The
slight increase iﬂ.frequenc&'occurring with the connection in parallel
of more condensers would indicate that the larger condensers have a
relatively higher inductance than thehsmaller ones. This is guite
possible, and the difference in frequencies was small anyway,
(appfoximataly 0.2 with 5 fold increase of capacity). wing to the
relative proximity of the frequency of the n.f. parasitic oscillations
to thé natural frequency of the discharge circuit when using small
capacities (up to 5 microfarads), the distortion of the current

emplitude of the latter were very.large and measurement was difficult.
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It is assumed that accurate investigation of discharges produced by
small capacities would require very carefully designed circuits with
condensers of extremely small incductance,

A system like the discharge circuit, having a distributed
inductence would have theoretically a large (actually infinite) number
of natural freguencies; a close observation indeed disglosed a few more
oscillations of much higher frequencies, but their amplitudes were
vanishingly small, except in the case of the pulse produced by the 0.5
microfarad condenser. {The oscilloscope used was said to have a response
uﬁ to 5 megacycles per second).

VII. Calculation of the Current

An attempt was made to calculate the amplitude of the first
current half-wave., It was obsgrved that the voltage in the condenser
which happencsd to charge reversely without losing the charge by a
feverse& half-wave, was never more than ¥ of the original breakdown
voltage. It was assumed, therefors, that épproximately 8/9 of the

snergy originally stored in the condenser must have been spent during

the first half of the pulse, i.e. during the first half-wave. TFor the

purpose of the calculation it was assumed that the voltage form of the
spark follows a straight line, although actually it was some kind of an'
exponential curve. Had the resistance of the spark been constant,

¢ = const., the curve would be US = U1 e~t/¢C, U1 being the voltage at

the beginning of the breakdovm (35 = 45 v). ' The resistance of the

spark could then be oalculated from the kﬁ%ledge of the voltage




U, (10 - 42v) when the time t = p/2. The resistance.of the spark,
however, is far from constant, and in the first half of the first half-
wave it drops from infinity to a few hundredths of one ohm, and then
goes up again. The idea of "effective resistance', calculated some-
times (Zolotikh, 7.} from the damping of the first current amplitude
to the amplitude of the reversed half-wave has little meaning either.
It was therefore thought that assuming the voltage curve to be a
stralght line would introduce an insignificant error. The current was
assumned to be of a sine form, and for the purposevof calculation the
sine was expanded in series, The first four terms of the sine series
were found to be sufficient for the practically required convergence.
It would be, of course,.quite possible to follow a different
procedureﬁ e.g. by assuming thet the resistance of the spark ¥ is
inversely proportional to time during the first half of the first half;
cycle and directly proportional in the second half, the exponential
function could then be expanded in series as well and the ensrgy
obtained by integration. It was believed, however, that the elaborate
calculation would not justify itself, since the departure of the
observed voltage curve from a straight line appeared to be very small.
According to calorimetri; measurements carried out by
Zolotikh (7), the energy dissipated in the spark gap amounts to 0.4 -
0.6 of the energy stored in the condenser. By taking an average value

of 0.5, the current amplitude of the first half-wave is given by:-

I3

e

T =26¢C
m
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Thg complete calculation is shown-in.Appenéix IT:.

The log~log plot of the measured L, egainst C (Figure 36)
shows reasonable agreement with the calculated relationship.

The losses inlthe leads calculated on the basis of the
measured resistance (0.011 ohm) and the curvent Im amount to
approximately % of- the encrgy stored in the condénser. It can,
therefore, be assumed that other losses, such as in the céndensers
cand the electromagnetic radiation amount to-k - %'of the total energy.
At very short sparks, however, the losses in the leads may be considerably
higher because of the skin effect.

The results obtained in our case show somewhat higher values
for the current amplitude T than those obtained by Zolotikh (7). The
valué given by Zolotikh for current amplitude in the case of approximately
90 volts and 200 microfarads is approximately 220 amps as comparsd with
approximately 390 amps from our measurements or 370 from the formula
Im = 266%. |

Taking into account that Zolotikh quotes approximately 2.2/qH
for the inductance of his circuit, as compared to 3.1 in our case, the
formula, if corrected for that inductance renders: |
L= (2.2/5.1)%'x 370 = %10 amps, which is still nearly 50% higher thén
220, 1%t dis, howsver, possible that the. different dielectric fluids are
responsible for the discrepancy. While Zolotikh used a double-purified
paraffin, which was replaced after each discharge, ordinary contaminated

paraffin was used in the present investigation and was not renewed,
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The presence of a considerable amount of swarf was not objectionable,
because only a dielectric fluid so contaminated is representative of
normal operating conditions of spark machininé.- Therefore, the initial
voltage after the breakdown U1 was mostly 35 volts and sometimes less,
rarely 45 volts, and was never observed to reach the value of 60 V,
quoted by Zolotikh. It appears not improbable that the presence of
swarf enables faster gfowth of the conducting chamnel. If the formulé
for Im is modified for U1 = 45 instéad of 35 volts, the current in
guestion would be 220 amps. only. However, both the current measurements
and the most common voltage curves observed disagree with such a low
value. The difference of the dielectrics may therefore probably be

the main cause of the discrepancy. Thefe is certainly scope for
investigation of the effect of the dielectric and the degree of its
contamination on the parameters of spark erosion.

VIII. Productivity of the R-C Circuit

A striking feature of the relaxation circuit is its low
efficiency and small productivity. The efficiency of the circuit is at
the most 25%, as was shown already in Paragraph IT of this Chapter.
Some improvement of the efficiency can be obtained by including an
inductance in the charging circuit, which results in an ”qveréhoot” of
the voltage across the coﬁdenser for the same source voltage. Such
| circuité are sometimes used and are described by Blake (38), Livshits
(53), and Opitz (16). The main disadvantage of these circuits is the

need for a vibratory movement of the tool electrods in order to obtain
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synchronization between the instant of the discharge and the state of
maximum voltage. This imposes a limit on'the spark repetition frequency
which can be reasonably high only when the tool electrode and its |
assembly are very light. Such machines are used for the drilling of
small holes,

A far more serious limitation is tﬁe low productivity. It
can be easily shown that if the minimun permissible resistance is uséd,
the ratio of charging time to spark duration is 10 to 1 or more. This
means that only 10% of the total time is utilised for actual machiniﬁg
~and the remaining 90% for charging., When roughing with a relaxation
circuit, the maximum possible rate of removal is 1 cm.3 psr minute
(for hardered tool steel). This corresponds to a rate of removal of
10 om.3 per minute during spark duration. Such a rate of removal is
already very high, 65peéially for a tough material, 'It can thus be
seen that the §park is an excellent machining medium, but the method
of 1ts generation is inefficient. It would be theoretically possibie
to vary the ballast resistance during the charging cycle so as %o
shorten its duration; this would require vacuum tubes capable of
carrying currents of dozens of amps., but such valves are not
ménufactured.

IX. Other Pulse Generatoré

It is understandable that other circuits have been developed
in recent years, which can produce sparks of a certain energy much

faster than the relaxation circuit. The development was in two directions:
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mechanical pulse generators, using specially wound AC generators or DC
commutator machines on one hand? and electronic pulse generators,
basically similar to thoss used in radar techniques, on the other hand.
The mechanical generators achieve rates of removal of 5 times or more
than obtained with relaxation circuits; but only for roughing, while
the elecﬁronic generators show a good rate of removal in finishing.

The latter, however, are rather complicatéd and prone to break-downs.
The relaxation circuit has the great virtue of cheapness and simplicity
and will undoubtedly hold its place for a long time. The majority of
the equipment as present manufactured operates on a relaxation circult.
Some have a repetition rate of up to 100,000 sparks per second, but
though the machines can be acquired commercially, the makers refuse to
disclose the circuits employed. The mechanical generators are described
in detail by Livshits (33) and Zolotikh et al (3L),.while electronic
and éimilar (rotating gap and pulse transformers with electronic elements)
are described by Williams (35), Martin (36), Laszarenko (37) and others
(witﬁ less detail). No known generator appears to work at a frequency
higher than 100,000 ¢/s. It is doubtful if it would be worthwhile to
exceeé.this because of the losses due to the skin ef’fect. The high
repetition rate of some relaxation circuit maéhines, if true, is most
probably obtained by very small capacities and inductances. The
figures quoted for the rate of erosion are about the samc as those
obtainable with circuits of normal design, but the surface [inish
quoted is better. Another important point is the stability of the
servo-mechanism which mainbains the gap length. A hunting servo can

reduce the productivity to a fraction of the possible maximum,
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X. Polarity of Bresion

The mechanical pulse generators are characterized by
relatively long pulses of several hundrsd microseconds; An interesting
phenomenon occurs with the use of these long-pulse macﬁines, in that
the polarity has to be reversed in order to reduce the tool erosion to
a few per cent. Acéording to a very recent source (Livshits et al.

LO ), the erosion of tools made of a copper-graphite composition is

only 0,1% of the erosion of the workpiece, i,¢. the tool wear is already
in the order of wear of orainary cutting tools., This phenomenon has
been called "polarity of erosion"; it was observed by Lezarenko (3)

in his original work and later confirmed by others. Zolotikh (7) quotes
ratios of cathodq/anode erosion of 10% for pulses 1 }AS@COH& long,

o%h for 10/usecond and 586 for 140/usecdﬁd long pulses, With much
llonger pulses the ratio becomes much more than unity. In such cases

the polarity has to be reversed, i.e. the tool made the anode and the
workpiece the cathods. This indicates that the governing factor in

the erosion is the tiﬁe; i.e. the rate of heat input. (ALl comparisbﬁs
are made for pulses of the same energy). It was observed in the present
WOrK fhat sparks without the reverse half-wave produced erosion on the
tool electrode which was practically identical with the erosion produced
by sparks with the reverse half-wave. Thus the reverse flow of electrons
cannot be blamsd for the major part of the tool erosion. The "polariﬁy
of erosion" confirms this., The difference between an intensive and a
slow spark is the rate of heat input which is reflected in the

temperature gradient in the electralies. An intensive spark produces a
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- steep gradient and a considerable part of the crater is boiled and
vapourized. Zolotikh assumes (7) that an average (150/4F) gpark
causes boiling and vapourizing of 25t of the crater volume. The.same
energy discharged in a much longer time will thus cause smaller
relative vapourization, and in a much shorter time the reverse will be
the case. Very short sparks compleéely vapourize the“eroded volume.
It can be shown that the anode ions can reach the cathode in a time of

9

the order of 10 second, i.e, practibally instantaneously. If this

is correct, the qpestioﬁ arises ~ why is the relative cathode crosion
low when the anode pro&uées relatively much vapour ~ as in the case of
the short spark -~ while in a long "soft" spark with relatively little
vapour the caﬁhode erosion is much greater. This appears to be the
fundamental problem of the spark erosion process from the technolégioal
point of view,; because tool‘wear ig the most important aspect of the
method. It appears that as far as tool wear is conéerned, the type of
circult uéqd in the present investigatibn is almost the worst possible

one, because the sparks are of a duration which produces a nearly equal
erosion of both electrodes.,

The mechanism of erosion and itslramifications should be the
subject of an extensive Stﬁiy, since the knowledge avallable at present
ig far from sufficient for a scientific approach to electro-spark
technology. It would appear, however, that the situation is more
satisfactory as far as roughing is concerned than it is in the case of

finishing, Roughing can now be carried out at great speed and with low

tool wear by using the long-pulse generators, but there is as yet no
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- method capable of producing finished surfaces both quickly and with low

tool wear.

2. PROPEIRTIES OF THW SPARK BRODED SURFACE

I. The Surface Finish

If one assumes that the amount of sroded metal is proportional
to the amount of ensrgy spent, and that the shepe of the crater is
similar for small and large craters, a relationship between the
exPectedhsurface finish, the capacity and the voltage can be worked
out.

[}

Thueg, for a crater of the depth h ~ Figure 37a, the volume
will be provortional to hf on the one han&, and to the energy of a
single spark CU2/2 on the other. The craters are not, however, arranged
in a straight line as shown in (a) but rather in a random way as shown
in (b). Tt is, moreover, assumedl that if the length upon which the
surface finish is measured is many timés longer than the &iamgter of a
single crater, the average depth obtained would be proportional to hb'

The instrument employed - Talysurf - indicates the centre
line average CLA which is proportional t§ h . Thus:

o

12
(C1a)” oe CU° or CLA = K O3 U3

Measurements were carried out on specimens of mild steel for
three different voltages and for capacities from & to 200 microfarads,
‘as shown in Table I. ‘The vresults were plotted in Figure 21. gt can
be seén that the relationship for-a constant voltage is near to CLA

. i

proportional to‘Cg; but on the basis of these results it is difficult

to reach a conclusion concerning the effect of the voltage. Three
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different voltages were apparently not enough, but it was not possible.
to operate the equipment on other voltages because of the available
setting of the scrvo-mechanism. In any case, the nearest approximation

would be that the CLA is proportional to UO'A,

Vhieh means that with
increased voltage the crater grows more slowly than the energy of the
spark. This is quite understandeble, since with a higher voltage the
gap 1s longer and the proportion‘of the ensrgy losses in the gap is
highef than in the case of a lower voltage and shorter gap. The only
available reference on similar measurcments is by Dunpe (L1) who gives
the relationship as Root Mean Square = constant x 00'25 UVQ'AB. This
is not very different from results obtained in our case.

Since in most cases industrial equipment is designed for one
voltage only, the effect of the voltage on the surface finish is of

much less importance than that of the capacity. The predicted

relationshin can be thus used for practically any voltags, i.e.
S L . Y s

) CLA = constant x C% Equatibn (6)
Measurenents carried out on surfaces of specimeﬁs of’ hardéned tool

steel showed ths same rclationship between surface finish and capacity;
it is of interest to point out that the surface finish produced on tool
steel was slightly worss (higher CL&) than that for corresponding erosion
conditions on mild steel specimens, (Figure 22). This would mean that

craters oinn hardened tool stecl are slightly greater than for the same

=) This is true for constant breakdown voltage; if that is changed,
e.g. by changing the gap length (servo adjustment), the constent in the
Bgquation (6) will change too. Howevér, the change will be very small
because of the low exponent (0.4) of' the voltage. Details of
calculation of voltage are shown in Appendix [.




conditions on mild steel. This tiss up quite well with data for
relative rates of erosion, which are given (e.go Wickman Publication

No. W165, {957) as 1.2 to 1 for hardened tool steel to mild steel. Thus,
measurement of the surface finish produced on a certain material could
serve as a first, rough guide to the expected rate of erosion.

The rangé of finishes investigated was well Dbeyond ths usual.
needs, it exceeded that of the standard capacity of the measuring
equipment. The Talysurf I which was used could normally measure only
up to 150 microinches CLA at the lowest magnification of 2,000, A
special electronic unit was ordered to reduce the lowest magnification
te 400, but the average readings were not taken above 400 microinches
at the most, in order to prevent damage of the‘stylusa

For rougher surfaces the mechanical reduction unit. was ..

employed. It can be concluded that stylus measurement of sparked

surfaces is qguite pos

mn

ible, representative and reproducable (plus or
minus 20% of the average) , provided it is carried out in the range in
which surface finish is normally measured. If that range is exceeded,
the stylus may sustain damage, but this applies equally well to
surfaces produced by ofher methods.

It must be pointed out, howesver, that the possibility of
measuring the surface finish does not necessarily mean that the
properties of the surface are thus asserted., The swark eroded surface
has a peculiar geometry which is guite different from the geometry of
surfaces produced by conventional machining. Its oll retaining and

wearing properties cammot be deduced from the CLA value alone; this
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value can only be employed for the comparison of various spark eroded
surfaces, but not for comparing such surfaces with ground, milled or
turned ones. ‘ ‘ \

The performance of sgpark eroded sufféces and the importance
of the quality of surface finish are not sufficilently known and should

be investigated in great detail.

II. Residual Stresses

The measurement of residual stresses was‘based on the
deflection method. When narrow strips of metal wers eroded on onec side
the residual stresses thus created caused bending. After the curvature
had been measured a layer of metal was removed from the eroded side.
The change in curvature was then measured and the residual stresses
in the removal layer calculatecd.

(a) The oplculation of the stresses

Assume that a flat strip of metal, free from residual stresses
has been bent to a curvature of the radius R' after being spark eroded
on one gide. It was observed that the eroded side was always concave,
which indicated that the affected layer must be in tension. The tension
in the layer exsrcised a bending moment and as a result of it the strip
was bent to the radius R'. After a layer of the thickness d was
removed from the éro&ed surface the strip straightened out and its
curvature was then of the radius R". The‘bending moment caused by the
residual stresses which were contained in the removed laycr changed
the curvature, therefore, from 1/R' to 1/R". If the Young's Modulus

of the strip is E, the thickness of the'strip a and the width b, we obtain
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1/R' -~ 1/R" = M/BT where M = fbda/2, f being the average
residual stress, and T the sscond moment of the area ol the cross-
section of the strip, I = bé3/12,' This procedure can be repeated, but
account has to be taken for the effect of the str#ightening on the
strésses in the subsequent layers and the calculations are rather
lengthy. The procedure of such a case is fully descfibad in the
literature (32).

In the present investigation the affected layérs were found
to be so thin that it was extremely diffi9ult to subdivide them with
the necessary accuraéy and therefore only one layer was removed. This
was of such thickness as to bring the strip to nearly the original
flatness (as mentionsd earliér). | |

A correction has to be made for the reason that the stresses
in spark erosion are in all directions in the plane, and since the
redius of curvature is a measure of strains, the lateral strain has
to be taken into account as well., Thus, if m is the reciprocate value
of Poisson's ratio, the correct formula is
1/R* - 1/R" = M(1-1/n) /BT

The curvature was determined by measuring the length of
the chord 8 and the bow h (Figure 1L). For large radii and small bows,
as in our case, the radius of curvature is S%/Bh. If the initial
curvature 1/R' corresponds to a bow h' and the final curvature 1/R"
corresponds to a bow h", the value h = htéhh enables the calculation

o the change in curvature.




The value h was obtained by measuring the bows befors and

>

after removing the stressed layer and the average residual stress f
was calculated.

Taking m = 10/3 and using h in the previous\fbnnula, the
regidual stress £ is given by:

2

£ = 1.9Ea"h/3s Bquation (7)

Measurements were carried out on strips of amnealed mild steel 0.024
in. thick, on hard rolled brass 0.024 in., thick, on hardensd and tempered
spring steel 07020 in. thick and on hardened high speed steel strips of
0.020 and 0.0LO in. thickness., The width of the strips was 0.5 in.

The mild steel strips were annsaled by heating to over'7OOO C.
for approximately four hours in an argon atmosphere., They were spark
eroded with 1.5»AF and approximately 80 V breakdown volbage in paraffin
which resulted in a surface finish of approximately 120/M in. CLA.

As mentioned_before, tﬁe croded éurface was etched with 2504
solution of nitric acid. It was found that the stresses were confined
to a layer 0.0008 - 0,001 in. thick and the average value was ,

30 tons/in.z. For comparison, a similar strip was eroded in distilled
water, which resulted in 80 microin. CLA surface finish. The residual
stressee in this case were found to be much lower, approximately

17 tons/in.2 and the stressed layer approximately 0.0005 in. thick.

lard rolled brass strips were spark eroded at\1°5 microfarads
and the residual stresses were measured‘byisimilar procedure. The
same solution of nitric acid was used., The affected layér was found

to be approximately 0.0015 in. thick and the residual stress 26 I/in.g.
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The residual stress in spring steel was found to be
approximately 33 tons/in.2 in a layer of 0,001 in., eroded in paraffin '
at 1.5 microfearad. Under similar eroding conditions the stresses in
high speed steel were found to be confined to a layer approximately
0.0007 in. thick and were approximately 65 tons/in.Z.

In order to find the growth of the affected layer with
increased capacity, i.e. in the case of roughing, the 0,04 in. thick
high speed steel strip was eroded at 300 microfarads. The very’fough
surface made measurements very difficult, but it was found that after
removing 2 to 4 x 1O~5 in., the strip straightened out again. The
stressed layer could thus be aésumea to be within these limifs. The
high speed stéel was not stched, since nitric acid hardly attacks it,
but groﬁnd away on a surface grinder, using manual f'eed with great care.
Prior to this, experﬁneﬁts wers carried‘out to establish the conditions
for grinding which would not introduce appreciable stresées. It was
found that if the depth of cut is 0.0005 in. or less, the traversing
speed very low (manually done, approximately lin./sec;)-and the wheel
sharp, the so induced tensile stress in H.S. Steel in the longitudinal
direction is very small and can be neutralized by slightly polishing
manually with polishing paper. In this context measurements werec also
made of strésseé produccd by surface grinding and by polishing with
fine emefx. It was found that if amnealed mild steel was lapped by
fine emery papsr‘(ﬁon 2/0) with a pressure of 2 - 3 lb./im.z, a
compressive residual stress equal to the yield point developsd in a

layer 2/10,000 in. thick. In grinding amnealed mild steel with a sharp
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wheel, 0.0005 in. deep cuts and travers speed of 3 in,/seo. tensile
residual stresses were set up in the longitudinal direction (i.e. in .
the direction of the grinding) ana compressive stresses in the direction
perpendicular to if. In both cases the stresses were over the yield
point and confined to approximately 0,0005 in. This shows that even

in a quickly strain-hardening material such as mild steel, careful

grinding produces only thin affected layers.

The values obtained for the magnitude of the residual stresses

and for the depth of the affecéed layers are approximate.only, since
the relatively coarse finish and the non-uniformity of etching did nof
snable more accurate measurements.

No attempt was therefore made to find stress gradients, but
even the values obtained indicate that the residual stresses are above
the initial yield point of mild steel and are of considersble magnitude

in all the investigated cases.

(b) The causes of the residual siresses

It is assumed that the residusl stresses induced by spark
erosion are caused by the thermal effect of the spark. The localized

heating of a small volume of the metal causes its thermal expansion

which cannot be taken up by elastic deformation. Thus plastic deformation

occurs while the metal is =till hot, and on cooling the thermal
contraction causes residuél tension. Thae occurrence of plastic - .
deformation of metal crystals after erdsion gy sparks has been observed
By electron microscopy and by X-ray diffraction (Zolotikh, 7 3 Wilms

and Wade, 44 ). The plastio_deformation'will'occur wherever the
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temperature gradient causes shearing strains above the elastic limit,

but if the metal is heated above a certain temperature, it becomes

incapable of any elastic strain and the thermal expansion changes

entirely into plastic deformation. It is assumed,therefore,that the

most affectéd léyer will be in the neighbourhood of the isothermal

line répresenting this temperature. (The temperature in question is

600° C. approximately for mild steel and 300 - 3500 C. for brass). 3
Llthough the isothermal lines have not been accurately plotted

(as explained in Chapter I-5) an attempt was made to evaluate the

relétive displacement of the isothermal lines for different spark emargie—s.w

The shallow shape of the craters indicates that the hot spot
is not a point but a disc approaching the crater in size. For tbe
purpose of the calculation it was assumed that the energy is delivered
to the workpiece over %he entire crater arsa and at the rate of g
calories per cm.2 per second.

The volume of the crater is proportional to the energy of the
spark, and the form of the cfater, 1.e. the ratio of the diameter to
the depth is the same for different craters. Thus the volume of a
crater is proportional to the cube of‘its diameters

v = K d?

On the other hand, the volume is proportionalAto the energy of the
spark which is CU2/2 where C is the capacity and U the breakdownl
voltage. The energy is also proportional (without losses it would be

equal) to the heat flow x duration of the spark. We can thus write:

v o= Ed? = mCU2 = ﬂgqu, p being the duration of the spark.
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Since p = 2 "n;’(zc)% (see Chapter IV-1-VI) and L - the inductivity of o
the circuit is constant, we can write p ::pc%} If from the given |
Bguations §‘i§ expressed in terms of C we obtain g = qOG_%'Wﬁegé q, is
the appropriate constant.

The reduction in the heat flow intensity with the increase
in capacity is not improbable as it is guite possible that with longer
pulses the conducting channel spreads by ionization and the current
density decreases.  The values given by the various sources for
current density are #arying within very wide limits indeed (see
Chapter 1-4)

oince the diameter of the crater is at least ten times
greater than the thiékness of the affected layer, the Bguation of the
heat conduction in a semi-infinite body with a continuous plane source
can be applied for épproximate calculation. The temperature in a

semi-infinite body with a plane source of the intensity g which acts

for the time p is given by Carslaw-Jacger (29)

2
v ~IGKp , Z
- 4P % _ 7z Il
Temp. - 2 (TC 1) @ 4’.}(. é??"ﬁ' (2\/;6/-7

<

N being‘fhe thermal diffusivity and =z the‘distance from the heated plane,
Using this Bquation and substituting actual values for K |, p

and z as well as faking into account ths éhange of g with the capacity

C it was found that the temperaturs which occurred at the depth of 1Q—3
in. when the sPérk was produced by 0.5 microfarad would be expected at

approximately 10"2 in. when the spark would be :produced by 500 microfarads.
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Thus increasing the capacity by 105 timeé would increase'.the thickness
of the layer contained betwsen the bottom of the crater and the given
temperature line by approximately 10 times, This compares well with
the actual measurement of the thickness of the stressed layer produced
by 300 microfarad spark on the 0.04 in., high speed steel strip:

From a thickness of 0,0007 in. at 1.5 microfarad the layer
increased to 0.002 - 0.004 in, at 300 microfarads. Taking the
theoretical relationship as a straight line on log-log basis, meaning
thet thickness increases with the cubic root of the capacity, we obtain

3

theoretically a thickness of 1.9 x 10 ° for 300 microfarads. The
actual result is quite anear to this value, és?ecially when it is taken
into account that the thickness was measured from the top of the
craters and not from the bottom.

A similar relationship was obtained between the surface
finish (CLA value) and the capacity (see Chapter IV-2-I); it can be
concluded that the "subsurface" grows at.the same rate as the
geometrical shape. From the actual values it could be concluded
that the stressed layer is several - up to ten - times greater than

the CLA value.

(e) Carburization of the eroded surface

The difference between the residual stresses in mild steel
sparked in water gnd the same sparked in paraffin is guite interesting.
It has been observed that mild steel sparked in paraffin acquires.a
hard layer which resists filing. This layer, however, is very thin

and its hardness could not be measured by microhardness methods;
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neither could it be easily distinguished in metallographic investigation.
It was assume@ that this 1ayer was formed by carburization

of the steel in the cracked péraffin‘and thus congtituted a high carbon

steel capable of very high residual stresses. On the other hand,

carﬁurization and hardening would increase the volume which would

tent to reduce the tensile stress, This is an interesting question

worthy of futurc investigation, perhaps in context with research into

the resisténce to abrasion of spark eroded'steels, which is sometimes

claimed to be very high (Nosov and Bykov 4).

(&) The offect of the residual stresses

The implications of the residual stresses in spark eroded
metals are not clear. Thelr detrimental influence on fatigue was
suspccted and investigated in the case of mild steel (Chapter IV-32-1),
The majority of the present applications, however, is for production
of workpicccs not subjected to fatigue. Dieé are subject to impacts,

perhaps quickly repeated impacts, pressure, abrasion; so are cutting

tools. It is not at all clear where the residual stresses enter hefe;
their effect could even be beneficial, e.g. by pre-stressing in the
casé of compregsive loads, Until extensive research is carried out
into the effects of these residual stresses, it will not be vossible
to decidéﬁ except in very few cases such as fatigue, whether they
should be avoided or intentionally produced. The answer to this
Question mé* he of importance when a certain type of equipment has to

be selected for a particular purpose, The various methods of spark
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generation vary mainly in the intensity of the energy flow, i.e. in
the gradient of the temperature, which means the depth of the stressed
layer. This can be proved easily.by changiné the time ?>in the
Equétion of heat conduction, while leaving other variables constant
and maintaining a constant gqp. 4 short but intensive spark will
produce a thimer stressed layer for the ssme crater size, but whether
this is feally desirable can only be decided in the future.

IIT. Fatigue Investigations

(a) Detailed results

The creation of residual tensile stresses as a result of
spark erosion brought about not unnaturally the question as to what
effect spark erosion has on the endurance of the workpiece, In v?e#
of the prevailihg use of spark erosion the question was rather academic;
the only material which could possibly be machined by this method and
later subjected to fatigue loading in usage in the true sense was
Nimonic, the material of gas turbine blades. In view of the great
difficulties in obtaining sufficient quantities and machining of this
type of metals, it was deéidéd to carry out a series of tests in mild
steel only. It was assumed that if a significant effsct would be
discovered in testing mild steel, which is rather insensitive to the
influence of residual tensile stresses on fatigue (e.g. Ro# and
Eichinger, 455, this would be sufficient to point out the importance

of these residual stresses for cases in which fatigue is really critical.
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'The material chosen Was~mild steel with 0.15% carbon content,
normalized. All specimens were of one cast which was specially ordered
for this purpose. Tests were carried out in W8hler type cantilever
machines which were capable of carrying a load of up to 100 1b. The
specimen is shown in Figure 23.

Simple cantilever loading was decided upon, as it was
calculated that the shearing stresses would be only 24% of the maximum
bending stress. The principal stress Was‘thus practically identical
with the bending stress. The tépered shape of the canfilever facilitates
the localization of the fracture in the centrai portion of‘the length,
and the bending stress varies only slightly in the neighbourhood of the
critical section, as shown in Appendix ITland in Figure 38.

The specimens were machined as accurately as was possible,
the variations in the smallest dilameter were + 0.001 in. and were
mainly due to the difficulty of measuring it with a micrometer. As
showm in Appendix]II, the ensuing error in calculating the stresses
in unbroken specimens was approximately 2%, The stresses in the broken
specimens were calculated from actual dimensions of the broken section
and its distance from the point of load application. In view of the
difficulty of measuring these, e.g. when the specimen showed several
initiations of fatigu@ fracture which were not in the same flane, the
accuracy of these measurements could not be considered better  than
%% either,

Three series of specimens were tested: One serics of turned,
one series of spark eroded and onc seriss of spark eroded and stress

relieved specimens.,
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As mentioned before, (Chapter ITT-2-IIT) the<turned specimens
fractured still at 33,750 1b./in.2, and the endurance limit was found
to be between this value and 32,600 1b./in.2, say approximately
33,000 1b./in.2, The 'curve - shows a bend at 6-9 x 106 cycles.

The cndurance of the spark eroded spscimens was founl to be

e
o «
and that of the spark sroded and stress relieved

27,250 1b./in.
specimens was at 30,750 lb./in.z. The two latter curves show a bend
at 3-4 = 106 cycles,

Observation of the fracture of the sparksd specimens, both
heat treated and untreated revealed that at higher loads the fatigue
fracture started at several points simultaneously, all located around
the periphery of the cross-section, while at the loads still causing
fraéture, the fatigus failure ofiginated in one point only.

(b) Probable causes of the lowered endurance limit

The results of the fatigue tests show beyond doubt that spark
erosion lowers the endurénce limit of soft mild steel by at least 15k.
If the unsparked specimens were polished, their endurance limit would
undoubtedly be higher than 33,000 1b./in°2, It was, however, thought
that a better picture would be obtained if the surface finish of both
groups would be comparable, 4 rangs from 75 microin. CLA to 180
microin. CLi isinegligible as far as its effect on fatigue of mild
steel is concerned. Both values are almost belonging to one surface
finish class, and both can ba termed e dium tﬁrning", From the
sparse data available in the literature (iioore and Kommers L6,

iMatalin 47) it is evident that the difference between the two finishes
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is much less than between “rough turning and finish turning'" and even
in the latter case the difference in fatigue is only 3%, according to
Moore and Kommers (L6).

Since i1t was not possible to reproduce the pattern left by .
spark erosion by any mechanical method,. the fiﬂishes were assumed as
comparable 1n their effect on the endurance limit., At any rate, a

'

possible différe%ce would be within the order of the accuracy of
evaluating the results.ﬁ)

It can thus be said that the‘effect of spark erosion on the
endurance of mild steel is as detrimental as that of artificially
induced tensile stresses quoted by ROs and Eichinger (45).

This occurs despite the fact that eroding in paraffin causes
some carburization in the surface which should improve the endurance
limit. Apvarently the thickness of the carburized layer is far too
small to outweigh the det;imental effect of the tensile stress locked
up in the surface.

Two recent sources (which beceme available after the oresent
work had been concluded ) mention the sffect of spark erosion on
fatigue; According to Matalin (47) spark erosion will reduce the
endurance of heat treated alloy steels to less than half of the normal
value. A catastrophic effect of spark erosion on fatigue - down to
of the original valus, was very recently reported by Lines (43). Few
details were given as to the material, bul apparently it was a gas

®)

Slight polishing would reduce the CLA value of the sparked specimens
to less than half the original value; since only peaks would be
removed, the effect of craters as stress raisers would be unchanged.
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turbine blade steel. Lines attributes the detrimental effect to the
presence of nitrogen in the paraffin used and to the formation of
nitrides. Change over to distilled water was said fo have improved the
fatigue properties, but vapour blasting was SubseQuently applied to
restore the values to a satisfactory level. Lines did not give any
further details, in particular on the lowering cf the endurance after
eroding in water but before vapour blasting. Also the electrical
conditions were very vaguely stated and from the photographé shown it
would apﬁear that there was cansiderable arcing in the condemned case,
From the present work it appears that the beneficial influence
of waﬁer couldlbe also attributed to the gentler action, caused by
partial conduction which diminished the spark ensrgy, and not only to
the absence of nitrides. It was found in the present investigation
that under identical electric conditions the surface finish was better
and resicual stresses lower when water was used instead of paraffin.
There appesars to be little doubt that the tensile residual stress
produced by spark'erosion contributes to lowecring the endurance limit,
This assumption is at lecast partly supported by the improvément
shown by the series of spscimens heat treated afterhspark erosion.
Whatever the mstallurgical changes produced by heat treatment. there is
no doubt that stresses were relieved. On the other hand; the recovery
was not coﬁplete, which indicated some permanent damage. However,
rather than to attribute this to the formation of some special phases

such as nitrides, it would appear simpler to assume that tle severe

%
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tensile stresses, exceeding in all cases the initial yield point,
caussd some microcracks which could not close again and thus facilitated
the fatigue failure. It is agreed, however, that nitrides may be
detrimental especially in highly alloyed steels, although a continuous
nitrided layer is, similarly to a carburized layer, one of  the means
of improving fatigue proverties. The detrimental effect could be
attributed to the interruptions in the layer and the nitride inclusions
causing stress concentrations.

1t can be thersefore concluded that spark erosion in its usual
form brings about a reduction of the endurance limit of mild stecl of
the order of 15%. ‘In view of the relative insensitivity of anﬁealed
mild steel to the effect of residual tensile stresses on fatigue, thié
reduction‘should be considered as seripus and in all cases in which
spark machined componenfs arc to Be supjected to cyqlic loading, great
care has to be exercised and suitable investigations carried out, in
order to gain information on the degree of deterioration of the fatigue
propertics for various materials. The lowering of the endurance limit-
can be attributed mainly to the residual tensile stresses which,
according to the latest view on the fatigue phenomera, help to open
microcracksu It is also concéivable that deeper cracks exist, which
will not close even after stress relief. This appears to be indicated
in the pregent work, and it is suggessted that an investigation into

the problem of permancnt damage would be most valuable.
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IV.  Other Mechanical Properties

Many workers claim that tools sharpensd or produced by spark
erosion show high wear resistance and longer life. There iz, as yet,
no explanation for this. Tt was found that spark eroded high carbon
steels possess a very hard surface layer (e.g. Rudorff, 2) which could
improve the wear propertics. Tmproved life is, however, aiso claimed
for press tools (Nosov and Bykov, 4) which are subjected to impact and
impact-fatigue loads. ‘If the hardened layer is beneficial, it might
appear worthwhile to operate under slight arcing conditions, in whicﬁ
case such a layer is easily formed. The guestion of the best spark
type would also have to be considercd, i.e. whether a long or a short
spark is preferable, in view of ths different temperature effccts of
each. A long spark may appear more suitable, though it will produce a
thicker stressed layer.

It is thus shown that the few phenomena observed in the
present investigation call for a very detailed continuation of resesarch
in order to obtain a better knswledge and eventuallyva mastery of - the
new and most vromising branch of engineering called electro-spark

technology.
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CONCLUSTONSGS

The results of the present work can be summed up as follows:-

1. In cases wﬁen the erosion has to be éaused by sparks only
and the formation of arcs has to be prevented, the minimum permissible
ballast resistance in a relaxation circuit is a definite function of
the capacity used. The knowledge of the relationship between these
two parameters makes it possible to calculate and to design a relaxation
circuit and to éstimate the power requirements, once the voltage and
the maximum capacity are choseri. The cathode ray oscilloscope is a
convenient means for indicating the limit of non-arcing operation.

2. Conditions were established for the successful application
of a relaxation circuit for spark turning and the reasons for unsuiteble
voltage causing out~of~roundnessiof the workpiece were found.

3. The typical forms of spark voltage and currents wers found.
Both in the case of single sparks and in the case of continuous sparking
the reverse half-wave may be either present or absent. Its presence
must be due to the swarf in the pfocess, because the dielectric used
(paraffin) was shown to be capable of very fast deionization. Values
of inductance aﬂd currenf amplitudes were both célculated and measured,
and the results were found to be in reasonable agreement. Skin effect,

parasitic oscillations and other secondary phenomena were noted.
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L. The theoretically predictabie relationship between the centre
line average value of a spark eroded surface and the energy of a single
spark is very close to the actual one if the voltage is kept constant,
hen different voltages are applied the surface finish relationship
indicates that the energy losses are growing with ihcreasing gap length,
The surface finish can be measured by means of the usual methods and
with existing equipment, and the consistency of the results is
comparable to thét obtained on surfaces produced by maohining.

5. Residﬁal stregses arise as a result of spark erosion. They
are tensile and of a high magnitude. The depth of the affected layer

is small and is approximately proportional to the surface finish value.

There are good reasons to attribute the creation of the residual: stresses
to the thermal effect of the spark.

6. Spark erosion reduces the endurance limit of mild steel. The
effect of the residual stresses on this phenomenon could be deﬁonstrated
by considerable improvement in the endurance limit of specimens which
were stress relieved after being spark efoded. There was, however,

also indication of some permanent damage attributable to microcracks.




TABLE I

SURFACE FINTSH MEASUREMENTS (MILD STERL)

SURFACE FINTSH MEASUREMENTS (MILD STERL)

I. Average voltage 18 volts;® = 28 V,
(U = 27 V. appr.)

Capacity CLA CLa
Microfarads Microinches Variation
(Average)
5.5 130 - 120 - 140
~10.5 | 155 135 -~ 175
20.5 178 160 - 190
50.5 210 180 - 220
100. 5 320 290 - 360
200.5 B8 310 - 420

II. 4versge voltéhgge 45 volts; B = 130 V.
(U = 85 V. appr.)

Capacgity CLa CLiu

Miir3faiads lMicroinches Veristion
(Average )
0.5 66 62 ~ 70
1.5 .92 82 - 102
2.5 124 110 - 140
5.5 155; 150 ; 170
12.5 220 180 ~ 260
30.5 277 235 - 320

40.5 34,0 280 - 400




IIT. Average Voltage 125 V (B = 130 V
(U = 130V appr.

Capacity CLA CLA
Microfarads Microinches Variation
(fverage)

0.5 | 90 85 - 100
2.5 180 150 - 200
10.5 260 210 - 310
30.5 360 280 ~ 410

All measurements carried out on the Talysurf, from meter readings.

Velues of CLA for surfaces too rough to be measured directly by
the meter, which were obtained by planimetration of pen records
produced with the help of the specially built "reduction unit":

U = 80 V. C =120 ¥ CIA = 460 microinches.

C 600 microinches.

1
H

250 T CLA




TABLE TITI

SURPACE FINTSH MEASUREMENTS OF

HARDENED TOOL STEEL

Capacity CLA value
Microfarads Microinches
0.5 85
2.5 130
5.5 200
12.5 240
30 320
100 470

Breakdown voltage U = 85 volts appr.

411 values are averages. Fluctuations up to 20%.




TABLE TTT

SPARK CURRENT AMPLITUDES

U =90 V appr.

Capacity Mrst Half-  Second Half-
Microfarads Wave Amperes Wave Amperes
10.5 125 65
20.5 150 70
50 208 70
100 293 75
200 590 75

500 680

80




APPENDTIX I

CATLCULATING THE BREAKDOWN VOLTAGE FROM VOLTMETER READING

Bvaluation of the surface finish required the knowledge of the
- breakdown voltage ﬁ; the only available value, however, was the
average voltage Uv given by the voltmeter. As shown on pageézai the
breakdown voltage U at the time @ ig given by

U=f\(1 - e"g/RC) , € being the voltage of the source.

The average voltage is given, from page 32, by

u_ =#(1 - RO/0 + gge“g/m) |

The curves U/f and f/Uv were drawn as functions of ©/RC and then
& curve of U/Uv was derived from them. Thus, by measuring the average
voltage Uv and knowing the voltage of the sourée &, the corresponding
value of ©/RC could Be found, which in turn made it possible to find
(from the curves) the required breakdown voltage U. All three curves

are drawn in PFigure 73¢.




APPENDIX TIT

CAICULATTON OF THE MAXTIMUM CURRENT I OF THE SPARK

This calculation is based on the following assumptions:

(a) Nearly all the encrgy (at ieast 8/9) stored in the condenser
is dissipated during the first half of the spark discharge.’

(b) The current form of the first half-wave is simusoidal.

(c) The voltage form during the first half of the spark is a
straight line beginning with the voltage U1 and ending with U2.
If the voltage of the spark at time t is Us andvthe duration of

the spark is p, we have

' U:“uz ‘ . ' 2:-53
(]5 = fj2 + *;;Zé“" t | CUW@% 1_£ f%/ -

U = (// 2 - -———§——«~-"'*

S

The current IS is a sine wave given by

v { C —
'/5 ‘[m )

Bxpanding in series, we have

P 3 Fa 3 5 - 5 P : e 7
v e i 7 I 1 ( /7) T /() {
iy purw . — e - + - ——— . e ——— bt ‘-*‘ LI A |
A $ e ¢ S 3! /5 SRR 71105




Now, the power of the spark N_ is given by /\/ = U 7

/(’/ ” hﬂ_j})/ /t” ﬂgf(jt B’Lbz I

Iuﬂwf /s =¢ U, -l b
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= . + ; — +
]m [ 2 4“1 6)45/ §a7! )

%(U U)/M“f'?/ 7%3!‘ R 9)«\7/*”')]::

-1 s/, (_/.a7-- 12940 494 - 0074 )

+ (U -U'2)(/.a5 - /.03? 0.363 ~0.06¢r )

= I sfoesu, + 037(0-u,)]

= —

Since 5:/7/2)#75(//2 372_!/2/5

we oblaiy
_Q:]m 7./:\/[\/6 [(}éjU) +0.3/7(U,“U2)] ‘

2
b . n p-—) il 1 C(—/ . . )
assuming that /= o , where S is the ensrgy stored

2

in the condenser, the maximum current is given by




[ = Acut ' g
m 297/ JC [0.63 o, 7‘“0-3/7(0/ “[i’/z)/ ’

a AU
], - e

‘T 2R I[0e3u 037U

A = ratio of the energy spent in the gap to the energy stored in

the condenser.

Taking A = 0.5 (Zolotikh, 7), and substituting
U =35 v U,

=90V L =3I /-4/‘/

i

10v

{

we obtain

——

[ =26 /C

I




APPENDIX TTII

ESSES IN THE FATTIGER SPRCIMEN

The fatigue specxmbn, shown in Figure 23 is a tapered cantilever
of diameter d, at the large end. The load P is applied at the small
end, The diemeter of the taper, if contlnued to the point of load
application, is d1. Lha length of the taper (i.e. the cantllever)
from the diamster d1 to the large end (diamecter &é)is L.

The bending stress at any point is .‘f | 1) X 3

TG4
d being the diameter at the distance x from the point of load
application. The diameter d is a function of x, namely
d =d, 4 T

The bending stress is thus

X
G =647 FeEr=r

The. dimensions of the specimen are d, = 0.224 in, and

1
(d2 - dﬁ)/L = 0,06,

Substituting these values, the function G?(k> was calculated
and plotted in Figure 38. It can be seen that the stress varies

slowly in the vicinity of its maximum.
dG
d X

The maximun stress occurs at the point in which

=0




By differentiating the expression for stress and equating to

zero, the distance of the point with the maximum stress, Xm is:

Xy = i
" o2(d,~d,)

In the specimen used in the present case this distance is 1.866 in,

The magnitude of the meximum stress is thus given by:

o~ - 256 _FL
™27 T a2 (d,-d)

Sﬁbstituting the values of c't,i and (&2 - dﬁ)/Ls we obtain

G, = /002 P ~ 1000 P

The accuracy of this calculation as function of the dismeter d1

is given by:

Assuming an error of measurement of up to 0.C02 in. on the
diameter dq (actually on a diameter at the neck of the spocimen, which
is proportional to dﬁ), the accuracy of stress calculation in an

unbroken specimen is 2x2/22) or approximately 2%.
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