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A STUDY OF CRYSTAL STRUCTURE DETFECTS IN PURE METALS
DURING SPARK DISCHARGE

[Following is a transletion of an article by L. C. Palatnik,
A. A, Levchenko and V. M. Kosevich appearing in tle Russian-
language book Elektroiskrovsya Obrabotka Metallov (Electrical
Discharge Treatment of Metals),Academy of Sc1ences Publishing
House, lMoscow, 1963, pages 104-112,]

The influence of electricel discharge on electrodes results in
extremely rapid heating and cooling of the metal in local aressof the
surface layev /i/. This creates favorable conditions for the arising of
various kinds of defects in the crystal structure in the zone of influence
of the discharge. An investigation of crystal structure defects
appearing under the influence of spark discharges represents interest
from the viewpoint of the stucy of the mechanism of electrical erosion
of metals, physico-chemical shanges in surface layers, mechanical
surface properties, etec.

In this work, we will investigate the formaiion of sych imperfections
in crystal structure as dislocations, packing defects, vacancies.

Dislocation defects were revezled in single crystals of bismuth,
antimony and zinc by selective etching. Vacancies and packing defects
were revealed by X-ray methods in palyerystalline samples of pure
metals -- gold, silver and copper. '

An Investigzation of the Distribution of Dislocation Defects Appearing in
Single Crystals Under the Action of Sperk Discharges

As sources for spark discharges, we used an IG-2 generator, used
in spectral analysis and an electrospark intensifier (constructed
by IKherkov Technical Plent). The results achieved by exposing crystals
to sparks from the two generators coincided qualitatively. However, the
behaviour of individual treces of the sparks is clearer with the IG-2
generator. Therefore, the illustrative material below was all obtained




using the I53-2 gererator.
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The surface of samples exposed to sparkys snd =
chipping of single srystals glong cleavage planc (11
and antimony and (0Q0l) for zinc. The samples were ot
lowing solutions in order to reveal +the dislocation
bismuth -- 20% conc. HNOQ ir glacial geotic aeid; for
HC1 in glacial acetlc acid; for antimony - ehtohing age

Each sample was submitted to preliminsyr, eteling. Then the
- surface of the sample with the least number of dislccations was subjec-
ted to the action of the disch aree, =nd thoe crystal was etched a second
time. The second etching revealed a larya rumber of new etching pits
near the anode and cathode traces of *he discharge, indicating the

intense formation of new dislocations.

‘ Figure 1
Photomicrog ra@hy of pits formed during =tching of bismuth;
a ~-- anode hole in etched surfece (111 } b oww additional

etching in the same place; ¢ -~ etching to = depth of 50
microns; 4 ~= etching to s d“ptP AE 100 microng.

Pigure 1a hows the »plene of cleavagze of ?e saze of blsmuth after
etching in the initiel state, figure 1b shows the same sechion after
additional etching of the region of an anode trace /see notg]. As con
be seen from fipure lb, the new dislocations near the anode hole are.
concentrated in a zone of limited area. Tha Siameter of this cone ex-
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ceeds the diameter of the anode hole considerably, by a factor of
four or five.

[note/: editor's note: the terms "anode tracd' and "cathode trace"
as used by the authors of this article cannot be taken strictly,
since during experimentation thoy used both the high frequency IG-2
sperk generator and the Kharkov model electrospark apparatus, which does
not produce aperiodic (unipoler) discharges. Furthermore, the results
of spark treatment with the IG-2 cannot fully illustrate the picture
of what will happen with single spark discharge treatment.

The etching agent used on the bismuth crystals was also used
to illustrate the degree of diclocation at various depths below the
surface by consecutive etching of layers of the sample., This method
determined the volume picture of the distribution of dislocations in sec-
tions of a crystal exposed to spark discharge.

As an example, on figure lc and 1d are shown the results of
spark discharge treatment at depths of 50 and 100 microns.

The etching method revealed both the qualitative and quantitative
aspects of the distribution of dislocations. Figure 2 shows the
quantitative distribution of dislocation defect densities ( ,cm‘z)
in the region of an anode trace on bismuth against the distance from
the center of the trace. Naturally, the density of dislocations was
highest at the center of the hole, and decreased with Increasing digtance
from it. The density of dislocations at the meximum was 210/ em™ ,
vhich exceeded the maximum density of dislocabtions in the initial
crystal by two orders of magnitude. Curve I (fg. 2) shows the
distribution of dislocation defects on the surface of the sample, the
other curves show the distributions at various depths below the surface.

The graph in figure 2 shows that the zone filled with the
new dislocations has rather sharp borders at all depths. This allowed
construction of its profile in planes passing through the center
of the hole and perperdicular to the plane of spark treatment (see
solid line on fig. 3). The dotted lines on figure 3 show the regions
with varying degrees of dislocation density.

The volume picture of the distribution of cislocations, showm
in figure 3, indicates that the most intense formation of dislocations
during spark treatment occured in the thin surface layer. Here the
density of dislocatlons was 107 cm™“, whereas the main volume of the
affected zone contained dislocations with g density of 5+107 -~ 10106
em~2. It should be noted that the depth of the zone containing new
dislocations exceeded the depth of the snode trace by 10-20 times,

The distribution of dislocations near the cathode trace was
significantly different from the distribution near the anode traces




(figure ba,b b). In the first place, the diameter of the zone of dislocagtions
excecded the diameter of the cathode trace by only 2-3 times. Second,

necr the cathode hole, the etching pits were displaced in two rings: the
inner, dark ring and the outer, lichter ving. In figure Ub, this can

be clearly seen. At great mognifications it could be seen thai the

derk ring consisted of deep, sharp edged pits, and the light ring of
smaller, challow, flat-bottomed pits. Thc flat-bottomed pits appear

usually in places where shallow dislocation loops axre etched. Therefore

the lirht external ring should be considered as the location of the
dislocations in the thln surface layer of the crystal.
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hole). T == 2t the surface, IT -- a% 12.5 nmicrons, III ~--
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microns, VII -- 125 microns.
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The craph of dislocation density distribution near the cathode
hole in bismut“ (£icure 5\ clearly shows the separation of the zone of
1islocations into the two parts {branches klm and nl' p). Layer-by-
layer etching of a bisrmth crystal containing a cathode hole showed
that the density of cislocations was sharplv reduced at a depth on the
order of 25 microns.

Figure G shows the picture of etching of an anode trace in
plane (001) of a zinec mornocrystel. The dlameter of the zone of new
dislocations exceeded the diameter of the trace by a factor of 3-5
(for the cathode trace in zinc this ratio of diameters was only L.3=1.7)e




The mein characteristic of the distribution of dislocations near indivi-
dual traces in zine was the fact thet the new dislocations were
concentrated in a zone bounded by a hexagon, whose sides were parallel to
the directions of prismatic slipping /lo-12/.
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Timure 3.
Profile of the zone containinz new dislocations near the
anode hole. Key: a, hole dimmeter. :

Ve also investigated the effect of repcated spark discharges on the .
formation of dislocation defects in crystals of bismuth, antimony
and zine. TFigure 7 shows a perpendicular section of a spark discharge
zone on a bismuth monocrystal. Attention was attracted by the Tact
thot multiple spark treatment formed a large quantity of macroscopic
defects -- pores with diameters of 1l--5 microns. The pores in fig. 7
look like black points, but with magnification by 1,000 diameters, they
reveal crystalline faceting with type (100) planes.

Tet us discuss the experimental data obtained.

The formation of dislocations during electrospark treatment
of crystals can occur, in our opinion, as a result of the physical
processes of: point hardening.[17 by rapid cooling from liquid to
crystalline state [see note/; theé formation of a pulse field of thermal
stresses; disruption of the_surface of the air.shock wave, appearing
in the interelectrode gap /3/.

not§7: ed. note: the term "hardening” here is not quite proper,

since after the moment of crystallization, sharp cooling in the given
case could also not lesd to the formation of metastable structures.

Tn connection with this, the total distribution of dislocations




in the spark destruction zone can be divided into individual areas, each
of which corresponds to one of thes various phy raical prodesses which
Lause the formation of dislocatioku.'

Figure k.

Cathode trace after repeated etching: & -- In plane (111)

of bismuth (X 70); b -- in plane (111) of antimony (X 135).

‘ “The air shock wave can lead to the formation of dislocations
only in the thin surfece layer. Apparently it is the cause of the
areas of small dislocation loops which ore espzclelly clearly sesn
nesr the cathode holes in entimony crystals (figure UH). Curves
describing the distribution of dislocations near the cathod= traces
(figure 5) divide into two branches klm and nl'p. It can be suppossd
that the branch nl'p describes the distribution of diglocations which
appear ‘under the influence of the shock wave in the air.

: Point hardening, connccteﬁ with melting of the crystal, is
cheracteristic for the anode dluc%argc. The distribution of dislo-
cations sppearing as a result of melting and rapid crystallization
is described by branch abe.of curve I, figure 2. It ic cheracteristic
that distribution zraphs et a certain depth from th2 anode trace

(for example curve II, fig. 2) no longer show points of inflection,.-
Consequently, at tae corregpond1n~ depth from the surface, tha crystal
is not ne] ved,

_ The greatest volume of metal in the zone of spark destruction
i3 occupied by the dislocations arising under the influemce of thermal
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stregses. The distribution of these dislocations ncar each hole (fig. 5)
is characterized by branch klm near the anole hole (fig. 2) == branch
db'l of curve I and curves IIT -~ VII throughout their entire lengths.

210¢

r10°

210

Ly’ - L L

Tigure 5
Distribution of dislocation density e near cathode trace.
Zero of coordinate r is located abt the edge of the trace.

Diglocations caused by thermel stresses occupy a rmuch greaster
area near the anode trace that ncer the cathode trace. This can be
explained by the fact that the formation of a stable dislocation loop
requires a certein finite time interval.

IT the Auration of the thermal stress impulse is less than this
interval, no dislocations will arise. It has been established
that the process of electricel crosion at the cathode is carried out
by a micro-explosion. Thermal stresses at the calhode arise so fast
that the breaking stress is achieved and particles of metel are
separated before there is time for a noticeable number of dislocations
to form. At the anode, the process of electrical erosion takes place
by melting of the metal, and the thermal stress wave is of longer
duration. Naturally, in this case the zone of dislocations is larger,
a fact which has been experimentally observed.




Eiching nedy anode
on plane (0001) in zinc
(X 70).

zone of treatment
fluctuating
{perpendicular
Xl of zone damaged

5y discharges, x 70},



A study of the Formation of Vacancies and Packing Defects Under the

InTluence of Spark Discharses

As subjects for investigetion in this part of the work we used
polycrystallic samples of copper, gold and silver of not less than
90,097 purity. The samples were subjected in the initial state to
contrel ¥-rgy exposure, which revesled that the parameters of the
lattices of the initizl metals corressponded with the wvalues in the
litercture with accuracy of up to 0.01% (see tzble).

Spark processing of the samples was done with an IG-2 generator
with the following operating corditions: inductance L=0, current strength
I=3a, capacitance Cm 0,02 mf, spark exposure time -- from 3 to 60 sec.

In order to determine the chonges in parameters of the crystal
lattice of the samples exposed to spark action, Sachsograms were made
under cobalt radiation with the following screens: silver, for the
gold and copper samples; and iron for the silver samples. The cale
culations were performed according to the line (420): error in
determination of the period of the lattice did not exceed 0.0l --0,02%,

The measurement of lattice parameters for a large number of
samples of gold, silver end copper invariably indicated the lessening
of perameter a after exposure to the spark. From the table, in which
the most characteristic results are showm, 1t can be seen +that parameter
a in gold decreases by 0.095%, in silver by 0.07%, in copper by 0.085%.

A decrease in the peraoreter of the crystal lattice of a pure
metal can be caused by the following factors: the hardening of
vacancies; the formation of a solid solution of substitution with
an elerment with a smaller atomic diameter than the element under
investigation; the formation of first order stress.

Values of the Parameter a of the Crystal Lattice
of Copper, Cold and Silver in Various States

Metal Copper Gold -  Silver

Literature value, ¥ /5/. . . . . 3.6080 L4,o704 L4.0779
Initial semples, KXo o o o v o see o & » « 3.6087 L,0701 L.O7T7
After exposure, XX o v o o o o ¢ o o o o o 3.6054 .k,0662 L4,0750

*>
L ]
*
®
L]
L]
.

L

Decrease in parameter, Ao B 4 e o o o s +=0.085 =0.095 -0,07
a

The formation of solid substitution solutions was execluded in our
case for the following reasons. Both electrodes in our experiments were
of the same metal , so that a so0lid "metal-metal" solution could not be

s -




formed. The assuaption of the solution of gasses is unsuitable, since
none of them results in solid substitution solutions with the metal, and
the formation of all known solid solutions of penetration leads to an
incrense in the crystal lattice parameter. '

Special X-ray investigations using slanting exposures also
showed the abscence of significant first order stresses in the inves-
tizated leyer. In connection with this, it must be considered that the
observed decresse in the parameter of the crystal lattice is caused
by the hardening of vacancies and the formation of packing defects.

We will estimate first of all the concentration of '"hardened"
vacancies which would cause the experimentally observed decrease in
lattice parameter. In an approximation of Vegard's rule and in the
assumption that the volurme of a vacancy is equal to zero, the concentra-
tion C= _A8& +100%, where Aa is the difference in parameters in
the initia® and spark-treated samples. Calculation gives: for copper,
C= 0.85%, for gold, C= 0.095% and for silver, C= 0,07%. However, these
figures are low. According to the latest theoretical investigations /6/
the volume occupied by a vacancy is not equal to zero, but rather is
0.32 -- O.Lh4 of the atomic volume. In this case, the concentration
of vacancies can be evalugted by the formula:

—22  100%.

a—V0,4a

C =

Calculation by this formula gives en even higher concentration of vacan-
cies: for copper, 0.38%; for silver, 0.29%, and for gold, 0.h0f.

Further, it should be noted that the usage of various lines on the roent=-
genocram for the calculation for the parameter of the lattice of an
exposed metal leads to the accumulation of verying data for the value

of the perameter (fig. 8), where the values of a, calculated for lines
(420) and (331) are shown. The parameter found using line (331) is lower
than that found using line (420). The difference in the values of the
paremeter exceeded the maximal error in the experiment by a factor of

3 -- 5, and therefore could not be attributed to chance factors.

As was noted, an even greater quantity of dislocations arose
in the process of spark treatment of monocrystals. Under the same condi-
tions which favor the formation of dislocations, the formation of defects
in crystal structure of a somevhat different type also usually occurs,
that of the so called packing defects, which are a disruption of the
order of placement of the atomic layers. Packing defects arise most
easily in metals for which the energy for formation of packing defects

10




is rather low. Such metals include the megals which we investigated:
gold ( V=33 erg/em?), silver (~=35 erg/em?), copper (Y=50 erg/en”).

" Theuin)
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Ticure &,

Chance of perareter a of the crystal lattice of spark-
treated cilver during retention at various temperatures
(a initially = L,0777).

Chanzes in the intersurface distance in the crys stal are the only

effecte of puc:iug defects. TFor exarple, the distance between (331)
sarfaces in the crystel decreases. Therelore, calculation of the
lattice parameter uCCOlen? to the (331) lines yields a lowered

value for a (fig. 8). Tt is naturcl to treat the observed difference
in the velues of perameter a obtained with verious lines as the result
of pocking defects. Us rrle from vorP /7/ for caleulation,
we obtain a packing del tion of 15. This means that of

a

every 100 atomic pJancs, one plane haos improper packing of the atoms.

The imperfections of crystal structure which arose during spark
treatment of the metals turncd out to be thermally uwnstable. This can
bhe seen from the Tact that in the process of heating or even storage
et room temperature, the paramcter of the crystalline lattice of spark-
treated metal tends to return to its initial value. In figure 8a-
are seen graphs of the change in parameter a of a silver lettice in
the process of retention at room temperature. The data are shown as
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calewlated for lines (420) and (331). The retu n of the parameter
to its initial value can be accelerated by heating the samle. In fig.
8, are shown graphs of the change in parameter a with time at various
terperatures. As can be seen from the graph, at a temperature of

Ui

300° parameter a returms to the initial valur in only 6 minutes.

The results of heating of crystal samples additionally indicated
that the reason for the decrease in the parameter during spark treat-
ment was vacancies. It is a known fact that excess vacancies have
rather high mobility, easily migrate to the surface, settle in micro-
pores, dislocations, accumulate in colonies which are the cause of
the formabion of dislocation loovs. A large number of dislocation
defects, like that in the zone of action of +the discharge, create favorable
conditions for the drain of vaconcies., The complete return of the
perameter to initial value in only 6 minutes at 300° fully agrees with
the assumptions made concerning the annealing of crystal vacancies.

‘In the experiments on the annealing of spark~treagted samples
can be found confirmation also of the fact that imperfections in the
crystal structure of the packing dafect type arise. It is obvious
that packing defects have greater thermel stability than vacancies,
therefore higher temperatures ore neccessary to heal their, as well as
longer srnealing times. These very conclusions follow from an analysis
of the kinetics of annealing by interference lines (420) and (331)
(£igure Sa,b,c)e It can be seen from fig. ©,a that the difference
in appare&t values a=2}00-2331 do not change at room temperature
or at 200°.

A slight decrease in Aa wes observed in the process of heating
to 300°, when the true decrease in porameter a, caused by vacancies,
had practically disappeared, 1. e. there oceured a restoration of the
parzmeter to an equilibrium value. Only annealing at 600° for 20
minutes caused Aafahpp=2g9) O fall within the limits of experimental
error. All the interface distances took on equilibrium values due
+to complete healing of all packing defects.

Ve note in conclusion that such high concentretions of hard-
ened vacancles as were discovered in our investigation (from 0.29 to
0.4075) have never before been observed in works on herdening of
vacancies [@]. The equilibrium concentration of vacancies at the
melting point is only 0.01-0.1%5. The usual methods of hardening from
the solid state fix only a small portion of these vacancies =~ 0.001-Q01%

/e -- 19/.

However, these figures camnnot refute the experimental data
of our work. The fact is that all the experimental works cited
telow /7 -- 11] of the herdening of samples vere performed at low
rates and from temperatures below the melting point. In the case

12



of spark treatment of metal, point hardening occurs, consisting of
excepbionally rapid cooling from the liquid state to a temperature

near roomn temperature, which aids in the formation of vacancies, the
concentration of which pgreatly exceeds (by several oxders of magnitude)
the equilibrium concentration.
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RESTDUAL STRESSES AND DURABILITY IN HEAT-RESISTING
MATERIALS AFTER SPARK TREATHENT

Z?ollowing is a translation of an article by V. P. Aleksandrov
in the Russian-language book Elektroiskrovaya obrabotka metallov
(Electrospark treatment of metals), loscow, Academy of Sciences,
USSR, 1963, pages 113-118.]]

As is knowm, the technological characteristics of the electrospark
tyeatrent of metals, including heat-resisting alloys, include the pulse
characteristics (energy contained, length) and repetition frequency [i,g7.

A published work [3/ contains the results of experiments on the
workability of heat-resisting nickle alloys by pulses with varying char-
acteristics (energy and length). It is shown that the pulse length det~
ermines the state of the surface layer in heat-resisting alloys. If the
alloys are subjected to pulses over 250 usec long with energies of 0.2-
4.53, microcracks are formed in depth from the surface along grain bound.~
aries. Local spectral analyses also showed that the fused surface of the
netal has a changed chemical composition and altered physico-chemical
properties. In particular, the fused surface layer has higher micro-
hardness. The depth of the fused layer increases with pulse length (fig 1).

However, this work did not state the causes of the defective layer
formed when heat-resisting alloys are treated by long pulses. They also
railed to examine the question of the effect of pulse characteristics on
the durability of the alloys. This work is concerned with these questions.

As is known, the surface layer of the materials in question has
a cast structure after spark treatment. :

With very high cooling rates, the processes of crystallization
of phase transitions and diffusion lead to the formation of non-
equilibrium structures in the rnetals and alloys. Also, high cooling

16




‘rates, as a rule, result in the Tormation of great internal stresses in
the metals and elloys. Considering the influence of the pulse length on
the depth of the fused layer which remains after processing, we would
expect a dependence of the stresses in the surface layer and the depth

of their penetration on the length of the electrical pulses. Investiga-
tion has shown that such a dependence does indeed exist.

'Imp_z',:‘.‘rf ( 1)
o -

— N Y575 /
- = JRIr

90

50

17

g i vor 700 1, mheek(2)

.
Fimure 1
Maximum depth of fused layer plotted against pulse length.
ey 2
Kev: 1, depth, microns; 2, pulse length, psec.

In previous works, the residusl stresses_have been determined
by the method of acodemician M. M. Duviderkov /B,5,67.

=<

layer of zlloy EI3TB in the depth of the layer in samples treated
by pulses with cnergies wp=0.1 and 0.2 § and pulse lengths 14,7130,
180 and 1050 psec. N .

In figure 2 ore shown the relotions of stressaso in the surlace .

As Tollows from the duta in figure 2, stretching stresses
arise in the surface loyer after electrospark treatment, chansing
ot a cortain depth (depending on the alloy) to compression stresses.
e siress level depends essentially on the pulse length. IFor example,
with an energy level in the pulse of 0.2 J and a pulse length of 1050
microseconds, the stretching stress reaches 90 kg/mm « The stress
decreases with decrecasing pulse length, and at a pulse length of
130 psec, does not exceed L0 kg/mmg. Analogous results were obtalned

in treating zlloy type EI6L7.
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Figure 2.
Residual axial etresses in depth against pulse length,

Anode -- EIL375; cathode -» Brags type LS-59, 1, W,=0.24;

2, Wp= 0,13,

The formation in the lgyer of residual stretehing stresses can
be explained thus. A portion of the fused metal, remaining unseparated
from the treatment zone, is reduced in volume in the transition from
the liquid to the solid state. This decrease in volume is resisted by
the surrounding areas of the slloy, which have lover temperature. As a
result, stresses are formed in the solidifying surface lgyer. Thus,
at great pulse lengths, styetching stresses are formed which exceed the
flgw lirdt and ere near to the strength limit of alloys type EIL3T. and
EIGLT. '

Tf we consider that the surface layer has reduced ductility in
comparison with the main volume, then its resistance to the action
of stretching stresses is also less. This explains the appearance of
microcracks In the surface layer durinzg electrospark treabtment of type
ET437 alloys, as well as of type EI6L7, by pulses of over 250 psec
leng‘bh. )

Stretching stresses also arise in the surface layer during
electrospark treatment of EYaIT steel. However, their level is much
less than with alloys type EIL37. This can be explained by the formation
of the o ~-phase in the surface layer, which 1s accompanled, as is known,
by an inerease in volume.

17




With the lower residual stress level of the surface layer of
type EYaIT steel, the microtrenches in the surface layer are not
present, even when treatment is performed with pulses of great length

and energy.

Tn order to clarify the influence of the above mentioned changes

in the surface layer of the materizl under investigation on thelr
mechanical properties, experiments on their prolonged durability were

oyformed. The evaluation of the influence of the parameters of the
pulses in the electrospark treatment on the durability of the treated
materials was performed by experimental comperison of samples treated
by the electrospark method and by cutting. The experiments were performed
at £=700° on a type VIAM instrument., Stresses acting during the
experiments were: for type EIU37 alloys -- 36 kg/me, for EYaIT steel ~-
13 kg/mmg. The results of the experiments are shown in table 1.

Table 1
Time to Breakdown in Hours
Materizl | Mechanical Electrospark Treatment. a
treatment 42130 usec I to=l80 usec | tnu= 1050 usec
w?=0.2j[ w?:O.SJ] W,=0.2] | WP=0.531 w?=0.2j] Wp=0.5]
EIL3TB 180 eo 178 162 150 142 130
EYalIT 100 102 100 98 o7 98 97

The experimental results showed that the pulse length essentially
influences the durability of alloy EIL3TB.

Tlectrospark treatment with pulse lengths less that 250 psec
did not cause o change in the durebility of EIN37B z2lloy in comparison
with the initisl sarples as treated by cutting. Samples treated with
discharges of 4380 psec pulse length showed a reduction in durgbility .
on the order of lO-lS%, vhereas sarmles treated with 1050 psec pulses
showed durgbility reductions of 20-30%. Similar results were obtained
for BIGLT zlloy. In treatment of EYaIT steel, the pulse length was .
found *to have practically no effcct on the durability. The great
reduction in durability of BIL37B alloy after treatment with pulses
over 250 psec¢ is explained by the Zormation of microcracks in the

surface layer.

™n oxrder to more fully clarify the influence of impulse char-
acteristics on the durability properties of the metals investigated,
fatigue resistance teste were performed according to state standard
(GOST)28G0-45. The influence of the impulse characteristics on fatigue
resisteance was evaluated by a comparison of the spark treated samples with
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samples treated by prinding and subsequent vibration polishing. The results
of experiments on EIL3TE alloy are shown in figures 3 and 4,

2
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Strength curves of EIE37D meterial after treatment with
pulses of verious lengths. a) untreated.

TFroau the Cata of fisure 3 it follows that the strength limit of
szrples which haove undergone elextrospark treatment is essentislly
dependent on the pulse length, Whereas the strength limit of ETA3TB
belfore treatment wees 37 kg/mmc, on the basis of a 10! eycle experiment,
after tregtment with Iimpulses of 1030 psec length it was lowered to
23 kz/rm2, 1. c. & reduction of around 30%. A reduction in pulse
length resulted in on inerease in the strength limit. “hus, on the
same basils, the strength 1init for REIL3TE 2lloy treated with 180 psec
pulces was 32 kg/mmgo Agzin on the same experimental basis, tregtment
with 130 psec pulses lowered the strength limit to only 35 kg/mmg.
However, even with t,3130 psec, the gtrength 1imit was lower than that
of the inital samples.

The significant reduction in fatigue resistance in EIM3TB alloy
when treated with pulses of great length {over 250 microseconds) is confire
med by the conclusions of metallerraphic investigations [3]. It is
natural that the presence of microcracks in the surface layer of material
like 2lloy EIL3TB cannot fail to lced to significant reductions in
strength limit,. '

The slightly lower strensth limit of the material treated by
pulses of less than 250 microsecond duration (with tp=l30 microseconds,
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61 = 35 kg/mn® in comperison to the initinl value of 6.3=37 kg/mm) can
be evplained as follows. First, after electrospark treatment, therc are
rather strong stretching stresses in the surface layer of the metal,

M.so, the fused surface layer is to a certain extent saturated with

the passes which are the products of the decomposition of the inter-
electrode fluid under the influence of the pulsed electrical dis-

charse. Fxperiments Z7 have showvm that these gasses contain unsatursted
hydrocarbons up to 285, and up to 72% hydrogen.

Nany works [@,27 contain data testifying to the negative influence
on fatigue resistence of hydrogenation of the surfoce of the metal
in the process of application of vardous coatings.

Thus, the certain slight reduction in fatigue resistance during
eclectrospark treatment of alloy EIk37 by short pulses must be attri-
buted to residual stresses in the surface layer and to the gas saturation
of the fused surface layer, lowering the resistance to fragility
of the metal.

In order to determine the minimal allowance necessary for
regtoration of the strength limit to its initlal value, we performed
snother series of gatigue experiments.

2
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Figure L.
Strength curves for BIN3TB material after treatment with
1050 ugec pulses; W?=O.2 je Key: 1,without separation of
layer; 2, with separation of layer to 0.1 ma; 3, with
separation of lgyer to 0.2 rr.
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Trom the results of these experiments (see figure 4) it follows that

the removal of a layer of 0.1 mm by grindinguwith subsequent polishing

Mter electrospark treatment with impulses of length 1050 psec (in this
case Ry +7 = 0.1 rm) aid not result in restoration of the strength
limit to its initisl value. This is explained by the deep penetration
of the cracks below the fused lgyer. Therefore, some of them remain
in the surface layer even after the removal of a 0.l mm allowance by
erindine and polishing. The strength limit is restored to its initial

value only after removal of a layer of 0.2 mm.

For samples treated with 130 microsecond pulses (in this case,
Ry +T 22 0,035 nm), removal of a laeyer 0.04 mm thick was seen to be
sufficient to restore the strensth limit to its initial value. The
minimal necessary allowance for final processing is determined by the
following formula:

wvhere R, is the average microcrack depth; T is the depth of the fused
layer; k is a coefficient taking the state of the surface layer into
consideration.

When treating with impulses of less than 250 psec length, k=1,
When treating with impulses over 250 microseconds in length, k equals
approxinately 2.5.

The above indicates that the pulse characteristics, especially
the pulse length, have essential influence on the fatigue resistance
of type EIL37 heat-resisting alloys.

Analozous qualitative results were obtained for alloy EI6LT.
Using long pulses (over 250 psec) for treating these alloys

mekes necessary = sisnificant inecrease in the allowance for final
processing.
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MACROSCOPIC STUDY OF CHANGES IN THE STRUCTURE
OF THE SURFACE LAYER OF STEELS AND ALLOYS
AFTER ELECTRICAL DISCHARGE CUTTING

[?ollowing is a translation of an article by I. Z. Mogi-
levskiy, Ya. L. Linetskiy and S. A. Chepovaya in the
Russian-language book Elektroiskrovaya Obrabotka lMetallov
 (Blectrical Discharge Treatment of Metals), Academy of
Sciences Publishing House, Moscow, 1963, pages 119-125.]

It has been noted more than once that during electrospark treat-
nent of metals and alloys, stong changes in the surface layers take
place /1-3/. In this article, we will analyse the results of macro-
scopic investigation of the structure of the surface layers of samples
of steels and several nickle-based alloys after cutting on an electro-
spark cutting tool with a rotating electrode disc of soft steel [E7.

The cutting disc had a diameter of 500 mm and a thickness of
1.5-2 mm. The movement of the disc was automatically regulated. The
power supply for the tool was, in almost all experiments, a reduction
transformer, connected to a full-wave selenium rectifier. For compaxison,
in some of the experiments the tool was supplied by a model GS-500
DC welding generator with independent excitation and a separate degaussing
coil.

During operation, the average voltage at the gap and the average
working current were measured (see tables 1-3). The working current
varied from +30 to %40 a, and the voltage from #2 -- 3 v, while working
in the coarsest conditions. Sometimes, due to a particle of the
material falling into the cutting zone, or as a result of a short
circuit between the disc and the work, the current reached %50--T0 a.
and the voltage, up to £3--5 v.

The working fluid used was suspended kaolin, consisting of an
aqueous solution of 50 g/l boric acid, 40 g/l borax and 450 g/l crushed
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kaolin. The working fluid was cooled, and its temperature during the
‘experiments was maintained within limits of 20--25°.

Shims were cut from the rods investigated (see fig l,a) with a
thiclness of 10--15 rm. Each shim was cut through the horizontal diametexr
of the circle; a microsection was prepared in the plane of the cut
(fig 1,b). A number of the shims were cut along vertical chord and
diameter for investigation of the structure in the direction of lowering
of the disc (fig l,c). Also, broken sections of the shims were investi~

gated.

The macrostructureof the surface of the shims was revealed by
etching. This macrostructure had three zones: the central zone, and
two outer zones which were of enother color. The outer zones were zones

of thermal influence.

Tnvestigation of the macrosections after cutting of rods of 35KhGSA
steel showed that under the same conditions, the length of the outer
zones was almost identical in thick and thin shims, but the thickness of
the outer zones was somewhat greater in shims of greater thickness; this
difference was not found with shims of over 10 mm thiclkness.

The following steels were investigated:

perlitic class -~ steels L5, 35KhGSA, U9, ULlO, KhG, 9XhS, KhVG;

martensite class -- hypoeutectoid 1CKhIVA and ledeburite KnlZF,
R1G, RY;

austenitic -- GLl3, 1KhlCHOT;

and chrome-nick  alloys Kh20wcO (EI435), EI6LT.

To show the macrostructure of carbon and alloyed steels, we used
etching with the following solutions: 2.5 g FeCl3-#lE.5 ml HCL<+25 ml
ethyl alcohol 3% HilO3; 5% H03; the macrostructure of alloy EI6LT
was clarified by electrolitic etching in a 0.1% solution of hyposulfite
with the following conditions: I=0.15 a/cmg, E=35 v, t= 15 sec; steel
type 1KhlCH9T and alloy Kh20NCO were etched with an agent of two parts
by volumne HNO3 and 3 parts by volume HCLl plus CuClp to saturation.

Teresults of cutting samples of 35KhGSA steel and hardened
steel U9 are shown in tables l=--3. '

The experiments showed that the quality of the surface of the
cut decreases with an increase in the voltage -- roughness and traces
of fusion appear. During macroscopic investigation of the surface
section in any direction (across the diameter of a separated shim
or along any chord) there appears & thin shiny layer of uneven thick-
ness. This layer is present under all cutting conditions: the thickness
of the layer- is 0.05~--0.15 mm; local areas are encountered as thick as
0.3 mm; in some places, especially near the output of the disc, this
uneven layer is not observed.
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Vlgure 1.
Plan for cutting and preparation of samples. a) disc

‘ ' o Figure 2. s

' Hacrostructure of samples of steel 35KhGSA, cut from a rod of
$ 95 mm (see table 1,2,3--400a; U ,5--500 a; 6,7-=5008;{,9-~
700&,10,11;1“--800d)o -
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‘ Figure 3.'
Influence of peripheral velocity of rotation of dlSC on the
dimensions of the thermal influence zones: sample 1, peripheral
velocity of disc © m/sec, sample 2, 30 r/sec.

‘TFigure h , | | Plvure 5

‘Ibcrostructure of samples of steel | lacrostructure of vertical section
U9, 1--200 a, 23.v; 2--300 a, 22- of shim of steel KhG. I=700a,3=22 v;
23v; 3=-400 a, 23-2uv, %~~500 a, marking of points on samples hatch-

22-23 v; 5--600&, 23-2L v, ~es figure 1,c.

_ Changes in the macrostructure after cuttlng at currents of 100 200,
300 a were limited to the appearance -of the indicated thin surface
laJer. . . _
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When coarser conditions are used (400--1,000 a), significantly
deeper strips of tapered form appear near the cut surface, their color
depending on the etching agent used. Each outer zone in this case con-
sists of two bands: a very thin light band, running almost along the
entire section, and a much deeper band of tapered form.

Teble 1. Dimensions of thermal influence zones in rods of 35 KhGSA steel
Power supply: reducing transformer with selenium rectifier.
Average working voltage 21--23 v; peripheral rotating velocity
of disc, 20 m/sec.

(c @ 30 xx 2 60 ma | @ 69 ma
lepr ) {a)‘fonumua S}A’u)«a c108, &)To.nuluua &?)«a caos.* ra.)-ronumna m-‘l caqR,
croR, MM MM C/IOR, MM MM cnos, MM MK
100 0,1 30 0,1 60 0,1 95
200 0,1 30 0,1 60 0,1 95
300 0,5°* 14 0,1 60 0,1 95
400 0,65* 18 0,8* 23 0,1 95
500 1,3 20 1,4* 46 0,1 95
600 1,5* 20 1,7+ 48 1,4* 52
700 —_ -— 1,8* 48 1,7+ 50
800 - - 2,2+ 50 2,5* 57
/

Key: a) layer thickness, mu; b) layer length, mm; c) I, a;
“gone of fusion and thermal effect.

At the point of initial disc entry in the rod, the second band
is absent; it appears approximately at the middle of the cross section
of the rod (fig. 2) and continues, constantly broadening, to the final
contact point. At the final contact point, the thickness of the band
reaches g maxirmum, after which 1t decreases. With the form of the
bands as shown in the macrosections, we will characterize their maximum

thickness as h and length as 1.

Experiment showed that increases in current and voltage causes
increases both in h and in 1 for all the structure-changing zones.
The thickness and length of the zones with the came operating conditions
vary within limits of +15%, :

The data shown in tables l--3 show that when the welding gene-
rator is used as a power supply, deeper tapered bands result. However,
it must be kept in mind that in all the printed tables, the average
current values are shown. It is known that with the same disc feed
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Table 2. Dimensions of thermal ce zones in rods of 35KhGSA steel
of Sliaveter
DC gererator type G5-500 with independent
separate series demasnitizing coll. Average

p rivheral rotating velocity of

Power supply:
excitation and
working voltage 21-~23V,
disc, 20 m/sec.

lé.") 8 G &
Togluuma cnost, ma | JLAKNG CAoST, At ’Sp' o ngmuza caost, Mu | Tl Ha Bl?ﬁﬂ. MM
! .
100 0,1 60 500 1,7* 35
200 . 0,1 60 600 1,0* 47
300 . ' '
0,7 25 700 2,1* 50
400 1,4* 27
;
Key: a) layer thickaess, :o.; b) leyer length, mn; e) Igy, a;
“gone of Tusion and therual effect

Table 3. Dimensions of thermel inTluence zone in rods of UQ steel

Average working voltase 22--2h v; peripheral rotating velocity
of aisc, 20 /scc.
(E’\ [MoHKXK awwis TpancHoPMATEp H BLIIDAMUTCIL (L‘o)uﬂroumm reHepaTop NOCTORHHOIO TOKA

(e)ep @
e& ( X‘Mu-l“l{'d CAOR, MM ‘((i }1.’1“}{3 CHOT. MM ( )‘lO}'HlHH! CioH, MM (d)nmma CJIOA, MM

100 0,1 30 0,1 30
200 0,1 a0 0,1 30
300 0,1 30 0,5* 15
400 0,8* 18 1.,6* 19
500 1,9* 17 1,7% 24
600 2,1" 25 - -

Key: a) reduction transiomier and rectifler; b) DC welding
generator; c) leyer thiclmoss, 1 d) layer length, mm;

e) Igysa; * zone of fusion and therual effect.




The diameter of the rod being cut also influences the form of
the structurally-changed zones: h decreases with increasing diameter.
Thus, in macrosections of a rod with ¢ 95 mm of 35IKGSA steel, these
zones appear only after cutting with a current of 600 a; even then, these
zones have lesser depth than with rods of the same steel but of
smaller diameter. The zone length depends on the rotating speed of

the disc.

On figure 3 are shown macrophotographs of shims of L5 steel,
$ GO ra after cutting, (500 a, 22 v) with a peripheral rotation
velocity of the disc of 9 and 30 m/sec. In the first case, the ratio
of the length of the band to the diameter of the rod is 0.8, in the second,
to 0.6; the length of the structure-change zones decreases with increase
in the rotation speed of the disc. The dependence of the thickness
of these zones on the velocity of the disc is less strongly expressed;
apparently it decreases somewhat with increasing rotation velocity.

let us analyse in greater detail the macrostructure of the
samples cut from rods with § 30 mm of hardened steel U9 (see table 3).

At the edges of these samples (fig 4) can be seen white bands,
in the shape of a section of a cylinder, embracing the entire rod.
Their thickness is on the order of 5--6 mm. These bands have no
relation to the cutting process; they are formed as a result of the
preliminary hardening of the rods are zones of complete hardening of

the U9 steel.

During cutting, the structure of these bands was changed in
the following manner. In the sample, cut at 200 a, 23 v, the ring
zone of couplete hardening remains white after etching. Under coarser
cutting conditions (300 a, 23 v), at the exit point of the disc
(point ¢, fig 1) this ring zone is bordered by dark strips from
both sides from the surface of the cut to a depth of 2--3 mm, with
the thiclkness of the darkened zone decreasing toward the edge. A
similar, but very weak, darkening of the entrance side of the cut
(point b, fig 1) was observed only with samples cut at the very
coarsest regimes. : .

Also, after cutting at 400--500 amps, the cutting surface of the
hardened samples showed light tapered bands similaxr to the bands
observed in cut samples of non-hsrdened steels.

In order to establish the configuration of the zones of
thermal influence, we studied the macrostructure in vertical sections
of the shims, that is in the direction of feed of the disc. On fig 5
are shown the structure of three macrosections of samples of KhG steel.
+ can be seen that the zone of thermal influence has maximum thick-
ness at the region of the horizontal diameter of the rod, not far
from the point of the exit of the disc (see fig 5, macrosection 3).
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At the upper and lower points of the cut rod, i. e. at the beginning and
end of the cut, the thermal influence zone is, as a rule, thinner

than in the middle portion of the section. True, in some sections,

at the end of the cur, in the region of the vertical diameter, a
thickening of the zone is observed (sea fig 5, macrosection 2)e

Data on the dimenstions of the structure-change zones in cut
samples of other types of steel and chrom -nickel alloys are shown in

table L.

As an example, in fig 6 we see the macrostructure of samples of
IM1oF steel (rods 55 X 5C), cut at currents of %00, 600 and 800 a. First
of a1l let us note that the macrostructure of this type does not appear
with all materials: on samples of steels type 1Khl8 I9T, G13, alloy
EIL35, the tapered bands are absent. The latter shows the thermal
nature of the formation of the bands, since it indicates that they
are actually zones in which certain phase or structural transformations
have taken place under the influence of heat in the cutting process.
Iaturally, in steels and alloys which have no phase or structural
sransfornations upon heating or cooling, these zones should not appear.
From this point of view, the dependence of the depth of the structure-
chenge zones on the cutting conditions becomes clear: the coarser
the cutting conditions, the more heat is liberated with each electrical
inpulse and the deeper the structure-change zone in the material

‘ The presence of a cooled fluid in the interelectrode zone has

a great mfluence on the thickness and the length of the structure-
change zone. In the case of cutting of peices in a bath, the feed
of cooling fluid to the interelectrode gap is aided by the use of
a rotating disc electrode. At the very beginning of the cut, the
fluid easily penetrates into the interelectrode zone, but with
penetration of the disc into the peice, the feed of the fluid over the
entire length of the cut becores ever more difficult. At the entrance
region of the disc into the cavity of the cut (point b, fig 1), there
is a quantity of fluid present which is sufficient for intense cooling
of the surface layers of the metal; with further movement of the disc
froa point b to point ¢, the penetration of the fluid in the gap is
hindered by the liberated gasses; also, the stream of the fluid can
be seperated from the surface of the disc. As g result, an insufficient
quantity of fluid is supplied to the exit region of thé disc; the
discharges are formed pertially in a gas-droplet medium; the surface
of the metal gives off greater quantities of heat, and its cooling
is hindered. AL the exit point of the.disc (point ¢), the feeding of
the fluid to the cutting zone is once more easier, the cooling of the
metal is made much easier. In the same way, the thiclkness of the
thernial effect zones changes: at the region of the entrance of the
disc, these zones are absent; they appear near the vertical dismeter of
the cut rod, widen toward the exit of the disc from the rod, and neer the
output point, become once more thin and decrease to nought.
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An increase in the rotating speed of the disc, within limits
depending on the viscosity of the fluid, facilitates the supply of the
liquid by the disc to the interelectrode gap, resulting in the shortening
and narrowing of the structure-change zones.

When cutting thin rods (¢ 30 :mm), when ‘the supply of the fluid
o the center of the cavity of the cut and the exit region of the disc
is easier, the structure-chenge zones are found to be still rather deep
and long. This is apparently explained by the fact that the discharges
occur closer together, due to the comparitively small dimensions of the
cavity; they occur much more often than in the case of a long cavity
in a larger diameter rod. The metal cannot ¢ool in the short interval
between impulses, resulting in an increase in the depth of the heated ’

zone in the metal.

A comparison of the thickness of tapered bands for investigated
saiples of construction and tool steels did not allow the selection
of a group of steels for which this band is least thick. It can
only be supposed that the deepest zones with changed structure (in
contrast to the structure of steels of the perlitic and carbide
classes) should be found in martensite steels (1LCKaNVA). Probably,
the true depth of the structure-change zone for a nuwiber of sanples
(for example 18KhNVA steel) is somewhat greater than that shown in
the macrosection. The trouble is that the corrosibility of some
structures in the zones of thermal influence, which arise as a result
of cutting, can differ only slighily from the corrosibility of the
portions of the metal with the initial structure; than macroscopic
investigation will not determine the exact dimensions of these structurally

chenged zones.

The depthsof the structurally-changed zones on samples of
alloy BIGLT were almost twice as small as those for sanples of 1IKhNVA
steel from rods of the same diamcier. This can be explained by the
essential difference in +he phasc transformations which take place
upon heating in these materials and the great difference in their
heat conductivity and heat capacity.

The presence of zones with changed structure in samples of steel
after electrospark treatment is seen also in breaks. On fig 7 are -
shovm breaks of a sample of 45 steel, after electrospark treatment.
Trom the photographs it can be seen that the breaks have different form
in the surface layers and the central portions. The break at the
surface is fine - crystalline, similar to the break in hardened
carbon steel, whereas the bresk in the central portion 1s macrocrystalline.

e
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Table 4. Dependence of thermal influence zone dimensions on average
current in cutting various steels and alloys

Power supply: reducing transformer with selenium rectifier;
average working voltage 21--23 v; peripheral rotating velooity of
disc 20 m/sec (F, 1 and h in mm)

; 9XC @ 90 Xl 370 XBrI" & 60 , P9 @ 60 PI8 2 60
. a

P I ! h i h l ! h I h !
400 _ 0,8 32 0,5 35 - — 1 3B i1 30
600 i,5 46 0,8 40 1,2 34 1,8 47 |2 52
800 2,8 55 2 45 2 40 2,8 52 12,5 53
1000 — — _ — - —_ — — — —

The zones with the fine-crystalline breaking have tapered form,
the depth and length depending on the conditions of the treatment. Thus,
the influence of electrospark cutting on the structure of the surface
layers can be studied both in the macrosections and in the form of
breaks.

The process of erosion of the metal in electrospark cutting
is a periodic one. At the appearance of each separate impulse, a hole
is formed, under which there is a zone of structural change in the
material.

Figure & shows the macrostructure of & portion of a sample of
ULO steel atslight magnification. It can be sharply seen that the struc-
ture-change zones in this sample consist of dark (inner) bands and
lighter (outer) bands. At the edge of the lighter band can be seen
small, also two-part, segment zones in a row, but sometimes overlapping.
These small zones are structurally changed zones which are formed as
a result of the action of individusl impulses. Above these small
zones, ‘the aressof structural change from individual impulses averlap,
resulting in the common zone which is observed as a tapered zone in
macrosections cut under coarse conditions.
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Table 4 (Continued)

X120 55x58 18XHBA @& 36 1X18HOT 7 60 Ii3 o 52 DM @ 60 | énen o8
no | no| o | | no o | e
! Emgua znnaaneu, — —_ *C.no—lqao;maanen C}t)an )on.naa- C.éo% ) onjab- _ -
: JieH JieH
1,5 42 (1,8 31 {Ho0,3 60 |do0,3] 52 |Ho0,3| 60 0,75 | 20,
2 4 (2,0 32 |Hdo0,3 60 |Ho00Q,3| 52 |[do0,3| 60 0,8 20 v
— — | 2,4 32 Ho 60 |Ho0,4] 52 Ho 6 (0,9 | 2
0,45 i 0,45 .

Key: a) layer fused.
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INVESTIGATION OF POWDERS-~-FPRODUCTS OF
SPARK EROSION MACHINING™

[?ollowing is a translation of an article by B. A. Krasyuk.
in the Russian-lunguage book Elektrolskrovaya obrabotka '
metallov (Electrical discharge treatment of metals), Academy
of Sciences publishing house, Moscow, 1963, pages 126=133.)

Statement of Problem and lMethods of Investigation

Tn the analysis of phenomena occuring during the electrical
discharge treatment of metals, great attention is turned to the
aggregate state in which the products of erosion of the product and
the electrode-instrument arrive in the interelectrode gap. '

This question can be investigated by the method of metallogrephy
of the metallic powder products of erosion of the electrodes made of
various alloys. Experiments, as described in essence below, were
performed.

Two component alloy electrodes were made, and sparks were
discharged between them with characteristics normal for the electrospark
treatment of metals, supplied by RC generators in two operating con-
ditions -- light (C=10 microfarads, Vo=120 v and Ix=4 a) and coarse
(C=200 microfarads, Vy=120 v and Iy=6 a). In the liguid state, these
components should be completely dissolved in each other, and in the
solid state they should form in the alloy a mechanical mixture, consis~
ting of a eutectic and excess (if the composition of the alloy is not
exactly eutectic) of solid solution in relation to the eutectic. Kerosine
was used as a working fluid.

% This article is written according to material contained in section 2
of & dissertation which he presented in March, 1951 at the sesion of the
academic ccuncil of the metallurgy institute imeni A. A. Baykov, Academy

" of Sciences, USSR.
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The products of the electrical erosion of these alloys can
contain both components of the alloy in each particle; but they can
also consist of particles of two types: a) the component present in
excess in comparison to the eutectic (with a small quantity of the second
component in solution) and b) particles with eutectic structure.

With a great difference in +he melting points of the eutectic.
and the excess component, when particles of the first composition
variant were found, it was assumed that the products at the moment of
separation from the electrode were either in the form of a mixture of
the component pairs, or a homogeneous liquid solution.

: The second particle composition variant would be possible in

the case when the electrical erosion took place with the separation of
individual portions of the material of the electrode in the interelectrode
gap in the melted state as each of the structural components was heated

to the liquid state.

In our experiments, we performed electrical erosion destruction
of electrodes prepared from alloys of lead and antimony, containing
respectively §9; 50. 655 12.9; 9.1 and 2.567% antimony.

The erosion products were separated by settling and washing
from the kerosine and soot, after which the microstructure of these

particles was studied.

Another group of similar experiments was performed with elec-
trodes Formed of an alloy of copper with lead and tin--tin-lead
bronze type Br0S-10-10. This alloy did not contain the antimony, which
is inclined to sublimation; in its structure were contained, in the
jnitial state, grains of a solid solutlon of tin in copper and almost
pure lead ( materials with  sharply different melting points and to
a sufficient degree stable against the action of the gasses liber-
ated during the spark discharge--products of the pyrolysis of the
kerosine). Also, the microstruciure of particles of the powder
products of the erosion of copper and iron was investigated.

Experimental Results

e chemical compositionsof the powder products of erosion of
alloys of leed with antimony are shown in table l.

“The data in table 1 show that the process of electrospark treatment
of le@d-antimony alloys results in the formation of powders which
to & great extent are different in composition from the initial mater-

ial of the electrodese.
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The composition changed in the direction of reduced antimony
content, with the exception of the processing of the first of the gbove
mentioned hypoeutectic alloys, whose initial composition contained
2.6T% antimony.

Table 1
Initial Antimony Processing Conditions Content of Antimony
Content, % in Powder, %

2.67 coarse 3.12
light 3.59

9.10 : light 9.10
coarse 5.11

12.90 light 12.80
coarse 12.00

50,65 light , L. b5
coarse 36.00

59.00 ‘ light 85.10
coarse 21.20

The microinvestigation of the powder particles showed the following.

Among the powder perticles produced in the electrospark treatment
of the lead-antimony alloy (fig 1), there is a very small quantity of
particles of solid solution based on lead. The main mass of the
products of erosion is mede up of grains whose structure is similar
to the eutectic. The same sort of picture was revealed in microinvestiga-
tions of particles of the powder obtained in the electrospark = destruction
of electrodes containing in the initial state 9.1% antimony (fig 2).

As chemical analysis showed, these perticles could not consist
of the eutectic, but rather could only be richer in lead than the normal
eutectic, a mechanical mixture--a quasieutectic, produced during
very fast cooling of individual microdrops of the melt, in the form of
& homogeneous liquid solution.

The small quantity of particles representing the lead~-rich phase
(almost pure lead) in comparison with the quantity of quasieutectic parti-
cles obtained during electrospark treatment of the hypoeutectic alloys
could be explained by the fact that the probability of separation of
the alloy during electrical discharge destruction into particles con-
sisting of the individual structursl components with different melting
points depends on the degree of difference of these points.

Since the melting points of lead  and the eutectic of lead with
antinony are relatively close (347 and 246°), during the action of
the impulse discharge on the electrode, consisting of the hypoeutectic
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alloy, the eutectic and the gréins of the lead-rich excess phase cone
tained in the initial material are fused almost simultaneously.

From the erosion-destroyed surface of the electrode, microdrops
of a liquid solution with hypoeutectic composition were thrown off into
the interelectrode- gap. The process of difusion in this case managed
to sufficiently equalize the composition of the microdrops across
their section that each drop became a droplet of a homogeneous
liquid solution.,

Figure 1. _
Microstructure of particles of the powder obtained in the
electroerosion destruction of lead-antimony alloy (antiviony,

3,12%) (X 100). '

, Thanks to the rapid cooling of the wmicrodrops by the kerosine, the
eutectic formations in each drop of the solution was not isolated, and
the quasieutectic structure resulted. -

In the hypereutectic alloy of lead and antimony, on the other
hand, microinvestigation revealed a significant nuwber of particles
of a powder consisting of the antimony-rich hypereutectic phase-- the
solid solution. The reason for this phenosenon was the great difference
in the melting point .of the eutectic (2472°) and the hypereutectic
structural component rich in antiinony, whose melting point is 531° C.
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Particles of powder from en alloy containing 9.1% antimony
(remainder lead; X 80
\ Ed

- Ficure 3
Parivicles of antimony condensate ( X 135,000)
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Let us further anglyse the question of the disappearance of one of
the components of a heterogencous alloy, when the chemical composition ‘
of the powder obtained by electrospark treatment is different from
the composition of the crushed alloy.

A good example of this disappearance is the case of the crushing
of the alloy of lead with antimony, contalning in the initial state
e . . - .
£9% antimony, in which coarse electrospark treatment yields a powder

with an antimony content of only 21.20.

+ was natural to assurme in the given case that a portion of the
antimony disappeared due to being transformed to the vepor state; not
being condensed in the form of more or less lerge particles, the anti-
mony formed very small particles whaich formed a sort of suspension in

the working fluid.

Spectral analysis of the filtered working fluid showed the
presence of a significant gquantity of antimony.

Electron microscope investigation of samples showed that the
kerosine contained particles of antimony with rectangular crystalline
form in the form of a suspension (fig 3).

As was stated, the investigation of erosion products was performed
with electrodes of tin-lead bronze BrOS 10-10 containing on the average
10% tin and 10% leadas well as with electrodes of the lead-antimony

alloys.

In the alloys of copper with leed, first a tiny gquantity of
lead can be dissolved in the solid sbtate at room termperature. In the
melts there is not full mutual solubility, and stratification of the
1liquid alloys is observed in then through a wide range of concentrations.

During hardening of alloys of copper with lead, containing less
- !
than 92.5% lead, at o54° crystels of almost pure copper are formed.

In 2lloys of copper with lead, a monotectic reaction takes place
at 95k°, resulting in the crystallization of the main mass of the
copper; the concentration of tae lezd in the liquid phase increases
to 92.5%.

With further cooling of the alloy, a certain quantity of copper
will be additionally separated fron the lead-rich remaining liguid
solution, and from the crystals of the solid solution of lead in
copper a certain quantity of melted crystals of the high-lead component
will be separated. The alloy is fully hardened only as 325°, when the
separation of almost all the copper Ifron the nelt is completed.

An alloy of the lead bronze type, cooled to room tenperature,
has a two-phase structure, one of the components being copper-rich
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solid solution crystals, the other aliost pure lead.

When lead bronze is heated, its melting begins with the trans-
formation of the nearly pure lead inclusions to the liquid state.

The presence in the alloy of a certain guantity of tin, for
example 9-109% tin as in tin-lcad-bronze type BrOS 10-10 in addition
40 the lead and copper, does not essentially change the character of the
processes described above. In Dr0S 10-10 bronze, the high-copper
phase in the solid and liquid state contains the third component, tin,
in solution; the temperature of its transformation from the solid to
the liquid state, and back, are somewhat altered in comparison with the
temperatures of the liguidus and solidus curves for the anslogous:
binary copper-lead alloy.

In analysis of the powder particles of the erosion product:
of tin-lead bronze it was scen that its chemical composition is close
to that of the initial electrode naterial. Almost the entire mass of
the erosion products sould be separated from the working fluid (kero-
sine) by settling and filtering. This allowed the supposition that the
quantity of the products of erosion of the meterial of the electrodes
depends in electrospark treatment on the tendency to sublimation of the
components of the alloy from which the electrodes are made.

In separating the products of erosion of tin-lead bronze, the
naked eye can distinguish sepsratc shiny scales. In places, these
scales were seen among other, smaller powder particles == products
of erosion. licroinvestigation showed thab these scales were particles
of the erystals of the high~-copper phase which had not been fused. The
scales were shiny, since on their surface dearly appeared breaks
along the planes of cleavage of tie crystalls.

The mechanism of fhrmation of the scales can be represented thus.

Under the action of the discharges on the electrode made of
tin-lead bronze, local heating caused first of all the fusion of
the inclusions of the easily melted component of the alloy in the
heated zone -- the leed-rich phase. TFurther, the grains of the
copper rich phase in the heated zone were melted, first of all near
the locations of the inclusions of the high-lead phase.

The sudden thermal expansion of the heated pariticles of the
hard-to-melt phase in combination with the forces acting on the eroding
electrode, in the area near the "spot" of the discharge, created in
some parts of the material of the electrode stresses sufficient for
mechanical breakoff of particles of the solid phase from the crystals
of the solid solution, rich in copper. Tnese particles fell into the
working fluid without having been heated to a temperature sufficient
for melting.
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The relative quantity of hollow particles in powders in meny cases
can be rather great; in copper powder produced by electrical discharge,
for example, it can be 10 to 30% of the overall quantity of particles
in a powder sauple.

The presence of hollow particles among erosion products we
explained thus. It can be assumed thal a part of the gasses
liberated in the interelectrode gap as a result of the action of the
discharge on the working fluid under great pressure is dissolved in
the mierodrops of metal present in the interelectrode gap. The particles
thrown from the body of the electrode are rapidly cooled and in some
of them cavities of the shell type remain. -

When a microdrop of metal in the interelectrode gap begins to
cool, the pressure of the surrounding gasses is reduced; then the
small gas bubbles in the microdrop greatly increase in volune.

However, the interaction of the gas phase ard the microdrop of
melt thrown off in the interelectrode gap may not be limited to solution
of the gasses in the melt.

Casses sepersted in liguid :edia during electrical discharges
can, as we discovered, react with the material of the surface layers
of the electrodes and with the products of electrical erosion of
the metals. IEspecially, for exauple, in 1945 we established the
possibility of cementing, nitrating or diffusion alloying the surface
layers of the material of metal products with various elements.

During such electrospark alloying of metal, the elements which were

+o saturate the surface layers of the materials of the products had to
be present in the working fluid used as a mediwn for processing (see
the description of author's certificate No 70270, 16 Januery 1946,
issued to B. A. Krasyuk and B. R. Lazarenko).

As a result of the chemical interaction of pariicles of the
erosion products of iron with the gaseous products of pyrolysis and
cracking of kerosine, the iron powder produced by the electrical
discharsge method in kerosine or mineral oil was always found to
be somewhai carburized. The carburization can be prevented by using
as a working fluid a mixture of a hydrocarbon with certain othexr
additives, if gasses are formed by the electrical discharge which
have no cementing action.

Conclusions

1. During the electrical discharge treatment of metals, the
erosion products are present in the discharge gap partially in the
vepor state, sometimes (in small quantities) in the form of solid
particles, mechanically separated from the electrodes, and mainly in
the form of microdrops of fused metal.
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Figure 6.
Section of particles of iron powder (x 320),

. 2+ The process of vaporization of electrodes made of metal
alloys takes place selectively during electrical discharge treatment,
primarily in the components of the alloy which are more inclined to
sublimation. The chemical composition of the powder products of
erosion as separated from the working fluid by settling and filitration
are different from the inltisl composition of the material of the
eroded electrodes: the erosion products are relatively richer in the
component or components least inclined to sublimation.

3. If the individual structural components of the electrode
material have similar melting points, intense diffusion will take
place in the micro-drops in the time interval between local melting
of the electrode and the beginning of crystallization of the micro-
drops in the working fluid. In this way, the microdrops of liquid
solution can become homogeneous. :

Lk, If the melting points of the individual structursl
components of which the electrodes are made are sharply different,
the powder erosion products will consist mainly of particles of the
individual structural components of the initial materials of the

electrodes.

5. During electrical discharge treatment, ejection of at
least a part of the melt from the heated zone on the electrode, occurs in
the presence of high-pressufe gasses, which act on the melt.

For this reason, the melt can contain large quantities of
dissolved gesses, and the gas bubbles which form in some micro-drops
are able further, with reduction of the pressure in the interelectrode
gap, to transform these cooling particles into thin-walled, hollow

metal spheres.
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6. The composition of the surface layers of the particles thrown
off in the discharge gap can be changed due to their chemical inter-
action with the gas phase which fills the interedectrode gap at
times. By changing the composition of the liquid medium it is
possible to change the composition of the gas phase which is formed in
the vicinity of the discharge chamnel in some desired direction. It is
thus possible to influence the results of the unique gas chemical~
thermal processes which are undergone by the particles of the erosion

products.
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ION BEAM DRILLING

[Following is a translation of en article by V. K. Popov and

M, . Kalinychev in the russian-language book Elektrolskrovaya
Obrazbotka ietallov (Electrical Discharge Treatment of Metals),
Acadeny of ociemces publishing house, Moscow, 1963, pages 161-166.]

Introduction

The most widely used method of producing holes of diametexr over
100 mm is the electrical discharge method [1]. Its usage for the produc~
+ion of holes with diameter less than 30 microns is difficult. The
production of holes less than o5 picroas in diameter is as yet impossible
due to the low rigidity of the electrode instrument, which is in
this case a thin wire. Also, electrical discharge treatment is per-
formed in a medium of kerosine, regquiring chemical cleaning of the
treated parts, which leads to increases in the hole diameters.

The following technological approach 1s sometimes used to obtain
very small hole diameters: electrical discharge treatment is used to
produce & hole 50-50 microns in diameter, which is then reduced to
1¢~30 microns by deposition. This rmethod can be used only for the
production of individuel holes in rather ductile materials.

The method of chemical etching Zé7 is usable only for thin foils
and requires very exact preparation of the working instrument for
deformation -- the diarmond indentor. The mininum dizmeter hole which
can be produced by this method is 4 microns. + is fully obvious
+that the usage of chemical atching for the production of holes on the
order of several dozens of microns is inexpedient, due to the etching of
the part itself, and in thick parts is completely impossible.

+ ig known that a well-focused lon stream, directed at the
surface of metzl can produce a depression, and if the metal is thin
enough, a hole /3/. The destruction of the material (treatment) in
this case is performed by ions of gas, focused and accelerated by a
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strong electrical field., This principle is +h:e bhasis for the hole-
cutting apparatus shown in figure 1. The wminimus diameter of hole waich
can be cut on this machine is equal to 5 microns.

Frinciple of Operation and Power Characteristics of tue Ion Gun

At the basis of the treatiment process is the phenomenon of cathode
thermionic emission. 1In the given construction, the so called cas
discharge 1s used [h » Walch exists only in a definite range of pressures
and high potential difference. The principle of operation and construcs
tion of the ion gun can be seen in figure 2.

Figure 1
Apparatus for ion production of nmicron holes.
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The ion gun is a dielectrode optical sistem, in which anode 1
has a cavity which is the ion source, and cathode 2 has a round aperture
for the outflow of the ions. The part to be treated 3, which is under
the cathode potential, closely adjoins the cathode surface.: The dimensions
of the aperture in the anode ere so selected that its length is at least
three times its diameter, and the ratio of the aperture diameter to
the diameter of the outflow aperture is within limits of l--3. Ionization
of a molecule of gas is performed by electrons vhich erise as a result
of cold emission from the cathode. The distance between the planes
of the cathode and anode is such that at the given gas pressure 1t
is less than the free path of the electrons. Therefore, no discharge
occurs in the area between the cathode and anode. The electrons which
srrive in the anode aperture ionize the gas molecules, since the length
of the electron free parh is less than the path which it would have
to travel to arrive at the walls of the aperiture. Consequently,
the anode aperture is a sort of ion source. Since the coltage between
the electrodes is 0.5--15 kv and the strong electrical field penetrates
deeply into the aperture, the lons are extracted from the aperture, are
accelerated and, passing through the space between the electrodes, are
focused in a very narrow conical beam with a focal point above the
cathode. As a result of the ion bombardment on the part, a small
conical hole of parallel form with a shiny inner surface is formed, the
jnner surface corresponding to class 9--10 cleanliness. ‘

Since the destruction of the material is performed by gas
ions, it is obviously necessary to know the electrical parameters of
the ion gun and their commnection with the productivity of the operation.

The magnitude of the total ion current will be determined by
_the state of the interelectrode gap. i. e. the gas pressure and the
intensity of the ionizer. To elucidate the character of the discharge,
it is necessary first of all to know the volt-ampere characteristics.
In taking the characteristics, it is necessary to consider the current
distribution (fig 2). The portion of the current which flows through
the anode-part circuit is the working current. Only the ions which
hit the part perform useful work in the puncturing of the material.

The total current will include both the working current and the’
portion of the current which is cut off at the cathode. The volt=-
ampere characteristics, shown in fig 3, were taken only in the pressure
range in which hindered thermionic emission takes place. (On all
graphs, the pressure in the chamber is shown in divisions of the middle
scale of the VI-2 vacuumeter.) As can be seen from fig 3, at assigned
constant pressure there is a direct proportional dependence between the
working current and the coltage on the gun. The lower the pressure in
the chamber, the more sharply the characteristics change. At a vacuun
approximately equal to 0.5 mm Ig (7 and 9 divisions on the vecuimeter),
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the voltage on the gun practically remains constant; at a vacuum of
approximately 0.05 mm Hg (14 and 15 divisions of the scale), small
changes in voltage (for example, by 3 kv) lead to a sharp increase in
the working current from 250 to 450 microamps.
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Figure 2 Figure 3
Plan of ion gun. a) to accumlator; Volt-ampere characteristic. (pres-
b) to pump. sure shown in divisions of middle

scale of VT-2 vacuumeter).

One and the same working current may be produced at various
pressures in the chamber, but at low vacuun, the voltage on the gun is
slight and the total power of the ion gun is low. This condition of
operation is not advisable from the technological point of view. With an
inerease in the vacuum, the accelerating volitage increases and, conse-
quently, the kinetic energy of the ions increases, wvhich, undoubtably,
increases the . intensity of removal of material from the part. This
regularity is more fully showm on figure L, It can be seen from the
graphs that the are of pressures from divisions 7 to 10 are clearly
unsuitable, since the total power of the ion gun will not exceed 2 watts.
At the same tine, at a higher vacuum, equal to 0.05 nm Hg, the power of
the ion beam is increased to 10--13 watts, which significantly accelerates

the process of treatment.

Working in the pressure range 0.5--0.05 mm Hg as suitable also
because the share of working current in the total current increases
with an increase in the vacuum. As is shown in fig 5, at pressures near
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0.5 mn Hg, 30% of the total current is used for treatment of the part.
This is explained by the insufficient focusing of the ion beam, since
the resistance of the discharge gap is low and, consequently, the
tension of the electrical fielld between the electrodes of the gun is
also low. With increasing vacuum, the resistance of the discharge

gap is sharply increased, field intensity increases, and focubing

of the gun is improved. At pressures near 0.05 mm Hg (divisions 13 and
15), the working current is 75--05% of the total current.
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Figure L Figure 5
Dependence of ion beam power Change in I;; with increasing vacuum
on chamber pressure Tt

The volt-ampere characteristics are also used to define the
range of existence of the discharge used for material processing.
t pressures near atmospheric, the discharge occurs at voltages nearly
coineiding with the potential for ionization of the given gasses. But
due to the fact that the field strength is very slight, the ion beam is
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poorly focused, the kinetic energy of the ions is slight, -and processing
is iwvpossible. Increasing the current in this case leads only to
intense heating of the part in the area of ion bombardment. Therefore
the ion boundary of the vacuwn can be considered as 0.5 mn Hg.

At pressures less than 0,05 mm Hg, the discharge is unstable,
since the nuwber of gas molecules is insufficient to support a stable
gas discharge. With further increase of the vacuum (near 0,02 mm Hg),
the discharge no longer occurs even at gun voltages of 30 kv. In
connection with this, it can be stated approximately that the working

range of the gun is 0.5-=0.05 rm Hg.

Technological Characteristics of llethod 5

The intensity of the removal of metal depends on the kinetic
energy of the ions and the magnitude of the ion current. It is
obvious that increases in voltage and current accelerate the process
of hole production, but great increases in the voltage cause the
appearance of hard X-rays, and increases in the ion current hinder
focusing of the beam. Therefore in practice, the voltage to the
gun should not exceed 15 kv, and the current should not exceed 1000 micro-
arperes. The magnitude of the ion current depends on the pressure
within the chasber (0.05 0.05 rm llg), so that by regulating the gas
feed from the accumulator it isspossible to regulate the ion current from
50 to 1000 microsamps. Currents from 50 to 200 the "soft'" condition
range, are used for penetration of material of small thickness (0.5 mm),
when holes of 5--C microns diameter must be produced. The penetration
of thicker material (up to 0.5 mm /sic/) requires greater current
to speed up the process.

Approximate conditions and time necessary for treatment of
various materials are showmn in the teble.

The accuracy and cleanliness of the surface of the holes produced
depends on the electrical conditions, on the structure of the initial
material, on the accuracy of manufacture and assembly of the ion gun,
on the pressure of the gas within the chamber and on a number of other
Tactors. If the process takes place at a pressure on the order of 0.5 mm
He, oxidation of the surface of active materials is possible. When the
pressure was decreased to 0.05 mm Hg, oxidation was not observed. In order
to eliminate oxidation when working ir any operating conditions, the
charber must be filled with a neutral gas (Ar, Cl) and fed during
the treatment process.

The structure of the initilal material also influences the
accuracy of the holes obtained. With large-grain material structure,
the material is more actively destroyed at the grain boundaries, and
the hole can be made off-round, with projecting edges. When small-
grained material is processed, as a rule, round holes are formed.
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e diameter of the holes is controlled visually directly during the
treatment process with the help of a binocular microscope. The initial
dizmeter of the hole is on the order of 3 microns. Further bombardment
causes the diameter to increase %o the required size, the diameter
being controllable to an accuracy of l--2 microns.

Table
. N8ud d

(a)MaTcpuan Jk!.(r’}_?;%"”:'",, .,‘nls.'%c‘fﬂ?« ”S"p%:c""c' TO(K? zmu F‘;ﬂ"':'
g/Mexs M, MB . . . . .. ... 0,5 65 13 600 15
N)Huxpom . . . . . oo v v v W ./ 0,03 30 7—10,3 | 400—200 3
i)Boavdpam . . . . . oo L 0,03 10 5,6 100 12
JI)Twraw . . . . o o oL 0,1 50 16 800 60
k)Tepmanuit . . . v . v v v o b . 0,45 50 8,7 300 12--14
1 )Kepamuka cteatdt . . . . . . . . 0,28 25 6.3—7 150—200] 25
MICTEKAD + « v o o o v o o o o 04D 30 7—8,7 | 200—300 90
n)Cr. IXISHOT . . .. ... .. 0,33 30 10.5 400 -

Key: a) material; b) part thickness, rm; c) hole diameter, microns;
a) voltage, kv; e) current, microamperes; T) time, minutes;

g) copper MI, }MB; h) nichrowe; i) tungsten; j) titanium; K)
germaniun; 1) steatite ceramic; m) glass; n) 1Kh1CN9T steel.

llote: pressure in the working chamber was 2410-1 m Hg.

As can be seen from the table, the times and working conditions
for various materials are different. Such materials as Cu, W, Mo, Ge
nichrome and Ta are easily broken down by the action of the ion bombard-
ment. Such materials as titanium, stainless steel, glass and silicon
are much harder to process. In processing glass, ceramics and other non-
conducting materials, it must be kept in mind that the presence of the
dielectric distorts the electric field on the cathode portion of the
gun, and the ion beam is partially defocused. In order to improve the
focus, it is recommended that one side of the part be covered with
a thin f£ilm of gallium or g mixture of gallium and indium. The thin
conducting layer restores the electric field, and allows perforation
of the same small holes in dielectrics as in metals.

Preliminary results obtained in tests of the ion method of
producing holes allow the following conclusions to be mede.

A well focused ion beam can be successfully used for measured .
treatment of metals. '
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In creation of an industrial apparatus for the ion perforation
of materials, it will be necessary first of all to increase productivity
and assure automatic control of the hole diameter.

The ion perforation method assures vacuum cleanliness of the
treated part and requires no subsequent chemical processing as is
needed with electrical discharge perforation.

A great advantage of the ion method is its ability to be used
for processing of both metals and non-metallic materials.

The main deficiency of the method is its small productivity
and the great conicity of the holes produced.
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