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ABSTRACT
Eight comp051t10ns of copper-tungsten composites; eight COmposi;
tions of silver-tungsten composites, as'well,as copper silver and

tungsten tool electrodes were used to machine copper .and molybdenum

workpieces.. The objective of the investigation wasﬂto define the

trical conductivity,

The copper-tungsten and silver-tungsten materials gave wea%

of cohesive energy and electrical conductivity. A possible explana-
tion based on the capillarity of the tungsten matrix trapping and

forc1ng the 1nf11trant to vaporize is proposed Also the possi- -

and the'discharge channel pressure is discussed.
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INTRODﬁC$ION
.iT@e'Electrical Discnarge Machining Process j\ i$ff f . “uf N §
W,Electrical discharge_macnining (EDM), a process ofimateriaff | :‘ %
removai by electric spark erosion, was developed in Russia during _ %
anduimmediately after World War IIl.t The proc ess was gradually . ‘é
adopted by'industry oUtside of Russia and is now a well established ~"-- g
material re;oval process, especially in thevdie sinking industry. | - ; é
The basic attribnte of electric spark erosion is that no known %
materia' can withstand the electro-thermal release of energy.causedu i &\y é
by a spark-discharge between two closely spacedﬂelectrodesz. ‘ihe :' o ?
amount of material'removed;by each spark is minnte, but successive ?
“application:of;sparks at a hign frequency will result in'significant“ %
Aﬁaterial'removal. Some of the factors aifecting the amount of §
.. | material removed are: .' | . | o §
I 1. The intensit& and‘the~duration of the spark° i
' 2. The polarity of'the electrodet ] %
_ | | ]
3. The intrinsic material propertiesiof the eleCtrodes. %
| ..4. The dielectric medium in-which the spark breakdown occurs} |
Conditions common to most EDM processes are; (1) the polarity
-

of the tool electrode is negative and the workpiece electrode is | - o
positive, (2) the dielectric is. liquid (usually similar to kerosene)

These conditions generally cause more materlal to be removed from
rthe'workpiece than -from theitool."The wear between the tool and - o §

the‘workpiece is commonly measured By_the volumetriC‘wear'rat103r~ RS ;

D
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L ﬁy‘ -

where

— volume of workpiece material removed
volume of tool material removed .

‘Wear Ratio (WR) =

Most of the literature on Eﬁe‘wéér ratio in EDM 1s concerned

with the effects of spark intensity and spark duration4. As a

result, the effects of the sparkvariables_iiirelatively well defined.

However, the effect of material properties on the wear ratio is not |

/

~

well defined and is still subject to controversy.

Revi&w of the Literature

Literature on EDM is beset with a ‘lack of common agreement in
regard to the thedry; A good review of EDM theories is given by

Hills.

In recent years most investigétOrsihavé come to generally accept
that EDM is basically a thermal process®. However, mechanical forces

PN

cannot be overlooked. Longfellow7vfound that low-strength, brittle
materials such as antimony, bismuth and tellurium exhibited material

removal by fracture.
In a general review of the theoretical aSpect of erosion by a

thermal process, Nekrashevich and Bakuto6 state that a thermal the&%y

should be based on the eqﬁatioh

et

&

aT/at - -5%5— [div ( N\ grad T) + ﬂ.P(T)J’?]

N

- Where:

e heat capacity of the material

)

density of the material |

e E e O T T N e e el

R R R T e N SR A L A AR S A ARG S R S T AT A




N = thermal-conductivity.of the material

p. = electriégl fegistiVify of the material ;
j. = current density of the spark

7 = thermal equivalent of mechanicallefk |

t = time ’

T = temperature.
_Although thiS;GQUation.ismdiificuit, if not impossible, to solve in

a gggeral way3ﬁapproximafe'splutions.haVé been_obtained by making

-a large number of s'implifying”éssumptions° The~mOSf notable solution; .

3

“due;to.A,‘S. Zingerman of the Léningrad Cine-Engineers InStitute,

| is reVieWed by Berghaﬁsen et 318. Zingerman'éibaSic-ASSumptidh is
,t that the Joule heafing,éffegtis not significant, thus, the second
éerm in the aboyé equation éan be_drbppedg With this simplificatioﬁ,

‘the above equation can be reduced to:
| 2 '
AT/t = MV 'T)/cS$.

- Then by assuming that;'(l)jc;Lk;éhdxb érelconstanfs, (2) the'sparkr.
can be represented‘byaplane,\circular ﬁeat.source, and (3) the
electrode can be réprésenteduby&an_infinite metallic soiid;
iZingefman derivég an expresSion for the tiypefature ét any”depth;w~
in the‘materiai.. On thé assumption that all the material is re-
fm°§éd in the molten stat?uand knowing the crater'shape (cbnical;
‘parabolic, etc.), the amqunf oi;mater1a1 eroded pef spark can be -

-
" i

estimated.

1
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| ‘The details of Zingerman'S‘derivation'are too involved to

| A L L | v‘ ' _
develop ‘here, but the most'often cited result of his work is

F = 1:13'(6<:X5§(Th +q/éc);

.‘where F is a.figure of merit eXpreseing the resistance of the mate~
rial to EDM‘eroeion; Tﬁ is the melting noint of the material, 'q
is the latent heat ofifusicn oi the material,.and the,remaining terms,
( 6,Lc, and X\ ) are as previouely defined. hater, Zingermang'ektended
his theory to include material eroded hy both vaporlzation and melt-
ing. However,‘this extension leads iteelf to verification by vary-‘
ing the spark inten51ty and duration rather than by varying the

h material prcperties of the electrodes ,, thus, it is of little.value
in this investigation{“ |

.'Using.the energy balanceapproech,‘Jones;O derivedcthe following

~relation for the material'removed'perwSpark. !

| S . |
v =[W-bo" - qx(6-1]/8 [c (8-1) + 216/M]
where v is the volume of material removed
W = energy of the spark | e

6

boiling point of the materiali

T = initial temperature of the material -
?
P

= density of the material

O
)

'}e~' C M= mclecular weight of,the material

thermal conductivity of the material -

el
[

o]
"

heat capacity of the material

At
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'b and g are constants determined by the area of the
spark, and the emissivity of the material.
N |
The basic‘limiting assumptions in Jonesfs_derivation are that: (1)
the~anode and cathode are of the same material and (2) the duration
of the pulse should exceed 10 3 seconds. Also his derivation is an
ertension of electric contact-erosion theory and the direct.appli—
cation of this to EDM is subject to question Other derivations
based on themodynamic considerations are given in the Russian 1iter-
ature and a good reView,is'iound in Nekrashervich's paper6¢~-

o Experimental work_relating the matexdallproperties of’the'
electrodes to the,wear‘ratio supports_the thermaliprocess-theoryhin
general. Williams and Smith.ll machined with pure metalsfand'metal
alloys using short; lom power sparks and a.kerosene'dielectric.
They concluded that cathode (tool) erosion depends in a general
way upon the melting point of the material,

s | Price12 machinedawith tungsten, copper, palladium, and'five
Lcopper-palladium alloys using short pulses and a dielectric similar
to kerosene. Price concluded that prior defonmation -and thé

erder-diSOTaer transformation in theCu-Pd system had little,effect

on the wear_ratioo In addition he found that wear ratio was depen-

C dent on the cohesive energy of the anode (work piece) in an inverse

manner, c DU ; | S y ] } -




i
3

¥

limited‘to low-strength,'brittle materialS- longfellow concludeol
- S Vit ?

that those physical properties of an electrode material which govern

the wear ratio in EDM are:
(a) The cohesive energyvof the“tool and the cohesive energy of

the @orkpiece,'related‘in a general manner,’by

— .

Cohesive energy of the tool

wear Ratio = A

Cohesive energy of the workpiece
- Py ' '

where A and B are constants‘dependent on the work-
piece machined,

(b) The-electricalgconductivity of-the.electrode materials,

- ot : o
(c) The mechanical strength and toughness of the electpoﬁe

materials. \
(d) The ratio of the boi ling point to melting point of the X

electrode materials. *

‘wThe literature cited presents eVidence-thet the thermal and

4

‘electrical properties are significant material properties affecting

]

,wear'ratio. ‘However, there is still much room for definitlve inves-

tlgations relatlng the wear ratio to these propertles The purpose
of this investigation is to attempt to define the effects of the
cohesive energy and the electrical conductivity of‘the-tool (cathode)

on the wear ratio,

ﬁesired Experimental Criteria
Much of the experimental effort 1n EDM has been difficult to

interpret as a result of the 1nab111ty to control the parameters

-involved in the process. It was believed that to produce reliable;.

]

-




8"
h definitive results the following conditions should be observed
| 1. The intensity of the spark, which is determined primarily
by the current; should be constant for each pulse. |
2. The total number of machining pulses should be kept to a o
minimum value to prevent cavityidepth effects (i e., residue
collecting in the gap due to poor dielectric circulation)
- 3. The range of materials to be tested should have a significant .
, w :
and predictable variation of the parameters to be investi—
gated |
The first requirement»oa&be-satisfied bf refinement and sophis-.
! htioation of the equipmént used. It was felt that the last require-
ment could be met by selecting various compositions of silver—tungsten
" “and copper—tungsten binary composites for tools.
” ¥ .
e ‘. ) N
e A
[

|
!
; . .
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EXPERIMENTAL PROCEDURE

Tool Materials

in a given composi te system cannot be variéd‘independegtly, as both

- are dependent on the volume fraction of-infiltrant. Therefore,

Various.compositiOns'offsilver-tungsten and=copper—tungstenA

' composites, which consist of a tuhgsten~matrix infiltrated with

copper or silver, were chosen as tool materials. Fabrication in

this manner is possible over a range of about 0.20 to 0.65 volume

‘fréction of infiltrant.  These materials were selected for the fol-

ldwing reasons:
1. The condﬁcfi§ity (electrical aﬁd'thermal) vary<as'near |
linear fUnaiions of the volumé fraction o¥ infiltrant.
i2. It was assumed fhat.the.effective cohesive energy* of
the infiltrated mater{éls could be varied linearly as
. @ function of the volume fraction of ihfiltrant.
 3,;A complete,definitive_inyestigétioﬂ of theiEDM wear
ratios fOf silvef—tpngsten and'copper—tuﬂésten 1nfiltrated!A
~material has not beenzrepérted in fhe lfferatufe.

Also sillver, copper, and tungsten were.used to provide end point wear

ratio data for each composition range.

The_effective cohesive energy and the electrical conductivity

s -

using the. two systems, silver-tungsten and copper-tungsten,.allows

_ *The term "effective cohesive énergy"‘means,the energy required to

Sublimate the material at 298%K. It is assumed that the materials

. sublimate without interaction..

o Lt . e
2l > e o S A Eniy .
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one to select; (1) compositions with equivalent effective cohesive | f i

energies or (2) compositions with equivalent electrical conduc- .. R
tivities. The properties of the composi te materials are listed in -

L)

w—

Table I, and the properties of the elemental .materials are listed

w

. . ;_'35
z oy

. |
5

o4

)

) )

Copper and molybdenum were seléoted aSVWOrkpiece materials for

in Table 1I.

Wdrkpiece Materials

DT T LA ey
R R B TR,

RN

the following reasons:

7

1. They are both considered relativelyggood conduCtors, but

oot e D DAL AN e o, B e LSy

‘there is a significant difference in their electrical . Aé

conductivity. IR o N S | ;

2, They both havegSufficient“mechanical strength to minimize

o material removal by mechanical means (i.e., by fracturing

% ’ v

from the mechanical forces generated by the spark) - -

3 Their cohesive energies are significantly different,

i s RedR R Y A T,

. . 4 They serve as a continuity link between the investigation

. | |
and Longfellow S 1nvestigation, since Longfellow used

PN NS A AN T

Lo copper and molybdenum workpieces (among others). °

g | m The properties of these materials are also listed in Table II.

Material Specifications

| ,_ o | "The tungsten, copper, ' and silver used in the infiltrated tool
material were:manufactured by the Mallory Metallurgical Company s

-

’standard procedure for these materials. Previous metallurgical

history of this material such as particle size distribution of the

. tungsten powder, compaction methods, sintering times, and iniiltra-

L
. . .

. i
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ition methods were not given. Tool samples with a 0.125 inch square

cross-section and 1.2511nches long were cut from the infiltrated
material supplied.
" The tungsten, copper, and silver tools used to obtain end

point wear ratios were of 99,5%4purity. These tools were 0.125 in. |

1in diameter and approximately 1.25 in. long. The molybdenum and

copper wprkpieceswwere of 99.5% purity. The worﬁpieces were 0.25 in:

. : .
ip_diameter]and:O.zs in. long.
-~ Description of the EDM Equipment - - | L -

The power supply used in this investigation was a modified
resistance-capacitance (RC) circuit., The primary mgdification'was
the addition of an electronic switch to discharge the capacitor into

the electrode gap. The»electrOnicvSWitchgconsisted of a silicon

3controlled rectffier (SCR), triggered through'a,pulse'transformer

' from a (Hewlette:Packard, Model 214A) pulse generatorl The trig-

gering pulse was approximately four microseconds in duration with

a repetition frequency of 500 cycleS/second.' The purpose of this

modification was to allow the voltage on the;capacitor to recharge .

to.the Same voltageﬁprior'toieach discharge. |

The capacitor used in this circuit was spe01fically designed ’

for pulse applicatlons. The capacitor was recharged after each

oY

"spark through a 900 ohm res1§tor from a 325 v. d c., O, 5 ampere

FREE

electronically regulated power supply (Lambda ‘model C-282M).

To moni tor and<measure'the discharge current,‘a wide-band

coaxialwtype shunt was used. The design of the shunt was similar




‘was used.

" to Park's'®, and hes frequency response of d.c. to 2 megacycles/

Y

seccnd.f_This-shunt was made a permanent part of the discharge

circuitry. ' The shunt, capacitor, and SCR switch were mounted -in

the dielectric tank adjacent to the machining gap. Connections were

made with short, heavy copper leads to reduce external resistance

——n

and inductance.

A schematic of the SCR switch, capacitor, and current shunt
combined with a block diagram of the d, c. power supply and pulse

generator is shown in Figure 1. The discharge current and gap.
% ) : _ : ; 'f |
voltage are shown in Figure 2 for 4 typical machining pulse. Note

the peak»current is approximately 200 amperes and 'has the character-
istic shape of an overdamped circuit (i.e., the current is uni—

directional) which prevents the adverse polarity reversal effects

fmentioned by Pricelzﬂ | | | ;

-

The primary disadvantage of the modified RC circuit is the

'difficulty of obtaining an average gap voltage sufficient to drive

existing sevo systems. To illustrate the problem consider a

breakdcwn-recharge cycle. The breakdown of the gap is of approx-

:imately O microseconds duration with an average voltage of approx-ﬁ
imatelyzo volts. On the other hand the recharge period is approx-

-imately 1995 microseconds and the gap vOltage is zero. - Thus the

average gap, voltage is 0.05 volts which is not sufficient for most

servo systems. To sclve.this problem a "sample and’hcfdﬁwteChniquef

~liny

5
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‘electrode spacing for spark breakdown.

13 | |
4 L

The "sample and hold" technique consisted of connecting a

capacitor to the gap with an electronic (transistor}“switdh ip

'synchonous.with, and during the first 3 microSébonds of the gap

o

breakdbwn. This allows ‘the capacitor to chapge to the average

‘voltage of the gap during the machining pulse; Then'the capacitor
is disconnected from the gap and this voltage is "held" until the i

‘neit machining pulse. The'average vol tage derived by this method

A . 4

(about 20 volts) was quite sufficient'to'drive‘the‘servo used,
Tﬁe SerVOoamplifiQr,'the“servo drive motor, and:the quill were

part .of én Agiepuls EDM machine (manufactured'by the Agie Company,‘

fLosqne-Locarno, Switzerland). The Agiepuls servo amplifier was
- modified to use the "sample and hold" voltage as a gap éignal which,

- 1n turn, operated the servo drive motor and maintained a suitable

4

fMeasuréﬁent of Wear Ratio

The wear ratio teSts were performed by machining a blind, square

hole into the workpiece. The wear ratio.was calculated using the

~ following formula, e L

WR ; (weight loss of workpiece) (tool density) -
© (weight loss of tool) (workpiece density) ° o
- Prior to each machining test.the mating surfaces of the tool

b
7/

and workpiece were polished with fine "0" grit polishing paper.

\ .

This was found to be sufficient to produce good starting'chargctefé

istics.

vy
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" The weight.lqss of the thls ahd.thewqupiéces\wéfe d;termined
w by weighing §n a Mettler (Model 5B) analytical balance, capable of
.i'O'OOOI gram accuracy-  The tools and workpieces were‘cleaned i;:
an ultrasonic b%th of dendtured éléohol pr;or fo.each welghing.
The Mettler analytical balance was also used for the denSity
measurements which were determined by the weighf-in-air,_weighf-in-
liquid method. The liquid used for the density measurements_@as
carbon tetrachloride (Ccl4); chosen fér ifs good wetting character-
1stics and:ease of makihg correctigns in its density resul%ing from
changes in temperature. Correetions were not made for~the bouyancy
| of~the air. |
The dielectric medium'for the*machining.test was a hydfacarboh,

Mobil Solvasol No. 6 which was recirculated through a 1 micron filter.

*r

Each machining pest<was'conducted in static fluid within a temperature

range of 24-28°C.

-

Electrical.ConductiQity Measurements
The‘eleqfricaIICOnductivity of the tool materials was measuréd
fby the voltmétef—ammeter method. A block diagram of the conductivity
test equipment is shdwn in Figure .3. - The tests were performed by
establishing a 10 + O.l amper¢ current through the tool sample.
~ The vol£;gedrop betweé# two knife edges%5spacéd 2 cm,Aapart, was
measured and the sample resistance (R) between.the khifeledgps was
calculated from Ohnm's law.VTheaVeragé'cfoss-Sectional area(.l})~

- of sample was measured and the electrical conductivity (o) was
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calculated,from
o = 2/RA (ohm-cm,) L;
It is expected that:thexconductivity“measurements‘will be i

slightly lower than calculated‘from.the linear‘model as this model

does not take into account porosity and possible microstructure
effects in the comp051te materials. py

‘Metallographic Measurements

The volume fraction of~infiltrant the open porosity,aand the
number of infiltrant—matrix 1ntercepts per m1111meter ‘were. determined
by quantitative: metallographic techniquesl4.§ The VOlume~fraCtion of
infiltrant and the open porosity were found by using the point count-
ing techniques and the intercepts per millimeter was ‘found by count-

»lv

ing the number of 1nfiltramrmatr1x boundarles 1ntersect1ng a, line‘

" of - known length. ; B o - | N

The pointwoounting*waSiaccdmpIiSﬁed'by'using a. 121 point square

- grid; positioned éfjrandom~ﬁn?the'unetched; polished surface of the

~material sample. The 1ntercept count was obtained by .counting the

intersections along one edge of the grid Ten, randOmly positioned,

ments to a reasonable value. The ten count figure is based ‘on a

rule of thumb given by Underwood15 L Qiiw -
The volume of infiltrant (v ) was]aetermined'frOm‘the,point
‘count by using the Jelation
| -Number of points falling in infiltrant phase | |
1~ Total number of points ) | o w
P
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It was felt that two other parameters the 1nterfac1a1 area

~ per un1t volume (SV) and‘the mean free distance (MFD) between . the

,infiltrant particles , ‘might be related to the wear ratio test

Py

_ L
results, The interfacial wear per unit ‘volume was fo
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relation
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SV = 2 NL ’ : .
where NL'is tﬁe‘number of interfaces per unit iength intersected by

a random line, The me

.-

an free distance between the infiltrant

f o L ,n?Partielésf'was determined by16
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- RESULTS AND DISCUSSION .

Machiniﬁ%fCharaCteristics ) é

The average value of fhe wear ratios obtained for eight coﬁpo?' :

| 4 3

" sitions of copper-tungsten, eight coﬁpoéitions of silver-tungstep, ?

pure copper; pure sil&er, and pure tungsten.ére listed in Table I11 é

and the results of the individual tests are listed in Table IV. All R

the materials“usedmhad,excellent general machining charactefistics in 2

regard to shorting and,machgning efficiency.* ° ' é

Thé characteristics of the spark breakdown werévtypical of é

previous deééfiptions in theAliterature.'.That ié:;thevdiSCharge'was 2

# n acCoﬁpanied by-sparks shooting’from the gap, explosive sounds, bubbles ?
'OT.gas,‘and‘a carbonaceous‘cloud Of'deﬁris_was éjecfed into‘the

) ” dieléctrfé, aseveral samples of‘fhe contents of the'taﬁk wére \

'Nfiiteredwand examined with a micrescope fqr clues as to how the

;materié; was rem’,,\,e_ci,_~ There was no evideﬁcekthaf material wgs removed |

- by other than theyma} meansf(ioe., by vaporization_and melting;as . %

opposed to mechanical removal). o j i

Results of TeSts g

In 6rder‘to get'atwleast*an indication of the expected fesults, i

”'Lbngféliow's datai(Table V) were ahalyzed using the gohésivg energy %

énd electrical.pgnductivity.as prediction é;iterion. Multiple §

| rggréssién techniques wereusedgtoafrive ét ;h émperiCal'matﬁé-_

métical model to describe Longfellow's;results. From his reéults“ii

" *The term machining efficiency’ is defined as the ratio of the N
number of spark discharges to the number of pulses applied t0' ”
the machining electrodes. '
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appeared that the electrical;conductivity only.affected'the wear

~r

ratio appreciﬁﬁfyuwhen the conductivity was greater than 0,125

(microhm—cm)-l, On this basis copper, gold, silver, cadmium zinc,

cobolt, nickel, molybdenum and tungsten were seiected for analysis.

Using the molybdenum workpiece data gthese nine elements were found

>

to f1t the following formula ‘with a correlation coefficient of
0.994:

WRyo = 0.0085 ((g + jo,.2.)1/7‘0_,.2{?)'2"'99’ exp (3.125LT/LW).

When using copper-workpieceidata- the following formula was fitted
with a correlation coefficient of 0. 997

4

WR, = 0.081 ((o + 0.2)/0.2)%-38 exp (1. 7831,/ 1L, )

For both of the above formulas:
0 = electrical conductivity of the ‘tool material -
LT”: cohesive energy of the tool material

Ly = cohesive energy of the workpféce material

It should be noted that neither of the above formula is intended

material properties, They are intended only to be used as an

indicator of the expected'results“for this investigation. Since the

composi te materials for this investigation have an electrical

]:. conductivity greater than 0, 125 (microhm-cm)‘l} and since the

machining conditionsfor this investigation were similar to Long-»-

fellow s, it was felt that these formulas would be . indicative of the

expected results,

Y




e it Y 0t S P B s s .4 e o 1 e ot 7 4181200 AT NS S e e e T TR 2 wiore Pty pior oot 32 sty 7o

The predicted results* and the actual results are presented -
graphically in Figures'4-7. It is evident from ‘the graphs that
the wear ratios for ﬂua composite, infiltrated materials are -

considerably higher than predicted. Thus, it was felt that the

results could not be totally explained on the basis of cohesive

energy and electrical conductivity alone.

‘A Possible Explanation

To develop an alternative explanation, & brief review of the
" .

theory of the mechanism of EDM material removal should be considered.

Several theories have been developed regarding this mechanism and

‘a review of them is given by HiLl There is evidence to indicateg,
and there is general agreement, that material leaves the spark gap'

by.bothfvaporization and liquid ejection. However, nothing can be

;stated quantitatively aboUtfthe relative amounts of the material

-
removed in the vapor or the liquid phase.

The relative amounts of the material removed by vaporization

~and by melting appear to depend on manytfactors such as spark in-

S
tensity and duration, melting point/boiling point ratio, surface

tension and cohesive energy to name a few. However, for infiltrated
'composite materials it appears that additional factors should be

considered. | o | -

~In an experimental study on liquid phase'sintering; Naidich,

conductivity were linear, ideal functions of the volume fraction of
the infiltrant material

} q - ‘%’ L
o ) R N

“*The "predicted results" were calculated from the emperical wear ratio
" formula. assuming’ that both effective cohesive energy and electrical

SRR R R T
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Lavrinenko and Eremenko investigated the forces caused by capillary |
phenomena of the liquid phase17. For a porous tungsten matrice
infiltrated with either copper or silver they found, using dilatometry .' &
techniques that the composites exhibited shrinkage when.exposed to
'temperatures above the melting point of the infiltrant. This was
explained by the capillary forces arising from the wetting of the
matrix by the liquid infiltrant. Evidence was,presented showing
that-the_wetting angle of both~copper and silver ontungsten'de-
creased with increasing temperature. Also it can be shown that the
V;capillary force is‘inversely related to the wetting angle. They
proposed that as the temperature was increaSed, the capillary forces
increased, causing the matrix to shrink This suggests that capillary

o .phenomena can result in strong forces of attraction between the

infiltrant and'the matrix.

In a discu581on on electric contacts, Meyer pointed out that

k4

% ‘l‘
|
tungsten or molybdenum skeletons infiltrated with a high conductivity H
& ' ‘
material, such as copper or silver, make good electrical contacts for
W“heavy duty applications. The reason stated for this was that the _ o
- |
refractory skeleton retalned the molten conductive metal which T !

would otherwise be blown away by the electrical arc.
L . | In the literature on vapor cooled rocket engine nozzles, Matt,' = - -
| T | | 19 | T %
and Warga made the following observation . When infil trating a e &

i2~ B | porous tungsten matrix with silver, they had difficulty keeping the

silver in the matrix when the pore size was large. In general they

‘-found that the difficulty in keeping the silver in thelnatrix
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increased as the infiltration temperature was increased This was |

7 attributed to the increase in fluidity of the infiltrant at the

-higher temperatures.

On the basis of the'above~cited literature, the author proposes

trant would be forced to vaporize. The effect'of thiS‘would be]to

=the_matrix is above the boiling*point of thepinfiltrant. If the
boiling point ofthe_infiltrant is above the melting point of the
matrix, then both materials coulg/be removéd*by melting and the
effect would be lost. Also, since the capillary force in a pore '
diminishes as the pore size 1ncreaSes, one would expect this effect

to be sensitive to the pore size and pore size distribution. If

the pore size exceeds some critical value, infiltrant is removed in

N

the liquid state and the effect is lost because the infiltrant is

2]

not forced to vaporize.

- .This-proposed material removal mechanism for‘composite.materials

-’

pa—

*The term ' pore in this section refers to the pre-infiltrated

~porosity of the tungsten matrix which retains the infiltrant

-~
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) correlates ;ell, at least in a quantitative»manner,:With the obServedl §
¢ ! microstructuresﬁof the tool materials. It is expected that as the %
) 'wvolume fraction of infiltrant is increased, the amount of energy per ;
: unit volume to remove the material will increase proportionately | - ) ?
since nost of the infiltrant_is forced to,vaporize. This propor- - é
tionate increase will'continue until a critical pore size is f
| ‘reached (it is expected, and generally obserued, that the auerage
| wM‘—;)Ore size will.increase as the volume fraction ofﬂinfiltrant is
increased)after-which, the fractiOn of the infiltrant renoved in
Atheavaporﬂstate'begins to decrease. This causes the amOunt ofﬂ
l energy per unit volume required to remove the material to decrease i
. as the average poreesize of the matrix continues'to increase.
.'Analysis of Metallographic Data
| The slight relief resulting from the different polishing rates
" of the hard matrix and the soft infiltrant, when using standard . |
metallographic techniques, was usually sufficient to clearly %
distinguish between the two phases. The;volume;fraction of voids, B ?
i‘ resulting from the pores which failed to infiltrate, of the composite .“—ﬁ - f
san;les was obtained by point counting techniques (Table 1)14. How- é
s v’/ever,‘it should-be mentioned that theuoid size;variation in sOme %
“of the naterials'was greater than two orders of magnitude.;'This .i e, §
~ made pOinticOunting s omewhat difficult and, as a result, probably’_" T . -g
wd'contributed a~significant amount-of experimentalerror. . fﬁ I «%
Aqualitative”examination of the tool material with respect to %
_pore Size-supported'the mechanism of material removal suggestedhin | §
é

7.1, I . . ~
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the,previous section. For the ZO%WAg480%W tool (Figure 8) the

pores are small and relatively well defined However, a look at

the 30% Ag—70%w tool (Figure 9) and the 419% Ag-59%w tool (Figure lO)

""h [“"l rmm-" -3-'9,-“ e

reveals that the pores are larger and less well defined. Continuing

to ‘the 50% Ag-50%W tool (Figure 11) the pores are not really defined

but rather, the silver.appears as a massive phase dotted with islands -

- ' <
’ . .

of tungsten. The microstructure of Cu-W materials have in general,

the same_appearance. The following observations were made after

~metallographic examinations of the tool materials.

1, The pdreSiinith%;tungsten matrixfor‘materials containing
fless than'BO%yinfiltrant'were relatively well defined,
This caused the infiltrant to be removed completely, or
nearly completely, in the vapor state. Removal of the
infiltrant.by:vaporization caused an increase/in the
average energy'required“to remove“a given volume of.
material, thus, causing a proportionate increase in thev
wear ratio{mv |

- 2. For materials with greater than 309% infiltrant,;the pore
definition diminishes as the VOlume fraction of infil-
tnant‘ishinoreased. .ThiS~allows removalnof infiltrant
in a liquid state instead of'forcing it to vaporize.
'Thus, the ayerage energy required to remove a given
volume ofrthe~nateriab would-decrease, causing a proporf_

tionate decrease in the wear ratio.
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. Tﬁé,abqve}qbservations-support the machining test data for the

.silver-tungsten composite systems (Figures 4 and 5) in a qualitative

‘Wsense. However, the test data for the copper-tungsten system

(Figures 6 and 7) shows a "leveling off" when the volume fraction
' ® , ~ B

of—infiltrant,exceeds 30%. A possible explanation ofﬁthis effect

was noted from examination of the cross section of the machined

,ﬁsurfaces° It was noted that when the infiltrant exceeded 30% for

the copper-tungsten materials, a thin, fairly continuous layer of

tungsten tended-to-form'on'the machined surface'(ngure 12). This

.}:_

‘layer was not noted for comparable silver—tungsten materials

=.(Figure 13) There is no immediate and obvious explanation for

this effect, but it is possible that this tungsten layer "traps"
the copper infiltrant and forces a larger proportion of the in-
filtrant to be removed by vaporization.

The volume fraction of infiltrant determined by point counting

(Table I) was consistently below the nominal volume fraction

®

quoted by the Mallory Metallurgical Company. This was believed to be

"

due_to the etching effects caused by the hardness differential
between the infiltrant and the matrix. Underwood20 states that if

this occurs, "a twofold increase in apparent particle size could

-easily result, ~.T'hus, the nominal volume fraction of infiltrant' ”/2

I

. was felt to;be a:mOre‘accurate'measure'and as a result, it is used |

in calculations and graphical data presentations,

e

There was no. apparent relation between the wear ratio and

. the interfacial area per unit volume (Table I) Onpthe other;hand,,
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-1t appears that a possible relation may exist between the wear

ratio and the mean free distance of the infiltrant particles

--(Figures 14 and 15) .The extensive‘metallographic-techniques nec-

essary to clarify this relation is beyOnd thehscope of this in-

~ 21
vestigation ",

The Role of Vapor Pressure
A somewhat analogous application of infiltrated materials !

is found in the literature on vapor cooled, rocket engine nozzles19 22
19

‘JAs pointed out byiMatt and Warga y the,amount of heat absdrbed to
convert copper from a.solid at 20 C to a vapor at its boiling point

'“is 13 300 cal /cm3 as compared to 7,700 cal /cm3 for silver. This

leads one to expect that copper inflltrated materials would yield_

‘significantly higher wear ratios than the silver infiltrated materials,

However, in direct contradiction to expectations, the opposite is

observed. According to Matt and Warga, although they offer no
o t |
explanation, silver infiltrant in rocket nozzles produces better

results than.copper infiltrant As a possible explanation Resnick
22

et al proposed that the results would be as expected if the

material was removed at atmospheric pressure, However, in rocket
nozzles the pressure has been estimated to be at least 30 atmos-

pheres. Resnick points out that at 30 atmospheres the extrapo-

lated vapor pressure data indicates that the boiling point of

‘copper would be about 3700 C. This is above the melting point of

tungsten, thus, both materials could-then be removed,by melting,

AN
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- : .It.is'reasonable to expect;.and there;is supporting.eyi-
) hence23; that pressures of this~magnitude exist in the dis¢harge
column of the spark in EDM. Therefore, a possible explanation : " -
for the behavior of the copper-tungsten'is that the pressure in T
Tthe dischargeohannelforces the boiling point.of the copper above
" the melting point of the.tungsten'matrix. An_extrapolation of
| the vapor pressure data ior silver~and copper (Figure 16) gives
- - llpressures of.approximately 60*256 15 atmospheres respectively to
raise the boiling point of the infiltrant to the melting point of
the tungsten. Therefore, it appears that if the pressure in the
'discharge exceeds 15 atmospheres at least for'some portion of the |
discharge period, the ;vaporization effect' would be lost or at ;
leastndlminished, for copper. Proof of this explanation suffers ;
from the inability. to measure or eStimate the pressure in the ?
discharge channel. §
v
¢ ” ) . . z § g
- m% . ;
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"The data clearly shows an 1ncrease 1n the EDM wear ratlo
relative to the wear ratio of pure tungsten for porous tungsten

compacks infiltrated with copper or silver This increase in the

HEDM wear ratio cannot “be explained solely in terms of the cohe51ve

energy and - the electrlcal conduct1v1ty of the composite materlal
A proposed explanation is based on the capillary action between

the lower meltlng point 1nf11trant and the porous tungsten matrix,

The 1nf11trant is trapped in the tungsten matrix and is'forced to

leave the material in the vapor state. Thereby, the energy per

’.un1t volume to remove the mater1a1 is increased resulting in a

-
o

wear ratio increase. | ‘ o . o <

It was observed.that;theisilver-tungsten comp051tes produced
higher wear ratios than the copper-tungsten Thls'was contrary to .

the expected results 51nce copper has the higher volumetric heat

)

of vaporization.' A.possible explanationdis that the pressure in

*

“the diScharge channel forces the boiling‘point of thefﬁopper above

7

the melting point of the tungsten matrix. Under these conditions.the

4

copper can be removed in the molten state rather than being forced

-

_;7f:;, " move the mater1a1 “hence, giving‘lower than eXpectéd wear ratios.

ito vaporize, reduclng the required energy per un1t vo lume to re-

i
3
3
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i
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Schematic - Block Diagram of EDM Power
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Top Trace - Discharge Current, 100 amperes/major
division ' .

Bottom Trace - Discharge Gap Voltage, =10 volts/
major division |

Time Base - 1 microsecond/major division
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FIGURE 2. Typical Oscilloscdpe Traces of the Discharge
Current and Gap Voltage Waveforms
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Photomicrograph of 20 Ag-80W

(Nominal Volume Percent),
Unetched (500x), Dark Phase

Ag B r

L

Photomicrograph of 30 Ag-70W
(Nominal Volume Percent),
Unetched (500x), Dark Phase
Ag - 0T |




FIGURE 10. Photomicrograph of 41 Ag-59 W
(Nominal Volume Percent), Un-
etched (500x), Dark Phase Ag

FIGUREII -y P};otomicrograph of 50 Ag--SOW |
e (Nominal Volume Percent), Un-
etched (500x), Dark Phase Ag




FIGURE 12.

Photomicrograph of Cross-Section
of Machined Surface of 63 Cu-37w

‘(Nominal Volume Fraction) Tool

Showing a Thin, Fairly Continuous
Layer of Tungsten on Machined
Surface (Unetched, 500x), Dark
Phase Cu

FIGURE 13.

Photomicrograph of Cross-Section

of Machined Surface of a 64 Ag-36W
(Nominal Volume Percent) Tool, Note
Absence of Thin Layer of Tungsten

on Machined Surface (Unetched, 500x),
Dark Phase Ag -
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TABLE I

Properties of Composite Materials
Material Obtained From Quantitative Metallography

Nominal‘Volume L | Mean Free
Percent of Volume Vol ume Interfacial  Distance Between
. Infiltrant in Percent Percent Intercepts "Infiltrant
Tungsten Matrixk* Infiltrant Voids per mm "Particles"
| in Microns
20% Ag 13.3 1.8 120 _ 6.65
25% Ag 17.6 1.1 156 4.80
30%.Ag 29.7 0.4 250  2.80
35% Ag - 30.2 1.1 225 . 2.89
41% Ag =~ = 35.4 1.4 222 2.66
50% Ag ~ 43.4 2.9 + 224 | 2.23
55% Ag 43.6 2.8 223 | 2.02
64% Ag 57.5 4.7 167 2.16
15% Cu 12.2 - 2.1 101 3 8.40
20% Cu - 14.9 - 1v3 110 - 7.27
- 25% Cu . 22,3 6 - 179 4,19
30% Cu 24.7 44 " 164 4.21
35% Cu | 27.6 0.7 246 . 2.64
43% Cu 28.2" 2.9 370 1.54
47% Cu 50.9 1.4 398 1.33
63% Cu 54,2 3.5 338 1.09
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- TABLE I (cont'd)
Material Measured _Calculated* =
Nominal Volume Electrical Effective Electrical
Percent of . | Conductivity Cohesive Conductivity
* Infiltrant in Density (microhm- Energy (microhm-
Tungsten Matrix**- gm/ém3 cm)"’1 Kcal/mole "cm)‘l
| o @ 298°K ‘
20% Ag 17.30 0.213 176.1 0.267
25% Ag * 16.66 0.237 169.3 0.290
30% Ag. 16.57 0.253 162.6 0.313
. 35% Ag 16.12 0.231 155.9 0.335

41% Ag 15.84 0.300 147.1 0,362
. 50% Ag '14.33 0.367 135.7 0.403
55% Ag 14.24 0.361 - 129.0 0.426
64% Ag 13.26 0.420 110.8 0.466
15% Cu 17.52 0.183 187.4 0.240
20% Cu 17.11 0.180 178.6 0.261
25% Cu 16.52 0.182 172.5 0.282
30% Cu 15.91 0.178 166.4 0.303
35% Cu 15.39 0.196 160.3 . 0.324
.43% Cu 14.74 0.255 149.4 "0.358
47% Cu 14.16 0.288 146.9 0.376
' 63% Cu 0.358 125.0 0.442

12.65

TS P

*Calculated from the assumption that in non-alloying binary com-
posites, the cohesive energy and electrical COnductivity are
theoretically (according to the rule of mixed proportions)
linear functions of the:comﬁosition (given in volume percent).

**Obtained from the Mallor;&Matallurgical CoJ,]Ipdianapolis,’

Indiana.
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Element

Silver

{
Copper .
Tungsten

Molybdenum
{: S

* ,
Obtained f

Density
gm/cm

10.49
n 8.96
19.3

10,22

rom Reference 25.

TABLE II

/

7Me1tiné?
Point
C

960.8
1083.0
3410

2610

4
2

*y
B LT LR

Boiling

‘Point

°c

T

Zensremn e L T m—— N T L Vot N A LR ) S TP A oo S L F 0 o S S R RE Ay TP S WL S R B N

2210
2595

95930

5560

™\

Properties of Elemental Materials*

 E1ectrica1
Conductivity_

fr-

1

Cohesive
Energy

K cal/mole

@ 298°K

- .629
.598
177

(microhm-cm)




" TABLE III - S

'f  - Averaged Values of Volumetric Wear Ratio Data . ’ \\

R T A R R S S R

Tool B : :WOrkpiece

Composite (Volume 3
Percent Infiltrant o
, in Tungsten Matrix) | ; Copper . Mo lybdenum | -

Tt Thet T

20% Ag S 18.68 8.90

25% Ag S 20.58 73 o :

30% Ag D 22,68 22 | é

35% Ag \ 21.28 .95 | !

f - 41% Ag y 17.58 .11 | : g
* 50% Ag - 14.73 12 | /
. 55% Ag - - | 14.17 .95 :
64% Ag : : 13.28 .53 - - -

15% Cu : - 13.57 \\'& .32

20% Cu s 15.32 | .47 _ | !

25% Cu B o 16. 12 .19 | |

30% Cu - 15.87 .37

35% Cu : - 14.79 . 82

43% Cu T 14,57 .86

47% Cu w - 15.01 .31

63% Cu - 14.80 .26

-
O

NNOONNOU OO N 0O

" Elemental

=

- Cu .24 2.28
Ag - - - 4.31 : .95
W | 13.14 | 3.72
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o

s

~
2
!
®
S e B SRR
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TABLE IV

'individuai'Test Values of Volumetric Wear Ratioi

_*T . Tool o o - Workpiece.
Composite (Volume ~  Copper & Molybdenum //{
- Percent Infiltrant | B -
N | in Tungsten Matrix) W W, f§  We W, .YE
20% Ag 5.1 52.3 19.872 7.8 37.9 8,230
4.3 44,5 20.054 6.3 34.1 9.167
3.6 39.4 - 20.345 5.3 26.6 8.500
4.9 38.8 15.344 5.1 27.1 8.999
4.0 36.7 17.779 4.4 24.9 9,585
25% Ag 5.0 53,1  19.741 6.0 37.1 10.046
- 4.2 45,5 20.138 - 5.4 34.0 10.230
3.6 39.4 20.345 4.6 27.2 9,607
3.6 - 39.6 20,448 4.5 27.2 9,820
3.4 35.7 19.518 5.7 26.2 7.468
3.7 37.5 18.840 4.8 . 30.2 10.222
3.6 43.1 22,255 3.9  24.7 10.290
4.1 51,6 23,395 4.4 27.5 10.154
, 30% Ag 3.4 36.6 19.996 4.5 28.9 10.427
3.9 48.0 22.861 4.5 28.6 10.318
3.6 48.8 25,180 4.6 28.1 9.918
35% Ag 3.8 41.2 19.590 4.I" 26.2 10.092
3.8 44.8 21.302 4.6 23.9 10.059
4.1 52,1 22,961 4.8 29.5 9.705
) 41% Ag 5.2 49.8 17.001 6.2 33.2 8.308
4.3 42.9 17.710 - 6.6 34.7  8.157
{ 3.8 37.6 17.565 5.1 25.6 7.788
3.8 37.7 17.611 4.8 24.9 8,048
3.6 36.5 17.998 4.6 24.5 8.264
.- 50% Ag 5.3 44.3 13.424 6.3 32,2 7,174
4.4 42.0 15,330 8.5 43.7 7.216
- 4.0 38.0 15.257 5.2 25.3  6.830 |
3.9 36.4 14,989 1.8 26.4 7.194
- 3.9 35,6 14,660 4.7 24,0 7.168 |
.

A
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TABIE IV (cont.)
Individual Test Values‘of wbluﬁetric Wear Ratio
Tool .  Vorkpiece

] . Composite (Volume Copper. Mo lybdenum . |
Percent Infiltrant o ‘ | | | ;
in Tungsten Matrix) W W, WR W, W, WR . |
- 55% Ag 4.1 35.2 13.707 4.8 23.4 6.802 g
4.8 41.5 13.803 5.1 25.8 7.059 ;
4.5+ 42,3 15,007 5.2 26.0 6.977 |
64% Ag 5.4 48.6 13.379 6.3 32.2 7,129 %
| 4.3 40.9 14.140 9.6 48.1 6.510 §
” 4.2 34,0 12,034 5.3 25.3 6.202 ;
4.1 '36.2 13.125 4.9 24.0 6.364 ;
3.6 33.2 13.709 4.8 '23.8 6.442 g
159% Cu 6.6 45.8 13.625 9.0 27.1 5.167 :
o 5.0 34.6 13.587 9.3 29.3 5.407 |
5.1 35.8 13,783 7.2 22,4 5,339 :
5.2 35.2 13,291 7.4 22,6 5,241 :
6.4 20.3 5,443 j
| 20% Cu 4.3 32,7 14.583 6.1 24,0 6.594 :
. 5.3 42.2 15,269 8.2 31.7 6.479 %

5.2 7.5

25% Cu

- 30% Cu

35% Cu |

)
00 00 |-

bW WA BT WLt
NAAITN WO

PN
N O -

. ®

43 .7

48.5
46 .6
36.9
37.3

31.2.

33.3
40.8
42,2

16.115

15.712

15.934

16.706

15.445
15.680
16.050
15.838
15.038
16050
16.169
16.724

13.888

14,966

15,530

e N 3]
NN

QOO uu g oo,
DU AWWAO®

Or O On
© NN

6.347

7.342
7.132

7.111

7387
7.370
7.158
7.382
7.440
7.447

- 7.425
- 7.320

6,932
6.932
6.595
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 TABLE IV (cont.) . R ¢

Individual Test Values. of Volumetric Wear Ratioﬁ‘

Tool . | S | | Workpiece

‘Comprite (Volume Copper S 4-‘Molzbdenum‘ ” | | L ?
Percent Infiltrant - . - R L !

in Tungsten Matrix) Wi 'Ww | WR o JWt Ww

..Is
&

807
.944

33.0
32.7

47.5- 14.807
47.6  14.563

- 14.748 24.5 .803
37.0 14.554 - 24.8 . 887
'31.8 14.199 - ~ -

ARG EE Pl TRy

P AR PP (P ST e S R At L

43% Cu

W B S oo
NN s W
X
o
(o))

g ® N
NN Q@O
SO O O

47% Cu. . * 5.1 47.5 14.783 6.1 31.7 7.209 §
5.0 46.4 14.729 6.1 32.8 7.459 g
3.9 37.1 15.099 4.7 24.5 7.231 e
; 4.9 38.8 15.344. 4.9 24.9 7.049
: I 3.8 32.6 15.120 4.7 25.1 7.604
f 63% Cu 4.6 47.6 14.669 5.3 31.7 7.411 ;
d 4.6 46.7 14.392 5.4 31.9 7.319 ]
: 3.7 '37.4 14.329 4.2 24.9 7.346 | | ;
! 3.5 37.0 14.986 4.4 24.8 6.984 §
: 3.4 33.1 15.641 4.2 24.5 7.228 | ?
Elemental f C

2.275

4.261 |
. 19.6 2.284

4.222

©)
©
DN
©
VN

Cu

o W
-
O
o

-
o
w
o
1S
'ﬂjﬂ

Ag

.0 33.2  4.333 8.4 16.2 1.980
1 '33.2 . 4.286  10.6 19.9 1.982
31.8 13.159 \’«LO;-O 20.2 3.761
31.1 13.126 10.4 20.4 3.689

© ©

e h o e A b ) St

=
‘o o
- DN

=
!

change in weight of tool in milligrams.

ir

change in weight of workpiece in milligrams.

volumetric wear ratio.
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TABLE \

| | %
Data from ILongfellow's Work

Average

Volumetric Wear Ratio

Physical Properties of'Tool

Copper -
Workpiece

Tool Material
\admium | | 6.1963
Zinc : 0.3123
Silver 4.6771

Copper 4.7849

l
" ]

- Gold 2.8417

 Cobalt 1.0916

Nickel . 1.0585
Mo lybdenum . . - 5.,2084

Tungsten . 12.900

*Data was obtained from Reference 7

Mo lybdenum
Workpiece

Cohesive Energy

3.9132 203 | °-65

Electrical Resistivity

_Kgag/mole' microhm-cm

0.0666 | 26.75 A , 6,831?
0.1372 . 312 E . 5.916
2,2946 " e84 . 1.59
2.6434 ;8L 1.6730
1.7477 .~ 873 | ;% | | 2.35 ™

0.3347 101.6 . 6.24

0.3118 102.8 | . 6.84

11.6425 - 157.5 Co . 5.2

.gf*“‘
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