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THE GERMIN METZL RECTIFIER INRUSIRY

1. INTRODUCTION

The menufecture of selenium &nd copper-cxide rectifiers was
esteblished in Germeny long before the war, the principal memufscturers
being The Suddeutsche Apparate-Febrik (S.4.F.) of Nuremberg for
selenium rectifiers, end Siemens-Schuckert~Werke (S.8.¥W.) for copper-
oxicde rectifiers,

Owing to the importance of rectifiers to the war effort, the
output of these manufaciurers was grestly increesed and other firms
were brought in to work under the instruecticns of S.A.F.

In addition, the &llegemeine Elektrostats Gesselschaft (&.%.G.)
brought into operation a new process which hed been developed before
the ®mar, and they also msade a considersble contributlion to the supplies.

No developments which wmere not alresdy known in this cowntry were
introduced, the main emphasis belrg upon the producticn of the maximum
quantities of the existing types. Many difficulties were experienced
in obteining raw meterisls of sufficlent purity end msjor breakdowna
were experienced et times from this cesuse.

A considersble smount of resesrch work wsas carried out, but
slthough this provided some explenetlicns for the complicsated physicel
phenomena underlying the operation of metzl rectifiers, it tended to
confirm the suitebility of the meterlals end processes slresdy in use
end dld not lead to the development cf any new types of rectifler.

‘This report gives a description of the manufszcturing methods of
the varlocus flmms engeged in the indusiry, end & resure of the
theoreticel conclusicns on which there sppesred to b2 2 meagure of
mutusl ggreement.

2, COMPOSITION OF THE INDUSTRY

The firms engeged in the industry during the war, snd their
outputs were as follows :-

Approximete number of ciscs

Flrm Type Manufeciured mapufectured per sonum,
S, A.F, Selenium 76,000,000
S.5.W. Selenium - 6,000,000
Copper Oxide 6,000,000
Mix & Genest Selenium 6,000,000
TK.D. Copper Oxide 200,000
L. B.G. Selenium 10,000,000

In order to essist the manufscturers of dry rectifiesrs, a

- Commitiee known as the “Rectlfier Ring" wag formed. 411 the prineipsl
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manufecturers were reprecented on this Commitiee, and & number of
scientific workers engeged on research in this field co-operanted.

The mein functicns of this Committiee were to consgider

(&) the reletive merite of the systems of production adopted
by the varicus menufmcturers :

(b) the physicsl bssis of dry rectifiers — psrticulerly es
spplied to Seleniur Rectifiers :

{¢) alternstive types of rectifier :

(d) proposels for future reseerch.

The views expresced by members of this Committee represented the
moet advanced opinlons concerning metsl rectifiers, and & summsry of

ite conclusions 1e givern leter in this report.

7, USES OF RECTIFIFES

The demends for metal rectifiers sppear te have been much the
seme in Germeny &8s in the Allied countrles. Stationsry and portsble
bettery charging equipments for use &t bases end in the fleld required
a grest number of dises of the larger sizeg, but the heaviest demend
was for the ameller slezes, which were uzed in vast quentities to
provide power supplies for field radio equipment, rader end miscellaneows
sircrefi equipment.

In addition to the sbove, which were mairly of the selenium type,
copper oxide rectifiers were used for smell power eguipment and, in
the minjzture sizes, for detectors in redio spparatus snd moduletors
snd demoduletors in the communicszidon fleld, ¥e new uses for
rectifiers were discovered.

4, SELENIUM RECTIFIMES. PROCESSES OF MANUFACTURE.

4.1. BSuddeutsche Appsrate-Febrik

The prircipa! manufecture of metel rectifiers wes in the hands
of the S.A.F. concern ¢f Nuremberg. During the war, they opened
snother faetcry et Welssenberg in whiech was instelled the newest
equipment, The fectory et Nuremberg was consicersbly damsged by
bomking, but the Feissenterg plent was completely undemeged. They
use¢ two distinct processes, which are described separctely.

4.1.1. Personnel intervliewed
Herr Hermenn
Dr. Kipphem
Dr. Lauckner



4.1.2. The Hend-coating Process

The Nuremberg plant produced disecs of 18, 25, 25, 45,
67, 84 snd 112 mm. dizmeter by the following method,

Idsca were blanked from sheet steel and pierced with 2 centre
hole in the same operatlon.

The blanks were then sand-blasted to roughen the surfauce and
clectro~pleted with a thin coet of nickel,

. The pleted dlscs were then coeted with selenium in fume cupbosrds,
The discs were pleced on hot pleates hested to 350°C and pellets of
gelenium conteining the correct smount for each size of dise were
melted on the dlac and the molten selenium was spreed by an operztor
using e gless tool.

The coeted discs were then srrenged in stecks with s mica dise
in contact with esch seleniwm surface. Rubber discs with = thin
nickelled brazss washer on emch side were sandwiched between the discs.
A sulteble number of dizes was errenged in a stack with & centrel "
zpindle and clemped to produce & pressure of spproximstely 10 Kg/Cme.
Springs were included to tzke up sny veristlens cduring hesting.

The stacks were then hested in an oven st 110°C for 5 - € hours.
Owing to shortezges of meterisis, the mica washers were repleced by
slurinium foill and the rubber wachers were dispensed with, st some
seerifice of guality.

- After the preliminary hest trestment, the stacks wers dis-sgserbled
and the dlscs were passed throuvgh & belt oven meinisined at e
tempersture of sbout 216°C. This trestment tock epproximetely half
zn hour.

The disce were held by an cperetor in the fumes from hested
gelenjum dicxicde for s few seconds snd then placed in & mask and sprayed
with the eutcctie slloy of tin, cedmium znd bismuth conteining C.003 -
D.005% of thallium. The ectusl manufacture wes then complete. but
the diges had still to be electro-formed. To =chieve this, the dises
were pleced in clips and connected in parallel to the output of &
single-~phase rectifier arrenged to pass = pulseting current through
the rectifiers in the blocking direction. As the resistence of the
rectifiers incressed, the voltage wag reiced until the full wvalue weas
reached, The whole forming process occupied from 14 to 20 hourg.

" The disce were then tested individusliy ir the forwsrd and reverse
direction and greded sccording to their gquslity. 4 model of an
sutometic grading mechine was seen in which releys controlled gates
to &llow the discs tc pass into boxes sccording to their grades, but
it is uncertein whether this wes ever in opersticn,
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Further deteils of this process are given in C.I.0.S. Report,
Item 1. File No. XXVII - 45, OSuddeutsche dpparste-Febrik,

4,1,%. The prepsed-powdelr progess.

: The method described sbove was used throughout the war
on dises of €7, 84 ané 112 mm., bul the smeller disce of 18, 25 and
2% mm. dizmeter were made by & mechenised method in order ic incresse
cutput, This mechenised plent wes irstelled in the Welssenberg
factory,

The discs were sandblested and pleieé ss before, and were then
pleced on a hot plete &t 250°C &nd glver & thin costing of selenivm
in the shoriest poesitle time, no care belng exercised tc meke this
coeting perticularly smooth., The dises so cozted were teken 1o the
sutomatic line where the following processes took plsace.

The dlece were placed with the coazted side uppermost on &
eirculer plate of approxdmetely 120 mm. diemeter &nd loceted by dropping
the dises inte rscesses formed in & template presced ageinst the plsate.
4 cireular hopper conteining selenium powder mas fitted over the dises
and templats and & handle was rotated to agitate the selenlur end
cauge & messured quantlty of powder ic be deposited on eachk disc.

The hopper snd templste were rexoved and the plete cerrying, for
exemple, 22 - 18 mm. discs covered with the requisite smcunt of powder
wss placed uwon an endless steel belt. The operator pressed & button
and the belt moved forward and stopped with the plate in position
betweer the pletens of an electricslly hested hydrasulic presq. Thig
cperzted end applied the necessery heat and pressure te soften and
congelidate the selenium. The pressure was gbout K0 Kg/Cms< =nd the
tempersture 150°C. Toe time of cperation was one minute, and during
thies time the operator wzg preparing the next plete, so that the
operaticr proceeded regulerly but intermittently. The belt carried
the dlsce through a long tunnel oven hested to Z16°C, in which the
erysteliirpation of the selenium wes completed, the length of the oven
being so designed thet the discs oceupled ebout half en hour in
pagsing through 1t.

&t the other end of the cven, the plates and discs were removed
by an operzior who clecred the flesh from the edges and centre holes
and put the indlviduel discs back cn the belt which at this peint mee
provided with guides 1o maintein the correct spatisl relztion between
the ¢isecs.  After & further short traevel, they resched the end of the
belt and glid down guides ir readiness for the fuming process. Here
they were plicked up in groups of three by electro-magretie fingers
which 1ifted them 2nd held them over the fumes from hested selenium
dioxide for = few seconds.

Whilst in this position, they were teken over by 2 second set
of magnetic fingers, which transferred them toc & further set of guides,
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down which they pessed to the metal sprey position. Here they were
clemped under & mask whilst the sprey gun moved backmards and forwsrds
zhove the selenium surfece, They were then ejected and were ready
for electro-forming.

The whole process from the hot pressing of the powder to the
spraying of the counter-electrode wes thus entirely sutomstic except
for the removel of the flsch &nd resrrvngement ¢f the dizes on the
belt, esrried out by the interrediate operator.  Another operator
&ttended to the spray gun and removed surplus metsl from the msgk
wWhen necessery. Ihe mechznicsl construction of the rectifiers zas
then complete and the electro-forming end tegting of the discs mes
carried out in the menner previously descrited for the other process.

The completed dlscs were ascembled on spindles insulzted by =
bezkelised peper tube in the normel menner. Contect was mede to the
surfece of the counter-electrode by & thin metel leaf wesher or spider
insulsted by 2 bakelite wesher at the centre. Oellulose zeetate
lacquer embodying & red pigment wes gprayed on the assembled unit to
provide & certein amount of protectlion sgainst moisture.

4.2, ¥ix & Genest

This ®es merely & replice of the S.A.F. equipment which
menufectured selenium discs by the hend-coated process. A certein
gumber of discs were &lgo made by the S.S5.W. process described below,
£11 the plant ®as destroyed by bombing snd wes out of ection in ths
later stages of the war.

4,2,1, Personnel interviened.

Dr. Ksuffmern
br, Eshliss

4.3. Stemens-Schuckert—Werke.

It #as not possible to see eny of the plent vsed for ths
menufacture of seleniur dlscs, zince it had been destroyed by bombing,
but the following description wes given by Herr Tschermrk sznd
Lr, Kietschs.

4.5.1. Personnel interviewed.

Herr Tschermek
Ir. Kietsche

4.3.2. The Siemens-Schuckeri—Ferke Process.

5.5, W, made discs of 18, 25, 25, 45 and 112 mm. cismeter.
~ They used steel baseplstes which were roughened by blesting with
quaris and nickel plated. The 18 mm. discs were coated with Seleniwm
cn a hot plsate by the S.4.F. rethod.
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The larger discs were placed on & rotating plate heated to 35000
and powdered selenium wes sprinkled on the surfzce. The molten
selenium wes then spread over the disc by spplying & stainlese steel
plate similer to & teble knife to the rotating surfsce.

The discs were stecked with interlesved zluminlum foil and
compressed 1o & pressure of 15 Eg per CmZ. They were then placed in
sn oven at 1109C for 5 hours.  After removel from the oven and
disescembly of the stacks, the discs were pessed through & belt oven
meintsined £t a tompersture ¢f 2169C, with the faces freely exqued
The time of travel through the oven wees gbout helf sn hour.

The dlgce were then placed individuslly on & rotasting mendrel
&nd the seleniur surfeces were peinted with & solution of sulphur in
carbon bisulphide., The soluticn contoined 65 gremmes of sulphur in
one litre of cerbon ciswlphide. It waz brushed lightly over the
surfece with & merten-hair hrush gbeout 0.5 cms. wlde. It wes
understecd thet this process weas & verJ criticsl cne fer the production
of good rectifiers. The disce were then placed in &= nesk snd spreyed
vith &gn elloy of cedmium end tin, having e melting point of 177°C.
¥o thalliux wzg included in the counter elecirode becasuse it had
been found thet ever C.001% ceused incressed sgeing. o

The discs were electro-formed by cornnecting themr individuelly to
£ rectified D.C. supply &t 65 volic in series with & resistance.
4 voltege reley was connected &cross each ¢isc, which was set to cut
off the current &t 4F volts, If the ¢iscs éid not fornm properiy,
the surfece of the counter electrode beceme oxydired and the disce
Fere rejected, This short ferming process wes &dopted to save time
and space, but it wes underztced thet rejections were very high
emounting to &s much as 35% on the lerger slzes, meinly due to high
reverge current,

4.4, pllegemeine Flekiroststs Gesselschaft.

Durlng the war 2,E.G. rectifiers were menufectured in Berlin,
bput on visiting the fectory it wes found that ell the plent hed been -
removed, It was understocoed that the personnel snd the plent had been
trensferred by the Russien euthorities to Heschen, belween Berlin end
Tresder end that et this newly esteblished fectory there wes scme
productlen of selenium rectifiers.

The following description of the £.E.G, process wes therefore
cbteined from the persormel at S.A.F. and 8,.5.W. and not by direct
conteact with the persons engeged in the menufacture.

4,4.1. The Mlegemeine Elektrostats Gesselscheflt Process.

The eccentisl difference between the A F.G. and the other
methoeds is thet the selenium was eveporeted onto the surfice of the
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bese plete in & high weecuum, It wes understood thet sluminium
pletes of ebout 40 x 20 cms. were roughened by sand blasting snd
then cotted with 2 thin lsyer of bismuth by the evsporation method,

The plates so prepared were then pleced in e vecuum chember end
mainteined st £ tempersiure of sbout 120°C, whilst being subjected to
the vapour from selenium to which a smell percentsge of bromine had
been added. The thickness of the lsyer so produced was sbout
0.002 t0 0.00% cms. The plsetes were passed through a tunnel oven
8t 210°C for cne hour. They were then fumed in air for one minute
¥ith the vapour from hested selenium dioxdde.

The cownter electrcde wmas then sprayed on to the selenium
surface. It consisted of the eutectic alloy of cadmium, tin and

bismuth with & melting point of 103°C. Ho additicns were made to the
s1leoy.

At some stege in the process, the initlsl plate wes cut into
squercs of dimensione to give equivalent aress to the S.A.F. discs,
snd centre holes were punched for mounting purposes. It is probable
thet thig operation was carried out immediately afier the hesat
trectment st Z10°C.

The electrical forming wes carried cut bty comnectirng pairs of
plates back-to-back in series with & resistence, end &pplying &n
slternsting potentiel which wss reised from 20 wolts R.M.S. to 30 volis
in sbout one hour. The veliage was messured scross the indivicdual
pletes.

5. SUPPLY OF SELENIUM

The selenium used for the msnufacture of rectifiers in Germeny
wes prepared by purificetion of raw materiels supplied by Bolidens,
Sweden end since 1t ®was necesssry to import this msterisl,
considersble sttention was psid to conserving it, Purification wes
cerried cut by Merck - Darmstedt, and Fiedel de Haen, but the
purified meteriel was supplied to the menufecturers of rectifilers
eithier in the form of selcnous aeid from which the menufecturer
precipitsted seleniuwm or &5 selenium slab.

To render the powdered seleniun suiteble for the menufecture of
rectifiers the following principal sdditions were mede :-

1. S.AF. added iodine :

Z. A.E.G. added bromine :

3. S.5.W. receiveq seleniun which hed been precipiteted
in the presence of hydrochloric ecid and contained a
pre~cdetermined amount of chlorine.

P.l. A vieit weas pald tc Merck end Dr. Wellstein weg interviewed,
The fellowing informeticn was obitsined.
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Merck had supplied pure seleniur dioxide to S.4.F. and selenium
conteining chlorine tc Slemens. They had not supplied sny meteriel
to ALE.G. The raw selepium used for the manufzcture of these msteriels
wes obtained from Bolidens - Sweden, and was in & black pulvericsed form
heving & purity of 99.5% and as free from tellurium &s possible,

Some investligation hed been conducted by Merck snd Riedel de Haen
Hzncver zg to the most sulteble source of selenium. An extract of
& repert of a mesting was &s follows.

Discussions on Selenium for Rectifiers
10th snd 11th &ugust, 194¢2.

Investigetions by H. Nietsche (S. and H.) had shown that the
pure selenium sucplied by Merck differed from thst supplied by

Fiedel and by S.4.F. in regard to its electrical conductivities.
These differences could be astiributed either to the raw meterizl or
to the method of prepsrstion of the seleneous ecid., Fer this reason
testes had been conducted on varlous raw meteriels, and this meeting
wzs celled to discuss the origin end trestment of the raw materisl
used for rectifier seleniur and #lso the methods of purificaticn.

The gentlemen present were :-—

Bsudisch Hoppe S5.5.K,
Nietschne S. & H.
Gelseler S.L.F.
Ir. Peille M, & G.

Both firms hed collsboreted in work designed to ¢lerify the
gituetion. It had been shown guantitatively thst the quelity of
naeturel gelenivm depended upon the scil from which it was obtained and
this had been investigeted bty both firms.

Dr. Theile (Fledel) had made experiments on the composition of
8 diversity of seleniwms,

Residue] Selenium| Iron Copper | Tellur }
% % 4 % %
Jepanese
Selenium 0.82 ! 98.7 | 0.05 10,02 } | Not
(yellow sample) j ? ) | messured

Seleniun(white semple)l 0.08 | 99.& | 0.0007 ,0.005)

Cengdlen : ;

Serenium I 0.62 $9.1 1 0.05 10.05) | Hot
T II 0.79 ' 99.6 "} 0.03  ©001) | measured
| Seedisch i ;
| Seleniux 194 0,19 | 99.7 |} 0.008 [0.35 |o0.05
| " 1942 0.06 99.6 Not | Not 0.06
f 0.04 l 99.6 meesured| messwred




The Swodish rew materiel has been prepsred tc the highest degree
of purity and is alreedy used exclusively. TFrom this rew materisl
Riedel prepares for A.F.G. & pure selepium having en &sh residue of
0.004 to 0.C05% and this materizl shows unwanted impurities of the
following upper values.

¢.0002% Iron
0.001% Copper
0:005% Silicic Lecig

Riedel have sublimed seleneous ecid aeversl +imes end obtained
the following data :-

Ash Residue Iron Copper

— % % %
Once Sublimed 0.0008 0.0C015 0.0002
Twice " ditte 0,00007 0.00005
Three times stblimed ditto 0.00009 0.00005

A second sublimsticn considersbly reduces the iron and cepper
content but no further improvement is obteined by & third sublimation.
The residuel ash remeins et the seme velue ; this is due to the celofum
sulphate introduced by the ensmel of the subliming epparctus.”

5.2. Manufzeture of Selenecus Acig

. The method of manufacturing selencus zcid from the Rolidens
gelenium wss ss follows.

Seleneous ecild, HpS5.03 has & molecular weight of 129.2 and
conteins 81% Se. It mey be produced by tresting selenim with
nitric eecid.

3 Se + 4HNOz # HO = BHySe0z + 4RO

2pparstus 2 - 550 litre steem pressure boilers mounted on = gentry
end connected to & plent for the sbsorpticn of KO

1 -~ 55C litre steem pressure boiler,
2~ 1,000 litre troughs.

1 - 500 litre trough, trensporteble &nd fitted with a
cooling jacket.

(Disc filter ~ rubber comnection t0 Membrene Pump)
Rubber centrifuge-capscity 150 kg.
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Rew Matericel Bilack selenium - finely powdered commercisl -
obteined from Bolidens.

Hitric scid 1 : 3% as free of chlorine as possitle,
{2.4 kg. HNO (1:3) for 1 kg. selenium).

Process

Into &8 550 litre steem pressure boller mounted on & gantry
1.6 metres high snd connected to & plant for the sbeorption of NO
pour 300 kgms. of commercial nitric scid and then over a pericd
of 2+ - % hours add 150 kgms. of commerciel selenium by means of
z Ycradle shovel, The reaction mixture is hesated until it
begins to froth and in this menner the celenlum excess is kept
active. Stir vigorously with & "spatule® and moderate the resmction
bty the additicn of cold weter, At the end of the resction the
beiler is hesied and evaporzted until no more RO escepes and the
sclution shows only a small trece of nliric zeld by the "Nitron"
rescticn.,  The wvolume of liguid left at this stege should be zhout
150 1litres &nd then 500 litres of distilled weter is &dded end the
solution allowed to stand overnight. The next day the soluticn of
gelenecus zeid (about 4% Be) is syphoned into another vessel, passed
through & rirber disc filter (PeCe Beutel) into & second 550 litre
vessel and evaporeted untll crystelliseticn occcurs, When it is
observed that a crystslline skin i= forming snd the thickness has
resched ghout 2.5 cms. the sclution is ladled into & transportsbls
500 litre trough fitted with 2 cooling jacket. ®hilst the concentrated
soluticn is being water cocled, it is stirred with 2 large spatuls
until the temperature has felle to 209C.  The next dey the crystels
ere extracted in & rubber centrifuge (150 Kgm. capzcity) (Pe-Ce
unstitched cloth) and washed with 1-2 litres of cold water.

The crystzls are stored irn stomewsre jars or wooden barrels
protected ageinst organic Justs.

Output.  fbout 200 kgms. selenecus acidé for manufecture with 61%
Se (compsred with 80% by thecry).

The mother 1iguor is collected in s lerge beth, By ths
adcltion of an excess of Barium nitraste soluticn the 504 concentrotion
is reduced and then the licuer iy concentrated by ewapcorstion as
described sbove, More nitric acld is given off, While the
oxydisstion of the selenium 1s proceeding, it is necessary to wesr
& gos mask anywhere in the room as lsrge quantities cf gas ers
relessed. ¥ren bandling the strongly corrcsive seleneous scid
protective goggles and rubber gloves must be worn.

The remaining licuor from the crystellisation of selenecus acid
contzins mostly the impurities iron, copper, sulphate, chlorine and
tellurium. One can prepere from this Iiguor technical sodium
selenite or onec csn precipitzate the selenium with sulphur dloxide and
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add the product to the rew selenium to be used in menufscture.

In order to prepere selenium dioxide of the highest purity for
S.£.F. the seleneous acldé described chove was twice sublimed, This
stblimation was carried out in a special apperstus, constructed of
enzmelled iron. Witric zcid 1s edded tou prevent the reduction of the
selenlum dioxide to selenium, i.e. {0 keep the crystelis white, The
gpparetus is heated by gas to approximetely 400°C and e quantity of
25 - 0 Egms. tekes 5 ~ 4 hours to sublime.

5.%. Precipiteticn of selenium from selenium dioxide.

¥erck have precipiteted some seleniwm for S.A.F. &nd have slways
preciplteted selenium for Siemens. For S.AF. it wes imporient that
the selenium should be entirely free from halide. For Siemens the
precipitztion was carried out in the presence of H.Cl in order that
the resultant precipitste should have s chlcrlne content. Two
~chlorine besring seleniums were supplied to Siemens :-

(2} high concentration 0.070% C1 + 10%
{b) low 0.020% C1 + 10%

For S.A.F, the concentraticn had to be less than 0,004 to 0,005%.

The selenium was prepered by dissolving the selenium dioxide in
water in large glass vessels. Sulphur dioxide wzs passed first
through one solution =nd then through &ncther to incresse its sction.
During the reasction hest was generstcd and the vescels were 2llowed
to rise to & tempersture of 80 - 100°C which caused cosguletion of
the selenium. In order to ensure thait this temperzture wes reached
the vessels were frequently legged with wood., The selenium ls wmashed
until free of HpS804 and then dried in & centrifuge. The selenium is
melted in s porcelzin vessel at Z80 - 400°C, the surfece scum removed
end then poured into slabs,

& chlorine content check of 100 gms. of the finsl meteriel m=s
mede. '

5 gme, of powdered selenium was dissolved in 20 cce. of
concd HNO3 (8.G. 1.4) ss free from chlorine es possitle (a blank
check of the nitric scié wes conducted). It took epproximately
2 hours to dlissolve all the seleniim.

25 ces. of gilver nitrete (§al was added to precipitete the
chloride and the excess of silver nitrate was estimeted by adding an
excess of ammonium sulpho-cyanide (N } and titrating the exececs

(lOO)
ammonium sulpho-cyanide with (_N ) silver nitrate using ferric
(100)
spmonium sulphide and tolucl to determine end point,
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S.4.F. had developed & method to check the iodine content of
prepared selenium mixtures :-

5 gms. of powdered selenium was dissolved in ¥aOH and the selenium
precipitated with CO-. Fep (804)3 was added &nd then an excess of
£gh0%, The precipitete of silver iodide was estimated grevimetrically.

All the plent used for selenium producticn by Merck had been
entirely destroyed.

6. THEORETICAL CONCLUSIONS CONCEENING SFELENTUM KECTIFIFRS,
L e Adcin FEA

4 meeting of the "Rectifier Ring" was cslled in Prsgue on ,
Novermber 24th end 25th, 1944, by the Ministries concerned to discuss
the production pogition of selenium rectifiers, and the physicsl bssis
of dry rectifiers. The mecting was &ttended by representstives of the
Ministries and the manufacturers, and elso by scientists who had
underteken investigations in this field., & full report of this meeting
is given in F.I.A.T. Finsl Report No. 706 dated 26th Janusry, 1946,

6.1. Reletive Merits of Vericus Manufecturing Methods.

Each manufecturer presented &m sccount of his particuler
method of manufecture, the verious methods described being in
accordance with the informeticn given esrlier in this report,

In gpite of the differences in deteil which sppesred, there was
no agreement on & most fevoursble method of manufecture. TFech firm
had developed irndependently balenced methodq which produced rectifiers
cf compsrsble characteristics.

6.2. The physical basis of the Seleniwm Rectifier.

The following conclusions appeer to have emerged from the
ciscussion of the Committee.

6.2.1. The electrical concductivity of selenium.

Conducticn in selenium is by electron deficiency.
The addition of helogen whether Iodine, Bromine or Chlerine, greatly
increases the conductivity, Additicns of oxygen £lso ineresze the
conductivity, while the presence of mets] stoms mey incresse or
decrease it, depending upon their nzture &nd concentrztion. The
conductiv1ty is determined not only by the concentration of thoge
chemicel addltions, but sleo the structure of the selenium layers
formed,

It wes the opinion of the majority of investigstors thet the

recistance of selenium dees not obey Ohms Lew &£nd that its velue is
gtrongly dependent upon frequency, i.e. the specific resistance of
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varicus seleniums me&sured with direet voltage was found to wvary
between 300 ohms/em &nd 100 megohws/cm, while with high frequency
the specific resistznce for a&ll types approximated to 00 ohms/cm.

The temperature coefficient of resistence is dependent on the
specific resistence and its welue end possibly its sign is dependent
upon the stete of crystalijsation, additions snd temperature. The
tempersiture coefficient is not reproducible and is dependent upon the
previous thermal end electricsel history of the sample.

6.2.2. The contzct-resistznce begtween selenium snd gounter-
electirode. '

The rectifying acticn takes place =t the junction between
tne selenium and the counter electrode metel, It is dependent on the
charzcter ¢f the surface of the salenium leyer and the metal, or metals,
of which the counter electrode is compossad.

It is probabie that the surfece film of the selenium layer becomes
poorer in the conductivity-providing distwrlence centres, during the
various heat treatments.

It wes suggested that the vericus chemical trestments applied to
the selenium surfece, e.g. fuming with selenium dioxide, sulphurisation
gtc. have the effect of :-

(2) still further impoveriching the surface f£ilm ; or

(b) providging the pececssry chemicel meterisl to asgist in
building up tbe barrier layer during electricsl forming ; or

{c} closing minute holes in the surfece film &nd minimising
the effect of weak spots in the selenium leyer.

6.%2. The Counter-electrode.

Investigstions of the counter electrode were primerily directed to
the three technicelly important metels, Bismuth, Cadeiun &nd Tin,
These metels, either pure or combined =g euteciie siloys, were epplied
as counter electrodes either by the ususl menufzcturing technigue of
. metel spreying or by waporization.

Invariebly, the slloye gave superior results to the pure metsels
themselves. Experiments have been conducted with small percentsges of
thallium sdded to the commter electrode which hee the power of grestly
increecing the resistance in the blocking direction, end the use of
this sddition nes been sdopted by some menufecturers.
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6.4, KElectricel Forming.

During electricel forming, metal ions diffure from the counter-
electrode 1o the selenium, forming metsl selenide compounds &nd
simultznecusly reinforcing the barrier leyer. Incresse of tempersture
feveurs this migretion.

fleectricel forming elsoc produces sn ecuslisetlon of the berrier
film resistance, either due to high tempersture &t wesk points,
fevouring migrztion, or cdue to high electricsl stress &t such points,

6.5. Ageing.

Azeing in selenium reciifiers iz due tc the continuetion under
service conditions of the conditions which lead to the initial setting
hp of the berrier layer, i.e. the impoverlishment of disturbence centres

esulting in poorer conductivity in the selenium layer aznd the diffusion
of metsl ions into the selenium lsyer.

6.6, Generzl Conclusions.

Ln intensive study of the seleniuw rectifier bty Koch &nd Pagensic
with particulsr regerd to the veristions of self capecity hﬂa led tc
the following conciusions :-

£.6.1. Thet the simple theory of & metsl rectifier consisting of
gcoo conductor (counter electrode metsl) in contsct with & semi-
conductor (selenium) is not eppliceble to the selenium type of rectifier.

6.6.2. This rectifier feils to obey enticipeted lews, particx.ler1
£t high reverse wvoltages.

£.6.3. The departure is probsably cdue to merked lack of
homogeneities at the contzct, since & metal selenide leayer is formed
on the metal and there is & diffusion of metcl into surfece films of
the seleniur lsyer. It is in this chemicslly complex zone thet the
space charge effects lesding to the rectifier ection tske place.

6.€.4. The effective surfzce &rea of the selenium layer is 1.5
to ¢ times the nominel sree of the rectifier, but it ceznnot te essumed
thet lhe counter-electrode mekes contazct everywhere,

6.6.5. The specizl processes which lead to substantiel
improvements in the blocking voltage ere

(2) chemicsl treztment of seleniun surfece to csuse a
preferentiel impoverishment of disturbance centres in
the surfece films

(b) the zpplicetion of lscquer films :

{c) the use of em&ll additions of thsllium in the counter—
electrode, ¢
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6.6.6. To improve the rectifier in the conducting direction, it
is pecessery to increzse the number of disturbence centres in the
seleniuw leyer by the addition of helogen and possibly certain metals,
end the formetion of & structurslly perfect layer.

6.7. Alternetive types of metel rectifier.

Owing to difficulties in obteining supplies of raw metericl in
the leter cteges of the waer, snd tc the high demenéd for metel
rectifiers; serious considerstion wes given to providing en eirternctive
to the selenium rectifier. The obvious first cheice wes the copper-
ocxide rectifier, which was elready esteblished in menufsciure. The
aifficultles involved were twofold.

(&) 1t was necessery to produce & (ermen copper &t lesst
comperskle tc the Americen C.C.C. copper, which wes being
used for production and wes elrewdy in short supply.

(b} In order thet the copper oxide rectlfier could te
subgtituted for the seleniuw rectifier in the spsce
provided in existing designs, it wes nescessary to -
incresse the rated output of copper oxide assemblies,
end this could only be achieved by producing & Cermen
copper with rectifying cuslities even better then the
Irerlcen supplies hitherte aveilsble, or devising
procesces to apply to exdsting supplies of copper viich
would permit cf increzsed rotings.

It was declded tv pursue resesrch to obtain such & metericl,
but 1t is unlikely thet any further work wes carried out cwing to the
conditions obtaining in Germeny =zt the time.

¥ith regerd to other possible elternctives, it wes considered
thot es the sesrch for & new rectifier had been going on in Germeny
for 1f yeers without result, it wes useless to hope for eny
gileviction of the exieting difficulties frem this source.

6.8, Proporels for future reserrch.

The directicns in which improvements were desired by the
nenufscturers were as follows -

Reduction of the forwsrd resistence.

Inceresse of the reverse resistence.

Feduetion of time of electriecsl forming.

Recucticn of sensitivity to tempercture end humidity.
Incresse of Jife.

In order to echieve these objects, the tollowing progrempe of
research wes suggested, It is practicslly certein thet none of this
vork ®as carried out,
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{e) Forming and sgeing experiments on &1l menufsctured producté.
{Tr. H. Schmidt).

t

{b) Influence of different lacquer lsyers {Dr. Koch end Dr. Pogznski).

(¢) Extension of the experiments on the influence of the temperatures
of evaporstion of electrodes on £.C. volteges (Dr., wven Dinpgenen).

(d) Hesearches on the selenium itself, pasrticulerly on single eryetels.
Radlogrephic and ultremicroscopic rasessrch of single crystels,
{(Dr. Lehovec).

(e) The conductivity of selenium in reletion 4o the structure of the
eryctel (Dr. Krebs).

(£} setsl-celenides : conductivity, work function vers. vscuun.
Investigetion of the conbect selenium—metel selenide (Dr. wan
Dingenen),

(¢) X-FRay enslysis of the selenide leyers on the front-eslectrode
{Dr. Krets together with the £.E.G.},

{h) Method of snalysis for very small quan{ities of bromine {Ingquiries
to be made tc Mercik).

{1) Ultremicroscopic investigeticns to find whether therec exist
precipitations of helogen-selenium compounds.

(;) Determinstion of the equilibrium concentrsticn of the halogen in
the intericr of the gelenium by messuring vapor pressure,

(¥) Investigzticns of halogen-seleniur compounds.

(1) Clerificsticn of the mechsnism of the increzse in the blocking
voltzge due to metel-traces.

7. COPPFP. OXIDV BECTIFIMRS, PROCESSES OF MANUFACTUEE.

During the period of the wer, two Germen compenies, Siemens
Schuckertwerk A.G,, Siemensstedt, Berlin, and Te,Fa.De.A.G., Nuremberg
menufactured copper oxide rectifiers. The peek producticon figures for
this type of rectifier which were reached during 1943 were :-—

Siemens, approx. 6,000,000 discs per snnum
TeKsle, s&approx, 200,000 " w n

and the totel of £,200,000 represented zpproximstely 10% of the output
of gelenium rectiflerc produced in Germeny.
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The majority of these copper oxide rectifiers were used in special
applications such as moduletors, high frecuency rectifiers snd meesuring
instrmments.

7.1. Suddeutsche Telefon-fopsrate-Ksbel Und Drehtwerke 4.0,

(Te.Ka.De.).

Rectifier Perscnnel : Dr. Baum
Dr. Nuschweck

7.1.1. Plant

The copper cxide plent is relstively smsell. It wes originelly
instelled &t Hurerberg and during the war roved to Schwarcembeck (nesr
Hof}.  In Msrch 1946 the plant was dismentled and brought back to
Nuremherg.

7.1.2. Copper

Te,Ke.De. had no supplies of Americen Copper but used a Germen
electrolytic copper prepared by

Felten & Guillesme Carlewerk 4.G. Koin-Wulhelm and
¥ielend-¥erke Ulm,

This coppsr was specified es 99.998% purity and sccording to
Te.Ka,De., gave excellent resultc.

7-1.3. Sizes of Rectifiers Mesnufsctured.

The following sizesz of discs wers manufectured :—
2 mm. diz, éisc for Sirutors (Siemens H.F. deteciors}
Z mm, die. disc )
7 mm. dis. dise ) for rodulstors

2C mm. dia. wssher)

40 wm. diz. weshers and 81 x 300 mm, double sided pletes were
built experimentelly.

7.1.4. Frocegs Detailsg

1. The ciscs are punched end rumbled with iren bells to remcve burrs
' gnd policsh,

‘Z. Washed in pure acetone and dried.
2. Loeded on gluminium oxide plzte &nd preheated at 500°C for %0 mine.
4, Oxydized for € mins. at 1020°C with steady stresm of cxygen

through oven.
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5. GQuickly transferred to low tempersture furnsce set at 560°C,
vhere they remein for 20 mins.

. GCuenched without deley in distilled water contained in glass bath.

7. The backs of the diees asre trested with sulphuric &cld end
potlished,

8. fThe blzeck oxide is removed from front fece with poteassium cyénice
znd sfter washing &nd drying the oxice surfsce is roughened by
gently rubbing with Mo.C gless paper.

Q, Powdered graphite is rubbed into the cuprous oxide surfece with
& leather pad.

10. The disce ere mounted in & mesk and &= silver front electrode
deposited by vaporisation in high vecuum. :

11, The rectifiers were tested to the following limits :-

2 mmp.din,  Formard current st 0.5 velte must exceed
0.8 ma :
Eeverse current at 6.0 wolte must be less
then 20 microzmps.

20 mr.gim. Forwsrd current &t 0.5 volts must exceed
175 mk,
Feverse current &t 6.0 velts must be less
then £ millizmps,

12. The 2 mm. discs were zssembled in moulded bakelite bodies with
brecs serew on end caps end soldered wire end connecticns.

1%. The wodulstor reectifiers 2 and 7 mm, dia. were sagsembled in
cersmic tubes with scldered end csps.

7.2. Menufecturing Detzdls - Siemens_gggpckertweggg.

7.2.1.. FRectifier Personnel : Herr Tschermek
Dr. Nietsche

7.2.2. Pient

Until 1945 81l rectifiers were manufzciured at Slemensstadt, but
in thst yesr producticn wes commenced at dispersal plants at Coenerwits
(bresden) and =t Hoff, The plant at Siemensstedt was largely
destrcyed but it has been rebullt snd menufucture is recommencing.

7.2.5, Copper

Lt the cutbreck of war Siemens had approximetely 700 tons of
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tmeriezn C.C.C. copper snd during the war they have used approximetely
500 tons. Siemens rolled their own copper strip &nd considered it of
grect importonce to keep the copper free from oil, thus no oil was
used during rollipg or punching.

Attempts had been made to use Germen electrolytically refined

copper, but it was found thet rectifiers made with this type of
copper had forwerd recistsnces twice as high ss those made with
dmerican copper.

w2

10,

7.2.4. Bizes of Fectifiers Manufectured.

2 mnm. die. ¢ise for Sirutor (Siemens H.F. detector)

% mm. " n)

4 mm, M " } for modulators,

7 mm. " )  instrument purposes.

20 mm, "  wacshers for moduletors or smell power regulrements.
40 mm. ™ weshers ) for power requirements, e.g.

700 x 8L mm. dowble sided plete) battery cherging, etc.

7.2.5. Process Deteils

The dises or weshers ere punched flst,

The discs sre ploced on copper sheets which have been rejected
for rectifler nanufzcture,

The washers are mounted on rode in pairs.
P

The cherge of discs or washers ig prehested for 5 to 15 minutes
st 520°C.

Oxydized at 1000 - 1020°C for 8 to 12 minutes.

Annesled for 15 to 4 minutes &t 52000.

For low resistance rectifiers the charge is quenched in water.
For medium resistance rectifiers the charge is quenched in oil.

For high resistancg rectifiers the cherge is elther cocled in air
or after the 520°C anneel is further snnesled at %5°C for
15 minutes and then gquenched in water.

The chemicel treatment for the removel cf bleck oxide veried with
size of element : thus for esmell discs (2, % and 4 mm. dia.)
30% nitric &cid was used, while for lsrge discs, washers &nd
plates 46,9% nitric acid with &n additicn of 6.2% sulphuric gecid
was fevoured. '
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11, The front contzct electrode consisted of & vaporised silver

' contzet direct on the oxide for 2, 2, 4, 7 mm. die. dises, and
for certzin speciel (moduletor type) 20 mm, dis. weshers.
For all other elements, i.e. wacherns end plateg, an aguadag
contsct was prepered.

1Z. The following figures are typicsl of the limits to which
rectifiers were tested.

2 mm. dils. discs Forwerd current greater than C.2 mA et 2 volts
Reverse current less than 3.5 uvA. at 2 volts,

Zomm, T " Forward current greater than 0,8 m& et 0.4 voli
Eeverse current less than 8 ul &t 2 volts,

5mm, ¥ " Forwerd current grezter than 3 mi, gt 0.4 volis
heverse current less then 20 uh. at 2 volis.

7 mm, © " Forward current greater than 5 mi. at 0.4 vwolts
Reverce current less than 40 ud. =t 2 volis.

20 mm, ° n rorwzrd current grester than 0.100 smp. =i
C.5 wvolts
Feverse current less than 3 mi. st 6 volts.

40 mm, ® n Forward current greater thsn 0.7 4. at
0.5 volig
Reverse current less then 7 md ¢t & volts.

%0 x 81 mm.pletes Forward current greater than 25 A, at G.48
Grede 1. volis
Reverse current less than 70 ma. al 6 volts.

1%Z. For the manufeceture of HOKCO {nighly stzble) discs, a "pre-sgeing"
treetment of 48 hours &t 90°C. was gpplied to the completed
disc,

8. TELORETICAL CONCLUSICNS CONCEENING COPPER OXIDE RECTIFIRRS

Very little advence in the technique cof menufscturing copper
oxide rectifiers has been made during the war period, The work of
developlng the copper oxide rectifier wss left entirely toc the
Slemens organisation snd Dr., Waibel of the Siemens Halcke
Leboretories carried ocut verious reseasrches, particulariy in regard
to the purity of copper for rectifier purposes. This work had been
conducted primarily with = view to substituting Germen Flectrolytic
Copper for American C.C.C. A study of the effect of impurities in
rectifier copper had ensbled Siemens to stete why certein German
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Flectrolytic Coppers were inferior, but it could not be proved

thet any of the impurities in Zmericen C.C.C. were decicive. In
genersl, the result of deliberstely adding impurities to "googd”
rectifier copper wes to increase the forwerd snd reverse resistances,
end no improvement in the fundementsl rectifier could be effected.
Only specielly selected Germen coppers subjected to careful
refinement could yield rectifiers spproaching those mede from
dmericen C.C.C. '
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