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I. INTRODUCTION

A. Discovery and Nature of Copper Oxide Rectifiers

Credit for the discovery and preliminery development of the
sopper oxide rectifier is given to Mr. L. O. Grondahl (Grondahl 8)s.

The copper oxide rectifier consists essentially of a piese of
copper, usually a flat disc, upon which a ocoating of the red cuprous
oxide, Cus0, has been formed by & suitable heat treatment. Electrisal
oontact with the outside surface of the ouprous oxide is usually
obtuined by costing it with graphite and pressing against it a dise
of soft lead. With the lead as one slectrode and the original ocopper
(mother sopper) undernssth the oxide as the other electrode, the
rectifier is formed. When & voltage is applied across these slectmdes
such that the current would tend to flow through the ewprous oxide from
the lead electrode to the mother copper, the electriocal resistance
opposing the flow of current is of the magnitude of from ten to fifty
ohms per square inoch of cuprous oxide surface. With the woltage drop
in the opposite direction the ouprous oxide reotifier presents a
resistence of thousands of ohms per square inch of oxide surface.

The reetifying action appears to take place at the surface of
contact between the mother copper and the oxide coating, and it is

* Reforence numbers refer to corresponding numbers in the Selected

Bibliograply, page 186.



3
not greatly affected by the type of elestrode used to make contact
with the outer surface of the cuprous oxide. lLead serves well as the
contaoting electrode because it is soft and under pressure it sinks
into the minute hollows of the ouprous oxide and mekes electrical
contact with the whole of the outalide ouprous oxide surfeoce.

B. Uses and Advantages in the Use of the Copper Oxide Reotifier

In its ususl commercial form the ovopper oxide rectifier unit¢
consists of a lead washer sbout one-sixteenth inch in thickness and
from one to three inches in diameter snd e copper washer of equal
size eonted with cuprous oxide on one side only. These units mey
be stacked to giwe a series conneotion suitable to the voltage on
whioch they are to be used. The umnits are strung on the shaft of a
bolt, and a pressure of thousands of pounds is applied to them by
the tightening of the nut at the end of the bolte The rectifier
thus formed is permanent, movable, and easy to handle.

The copper oxide rectifier has a negative resistance coeffiefent.
With inoressing temperature the rectification ratio ciecmses, and at
300° C. the rectifying properties are destroyed entirely. Consequently
the voltege rating of a unit is determined largely by the cooling
faocilities provided for it.

The copper oxide rectifier has soveral industrial uses. It was
once extensively used in “trickle" chargers for radic batteries. It
forms an excellent source of direot ourrent for the exsitation of
dynsmie loud sposlsrs in a-o. radio receivers. This reotifier is

used 1n control spparatus, as a by-pass for dynamo field switches,
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and in those other numercus circumstances where a depsndable rectifier
of stable oharacteristics and moderate current oapasity is required.
One of the more recent uses for the copper oxide restifier is in
electrioal instruments which are suitable for use in both &~0. and
dus. cirouits.

Briefly, the adventages in use of the copper oxide rectifier
over other rectifiers sres It 1s rugged and stands hendling and
shipping well; it is dry and requires no attention after it is ine
stalled; it has no moving parts and makes no noise in operstion; it
produces excellent rectification with little reverse current; it
operates electroniocally and not electrolytically - comsequently it
requires no reforming period at the start of each electris oycleg
it can be commected readily to any number of phases snd requires no
intervening transformers; it mey be used with smy frequensy. Grondshl
reports experiments with this rectifier at frequensies up to three
million eycles per second (Grondshl 10). |

€+ Charsoteristios of Copper Oxlde Reotifiers Inviting Investigstion

Jeveral diverse theories have besn presented, but none of them
eatisfactorily explains all of the sharacteristios of the sopper oxide
rectifier. The influencing factors in the formation of the restifier
units are numerous. It is not possible commersially to produce a
nwsber of rectifiers whose chareoteristios are nearly enough alike
that they may be said to be identical.

The purpose of the inwestigation reported herein was to determine
the influence exsrted by certain of the varisbles in the preparation of
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copper oxide reotifiers and to consider the various theories in relation
to the effects thus determined.



_E_E:. REVIEW OF PREVIOUS THEORIES AND INVESTIGATIONS

A. Introduotion

It is interesting to note that each investigetor attempting
to establish a quantitative theory or to derive a mathematieal
expression for the volt-ampere charasteristie of the copper oxide
rectifier is driven to the conolusion that as yet neither the
quantitetive theory nor the mathematioal expression has been
dissovered which can be applied successfully to the whole of the
volt.ampere characteristie.

In the following discussion there will be used the customery
designation of the direction of ocurrent flow, namslys electron
transfr from the copper to the ouprous oxide is in the "conduetion®
direction, and thc‘ current eonstituted by this electron transfer is
“forward” ecurrent; conversely, elestron flow from the oxide to the
oopper is in the "bloeking" direction, and ocurrent flowing in the
blocking direetion is designated as "reverse” ourrent. "Reectifiocation
ratio” is the ratio of the forward ourrent to the reverse current
at some specified wvoltage.

B. Presentation of Theories

1. Iheory of ¥agner

Wegner assumes (Wagner 33) that the transfer of electrons
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frox the ouprous oxide to the oopver is brought about by singly
charged positive oopper lons in the cuprous oxide giving up an
elestron to a doubly charged positive ion in the copper acoording
to the equation:
0u(2)+ GuY;) - cJ(;)+cn(,), (1)

where the subaoripts (o) and (e¢) indicate respectively the lcoation
of the copper fon to be in the oxide and in the mother copper.
Since the number of singly charged copper ions in the cuprous oxide
is practiecally equal to the number of lattice ions and scarocely can
be inoressed, the existence of a saturation current is to be assumed.
With « very stromg fleld (107 volts per em.) other sources of
aleotrons {rom the cuprous oxide axe brought into action, and the
ourrent is not limited to the ﬁturatim value predicted by mode
of transfer indicated in equation 1. In the conduction direction
the number of electrons is essentially proportional to the concen-
tration in the oxide of doubly sharged copper ions as electron catochers.
Consequently the number of electron transfers per tmif time oan de
increased proportionslily to the inerease of the number of doubly
charged copper fons in the doundary layer.

Upon the foregoing assumptions Wagner derives for the current
density the expression:

1= xzn(e%- 1) (2)
3 :
where 1 = ocurrent strength per square ea.,
q
k

= proportionality factor,
¢ = elementary charge,
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V = Boltsmann's constant,

T = absolute temperature,
and current in the forward direction is assumed positive.

Equation 2 is found to deviate from the experimental date

for very small wolteges and for voltage gradients at the contact
between copper and oxide of more than 107 volts per om. This
derivation assumes that at the contacting lead electrode the foreed
electron emission takes place at very small voltages for a ourrent
flowing in the forwmrd direotion, but at the inner contast between the
cuprous oxide and the mother copper a much higher voltage of 107
volts per cm. is required to cause this foreed electron emission.
Such an assumption seems diffieult to justify when the contecting
eleotrode is made of copper, for in such a case a symmetrical
sondition with respeot to the suprous oxide is formed, and there is
left no explanation for the asymmetrieal conduction properties
of such a rectifier.

2. Theory of Slepian

Slopian assumes (Slepian 31) the action of the copper oxide
rectifier to be of the same nature as the action of ¢ waswum tube
rectifier. For a vaouum tube reotifier it is necessary that the
electrodes be separated by an insulator having a thickness of less
than & thousand moleoules. One elestrode must be an opulent source
of electrons and the other oapable of releasing only a few or no
eleotrons at all. Current flows when the voltage drop moves electrons

through the insulator from the better eleetron source to the other
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electrode, while a voltage in the opposite direstion oan produce
only a very small current if eny at all. In the copper oxide rectifier
the mother copper is considered to be an abundant socuree of elestiroms,
while the cuprous oxide is the electrode whose supply of removable
oloctrons is limited. In order to provide the insulating layer
separating those two electrodes, Slepian assumes that at the layer
of eontast betwean the mother oopper and the cuprous oxide the molee
sules exist in a structural form which is not normel end thet in
this sbnormsl condition the moleoules have a high electrical
resistance which giwes the effeot of the required imsulating layer.

3. Theory of Nordheinm

Nordheim states (Nordheim 16) that there are two oconditions
necessery for the existence of a rectifier sush es the copper oxide
reotifier. He specifies that there must be a surface of contasct
between a conductor and a seml-conduoctor and that this contact must
have a high electron transfer resistance. Of the eleotrons having
en energy sufficlient to bring them across this high resistance, the
supply in the semi-conductor, the cuprous oxide, is limited, while
in the conduetor, the mother oopper, the supply is extremely
soplous. Using these assumptions as a basis he derives from the

econsiderations of wave mechanios the equation for ocurrent
£ = e @) (3)

where D = proportion of electrons possessing sufficient snergy
to penetrate the boundary layer,
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= prastioally a constant varying only slightly with T,
o = the condustivity of the semi-.oonductor,
¢ = voltage applied to the restifier,
= a constant,
and T = absolute temperature.

4. Theory of Sehottky

In Schottky's original theory (Schottky 26, pg. 87), rectifi-
cation was simply a contact phenomena depending upon the difference
of the work funotions of the eleotron transfers from the copper to
the ocuprous oxide and from the suprous oxide to the qupor./fhis
theory differs from the previocus ones in that Schottky does not
econsider the limitations of the supply of electrons but only the
energies required for their transportation from one electrode to

the other.

5. Theory of leblane

Both the partial pressure of the eleoctron atmosphere st the
surface of s metal and the clectrostatic field established by
the positive ions remgining in the metal are different for different
metals. Consequently, when two unlike metals are brought nearly into
contact, & flow of electrons from one to the other takes place until
the eleotronic partisl pressures are equal in the plane of equal
eleotrostatic fields between the metals. This electron flow
astablishes a potential difference between the conduetors which is
designated as the contsot potential. Leblanc suggests (Leblanc 14)
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that in the formation of oxide on the copper it is possible for
& eutectic mixture of copper end cuprous oxide to ocour, and that
this eutectio mixture will act as a second conductor and establish
a contact potential with the ocopper. He offers this ocontaeot poten-
tial as the cause of the rectification in the copper oxide resti-
fier.

6. Theory of Kost

Eost heats a strip of copper by passing an electric eurrent
through it (Kost 13). The strip is hottest in the center; consequently
the thickmess of the ocuprous oxide layer varies from a meaximum at
the center to a minissm at the ends. The reotification properties
are not constent but vary with the thickness of the oxide layer.

From this fact Kost concludes that restification is s property of
the erystal formation rather than of the boundary layer between the
oxide and the copper since the orystal astructure could vary with
different thicknesses of the oxide while the contact layer must be
uniform throughout the length of the oxidised copper strip.

7. Theory of lea

Leo finds that cuprous oxide has the property of retaining
eleotrons, when bombarded by them, llike a condenser of high
capscitance and poor insulation (leo 15). He suggests that the
retention of the electrons gives a negative space charge whioh
may be a contributing fastor to the charsoteristies of the blocking
layer.
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8. Theory of Waibel

Weibel shows that the recstification afforded when a piece
of etched massive cuprous oxide is pressed against a clean metal
is of the same type as that of the cuprous oxide resctifier in which
the oxide is grown on the copper itself (Waibel 34). He believes this
evidence to support Sehottky's theory that the rectification is caused
by the differences of exit work of eleotrons from the condustor and
seml~conducstor.

9. Theory of wan Geel

For his derivation van Geel assumes that not only the outer
exit work funotionm, whish was considered by Schottky, but also the
inner exit work as defined by Sommerfeld is necessary for consider X
ation in the current equation for the sopper oxide reetifier
(van Geel 7). Upon this assumption he derives the equations for

the current:

-2
1= Aarfe’ (4)
cr¥/% (5)
Equation § is the equation to be used when space charge effeots

or I

i

are presont, snd equastion 4 assumes the exlistence of no spece charge.
A, B, sud C are constants of the materials used on either side of
the dislesctrie, and F is the field intensity at the emitting sufface.
The theory of van Geel is much like that of Slepien in that they
assume that the currents flowing through the blooking layer are

ocold emission ocurrents from the metal electrode and the semi-conduetor,
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10« Theory of Pélabon

For the mechanism of the rectification of ocopper oxide rectifiers
P6ladbon proposes an explanation based on eleetrolysis at a poor
oontast (Pélabon 18, 19 and 21). For such a condustion it is
necessary to have an asymmetrical condonser having a metal and a
semi«ocondustor as the electrodes and a semi-~insulator as the
dieleotris. In the oopper oxide reotifier Pélabon specifies as
the electrodes the mother copper and a mixture of cuprous oxide (Guzﬂ)
and oupris oxide {Cu0). He states that the border layer or dielectrie
between these electrodes is & layer of submioroscopie thickness
consisting of almost pure euprous oxide ocontaining but 1little of
the oupric form. When a reverse current is flowing, the negative
oxygen ions, O, move through thé semi-insulator to the surface of
the oconductor and form there a negative space charge which repels
the eleeotrons from the semi-ocondustor. For a forward current the
negative oxygen ions flow sasily through the semi-insulator and
are sabsorbed in the seml~conducstor. Here no space charge is formed
and current flows readily.

1l. Theory of Grondshl

Grondahl's theory 1s perhaps best presented in his own words:
"One of the present writers has proposed a theory based on the faet
that the copper and the oxide are in very intimete relatfionship.
The transfer of an elsotron from copper to oxide, or ¥iee versa
may take place without passing through the whole potential drop
represanted by the electron affinity of either sudstance, but
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only through a potential drop corresponding to their difference.
lUnder this condition 1t is conoeivable that even at room temperature
and without any applioation of an e.m.f. a great number of electrons
are able to esoape from the copper and into the copper oxlde.
The asopper then serves the same purpose as the hot wire filament in
2 vacuum tube, end maintaing an atmosphere of electrons in the oxide
in excess of the normal amount. On account of the short distsanoce
between electrodes, the comparatively large ares, and also probably
assisted by the dielectric constant of the oxide, the resistance
to the flow of electron current in the direetion from the copper
to the oxide is small.

"When the e.m.f. is applied in the opposite direction, there
is e tendenay to drive the electrons baock inte the copper. This
is opposed by the ready diffusion of electrons from the copper into
the oxide so that the electroms become concentrated near the surfmoe
of the copper. The resultant gradient in electron concentration in
the oxide produces a potential gradiemt which opposes the flow of
eleotrons in the dirsotion from oxide to copper. This theory seems
to fit the voltage resistance curves very well." (Grondahl 10).

12. Theory g_{ Jngg__elet

Jaoquelet shows (Jaoguelet 12) that the coefficient of thermal
expsnsion for oopper between O and 1000° C. is 19x10"6, while that
of ouprous oxide is never more than one tenth as much; and, moreover,
this ocoefficient for ouprous oxide wvaries with different temperatures

and becomes zerc and even negative. Consequently, when a layer of
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ouprous oxide iz formed on the expanded surface of a copper disc
above 1000°C., and then the unit is suddenly cooled, the copper
surface tends to sontrect much more than does the ares of the
cuprous oxide surfaces. The result of this sction is that the
orystals of the cuprous oxide suffer a oonsiderable distortion.

Jacguelet pictures the conductivity of semlwcondustors as
being produced by the contaot with each other of the mtuflic atoms
of the molesules of the semi-conductor. The distortion described
above lowers the resistance of the cuprous oxide layer because by
this distortion either more of the copper atoms are brought into
contact or, if they are vibrating, more copper atoms meke conteot
and for longer periods of time than they do in the normal comndition
of the oxide. A voltage strein in the forward direction further
decreases the resistance by adding to the strain imposed by the
quenching of the rectifier, while a voltage strain in the reverse
direction inoreases the resistance because it tends to return the

suprous oxide orystals to their normsl condition.

13. Theory g_{ VWilson

Viilson uses the new quantum mechanios to consider the conditions
of eleotron flow between the semi-conduetor and the metal (Wilson 35).
He finds that as yet not enough is known of certain properties of
the semi-conductor and of its contact with the metal to substantiate
an exact development; however, from more general principles he

is able to deriwve for the ocurrent the expressions;
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L4 -(/—na()é-y
I=K1[.e KT-e KTJ

where V = voltage drop from metal to semi-conductor,

(6)

€ = electronic charge,

Ky and K are oonstants,

T = sbsolute temperature,
and o is independent of V and lies between 1 and 13.
Of this theory the author states (Wilson 35, pg. 498), "The
difficulties in the way of a complete theory of the transmission
coeffiocient are considerable, but the crude theory seems adequate
to explain a large part of the phenomena."

Wilson agrees with Schottky that the differsence of the effects
of the contaots at the two surfeces of the ocuprous oxide are oaused
by a difference in the physiecal condition and type of econtact the
oxide surface makes with the metal touoching it. Wilson says (Wilsom 35,
pg. 489), "In any orystal rectifier there are always two contacts
to consider, the two at the boundaries of the semi-conductor. Ome
of these contacts is always supposed to have & negligible rectifying
effeot, The justifieation for this is difficult to find, If the
contacts are very dissimilsr, then there is a rectifying effect,
but, a3 we shall ses later, the direetion of easy flow is determined
more by the nature of the dissimllarity than by ite megnitude.”

C. Report of Previous Investigations

1. Effect of temperature change on rectifier characteristios

The effect of temperature variations upon the sharmscteristiocs
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of copper oxide rectifiers has been investigated by Leblano (ieblanec
14), Kost (Kost 13), Iriom (Irion 11), Demontvignier (Demontvignier 2),
and others. They found that an increase of temperature lowers both
the forward and reverse resistances, but the reverse resistance
suffers the greater proportional decrease; consequently, with
increasing temperature the reotlfication ratio decreases. If the
copper oxide rectifier is heated to about S00°C. it loses its
rectification properties, and both the forward and the reverse

resistance are greatly inoreased.

2. Effect of contacting electrode on reotifier characteristics

The most thorough investigetion of the effect of the contact
eleotrode upon the charasteristics of the copper oxide restifier
was made by Schettky and his coworkers (Schottky 27, 28, and 29).
They found that practically the only effect the contacting electrode
has upon the conduectivity of the reotifier is one of simple contaoct
resistance whioh is merely added alike to both forward and roverse
reslstances of the rectifying section of the unit. The surface of
the ocuprous oxide is not smooth; the more the contacting electrode
is capable of sinking into the hollows and making & more somplete
contact with the whole of the oxlide surface, the less the contact
resistance becomes. For this reason soft lead or mereury under

pressure are found to be good contacting elecotrodes.

3. Chemloal composition and orystal arrangement of the oxide layer

A decided difference of evidence and opinion exists concerning
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the form snd material of the blocking layer at the surface of the
mother coppers

Pélabon (Pélabon 21) made a chemical anslysis of the oxide layer
snd found that below an outside surface of black cupric oxide exists a
mixture of cuprous and cupric oxides; this mixture varies from the
pure cupric oxide on the outside surface to pure cuprous oxide at
the surfaos of the mother copper.

Seharf and Woinbaum (Secharf 25) have made a photomiorographie
study of the same question. They used an aoid to etech away the oxide
layer to different depths and disclosed successively layers of fine
grained cupric oxlde, a mixture of fine grained cupric and course
grained ouprous oxide, and the course grained cuprous oxide which
is the final layer before the mother copper is reached. These authors
conoluded that their investigation results support the theory of
Pélabon. Their pictures show no correspondence in position between
the individual cuprous oxide orystals and the copper orystals on
whioh they are formed, but that one ocuprous oxide orystal may rest
upon parts of two or more copper srystals.

Torres, however, (Torres 32) conducted a photomicrographie
study similer to that of Scharf and Weinbaur and came to entirely
contradiotory conclusions. He found that reotification is unime
paired when only the pure cuprous oxide orystals fora the whole of
the oxide layer. Further, his photographs show that the contour
of each ouprous oxide orystal corresponds to the copper crystal
below it.

Jasquelet (Jacquelet 12) used chemical analysis to find
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results agresable to those of Torres, namelys the rectifying
layer consists of pure cuprous oxide and there is no evidence of
the presence of cuprous and oupric oxide mixtures in the rectifying
gone.
Dubar (Dubar 6) used chemical analysis and found the presence

of no ocupriec oxide in the cuprous oxide layer.

4. Capacitence measurements of the blocking layer

Schottky and Deutschmann (Schottky 27) made use of en a-e.
capscitance bridge to determine the capacitance of the blocking
layer of the oopper oxide rectifier. With temperatures from «73°
to 20°C, and frequencies from 800 to 2500 cyeles, capacitance
neasurements were determined whioch gave the apparent thickneas
of the blocking layer welues from 3x10~6 to 3x1078 om.

8. Iype of contact at the blocking layer

Schottky, Stérmer, and Waibel (Schottky 28) constructed a
rectifier with a copper plate as one elestrode and a graphite
layer as the other with massive ocuprous oxide between the electrodes.
In this combination reotificetion occourred et the copper-cuprous oxide
surface. When polished or sand blasted maszive cuprous oxide was
used, rectification was quite small., If the cuprous oxide surface
next to the copper electrode had bsen etched with nitric or sulphurie
acid, rectification was relatively much greater. These results seem
to indicate, as do the mierographioc results of Seharf and Weinbaum
{Scharf 26) and those of Torres (Torres 32) that large grained
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surfeces, such ag those of the ouprous oxide produced by etching
ere required in the semi-conductor in order that good rectificetion

may be produced.

D. Disocussion of Theories

Any explemstion, such as that of Wagner, whioh is based
primerily upon the difference of the properties of the materials
used as elsotrodes on each side of the ocuprous oxide must necessarily
fail when rectification is obtained with the same material, namely
copper, is used for both eleotrodes: Rectification does oocur when
copper is used for the contacting electrode, and one is driven to
seek a difference in the physical state of the copper electrodes
or of the two surfaces of the cuprous oxide as an explanation
of the asymmetrical conduction of an apparently symmetriocel system.

In 8ll of the theories in which the limitation of reverse
current is attributed tp the cold emission properties of the semi-
condustor, it is required that the value of the reverse current
approach a limit. Consaqusnfly, these derivations do not hold for

"higher values of the applied voltage since at higher voltages the
reverse ourrent is not only not limited but increases with increasing
voltage at a higher rate than does the forward current.

Nordheim states that present theories of rectification appear
fairly good but that none are fully satisfactory. He suggests that
the main fault seems to be that no one has yet given an exact model
of the semi-conductor and its contact with the metal (Nordheim 16,
Pg. 434).
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Of Sohottky's theory of rectifiecation based on the exit work
energy of the electrons, Grondahl has to say; "Schottky's theory
(Schottky 26, pgs 87), involving the work required to carry an
eleotron asoross the boundary between two substances, also fails
to give a satisfaotory explanation as it is probable that the
electron affinity of the copper 1s greater than that of the copper
oxide." (Grondshl 10)e. In a more recent articls Schottky himself
expresses doubt of the adequacy of the present day theories (Schottky
29, pgs. 838-838).

The theory of Leblanc and that of Pélabon depend for their
establishment upon the supposition of a eutectie mixture of the
ouprous and ocupric oxides within the layer effective in rectification.
The presence of this eutectic mixture is found by Pélabon (Pélabon 21)
and by Seharf and Weinbaum (Soharf 26). Its presence is denied by
Jacquelet (Jasoquelet 12), by Torres (Torres 32), and by Dubar (Dubar
6 )o Schottiy's experiments (Schottky 28) of producing rectification
with massive ocuprous oxide pressed against a ocopper electrode also
deny the necessity of a sutesctie mixture of cuprous and ocuprie
oxides to produce rectifiocation.

Soharf and Weinbaum (Scharf 25) find that there is no oriemtation
of the cuprous oxide orystals in the copper oxide rectifier, and
these rélults discredit the theory of Kost who attributed reectification
to the erystal structure of the cuprous oxide. Results similar to
those of Kost were obtained in the Investigation later described,
and they will be explained by the uses of Jacquelet's theory.

The equations derived by Nordheim and Wagner required a
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saturation ourrent in the reverse direction, and it will be showm
later that these equations do not hold for voltages higher
than six to eight wolts.

Although, as Jacquelet himself states (Jaoquelet 12, pg. 371),
the theory which he proposes scarcely seems susceptible of a
mathematical expression for the purpose of verifioetion, this
theory explains remarkably well almost all of the phenomena
exhibited by esopper oxide rectifiers.

When two copper discs are pleced back against back and heated
in this position, oxygen is excluded from one side of each; it results
that each is coated with cuprous oxide on one side only. If sush
disos are quenched suddenly, they have rectifying properties; and it
is invariebly found that the disos, which were flat previous to
the quenching, have beocome curved. This curvature is caused by
the unequal contraotion of the copper and the ouprous oxide layer.
If, however, the dises are allowed to eool slowly in air or in an
inert atmosphere, they are not deformed and they have only the
slightest traoce of reotifying properties (Jacquelet 12). Thus it
sppearz that in the slow cooling the cuprous oxide orystals oan flow
on the copper disc and adjust themselves to the changing area of
ocopper surface. Dubar observes (Dubar §) that a rectifier heated
to 3009C. loses its high conduotivity in the forward direction.
Apparently at this temperature the fimness of contact between the
cuprous oxide and the copper 1s lessened to suoh an extent that
the strain, previously imposed by the quenching of the unit, is
removed. Dubar reports (Dubar 3) that cuprous oxide formed by
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chemical means on coppsr when it is oold gives no rectifying
properties. Such an oxide layer would suffer no mechanical strain
in its formation.

It has been observed by van Geel (van Geel 7, pg. 772, fig. 3oj
that the reverse current of a copper oxide reotifier appears te
be the sum of two currents obeying different laws. Figure 1 is
an {llustration of these current curves. Curve s represents the
shape of the reverse wvolt-ampere oharacteristic. It osm be seen
that this charaoteristiec is the sum of curves b and s, Curve b
is evidently & saturation curreat, and it very well may be the
cold emission ssturation ocurrent required by Wagner and Nordheim.
Then curve ¢ would represent the current oarried through the
semi-conductor by the copper atom contaots in the strained lattice.

With temperature wariation, the smplitude of oscillation of
the metal atoms in a semi-conductor varles. Jscquelet assigns to
the contaocts made in these oscillations the current earrying properties
of semi-conductors. With temperature variation there is a variation
of cold emission currents. And with temperature variation the mechan-
ical strain upon the ouprous oxide crystals is changed by the
difference of expansion or contraction of the oopper and the ouprous
oxide. As the tomperature is lowered, the forward and reverse
resistance of the copper oxide rectifier are found to incrsase.
This decrease in conductivity cen be sussigned to the deorease in
the conductivity of the semi-conductor and to the desrease of the
cold emission currents. But with deereasing temperature, the
rectification ratio is found to increase, This ohange is undoubtedly
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due to the incresse of the straim imposed on the ouprous oxide by
a oontinued contraction of the mother copper. The experimental
work desoribed later will be shown to be consistent with the
requirements of Jaocquelet's theory.

Sacerdote (Sacerdote 23, pge 108) has shown the presence
of a slight hysteresis loop in the wvolt.ampere chsracteristic
of a copper oxlide reotifier. A ocopy of his illustration of this
hysteresis loop is shomn in figure 2. Neither the emission theories
of Wagner, Nordheim, and Slepian, nor the exit work theory of
Schottky could be uged to ascount for the existence of this phenomena.
According to Jacquelet's theory, however, & voltage drop in the
rectifier ocsuses s shifting of the atoms in the ocuprous oxide
erystals. Then ~ if this movement of the atoms were not fristionless -
upon removal of the wvoltage, they would not completely recover
from this dicplacenen:t; and a hysteresis loop would result much as

does the magnetio hystercsis loop of iron.
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TI1 DESCRIPTION OF APPARATUS AND
PROCEDURE IN INVESTIGATION

A. Presentation of Objectives in the Investigation

In the preceding section are listed thirteen theories of
the mechanism of the copper oxide reotifier. Yet none of the
thirteen authors gave a complete desoription of the exact
prooedure by which they prepared the reetifiers which were used
in their experimental work. Contreadiotory evidence was offered
in the investigation of the chemiosl constitution end physieal
construection of the ouprous oxide layer. Eaoh individual
observation reported may have been correct, and the apparent
diszorepancies may be the result of actual differences in the
construstion of the copper oxide rectifier speoimens examined by
the investigators. These differences of physical and chemical
nature in individual rectifiers would be the result of umlike
progedures in the preparation of the rectifiers.

It is apparent that the influence of each preparation eondition
upon the characteristics of copper oxide rectifiers must be determined
quantitatively before a satisfactory quantitative theory can be
stated for the rectifiers. The statement is made (Jaoguelet 12)
that the charscteristiecs of the rectifiers are dependent upon
the purity of the copper, time end temperature of heating, rate of
ecooling, temperature of cooling, and the amount of rolling the copper
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hes previously expsrienced. There has been no publication of any data
showing the kind and magnitude of the effeoct of any preparation
condition upon the rectifier charsoteristics. Therefore it was
proposed to investigate as nearly quantitatively as possible the
varistion produced in the rectifier charasteristics by a difference
in the tempersture and nature of the quenching beth and by a
difference in the length of the time of hesting. It was eoncluded
that the information pi-oéurod in such an mvestigktion would be s
definite step toward the isolation of, and the determinstion of
the e¢ffect of, the many influensing wveariables in the preparstion
of the reotifiers. The ultimate objeot of the entire investigation
in this field would de the formation of a complete and satisfactory
quantitative theory for the mechanism of copper oxide rectifiers.

According to Jacquelet's theory, reotification is the result
of a mechanical strain imposed on ome side of the ouprous oxide
layer by the greater contraction of the copper with which it makes
contaot. Then one should be able to determine whether or not this
theory 18 correct by finding the effect produced upon the reotifying
properties of the oxide rac'tiﬁ.er‘in the srtificial ohange of this
strain. Therefors, it was proposed to use the method of bending the
reotifier unit. When the ocopper strip is bent, the outside surface
ares is inoreased while the inside surface area is decreased.
Therefore, if a reotifier is formed with cuprous oxide layers on
both sides, and the specimen is bent, any mechenioal strain of
contraction of the oxide layer would be decreased on the outside

oxide layer and inoreased on the inside oxide layer. Them, if
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Jaoquelet's theory is correct, the reotifying ability of the outside
rectifier should decrease while that of the inside rectifier should
inorease, providing, of course, that in the bending prooedure other
effeats are not introduced which would mask the ones it is desired
to oconsider.

In the course of the making of thess bending experiments, it
is necessary that the lead contaot electrode be removed and replaced
several times. It wes found that the mere removal and replacement
of the lead electrode would often-times have the effect of ohenging
the conduotivity of the reotifier by as muoh ss twenty per cent., even
if the pressure holding the lead eleoctrods in place were always just
the ssme, Therefore, it beomme necessary to have a permsnent contaot
on the ouprous oxide surface. Various methods of holding the sontact
eleotrode in place so that it would not be moved about on the oxide
surface when the unit was moved in the bending device were tried,
but none of them were sucocessful., An attempt was made to electro=
plate a copper electrode on the outer surface of the cuprous oxide.
However, it was found that, due to the uneven surface and consequent
uneven thickness and conduotivity of the ocuprous oxide, the electro-
plated eleatrode was not solid, but was formed only in the hollows
of the ouprous oxide surface. A4lso the contaot resistance of this
eleotroplated electrode inoreased continually from the time it was
first produced. After wvarious other attempts, e method suggested
by Jaoquelet (Jacquelet 12) gave successful results. This method
consists of quenching the rectifier unit in alooholic solutions

instead of water., The outside surface of the ocuprous oxide is
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reduced to copper by the chemiocal reaction:

Cus0 + CHgOH —> 2Cu + HCHO + H,0. (7)
This reaotion taekes place only while the eopper strip is hot;
consequently only a very thin layer of the ouprous oxide is reduced
before the unit is cooled below the temperature at which the resoction
can occur. The reduoed copper surfece thus formed gives no rectifying
aotion ageinst the cuprous oxide on which it is formed, and it
gerves as an olectrode whose contsct resistanee with the cuprous

oxide is unvarying.

B. Preparation of the Reotifier Umits

An eleotric furnace was used to heat the eopper. This
furnace oonsisted of a single layer of chromsl wire wrapped fairly
closely about a vertiocal tube of ceramio material which was fifteen
inches in length and two and one-fourth inches of inside diameter.
The heat insulation about the outside of the tube had a thickness
of approximately four inches, making the outside diameter of the
furnece near ten inches. Inside the heating tube was plased a tube
of quarts two inches in outside dismeter and extending five inches
above and three incheg below the ends of the furnace. The temperature
of the furnace was determined by the use of a chromel-alumel
thermocouple which was plased inside the quartz tube about half
wgy between the ends of the furnace sylinder. Leads from this
thermocouple were oonnected to a millivoltmeter. This temperature
registering unit was ealibrated by the use of a potentiomster and
the knmown temperature-voltage charsoteristics of the chromel-alumel
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junoctione. The temperature was controlled by the use of a rheostat
placed in series with the furnace and a 220 wolt a-o. souroe of
energy. After a little prastice, it was found possible to maintain
the furnace temperature within two or three degrees Centigrade
of a desired wvalue.

Harddrawn copper was procured in sheets 0,031 inches thiok.
These were cut with a stamp press into segments 1x1} inches. It
was found that after the gquenching the oxide had often chipped
away st the edges of the copper. If the edges were slightly rounded
by filing before the unit was heated, this chipping ecould be
avoided entirely. The eopper unit was suspended in the furnace by
neans of a suitable length of No. 28 bare copper wire which was
attached to the copper piese by means of a small hole drilled in
the center of one end of it.

The quarts heating tube of the furnace was closed by means
of a flat slad of ceramio material placed against the bottom of
the tube and by a oylindrical plug of the same material fitted
into the top of it., Two plugs were used alternately, and a small
hole was drilled through eesch along its axis. Through this hole
the copper wire holding the copper segment was passed and clamped
on the top of the plug. Thus, when a copper segment was to be heated,
the plug in the top of the furnace was removed. The copper segment
was lowered into the quarts heating tube, and the plug from which
it was suspended closed the top of the quarts tube. This exchange
was always msde as quickly as possible in order that the furmace
temperature would have no opportunify to be lowered by a ourrent
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of cold air.

Care was taken to have the suspension wire always the proper
length in order that the copper unit to be heated would hang in the
furnace at the level of the thermoscouple. This preoauticn was
necessary to insure that all units would be heated at the same
temperature since the temperature was known to vary along the length
of the heating tube.

Previous to heating, the copper segment was oleaned in methyl
alochol and washaed in ether. It was then etched for eight seconds
in coneentrated nitric acid and washed in running water. Before it
was placed in the furnsce it was again cleaened in methyl alechol and
washed in ether. Care was taken during this preparation that the
eopper section wes not touched against enything which night vary
the surface condit ions.

Once the specimen was placed in the furnace, the time of
heating was moasured by the use of a stop watéh.s A bowl of the
quenching liquid was plaoed just below the ceramiec board st the
bottom of the quarts tube. When the time of hesting hed expired,
this insulating slsb was removed, and at the same time the suspension
wire was relessed from the top of the plug, sllowing the sopper unit
to fall into the quenshing liquid. The distance of full was just
twelve inches. Consequently the heated unit did not cool enough to
allow the change of the red cuprous oxide to the blaok ocupric
oxide to ooour.

Ths quenching bath consisted of a kmown mixture of methyl
alsohol in water. This solution was mainteined st s predetermined
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temperaturs up to the time of the quenching. 500ce. of quenching
liquid were used for each copper unit.

In commeroial preparation the reotifier units are subjected
to certain steges of heat treatment before and after quenching.
These heat treatments were not employed in the present investigation
beoause it was thought that their use might hide the effeots whose
determination was sought.

When the rectifiers were removed from the quenching solution,
they were always found to be covered with an outside layer of copper
roduced from the cuprous oxide exsept for an oceasional edge or
comner where the red suprous oxide would show through.

At the end of the unit contaeining the hole, the ocutside copper
and the ouprous oxide layers on eeach side were removed by filing
across s strip ebout three-eighths inch wide. It was found that
the cuprous oxide would often not cover the edges of the eopper.
Apparently at the temperature at whioh it was formed the suprous
oxide was fluid enough to flow away from the edges because of the
force of surface tension. Consequently the outside copper would
often be in contact with the mother copper at the edges of the umit,
and it was necessary to remove the outside copper from the edges
by soraping. These exposed edges were covered by insulating tape.
The rectiflier unit then oonsisted of an inch strip of ocopper one
and one-half inches long with a layer of cuprous oxide on each
slde extending from one end to within three-eighths inch of the
other ends On the outaide of each lsyer of cuprous oxide was an

electrode oonsisting of an exceedingly thin layer of copper
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covering the cuprous oxide up to about one-sixteenth inch of

esch eodge.

C. Construction and Use of Testing Cirouit

The conductivity and rectification o»f a copper oxide rectifier
vary greatly with temperature change. Therefore there were two
requirements of the testing apparatuss first, the rectifier must
be in a constant temperature oven in order that its tempermture
would not be varied by an external influence; second, the length of
the time during whish currents were passed through the rectifier
must be so short that there would be no noticesbdle change of temper-
ature of the unit caused by the electrioal energy expended in it.

The constant external temperature was obtained by placing the
rectifier in a box constructed of three-ply wood and maintained at
a constant tempersture by thermostatic regulation. Carbon lamps
wore used as the heating elements, and an electrio fan in the box
ciroulated the air rapidly about. The temperature could be mainteained
practically constant with a veriation of less than 1/10°C. from
the desired reading. The temperature used throughout the investiga~
tion was the arbitrarily chosen ome of 32°C.

The wiring disgram is shown in Figure 3. The constant
temperature box, F, is designated by dashed lines. The rectangles
£ and g are copper clectrodes which are used to make sontast with
the outside reduced eopper on the ouprous oxide leyers. The shaded

sections are a cross ssction of the cuprous oxide layers, and
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the mother copper is represented by the segment between them.

The circle D represents an insulating disc which was attached
to the rotating part of an automatic telephone disl. The seotion
marked @ was of copper and was set into the insulating dise D.
When a voltage-current reading was to be made, the disc D was turned
baok a gquarter eycle from the position shown in the diegram. Then
switch Sy was closed and the disc D released. When the ocontactor
8 reached the brushes marked 1 and 2, the ocurrent circuit was
completed through one side of the reotifier. As the contactor e
pessed under the brushes 3 and 4, the oondensers Cy and Co were
charged. When the contactor ¢ passed on beyond brush §, it broke
the current oiroult; and when it resched the position at which it
stopped, it made contact between the two brushes a and a causing
either one or the other of the condensers to discharge into the
ballistic galvanometer G. The condenser C; was charged proportion-
ally to the voltage drop across the rectifier, and the reading
given when it was diseharged into the galvanometer indicated the
voltsge which had been impreassed on the rectifler. The condenser
£, almys was given a charge in proportion to the smount of the
voltage drop scross the resistance R, and consequently the energy it
gave to the galvanometer indicated the amount of ocurrent which had
been flowing through the rectifier circuit.

For two successive readings of the dial D, switech 5, wms
thrown first in the upwerd then in the downward position, and the
two readings of the galwvanometer were deflections proportlonal te
the voltage and the current respectively. The direction of the
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current flow through the rectifier, whether forward or reverse,
was eontrolled by the reversing switoh Ss. The position of the
double throw switch S, determined whether the current flowed
between the mother copper and the upper electrode g or betwsen the
mother copper and the lower electrode g.

The automatic telephone dial was used to turn the dise D
because it has s constant speed of rotation and gives repeatable
conditions of condenser dlscharge. Aoctumlly two econdensers were
used interchangeably for Cy3 one of 0.2 m.f. capacitsnce recorded
the lower voltages, and one of 0.005 m.f. capacitance recorded the
higher voltages. Also, two switches wers provided for short-cirecuit-
ing one or two sections of the resistance R in order that a readable
defleostion of the galvanometer could be obtained for large as well as
for small currents.

As 2 voltage souree thirty-six kdison storsge cells were used
connected in series. Variation of the voltage was obtained by
conneoting the circult across different numbers of these cells.

All the lines in the gslvenometer circuit were shielded to prevent
erratic readings due to stray fields.

To calibrate the galvanometer deflectiom, a rheostat of high
ocurrent ocapacity was substituted for the rectifier unit. A suitable
ampeter was inserted in the cirouit. Then for a certain setting of
the rheosteat and a fixed voltege, the current flowing was reesd on
the ammeter sosle. Then the dial D was caused to rotate as in
the taking of readings of reotifier curremts, and the correzponding

deflection on the galvanometer for the discherge of condenser Ez
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was observed. Similarly, a voltmeter was connected aoross the
terminals of the switch S5, and voltage deflections of the galvan=
ometer from the cm.-xdcmsor‘g:_.1 were observed for various voltage
drops. Curves plotted between the currents and corresponding
current deflections and between voltage readings and corresponding
voltage deflections of the galvenometer could then be used %o
translate the many recorded deflections into the indicated volts

and amperes.

D. Desoription of the Bending Apparutus

It was found that in order to make en appreciable ohange in
the rectification of a wmit, it required bending far beyond the
wlastic limit of the copper. Therefore none of the methods based
upon elestic bending could be used. The method finally employed
was one in which the rectifier was placed between two block electrodes
whose surfaces were concave and convex. A sufficient pressure to
bend the rectifier unit into conformity with the shape of the
eleetrodes was applied. The radius of curvature of each of a pair
of elestrodes was not the eame but differed by the thiockness of the
rectifier unit. Pressure was applied to the electrodes by means of
weights suspended on a lever arm whose fulorum rested on the top
electrode. A oross section drawing of the bending apparstus is
shown in Figure 4.






‘ij PRESENTATION OF DATA AND DISCUSSIOR OF RESULIS

A« Presentation of Data

1. Discussion of the scoursoy of the data

The measurement of deflections by means of ocondenser discharge
into a ballistioc galvanometer and the subsequent translation of the
deflection readings into terms of wvolts and amperes is not direct.
The probable error of the recorded volts and mmperes was determined
by the method which is described below. A rheostat was subatituted
for the reotifier in the olrcuit of Figure 3. With a fixed voltage
the rheostat connection was varied until a desired current was to be
read on the ammeter in the cirocuit. Then with the ssme rheostat setting
and a constant voltege twenty oconsecutiwe current defleoctions were
recorded, and by the use of the calibration curves they were translated

into terms of amperes. The probable error, 39' was oaloulated by the

eguation 5735
o, = 0.6746 l,—'; Y & (8)
e=|

where @ is the individual difference between the ammeter reading
end the reading translated from the deflection wvelue. 4n illus=-
tration of the probable error osloulation is given on the next
page in Table 1, where

I = the current read on the ammeter,

and I4 = ocurrent evelusted from the galwvanomster deflection.



41
Table 1

I(me) I e o2
80.50 79.98 0.22 0.0484
80.00 79.95 0.08 0.0025
80.00 80,01 0.01 0.0001
80.00 80.01 0.01 0.0001
80.00 80.01 0.01 0.0001
80.00 79.96 0.05 0.0025
80.00 79.88 0.12 0.0144
80.00 80.04 0.04 0.0016
80.00 80.04 0.04 0.0016
80.00 80.01 0.01 0.0001
80,00 80.01 0.01 0.0001
80.00 80.04 0.04 0.0016
@cls 5008 OCON °Q§
80.00 80.04 0.04 0.0016
80.00 80.04 0.04 0.0016
80.00 80.04 0.04 0.0016
80.00 79.98 0.02 0.0004
80.00 80.04 0.04 0.0018
80.00 80.04 0.04 0.0016

o = 0.0447 = 0.056%,
and e, = 0.22 = 0.379%,
where e, is the meximum recorded error.
The wvalues ™ and s, for five values of the ourrent were
ecaloulated by the above proocedure. These values are given in

Table 2. In each csse twenty observations were made.

Table 2
N'ﬂ!o v .ﬁ ..
8,00 0.336% 0.963%
50.00 0.123% 0.546%
80.00 0.066% 0.375%
567.0 0.119% 0.252%

1000. 0.132% 0.384%
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From the values given in Table 2, it 1s to be estimated that in the
range from 10 to 1000 milliemperes the probable error is below 0.5%.
For readings below ten milliamperes the error would be approximstely
inversely proportional to the magnitude of the reading. For the
voltage resdings, all defleotions of the galvanometer were on the
soale within the range corresponding to that of the ourrent readings
betwaen 10 and 1000 milliamperes, consequently the magnitude of the
probable error of all the voltage readings is below 0.5%.

In Figure 5 are shown the photographs of two oscillograms
taken of the forward ocurrent through & rectifier. The specimen
used here was Ho, 98, side A. For the oscillogram numbered 1,
the ocurrent was 236 milliamperes at 11.97 wolts. Oscillogram
2 was teken with & recorded current of 2219 milliamperes at
45.40 wltse The half sine wave at the bottom of each oscillow
gram {8 & sixty oyole timing wave. It cen be seen that the
rectifier current of oseillogram 1 remains gero until the circuit
is closed by the turning of the dial D of Figure 3. Then the
ourrent rises almost instantly to its maximum value and remains
constant until the oiroult is opened when the contactor e of
Figure 3 leaves brush 6. But in the oscillogram 2 of Figure §
the forward surrent through the rectifier is not constent, bdbut it
increases continually during the time that the cirouit is closed.
When the oireuit is cpened it has attained a walue grester than
its original walue by the amount represented by the height of the
ecurrent trace above the horizontal deashed line. The time that the



Figure 5, Osoillograms of Current through Testing Circuit
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ourrent is allowed to flow through the rectifier is approximately
fifteen cycles or omne~fourth of a second. Yet in that short length
of time the heat generated by the large current in the reotifier is
snough to raise its temperature sufficiently to incresse its conduct-
ivity sbout forty per ocent.

The dsta were to be taken for warious restifiers at a fixed
temperature, nsmely 32°C.; for high current densities san error in
the data will be present dus to the change in the condustivity
which was oaused by the heating of the reetifier by the excessiwe
ourrent, Conseguently, for high current wvalues, the error of the
recorded current readings will be much larger than that indicated
from the ealoulation of Table 2.

For the experiment to determine whether or mot the reduoced
ouprous oxide elestrodes had a contact potential whish would wvary
with s change of pressure upon the rectifier, rectifiers 814 and
81B were used. These rectifiers had been quensched in a methyl
aloohol solution. The current-voltage oharascteristios were deter-
mined with the rectifier under pressures of 25, 425, end 925 pounds.
Within the experimental error limits no differences of woltage-
surrent funetions were obserwed for the different pressures.

Betweon each set of readings, the rectifier was removed and replaced.
The reduced oxide sleotrode is not affested by pressure and handling.

2. ZIsbulation of data

All readings were taken with the rectifier at s temperature

of 32°C., and under a pressure of 825 pounds. For the rectifiers
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whioh had been quenched iIn & methyl aloohol solution and hed an
eleotrode of reduced cuprous oxide the characteristies did not
vary with any change of the pressure of the electrodes whioh wers
used to make contset with the outside copper layer. However, for
the reotifiers which had been quenched in water, contsct with the
cuprous oxide must be made with soft leed, and this contamot resistance
varies greatly with inorease of the pressure up to a pressure of
near eight hundred pounds per square inoh. In order that the
conditions of measurement might be wniform the same pressure of
825 pounds was used for sll reoctifiers.

Forty~three rectifier speooimens were prepered under warious
conditions. A rectifier was formed on each side of esch specimen.
The specimens were designated by numbers, and the reotifiers on
the two sides of the speoimen are distinguished one from the other
by the letters A and B. Thus the two rectifiers formed on
specimen 100 are 100A end 100B.

Tebles 5 and 4 show epproximately the variation of the
conditions of preparstion of the several rectifiers. The exsot
date of preparstion sre given later with the ocharacteristies of
the individusl reotifiers. All the specimens considered in the
present investigation wers heated at temperatures between 10170
and 1022°C., The numbers are specimen numbers. Tables S and 4
are on the following page.
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Table 3
(Time of Hesting 180 seconds)

Quenching Quenohing T nturss

Solutions -00. 090. 500 10%¢. C. 407C. 55°C. 93C.
§00c0. Hy0 90 91 $2 111 112 13 114
487.5 ce. Hp0 ‘ |

12.5 oo, CH30H 382 83 684-89 118 120 116

475 oce. 0

25 oa. c%nﬂ 100 101 102 122 121 117

450 oe. Kgﬁ

50 co. CEgOH 103 104 106 106 123 128 119

400 oe. H20
100 oo CH3OH 107 108 103 110 124

Table 4
{(Quenching solution 12.50c CHgOH in 487.5 oo. HpQ at 99C.)

Time of Specimen Time of Specimen
Hesting Fumber Beating Humber
(Seconds) {Seconds)

120 24 240 98

150 23 300 96

180 84.89 360 98

210 96 460 97

It is to be noted that six specimens, 84 to 89 inolusive,
were prepared under the same oonditions in order that it might be
seen how much variation would ococur in their charscteristios due
to unoontrolled and unknown influences in their preparation.

In Appendix I are given Tebles 9 to 140 inolusive which
contain the deta of the forward and reverse currentewoltage
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sharacteristies for all the reotifiers shown in Tables 3 and 4
except those on the sewven specimens quenched in water. In those
tebles the voltage readings are designated by B3 I represents the
observed currents in milliamperes, and I, in milliamperes is the
caloulated current for the corresponding woltesge. The source of
the empirioanl equations giving the calculated ourrents is discussed
in the following section.

3. Presentation of ourrent-woltage equations

The primary objest in the making and testing of the specimens
shown in Tables 3 snd 4 was an attempt to find, if possible, a
relation of the charscteristios of these rectifiers to the wvariables
in the preparation conditions. Since the charssteristic of cach
rectifier consists of a forward and a reverse current-voltage curve,
at first it might eppear difficult to find a meens of visualizing
a variation with an independent wariable of a sories of curves.

If en equation could be found such that by the adjustment of its
oonatants it could be made to spproximste the shareascteristics of
all the rectifiers, then these oconstants plotted sgainst the
independent warieble of the preparation condition change would
give the desired result.

Following the usual proocedure for finding simple empiriocal
equations, the curwes of I-E, I-logE, logl-E, and logl-logE ware
plotted for both forward and reverse currents for several reotifiers
picked from the extremes and means of the columns of Tables 5 and 4.
The only curwes having a significent shape were the logl-logk funotions.
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For the forward current, the points of the loglelogB curve
fell along a straight line exoept for the last one or two points.
V“hen the osoillograms of the current, shown in Figure §, were taken,
the cause of the lest one or two points being abowve the straight
line was quiokly understood. For, as it has been explained, the
larger currents heat the reotifier enough to make an appreciable
deorease of conductivity even in the time of one~fourth second
required to make the reading. Curves a of Figures 6, 8, 10, and 11
show the straight line logl«logk ocurves for four rectifiers. Imn
Appendix II sre shown the logl-logE curves for the forward ourrent
of sixtye~six of the rectifiers shown in Tables 3 and 4. From the
uniformity of these curves it was conoluded that the forward
ourrent-voltege characteristioc of all these reotifiers could be
represented by the equation

I =crP (9)

where D is a oonstant whose value is the slope of the stralght line
in the logl-logE curve, and C is a constant whose logarithm is the
number at whioh this astraight line crosses the vertical axis of this
graph. In Appendix I are given the wvalues of the ocaleulated current,
1., compared with the observed current readings for the corresponding
voltages. It 1s to be seen that the agreement between these values
is quite good exeept for the top wvalue of current. This devistion
has been accounted for im the heating of the rectifier by the
large ocurrent, A visual representation of the agreement betwsen
the observed and oalouleted wvalues is given by the ourves ¢ of
Figures 7, 9, 10, and 11 in which the plotted points are the
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observed walues and the adjscent ourve is the calculated funotion.

The shape of the logl-logE curves was not a straight line
for the reverse ourremt. In each case the values of log I plotted
sgainst log E formed a ourve always conoave upwards. Lowever, it |
was noted that the slope of each of these ocurves had = value slightly
more than one at the bottom, and at the top it was always a little
less than two. The curves b of Figures ¢ and 8 are illustrations
of the log curwes for the reverse currents. 7The dashed lines
drawa to the bottom and top of these curves are lines whose slopes
heve values of one and two respectively. If the logl-logR ourve
had been a straight line with s slope of one, the equation of the
funetion would have been 1= AE; should the logl-logE curve have
been a streight line having a slope of two, the equation would have
been _I__-_-_g_l;z. It was oonoluded that the reverse ocurrent could be
represented by an squation combining the two functions, namely

 I=a+BER. (10)
For lower walues of wltage the first term of the right side of
Equation 10 predominates, and oconsequently the slops of the log
ourve is near the wvalue of one. As the voltege is inoressed,
the term _B_Ez bscomes the predominating one, and the slope of the
log ourve is found to epprosch the walue of two. JIn the tabulated
data given in Appendix I it is to be observed that the caloulated
walues of the current, I,, are very close to the observed walues.
Also it may be seen that the first two or three observed wvalues
are always high. This is the same effect of an apparent additional
saturation ourrent which was noticed by van Geel and is showmn im
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Figure 1. The wvalues of the oonstants A and B given in Appendix I
are caloulated by the use of least squares; were it not for the
effect of this additional saturation current, the observed points
would fall even more closely to the caloulsted curve. For some of
the reverse ourrents, the highest recorded walue of current is
sometines obviously s little high, while for other specimens it is
quite correst. The high reading of the largest current is probably
due to instantanecus heating as in the casse of the forward current.
Curves d in Figures 7, 9, 10, and 11 show the agreement between
the osloulsted curve and the observed reverse currents for restifiers
89 and 98.

In the data of Appendix I the faet may be obserwved that often
for twe reotifiers in which nearly the samé amowunt of energy is
expended in heating the rectifier during the time in which the
resading is teken, the error of observation, i.e., the amount the
observed current is abdve the oaloulated wvalue, may be for one
rectifier three or four times that for the other. If the same
amount of energy is expended in two reotifiers, the increase of
temperature in each should be approximately the same, but the
condustivity-temperature funotion for the two may bs quite different,
and the result will be thet the same change in tempersture during
the time the rewding is being made does not necessarily produce
the same error in the observed ourrent.

Figure 10 shows that for higher wvoltages the reverse current
inoresses more rapidly with incressing voltage than does the forward

current; the rewverse current them might become equal to or grester
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than the forward current for woltages near forty wolts or more.
The best rectification iz obtained with small wvoltages, not over
8ix volts, where the ratio of the forward current to the reverse
current is often more than one thousand for reotifiers which have

beon given the proper heat treatment.

4. Measurement of the suprous oxide layer thickness

The thiokness of the oxide laeyer was measured on four rectifiers
whioh had been heated for different lengths of time. The edges
of each rectifier were filed and polished. When the polished surface
was observed in a microscope, the boundaries of the copper and
the oxide eould be distinguished wery well. The miorosoope was
oalibrated, and the thiockness of the oxide layer could be cbserwed at
any point by moving the oross hair of the mioroscope between the
clearly defined edges. The rectifiers used for this messurement
were quenched in water. Three or four readings were taken on
esch side of each one. It was observed that the thickness of
the cuprous oxide layer is variable, especially for the ones which
had been heated for longer times. Table § gives the results of
the thiokness measurements. The reotifiers shown in Table § were
heated between 1015° amd 1026°C., and they were quenched in water
at 10°C. Table 5 i3 on the following page.
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Table 5

Specinmen Slde Time of Thiokness Aversge Thlickness of
Heating o {mme ) all keadings on One
{Seoconds )} Reotifier

5 ¥\ 120 . 0.0368
0.0546
0.0363

B 0.0233
0.0280
0.,0342
0.,0288

6 A 180 0.0619
0.05156
0.0627

B 0.0470
0.0619
0.0677

7 A 240 0.0866
0.0816
0.08686

0.0316

0.05621

: 0.0681
B 0.0836
0.0478
0.0527

10 A 300 0,0816
0.0742
0.0768
0.0708
0.0712
0.08618
0.078)
S. Presentstion 2_{ M data

For the experiment in whioch the rectification ratio is deter-
mined for the rectifiers on the two sides of a piece of coppor as
it is bent in arcs having different radii of curwature, specimen
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81 was used. This specimen was seleoted becsuse the reotifiers on
the two sides of it had ocurrent-woltasge charsoteristics nearly
slike. This rectifier had been prepared by the method used for
those shown in Tables 3 and 4. It was heated for 180 seconds
and quenched in a 10Z solution of methyl aloohol in water at §9C.
Readings were tsken so that the forward and reverse currents
could be determined for 3.50 and 7.50 wvolts. Reotifier 8lA was
on the inside of the arc of the copper segument as it was bent, end
consequently, reotifier 81B was on the ogtlide. The forward and
reverse currents and the reotification ratios for both rectifiaers
are given in Teble & for 3.50 woilts and ;n Table 7 for 7.50 wolts.
The rectifioation ratio is given as Ip/I;.

Table 6
( E=3.80 wlts )
81A {inside) 81B (outside)

Radius of Reverse Forward Iy " Reverse Forward I,
Curvature Current Current Fy ) © Current Current 'x""
in Inches Iy{(ma.) Ip(ma.) CIime.) Ip(ma.) 2

oc 5.82 98.10 16.86 © 5.88 80.7 13.72

20.0 5.89 97.4 18.80 5,97 79.6 13.30

16.0 B.72 98.6 16.87 5.97 79.% 13.28

12,5 5.83 94.7 16.22 642 78.3 12.18

10.0 B.82 93.7 18.10 6.62 78.3 11.80

7.6 5.83 93.5 16.06 6.48 7T8.3 12,07

5.0 5.48 89.6 16.30 5,96 75.2 12.60

4.0 5.28 B9.6 17.256 6495 76.T 10.90

3.0 5.59 88.4 15.80 6,84 76.6 11.10

2.0 5.66 91.3 18.10 38.7 83.0 2.40



Redius of
Curvature
in Inches

ocC
20,0
15.0

12.8
10.0
T.5

5.0
4.0
3.0
2,0

Table 7
(B
81A (inside)
Heverse Forward 1

Current Current
14.68 225.0 - 15.43
14.86 233.0 15.68
14,68 227.0 15.60
14.85 222, -14.95
14,65 223. 1522
14.88 220, 14,88
14.22 214. 165.03
18.82 214. 15.46
14.28 212. 14.85
14.85. 220. 14.88

80

7.50 'Dlt‘)

81B (outgide)

Reverse-
Current

14 .40
14.08
14.08

15.80
16.65
16.46

15.22
17.90
17.66
91.0

Forward
Current
Iz‘!ﬂl-)

192.3
180.0
188,.0

188.0
187.5
187.0

184.5
185,
188.
203.

I
£

13.33
13.50
13.42

11.90
11.28
11.36

12.11
10.32
10.63

2.30
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B. Disoussion of kesults

1.  Variation of preparstion conditions

The walues of the constants A, B, C, and D of the ourrent-
voltage equations for the several rectifiers are given in Appendix I.
Figures 12 to 23 inclusive show the values of A, B, end C plotted
against the variables of the time of heating and the temperature
of the quenching bath. The constant D ia nearly the same for all
the rectifiers examined. Itas value lies between 1.0283 for rectifier
121A and 1.354 for reotifier 82A. For s large portion of the
rectifiers the value of D ie between 1.150 and 1.250.

Figures 12, 13, end 14 show the wariations of 4, B, and ¢
with the time of heating the reotifier. 4ll the rectifiers used
in this comparison were guenched in & solution of 2.5% by volume
of methyl aleohol in water at approximately 9°C., It is to be seen
that the values of A and C are e maximum in the neighborhood of
180 to 210 seconds of heating, but B beoomes a maximum for the
rectifiers heated as long as 360 to 390 seconds.

The thickness of the oxide layer and its chemiocal composition
are the properties of the restifier whioh can be waried by a
varietion of the length of the time of heating.

It has been noted in the section, Report of Previous Invest-

igations that warious writers differ as to the chemical nature of
the ouprous oxide layer. XNo chemliocel analysis or photomicrographies
study of the oxide layer was included in the present investigation.
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Yet it might be suggested that the differences of chemical and
physieal structure found by P6élabon, Scharf and Weinbaum, Torres,
Jaoquelst, and Dubar might be due to differences in the methods
of preparation of the rectifiers whose properties they inwestigated.
The preceding statement oan be gliven only as a suggestion since
none of the abowve authors gave complete data of the method of
preparation of the rectifiers used.

The measurements recorded in Table 6 show thet on each
specimen the thickness of the ouprous oxide layer may wvary oconsider-
ably, but that in genersal the thiokness of the oxide increases
with the length of the heating time. Howewer, for longer heating
times, the rate of growth of the euprous oxide becomes increasingly
slower.

Figures 15, 16, and 17 show the variamtion of the consteant A
with the temperature of the quenching bath for different quenching
solutions. Vith increasing temperature of the quenching bath from
a temperature near 10°C. the value of A falls steadily in all cases.
For decressing tempersture below 10°C. the value of A falls but in
an erratic manner.

Figures 18, 19, and 20 give the veriation of the constant B
with the temperature of the quenching bath for verious quenching
scluticns. The wariation of this quantity is oconsistent in all
cases, and it decreases continually with rising tempersture from
& naximum value st the freezing temperature of the mixture used,

Figures 21, 22, and 23 illustreate the wariation of the
constant C with the temperature of the quenching mixture for
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difforent concentrations of the methyl aloohol solutions used.
As the curves show, the waristion is somowhat erratic. Yet it
oan be said that for inoreasing temperatures of the quenching
bath above 10°C. the value of C falls rapidly, and thet for temper-
atures below 10°C. the values of C ere relstively high but vary over
a oconsiderable range.

For the rectifiers showm in Tables 3 end 4 the reotification
ratios were oaloulated at 7.50 volts. Figures 24, 25, 26, and 27
show the rectification ratios plotted egainst quenching temperatures
for different quenching solutions. The rectifiers represented in
Figure 24 were quenched in water, snd contact was made with the
ocuprous oxide by coating it with graphite and pressing a lead
electrode against it.

The reotification ratios of two reotifiers prepared under
apparently the same conditions sometimes differ greatly. From that
fact it can only be oonocluded that some ons or several of the
preparation conditions which have san influenes upon the characteristios
of the rectifier were not ocontrolled. What these preparation
conditions may have been cannot be stated. ﬁonwr, in the preseat
investigation, the variation of the rectifier chareoteristics with
the controlled varieble is quite definite enough that the following
conclusions can be stated.

For each quenching solution there is an optimum temperature
which gives the highest reotification ratio possible for that
partiocular solution. Vhen the quenching bath is water, the optimm
tomperature is between 65° end 93°C.
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Figure 26 shows that the optimum quenching temperature is
in the neighborhood of 20°C. when the quenching solution is 2.5%
by volume of methyl alcohol in water. In Figure 26 it may be seen
that the optimum quenching temperature occurs at about 6°C. for a
6% solution of methyl alecohol, while Figure 27 gives the optimm
quenching temperature for a 10% methyl aloohol solution as 0°C.

From these data the conolusion is drawn that the optimum
texperature for the cooling bath is lowered as the proportion of
n‘thyl alcohol it ocontains is inoreased. In view of Jaoquelet's
theory this phenomena can be explained by a consideration of the
physical mechanism of quenching.

Sinoce the copper upon being ocooled contracts much more than
does the cuprous oxide layer in contact with it, a strain of
asymaetrical ocontraction is imposed upon the orystals of the euprous
oxide layer. Jacquelet finds this strain to be the mechsniem by
which rectification is ocaused. Then the degree of reetification
will depend upon the magnitude of the strain.

There are two conditions in the queanching of a rectifier
which ocan influence the magnitude of the strain imposed on the
ouprous oxide. If the cooling of the reotifier is too slow, the
ouprous oxide layer will find time to reduce the strain of contract-
ion by flowing while it is still warm enough to be somewhat fluid.
Should the temperature drop of the reotifier unit be too great or
too sudden, the strain upon the ocuprous oxide will exceed its
adhesion force, and the strain of ocontrastion will be redueed

in the cuprous oxide by some of the individual orystals of it
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losing their contact with the copper. The latter effect is readily
noticed in the preparation of copper oxide reotifiers using copper
disos with sharp edges. The oolder is the quenching bath, the more
the ohipping of the cuprous oxide at the edges of the copper oecurs.
Also, the hotter the copper is heated, the more the oxide will ohip
in the quenching. This is a menifestation of the same effect, since,
with a given temperature of the cooling bath, the hotter the copper
is heated, the more it expands, and the greater is the strain
imposed on the oxide upon quenching. Thus, with the copper segment
heated to a tempersture of from 1017° to 1022°C., the optimum
quenching temperature in water is found to be somewhere above 66°C.
At thls optimum quenching temperature the sum of the two effects
desoribed sbove are a minimm. At 93°C. the quenching bath is hot
enough to allow the oxide to flows the rectifiers mads at this
temperature have conduotivities and rectifioation ratios much
lower than those quenohed at a lower temperature. Figure 24 shows
that as the temperature of the quenching bath is lowered below 85°C,.
the reotifiocation ratic is gradually reduced, probsably due to the
inorease in the proportion of the oxide orystals that break loose
from the oopper. -

When the quenching bath oontains methyl alcohol, formaldehyde
is produoed in the solution when the hot copper comes into contact
with it. At room temperature formaldehyde is a gas. The chemiocal
reaction which takes place is giwen by Equation 7. When the gas is
formed around the eopper, its cooling is slowsr and more unewven than

it would hawe beem had the quenching taken place in water at the same
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temperature. Due to the uneven distribution of the gaseous formalde-~
hyde formed about the ouprous oxide surfece, the ocooling is uneven,
and consequently a poorer reotifier is produced than would heve beem
had the ocooling rate been umiform over the whole area of the oxide
leyers In some spots on the layer of oxide where a bubdble of
formaldehyde is prodused, the cooling may be slow enough to allow
the oxide to flow slightly, while in an adjoining bit of oxide the
quenching may hawe been so sudden as to cause a slight looseming of
the crystals of the oxide from the sopper. This unevenness of the
cooling rate is sufficient to explain why rectifiers quenched in
methyl . aloohol solutions sre much inferior to those gquenched in water.

The advantage geained by the use of reoctifiers quenched in
aleoholic solutions is that the redueed oopper oxide eleoctrode
formed on the outside of the cuprous oxide has a constent contaoct
resistance regardless of pressure wvariations, while the oontact
resistance of the lead eleotrode required with the rectifiers
quenched in water is so variable with pressure and with other
conditions of application that small varistions of the character=
isties of the rectifier might be entirely measked by the changes of
sontact resistance.

In gensral, a reotifier quenohwd in a methyl sleochol solution
at one temperature cools more slowly than does one quenched in water
at the seame temperature. Then it is to be expeoted that the optimum
temperature of quenching bath, i.e., the temperature of the gquenching
bath which provides the most desirable rate of cooling, would be

lower for the methyl alcohol solution than for water. The more
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methyl alcohol which is added to the solution, the more of the
gaseous formaldehyde will be released in the solution, snd the
lower must be the solution temperature to give the optimum rate
of oooling. The expesrimentel results agree with the preceding
deduction, ss the following Table, teken from Figures 24, 25, 26,
and 27, readily shows:

Table 8
Per ocent by Volume Optimum Temperature
of CHyOM in Solutiom  of Quenohing
0 68° to 90°C.
2.8 20°cC.
5.0 §%.
10,0 0°¢.

Figure 28 shows the varlation of the reotification ratio at
7.50 volts for reotifiers heated for different lengths of time.
Apperently the maximum condition of strain which can be developed
in the cuprous oxide depends to some extent upomn the thickness
of the oxide laysr which is known to depend upon the time of heating.
For rectiffers heated in the range of 1017° to 1022°C. end quenched
in & 2,5% methyl aloohol solution et 99C. the optimum time of heating

is very near 210 seoonds.

2,  JVariation of restifier charasteristiocs prodused by bending
\

iIf Jacquelet's theory is oorreot, then any method of stretching

the copper and reduoing the ocontraction strain imposed on the oxide
should lessen or destroy the rectifiecation properties. Similarly,
eny further contrastion of the copper should increase the restification
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ratio, providing the ouprous oxide oontinues to adhere to the
copper in order that the strain it experiences may de increased.

Tables & and 7 show the reotifioation ratios of rectifiers
814 end 81B at 3.50 and 7.50 volts for various radii of curvature.
The data of these Tables are represented graphically in Figures
29 and 30. The solid dots are the rectifisation ratiocs of 814
whioh was on the inside of the copper are, and the points shom
by oircles are for the rectification ratios of 81B whioch was on
the outside of the mother copper plece as it was bent.

If there were no bresking loose of the cuprous oxide from
the copper, according to Jacquelet's theory the rectification-
ratio of 81lA should incresse as the r-;di.u: of ocurveture becomes
smaller beomuse the inside ares of the mother ecopper is being
reduced. Actually the rectification ratio of B8lA decreases a little
es the rectifier is bent more and more. However, at the readius of
curvature of four inches, the reetification ratio for 3.50 vwolts
of 81A becomes larger then that of the original rectifier. The
failure of the rectification ratio to inorease greatly is attributed
to the faot that the cuprous oxide doos not retain a complete
contsot with the copper.

For the outside reatifier, 81B, the rectification ratio
decreases notisesbly and finally drops sbruptly to a very small
velus for & radius of curvature of two inches. This effect is to
be explained by the provisions of Jaequelet's theory. As the strain
on the ouprous oxide is released by the stretohing of the outside
sopper surfaoce, the rectifiocation whioh is the result of thet
strain should, and does, decrease,
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3« General Disoussion

As Jacquelet has said (Jeoquelet 12, pg. 371), his theory
can apparently hawe no mathematiocal proof, tut it explains all the
physical properties of copper oxlide rectifiers. The evidence of
the present investigation is added to that supporting Jacquelet's
theory.

The theory of eopper oxide rectifiers cannot be complete
until it can explain fully all the variaetions produced in the
characteristics of restifiers by warlable preparetion sonditions.
The preparation conditions which affeot the nature of the rectifier
are not all knowmn as yet. The evidence of the present investigetion
is a start toward the definite singling out of variables whioh
do influence the charscteristics of rectifiers. Jacquelet
(Jacquelet 12) states that the rectifier characteristics are
affected by dimensions, form, and thiockness of the ouprous oxide
layer, snd that these are influenced by the length of heating time,
the tempersture of heating, the temperature end time of eocoling,
the thickmess and purity of the copper used, and the amount of
rolling that has been given to the copper; but as yet there is
no data published as to the kind and extent of the influence
oxerted by these preparation conditions.

From the fact that no derived equation gives the current-
voltage characteristis of copper oxide reoctifiers throughout the N
whole woltage range, it would seem that the rectifler ourrent is

probably composed of seversl components. Perhaps one of these



89
components will predominate over one part of the voltege range,
and snother will produce the effective ocomponent of the curreant
at some other part of the voltage range.

In Appendix II, Figures 31 to 50 inclusive, are given the
logl-logk graphs for the forward currents of all the restifiers
with reduced cuprous electrodes whioh are listed in the Tables
3 and 4, The fact that, for sixty-six reotifiers made under a wide
diversity of conditions, all points of the logl-log E curves deviate
from straight lines only by emounts which are to be accoumted for
in the experimental error establishes the faot that for the rectifiers
the ourrent-voltage function in the range of two to twenty volts
is given by the equation

1 = cP. (9)

The equation, Equation 2, deriwved by Wagner for the current-
woltage funotion of the copper oxide rectifier is similar in form
to Equation 3 which was formulated by Nordheinm.

eV
1= g 1) (2)
2 ry
I = pcold A1) (3)

€ is the natural logarithm base, and V snd ¢ represent the woltage

drop spplied to the reotifier. The general form of these equations
is

NE
I = M(e -1) {11)
where _l.(_ and ! are constants.
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Substituting the walue of ocurrent in kquation 9 into Equation 11

gives

log (cx”u- x)= RE (12)

Equation 12 is not an identity for all values of the voltage E.
Therefore Equation 11 cannot be made identical with Equation 9,
end from that it follows that the funotions derived by Wagner end
Bordhc.tn do not hold for the forward current in the range of three
to twenty wolts for reotifiers which have been quenched in methyl
aleohol solutions.

Similarly it is to be shown that the equations of wvan Geel
and Wilson do not hold for the forward current of the given rectifiers

in the stated voltage range. The equations of van Geel are

-B
5 E
I = A€, (4)
— oxd/2
and I = CRB for conditions of space charge. (s)

Substituting Equation 4 in Equation 9 gives

-B
B = aEe (18)
or E_&D/Z: e‘E- (14)

which 13 not an identity for all values of wvoltage. Equations §
and 9 are identical only if D =1.5. The value of D, however, was
found to be varisble, but for the rectifiers exsmined it was never
as large as 1.5. Host of the reotifiers investigated had walues of
D between 1.150 end 1.250. Consequently Equations 4 and 6 are not

sufficlient for the forward current of the rectifiers studied.
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To test the wvalldity of Wilson's equation, Equation 6, it was

substituted into Equation 93

qKaE “(I—“’)Kz E:‘

D
s =k Le - (15)

Equation 15 is not an identity for all values of voltage, and it
must be rejeoted for the forward currents of the reetifiers whieh
weore investigated in the woltage range of two to twenty wolts.

That the eguations of Wegner and Nordheim do mot hold for the
reverse currents is spparent from an observation of the reverse
ocurrent curves of‘eoppor oxide reotifiers. In all cases with
inoreasing voltage both the ourrent and the rate of ocurrent ineresse
become continually larger. For negative values of the woltage B
in Equation 11, which is the gemeral form of Wagner's and Norde
hein's equations, the current is seen to approsch the constant
value M as a limit.

The second equation deriwed by wvan Geel, Equation 5, may be
seen to be incorrest for the rectifiers oconsidered by reference te
the curves b of FPigures 6 and 8. Here are plotted the logl-logE
ourves of the reverse current of two rectifiers. Should Equation 5
be correet, these points would be required to fall along a straight
line whose slope would have the value of three-halves. This was not
the oase for any of the rectifiers considered in the present
investigation. |

Except for the presence of a slight additional saturstion
surrent at the lowsr wvoltages, within the wltage rangs of two to
thirty volts for copper oxide rectifiers having reduced cuprous oxide
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electrodes, the tabulated data of Appendix I shows that the reverse

current is represented by Equation 10, whore A end B are constants.
2
I = AE + BB (10)

Substituting van Geel's first equation, Equation 4, and ¥Wilsmts
equation, Equation 6, into Equation 10 gives Equations 16 and 17

respectively:
\ -5,
2 E
A + BE = ng e (16)
2 qKaE ~l1-)K, E
AE+BE=K1[E -€ ] (a7)

Reither Equation 18 nor Equstion 17 is an identity for all walues
of the wltage B, consequently it is conoluded that Equations 4
snd 6 do not apply to the rectifier conditions specified.

The feot that two rectiffers formed on the same piece of
copper msy have a iido difference in oonduoction and reotification
ratio {s apparent from some of the data given in Appendix I. (For
example compere the rectifiers 103A and 103B.) This difference
may be due to the slight b-nding of the copper of the rectifier
segment as it was quenched, or it may be caused by a difference in
the amount of etohing the two sides experienced previous to the heating.
Azein some slight ineident in its preparation, such as its falling
with one side downward into the ccoling bath could easily be sufficient
to account for a large difference in the reotifying properties of
the two sides. The experience of the present investigation lesds
to the coneclusion that the physical conditions in the preparation

of cuprous oxide rectifiers are numerous and varied, but they
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must all be acocunted for in a quantitetive manner before a
quantitative theory of the reotifier cen be proposed or justified.
The investigation recorded herein is still in the qualitative

field, but it is a definite step toward the quantitative treatment
of the subjeet.



V. CONCLUSIONS

The date presented in this investigation prove the following:

1. Por the voltage renge of two to twenty volts with copper
oxide rectifiers having reduced cuprous oxide eleotrodes, the forward

ourrent at 32°C. is given by the equation
I=¢CE, (9)

where C and _q are constsnts whose wvalues can bs determined from the

ourrent-voltage charaoteristios of the individual reotifiers.

2. Within the woltage range of two to thirty volts with copper
oxide rectifiers having reduced cuprous oxide eleotrodes, the reverse

ourrent st 32°C. is given by the equstion
I = AE + BE, (10)

where A and B are constants whose walues oan be determined from the
ourrent-voltege characteristics of the individual reotifiers. 1the
only deviation of the current from walue indicated by Lquation 10
is produced by the presence at lower wolteges of a small saturation

current which has also been noted by van Geel (van Geel 7).

3. Within the voltage range of two to twenty wolts for ocopper
oxide reotifiers having reduced cuprous oxide electrodes, the different

equations derived respectively by Wagner, Nordheim, van Geel, and
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Wilson all fail to express the true current-woltage schearsoteristic

of the forward current.

4. Within the voltage range of two to thirty volts for sopper
oxide restifiers having reduoed ouprous oxide elestrodes, the
different equations, derived respeotively by Wagner, Nordheim,
van Geel, and Wilson fail to express the trus current-voltage
charasteristio for the reverse current.

8§, For the rectifiers with reduced ocuprous oxide electrodes, the
constant A of Equation 10 has a definite qualitative veristion, es
shown by Figure 12, with the time used in the heating of the rectifier.

6. For the rectifiers with reduced ouprous oxide eleotrodes, the
constant B of Equation 10 has a definite qualitative variation, as
shown by Figure 13, with the time used in the heating of the recotifier.

7. For the reetifiers with reduced cuprous oxide eleotrodes, the
constent C of Equation 9 has a definite qualitative variation, as
shown by Figure 14, with the time used in the heating of the reotifier.

8, For the rectifiers with reduced ouprous oxide eleotrodes, the
constant A of Equation 10 has a definite qualitative variation, as
shown by Figures 15, 16, and 17, with the temperature of the quenching
bath.

9. For the rectifiers with reduced ocuprous oxide electrodes, the
oconstant B of Equation 10 has a definite qualitative variation, as
shown by Figures 18, 19, and 20, with the temperature of the guenching
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bath.

10, For the recstifiers with reduced cuprous oxide electrodes, the
constant C of Equation 9 has a definite qualitative variation, as
shown by Figures 21, 22, snd 235, with the temperature of the guenohing
bath when this temperature is abowe 10%.

11, For copper oxide reotifiers quenched in water and in methyl
aloohol, the rectifiostion ratio at 7.50 wolts has a definite
qualitative variation, as shown by Figures 24, 25, 26, and 27,
with the temperature of the quenching bath.

12. (a) FPor the conditions specified in part 11, immedistely above,
for each quenching solution there is an optimum tempersture
whish gives the highest rectification ratio.

(b} The optimum temperature of the guenching sclution varies
inversely with the proportion of the methyl alecohol contained
in it as shown by Table 8.

13, For reoctifiers quenched in methyl aloohol solutions, the
rectification ratio at 7.50 volts has a definite qualitative variation,
as shom by Figure 28, with the time used in heating the rectifier.

14. Jeocquelet's theory explains the phenomene of the waristion of
the optimum quenching temperature with the proportion of the methyl
aloohol conteined in the quenching bath.

16. Jacquelet's theory is supported by the change in reoctification
ratio with the bending of the rectifier unit.
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16. Jaoquelet's statement that reotifiers with reduced cuprous
oxide eleotrodes have contact resistances invariant with pressure

is corroborated.



28

VI. APPENDICES

Appendix 1

In Appendix I are given the data of preparstion of each of
the sixty-elx rectifiers whose characteristics are represented im
Figures 12 to 23. For eash observed woltege E there are recorded
the corresponding observed ourrent I, in milliemperes, and the value
X,s in milliemperes, which was caloulated for that wltage by the
uge of the derived values of the constants A, B, C, and D in the
given empiricel eguations.

It is to be noticed that for both the forward and reverse
characteristies the last one or two observed currents are higher
than the calculated wvalues due to the heating of the rectifier
unit. Also the first two or three observed reverse currents are
high. This effect ias attributed to the predominance, at low
voltages, of the saturation current which was noticed by van Geel.

Specimens 88 and 116 were spolled in the preparation proocess
and sre not inoluded in these tablea. Specimens 90, 91, 92, 1l1,
112, 113, and 114 were gquenched in water, and they also are
omitted. Reotifiers 968, 99B, 1014, and 106B developed short
cirouits while being tested; therefore their charasteristios
sould not be determined.
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SPECIMEN 82A

Time of heating 180 Seconds
Quenching temperature =1.5° Centigrade

Quenching solution 12.5 oco. Methyl aleohol in 487.5 cc. water
Table 9
Reverse Direction I~ AE-+BE® A =0.8628
B= 0.1512
E 1 I°
volts me. mA.
1,22 1.8 1.26
3.76 G4 5.36
6,15 12.1 10.97
9.88 23.2 23.49
14,35 42.9 43.38
20.45 80.7 80.69

26.45 128.4 128.36

Table 10

Forward Direction I~ cEP ¢ = 5.1097
D = 1,354

E 1 I,

volts B na.

1.08 8.0 5.58

2.98  22.25  22.23

6.56  51.6 62,17

10.92 130.3 130.04
15.3¢ 222.0 206.79
20.35 371.7 302,14
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SPuCILEN 82B

Time of heating 180 Seconds

Quenching teomperature -1,5° Centigrede

Quenching solution 12.5 co. Methyl aloohol in 487.5 co. water
Table 11
Reverse Direction I, = AB+ BE2 A = 0,7827
B =0,1675
E 1
volts ma. m:?
1.22 1.8 1.20
3.76 6.4 5.31
6.15 12.4 11.1%
9.87 23.8 24,37
14.25 44 .5 45.17
20.25 84.7 84,53

26.14 135.0 134.91

Table 12

Forward Direction c='cED ¢ =~ 5.4830
D =1,2609

E I Ie

volts B¢ e

1,07 §.9 5.98

3.02 21.15 21.88

5.786 48.0 48,91

11.23 113.56 113,00
15.79 187.7 173.04
21.22 296.0 260,62
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SPECIMEN 83A

Time of heating 180 Seoonds
Quenching temperature  3.0° Centigrade

Quenching solution 12.5 ew. Methyl aloohol in 487.5 ec. water
Table 13
Reverse Direction I,= AR+ BE2 A= 0,646
B = 00,0722
B I I,
volts Nl B«
1.26 1.17 0.92
.89 4,18 3.61
6443 7.85 7410

11.b4 17.32 17.07
16.47 29.48 30.23

22.30 49.93 50.31
29.08 80.23 79.84

Table 14
Forward Direetion 1= crP ¢ = 3.0818
D =1,2679
E I 1,
wolts me., ne.
1.17 3.92 3,76

3.38 14.49 14.42
6.566 352.86 33.41

11.68 69.8 69.56
16.63 116.3 108.88
22.87 184.6 161.27
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SPECINEN 83B

Time of heating 186 Sesonds
Quenching temperature  3.0° Centigrade

Qusnehing solution 12.56 oo. Methyl slechol in 487.5 oo. water
Table 15
Reverse Direction Io= AB+t BB A = 0.4373
B = 0.1016
B 1
volts na. ni?
1.26 1.26 0.71
3.88 4.42 3.23
6.40 8.40 6496
11.48 18,93 18.41
16.27 33.30 34.01

21.89 67.50 68.26
28,33 94.20 93.93

Table 16
Forwerd Direction I4= CE] C = 6.4788
D = 1.263
E I I
volts na. nke
1.04 6.76 6.80

2.88 24.65 24.62
5.47 54.92 63.80

11.00 134.7 133.92
15.57 218.0 207.65
20.98 343.7 302.62
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SPECIMEN 844

Time of heating 180 Seoonds
Quenshing temperature 8.4° Centigrade

Quenching solution 12.5 oc. Methyl alechol in 487.5 oco. water
Table 17
Reverse Direotion I,= AR+ BE? A = 1,1775
B = 0.0979
E I I
volts RB. ma.
1.21 2.26 1.57
377 6.90 7.01

6.22 12.26 11.11

10.02 21.68 21.63
14.76 37.80 39.36

20.28 63.24 64,14
27.67  108.15  107.54

Teble 18
Forward Direotion I°= cBD C = 7.2830
E I
vyolts m&. -:‘.'
1.02 T7.73 7.60

2.77 26,20 28.22
5.28 59.07 568.99

10.83 146.5 145.59
15.60 240.2 235.93
20.44 390.8 323.66
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SPECIMEX 043
Time of heating 160 Sesonds
Quenohing tempersture  9.4° Centigrade
Quenching solution 12,6 vo. Methyl alechol in 487.5 es. wmter
Table 19
Reverse Direstion 1,= AR+ BE® A = 1.1204
B = 0.,0888
B X i,
volts . ne. ¥
1,21 2.28 1.80
.77 6.80 6.63
6.2¢ 11.96 10.84
10.02 21.28 21.14
14.78 37.19 38.12
20,30 82.60 63,41
27,711 107.4 108,80
Zadble 20
Forward Direction I.= ¢ = 9,.56016
D = 1.,2044
B I i,
volts ™ |
0.83 8.71 8.74

2.60 50,16 30.08
4.96 65.68 6b.37

10.72 166.6 166.42
1b.18 266.90 261.61
20.20 416.5 854,79
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SPECIMEN 85A

Time of heating 180 Seeunds
Quenshing temperaturs  8.5° Centigreds
Quenching solution 12,5 oo. Methyl aleohol in 487.6 ec. water
Table 2}
Beverse Direetion 1= an+Ba? A = 0.9915
B = 0.,0860
B 1 I‘
volts [~ . ERe
1.32 1.83 1.48
4.07 §.52 Sobd
S.54 11.45 10.)2
10,83 20.77 20.71
15.88 38.45 .28
2.52 69,77 80.7%
20.08 101.4 100.76
Teble 22
Formard Direstion = cn’ ¢ = 8,1962
B b §
1.10 8.93 8.54

3.16 24.73 26.36
6.12 §3.88 83.78

is.o2 118.Y 120.2y
17,08 184.7 182.91
2.9 M43 259.62
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SPECIMEN 853

12.8§ oe. Nethyl nleochol in 487.56 oc. water

Time of heating 180 Sseonds
Queneching tempersturs  8.5% Centigrede
Quenshing solution

Table 23

AB+ B8®

a
&

LK ]
O

[

I‘-‘-‘

Reverse Direstion

) &

B
rolts

of BEFH

21.48
38.28
62.15

102.97

1.83
6.4

11.90

10.80  21.73
748

€.22

1.3
4.07
683
15,84
20,08  103.6

21.47
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SPECIMEN 86A

2ime of heating 180 Seeonds
Qusmehing tempersture - 8.5° Centigrade
Quenching solution 12.5 oo. Methyl aleohwl in 487.5 gc. water

Tabls 26
Beverse Direetion I,= _Al+ntz , A = 1,2012
B = 8.@39
B A
voits nRe ni:
1.5 2.18 1.74
4.03 T.26 8.37
8«44 12.76 11.83
10,40 23.70 22.68
18.19 35,30 35.92
20.56 83,42 6440
27.16 106, 106.66
Table 26
Pormard Direction = oxP 0 = 5.5669
b =1.20672
B I I,
volis - n»e.
1.10 6.3 6.28

3.1 23.12 23.39
b5.89 52.90 52.68

11.40 181.3 121.54
16.02 2380 182.81
21.83 368.2 268.88
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SPBCIMER 568
Time of heating 180 Sevonds
Quenohing temperature  8.5° Centigrade
Quenching solution 12.5 so. Methyl aleohol in 487.5 ococ. water
Table 27
Reverse Birection x.: AB+ Bﬂz A = 1.2445
B = 0-&25
B X !'
“1“ - 1Y T
1.81 qu‘ 16?’
4.08 7.10 8.38
G4 12.285 11.48
10.43 21.88 21.98
15.22 37,86 38.08
20,7} 60.56 61l.17
£26.09 100.6 160.09
Table 28
Forward Direstion 5= ce® € = 6.4753
B =1.1868
B b 4 i,
Wltﬂ e ne.
1.07 6,90 68,90

3.04 24.47 2¢.21
6.88 53.14 654.08

11,83 117.2 117.76
16.47 181.7 179.768
22.10 270.8 2W4.86
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SPECIMEN 87A

Time of heating 180 Seounds
Quenching temperature 8.9° Gentigrade
Quenshing solution 12.5 os. Nethyl sleohol in 487.5 co. water
Table 29
Reverse Direstion I,=AB+ T A = 1,06351
' B =0.,0712
B I '
wits na. I:‘;
1.28 1.86 1.9
3.97 S48 5.29
6.57 9.98 10.08
10,52 18.13 19,15
16.43 31.58 33.35
2.01 62,90 53.74
28.54 90.2 88.%
Table X0
Forward Direstion o= & ¢ = 6.2200
B I 5
volts m. e
1.07 6.70 6.72

3.07 23.76 23.76
§.82 51.62 52,13

11.63 1l4.8 115.58
18.48 179.7 1v6.86
22.10 268.3 2162
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SPECIMEN 87B

Tine of heating 180 Seconds
Quenehing temperature 8.9°% Centigrade

Quenching solution 12.6 oo. Methyl aleohol in 487.5 ce. water
- Table 31
Reverse Direotion Iy= A+ BB® 4 = 0.,9466
B = 0.,0750
B 1 I,

volts ma. B,

1.29 1.66 1.35

3.97 5.49 4.88

8.57 10.00 9.46

1048  18.30  18.15
15.45  31.93  32.45

21.086 52.563 53.14

28.68 88.7 88.28
Tabdle 32
Forward Direstion I,= g’ ¢ =6.1685
' D = 1.15806
B I I,
volts ma,. .
1.07 6.70 6.66

3.07 23.75 23.44
5.94 51.56 51,51

11.60 111.3 114.18
16.50 171.3 173.64
22.24 252.6 241.62



Time of heating

Quenohing temperaturs
Quenohing solution

Reverse Diveotion

Formmrd Direstion

B
valts

.97
2.78
4.48

6.16
7.86
9.46

X
.

7.5
26.3
46.3

87.0
88.6

110.8
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SPECIMEN 89A

180 Seconds

8.7° Centigrade

12.6 oe. listhyl alochol in 487.5 oc. water

B
wilts

1.29
3.87
6.37

10.18
14.80

20.28
27.47

8.06
28.27
46.47

66.54
88.38
109.49

Table 33
1,= AR+ Bat

) 4
n.

2.12
7.20
13.12

23.23
4Q.40

68.70
11Q.7

I,

na

1.82

&.44
12.19

23.18
40.70

66.80
110.09

wlts
12,07
17.40

18.97
22.47

A = 1.2808
€ = 8,313
D =11.1472
1 Iy
¥ nh.
141.0 144.83
182, 182.49
220, 220.24
269, 267.58
318, 295.3%9



Time of heating

Quenshing temperature
Quenshing solution

Eeverse Direstion

Vorward Direction

B
volts

0.96
2.689
4.38

6.08
T.70
9.238

4

T«6
27.2
48.2

70.1

92.7
116.3
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SPECIMEN 8938

180 Seconds

8.7° Centigrade

12.8 oco. Methyl aloochol in 487.56 oc. water

B
wolts

1.30

3.90

8.42

10.21
14.91

20.54
2747

HRe -

8.26
.62

Table 36
I,= AR+ BES
1
) - ™
1.89

8.65
11.42

21.76
38.80

64.48
110.7

Zable 36

48.63

70.78
83.77
115.682

1.47
11.58

21.566
.17

66.57
110.08

volts

12,07
14.77
ir.57

10.94
Z22.47

A= 0.9“3

B = 0.1089

e = 8a882‘

D = 1.1666

) 4 4
168. 158.28
188, . 195,70
248, 241.98
296. . 284.17
346. 328,63
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SPECIMEN 934
Time of heating 150 Seeonds
Quenshing temperature  §.0° Centigrade
Quenshing solutien 12.6 oce. Nethyl alechol in 487.5 ee., water
Table 37
Reverse Direetion 3,= AR+ B2t 4 = 0,6100
B = 0.0188
B 3
wits ", ni?
1.58 0,83 0,86
4,07 2.50 2,80
6.78 4.08 4.98
10,79 8,54 8,77
16.06 14. 14.65
22,88 23.38 22.9)
33.83 42.03 42.19
Table 38
Farward Direction Y G = 4,1660
P = 1.1632
E. ) 4 4
volts mhe B

1.18 4,82 4,95
3,36 18,78 16,83
6.59 37.18 36.57

10,61 62.8 63,34
17.08  108.0 109,26

23.19 189.6 156.02
50.42 244.3 213.33
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SPECIMEN 93B

Time of heating 150 Seconds
Quenching tempersture  9.0° Centigrade

Quenching solution 12,6 co. Methyl aleohol in 487.5 ec. water
Table 39
Reverse Direstion I,= AE +B:% A =0.6942
B =0.0893
B I I,
volts na. ™
1.34 1.16 1.00
4.02 3.68 3.43
6.66 8.82 8.36

10.66 11.92 11.86
15.76 20,18 20.67

21.42 32.86 32.88
30.07 56.49 56.37

Table 40
Forward Direction I,= cE? C = 65.2533
E I I,
volts mAe B
1.12 5.38 5.99

3.24 19.70 19.656
6.34 4l1.88 41.71

10.81 72.7 T3.49
16.86 126.2 124.77
22.88 183.0 176.88
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SPECIMEN S4A

Time of heating 120 Seoonds
Quenching temperature 9.0° Centigrade

Quenching solution 12.5 eo. Methyl aloohol in 487.5 oo. water
Table 41
Reverse Direction I = AB +BE2 A = 0.5018
E 1 I,
volts ke mAe
1.35 0.93 0.76
4.06 3.16 2.72
6.71 5.82 5.22

10.71 10.48 10.10
156.91 18.26 18.40

22.06 30.26 31.10
30.36 53.63 53.17

Table 42
Forward Direction o= CE® C = 4.4036
D = 1,1027
E I Ia
volts ma. Ba.
1.16 4.92 §5.20

5.38 16.88 16.87
8.63 36.66 35.46

11.00 61.50 61.96
16.12 94.5 94.41

23.30 145.5 137.36
30.78 207.5 192.44
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SPECIMEN 94B

Time of heating 120 Seeonds
Queneching temperature  9.0° Centigrade

Quenching solution 12.5 ec. Methyl sleohol in 487.5 oc. water
Table 43
Reverse Direotion xczmwsz A =0.4177
B =0.0221
B X 1

vwolts ‘R, T

1.37 0.66 0.61

4,11 2.16 2.09

.79 3.93 3.86

10,89 T.24 T.17

18.21 12.48 12.59

22.46 20.49 20,55
31.24 34.69 34.68

Table 44
Forward Direection I.°=GED ¢ =1.8500
volts Ba. Be ¢
.29 2.49 2.67
5.80 8,48 8.42

7.63 17.83 18.06

12.48 30.40 30.95
18.46 47.27 47.50

26.80 68,22 67.61
32.02 87.8 86.81
39.90 114. 110.47
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SPECIMEN 95A

Time of heating 210 Seoonds
Quenching temperature  9.0° Centigrade

Quensching solution 12.5 e0. Mothyl alechol in 487.6 ce. water
Table 45
Beverse Direstion I, = AE+ BE® A = 0,7504
B = 00,1089
E 1 I,
wlts R, e
l.32 1.83 1.23
3.91 8.15 4,76
6.42 11,13 8.57

10.29 20.19 19,67
15,07 38.67 36.66

20.56 60.43 62.29
27.67 106.4 108.27

Teble 46
Forward Direstion 1,=CE ¢ = 26,8105
D = 1.1688

E 1 I,

volts Be. BR.

0.70 14.18 17.69
1.78 50.13 50.94
3.20 108.1 104.02

8.02 346.0 348.27
12.58 518.7 513.60
21.24 998. 946,07
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SPECIMEN 96A

Time of heating 300 Seconds
Quenching temperature  9.0° Centigrade

Quenching solution 12,5 oo.Methyl alochol in 487.5 oo. water
Table 47
Reverse Direstion I,= AB+BE? A = 0.5207
B = 0,2808
B I I,
wolts RA. nee
1.28 2.26 1.13
3.81 7.65 6.58

8.21 14.97 14.06

8.72 30.10 31.60
13.76 60.44 69,29
18.28 103.8 101.48

Table 48
Forward Direotion Io=CEY ¢ = 18,9683
D= 1.1629
B I
volts me. nf?

0.79 12.23 14.61
2.06 43.40 43.44
3.88 80,8 90.868

9.81 262.3 263.85
12,90 361.8 361.73
18.61 565.8 §51.98
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SPECIMEN 98B
Tims of heating 300 Seconds
Quenching temperature  9.0° Centigrade
Quenehing solution 12.5 oo. Methyl sloohol in 487.5 ea. water
Table 49
Reverse Direstion I,= AB+BE® A = 0.5015
B = 0.3189
E I
volts Ra. If?
1.27 2.3 1.15
3.79 7.98 8.46
8.156 16.18 15.07
9.69 32.52 33.85
13.562 83.48 64.70
17.89 111.3 110.39
Table 60
Forward Direction I = ceP C = 17.8477
D = 1.1888
E 1
wolts Rnae l:?

0.84 11.40 14.46
2.08 42,76 42.66
3.80 90.7 89,95

9.81 266.0 269,50
13.80 405.6 404,43
18.40 587.8 569.34
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SPECIMEN BTA
Time of heating 460 Seconds
Quenching temperature  9.0° Centigrade
Quenching selution 12,5 oo. Methyl alsohol in 487.5 so. water
Table 51
Reverse Direction I,= Ak +BE® A =0,1493
B =0.3743
E I I,
volts ma. ma.
1.28 2.09 0.81
3.81 773 8.00
6+18 16.07 15.12
13.35 68,10 68.69
17.66 117.6 118.03
27.16 280.86 280.14
Table 62
Forward Direction I, =cEP ¢ =8.8213
B 1 I,
volta RA. RE.
0.98 8.63 8.56

2.69 20,77 29.46
5.20 65.42 66.90

10.88  160.0  162.0%
16.43  280.5 248,14
20.76  S73.7 366.29
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SPECIMEN 97B
Time of heating 450 Seoconds
Quenching tesmperature  9.,0° Centigrade
Quenching solution 12.6 co. Methyl alcohol in 487.5 cc. water
Table 53
Reverse Direction I,= AB+BE® A = 0.7726
B = 0.,25671
E 1 I°
volts na. ™
1.31 1.66 1.45
3.88 8.48 6.87
627 14.12 14,96
2.66 30.256 31.46
13.76 69.83 59.31
18.36 102.2 100.76
27.78 219.3 219.87
Table 54
Forward Direstion I,=CE ¢ = 6.0576
D =1.1787
B b 4 I‘
volts me. net,
1.09 8.42 6.71

3.06 22,66 22.53
5.93 49.33 49.37

11.41 108.0 106.79
16.37 163.5 163.43
22.19 242.0 233.88
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SPECIMEN 98B

Time of hesting 360 Sesonds
Quenching temperature 9.0° Centigrade

Quenching solution 12.5 co. Methyl aloohol in 487,56 ce. water
Table 67
Reverse Direction I°= AE+BEz A = 0,6384
E 1 I°
Volts me. nRe
1.26 2.59 1.47
3.70 9.568 8.26

6.95 19.68 19.03

9.18 41.18 41.86
12.90 78.7 79.82

16.80 132.6 132.14
26.72 324.3 324.20

Table 58
Forward Direotion 12° = GED C =7.2796
D=1,2188
B I Iy B I I,
volts ma, ma. volts ‘BR. me.
0.95 7.2 6.84 14.76 180. 193.63
2.78 25.4 26.33 17.42 231. 236.956
4.61 45.6 45.64 19.97 291. 279,90
6.10 66.4 65.9% 22.52 344, 324,08
7.78 88.8 88.30 26.10 408, 369.87

12.05 148.1 161.20
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SPECIMER 994

Time of heating 250 Seconds
Quenching temperature 8.7° Centigrade

Quenching solution 12,56 oc. Methyl aleohol in 487.5 ce. water
Table 59
Reverse Direotion I = AE +BE? A =1.0396
o B =0.1764
B I I,
volts ma. ma.
1.27 2.43 1.60
3.81 7.90 6.52

6.2b 14.46 13.39

9.92 26.30 27.67
14.28 49.98 50.81

19.26 86.1 86.45
28.28 189.0 170.46

Tables 60
Forward Direction Io=CE’ C = 19.3040
D= 1.1625
E I I,
volts ne. nA.

0.79 12.42 14.67
2.04 43.83 43.82
3.84 92.1 91.11

9.86 267.6 269.87
13.93 401.2 401.91
18.60 577.2 560.78



Time of heating

180

125

SPECIMEN 100A

Seeonds

Quenching tempersture ~-4° Centigrade

Quenching solution

Reverse Direction

Forward Direction

25 oo. Methyl sleohol in 476 cc. water

B
volts

1.29
S.84
6.30

10.01
14.56

19.67
28,72

volts

0.84
2.18
4.10

10.01
14.08
18.82

Table 61
- 2
Ic..AE-rBQ

1
MAe

1.98
7.31
13.54

24.85
44.60

75.70
166.0

Table 62

I°== OBD

I
M.

11.63
41.0%
87.0

250.7
384.0
562.3

Iy

A«

1.33
5.61
11.51

24.20
45.74

77.79
164.94

B = 0.1682
¢ = 16,0277
P = 1.1988
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SPECIMEN 100B

Time of heating 180 Sesconds

Quenching tempersture «4° Centigrade

Quenching solution 25 oc. Methyl aleohol in 475 cc. water
Table 63
Reverse Direction 0-—'&13-!*-5.!52 A = 0,88038
B =0,1445
B I ) o8
volts ne. na.
1.29 1.99 1,38
3.88 T.08 5.53
632 13.03 11.33
10.05 24,056 23.44
14.63 43.10 43.80
19.97 73.03 76.19
28.80 146.2 145.17
Table 64
Forward Direction I°= OED ¢ = 10.6768
D= 1.2158
E I I°
wlts BR. ma.
0.96 8.86 10,14
2.54 33.47 33.20
4.81 72.63 72,07
10.67 1856.3 189.54
15.06 291,.2 288,59
20.19 4%4.5 412.44



Time of heating

Quenching temperature

Quenghing solution

Reverse Direotion

Forward Direction

127

180 Seconds

4° Centigrade

SPECIMEN 101B

26 oco. Methyl alcohol in 475 ce. water

B
volta

1.28
3.89
6.41

10.32
15.23

20.91
28.47

volte

0.92
2.50
4.75

10.79
15.23
20.40

Table 65
- 2
1,= AB+BE

1.73
6.15
11.13

20.00
34.47

57.13
98.5

Table 66

I°= CED

I
MNA«

9.76
34.37
73.82

189.0
202.0
434.5

1.45
5.24
10.01

19.54
35.18

68.38
97.76

Iy
R e

10.26
33.97
72.96

193.79
292.08
413,69

A =1.0176
B = 0.0849
¢ = 11.3995
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SPECIMEN 1024

Time of heating 180 Seoonds
Quenching temperature 9.0° Centigrade

Quenching solution

26 oc. Methyl aleohol in 476

Table 67
Reverse Dirsction I°=AE+382
E I I°
volts MmAe ma.
1.32 1.59 1.39
3.93 5.49 4,90
8.49 9.93 9.32
10.39 18.10 17.93
16.27 31.86 31.88
21.23 52.80 53.72
28.93 20,3 89.76
Table 68
Forward Direotion 1 o= GED
E I I,
volts - T 1 RRe
1.08 6.70 6.87
3.05 23.33 23.32
5.88 50.48 50.41
11.50 109.,.7 110.84

16.43 168.5 168.567
22.26 249.3 240.78

cc. water

A= 0.95637
B= 0.0743
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SPECIMEN 102B

Time of hesting 180 Seconds
Quenching temperature  9.0° Centigrede

Quenching solution 26 co. Methyl alochol in 475
Table 69
Rewerse Direotion I°= AB+ BEz
E I I°
volts na. RA e
1.30 1.83 1.78
3.80 6.32 5.99

6.41 11.566 11.00

10.26 20.60 20.48
16.12 36.02 35.50

20.86 57.40 57.65

28.60 95.3 $56.08
Table 70
Forward Direction I°= GED
E 1 I°
volts DR+ BB«
1.02 84,63 7.76

2.90 26.00 26.98
5.58 56.97 55.37

11.36 126.0 126.02
16.23 190.3 190,36
22.10 277.3 271.94

oc. water

A =1,2821

«5960



Time of heating
Quenshing temperature
Quenching solution

Reverse Direction

Forward Direction

180

~5.2° Centigrade

130

SPECIMEN 103A

Seconds

50 oc. Methyl aleohol in 450 oo. water

B
volts

1.31
5.89
6.39

11.40
16.18

2l.64
29.38

)4
volts
1.08

3.07
5.89

11.44
16.32

22.17
29.02

Tsble 71
I,= AB+BE
I
MBhe
1.83

6.46
11.90

26.26
42.47

68.14
116.8

Table 72

I,=csP

6.31
22.88
50.32

112.6
177.0

267.0
396.0

1.63
5.5¢
10.69

24.74
42.80

68.99
116.28

6.32
22.73
50.64

114.42
177.00

2567.83
368,87

A =1.0372
B = 0.,0994
C = 5.7410
D = 1.2278
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SPECIMEN 103B

Time of heating 180 Seconds
Quenching temperature -5.2° Centigrade

Quenching solution 80 co. Methyl alochol in 450 sc. water
Table 73
Rewsrse Direction 1,= AG+ BE® A = 0,9982
B = 0.1428
E I I,
wlts me. mee
1.29 2.26 1.48
3.82 7465 5.90

6.27 14.10 11.87

11.30 29.63 29.51
15.76 50.48 5l.14

20.99 81.6 83.86
28.97 1580.0 148.76

Table 74
Forward Dirsotion I,~= ceP ¢ = 18.3829
D = 1.,1861
B I I,
Wlt' MBe mie

0.80 12.40 14.15
2.08 43.62 43.57
3.85 92.4 92.10

8.76 279.3 278.79
13.66 428.5 418.21
18.31 629.0 606,72



Time of hesting

Quenching temperature

Quenehing solution

Reverse Direotion

Forward Direastion

180
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SPECIMEN 104A

Seconds

0.0° Centigrade

80 oco. Methyl aloohol in 450 eo. water

B
volts

1.31
3.93
.47

11.53
16.30

21.79
20.44

volts

0.76
1.94
3.61

9.49
13.16
17.54

Table 75
= 2
1,= AE+BE

I
BAe

1.66
5.63
10.93

22.32
38.82

64.45
116.2

Table 76

I=CE’

13.03
46.03
97.8

309.5
477.0
698.0

1.06
4.22
8.86

22.14
39.78

66.24
114.08

Ic
N

14.96
46.12
97.02

309.56
457.89
646.95

A =0.,6617
¢ = 20,7765
D = 1.2004
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SPECIMEN 104B

fime of heating 180 Seeonds
Quenshing temperature 0.0° Centigrade

Quenshing solution 80 oc. Methyl aloohol in 450 co. water
Table 77

Reverse Direction Io= AB+BE® A = 0.4556
B = 0.1091

E I I,

volts A« me.

1.31 1.39 0.79

3.98 4.98 3.51

6462 9.45 7.61

11.60 20.60 19.96
16.42 35.95 36.85

22.08 60.92 63.24
29.54 110.0 108.64

Table 78
Forward Direction I°= cED
B 1 i
wolts MR« na.

0.81 12.12 14.06
2.09 43.10 43.08
3.91 92.2 90.49

9.92 271.8 271.82
13.91 410.7 4056.39
18.62 596.3 572,30



Time of heating

Quenching temperature
Quenching solution

Reverse Direction

Forward Direction

180
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SPECIMEN 108A

Seconds

5.0° Centigrade

50 oo. Mothyl alesohol in 450 oe. water

B
volts

1.30
3.87
8.36

11.23
16.14

21.68
29.38

volts

0.63
1.96
3.63

9.86
13.32
17.70

Table 79
I,= AE+BE?

1
wR.

2.08
7.00
12.68

26.456
43.30

688.86
118.2

Table 80

I°= GED

1
Mhe

12.82
45.88
97.0

302.0
462.0
680.

I,

RNl

1.67
5.92
11.26

25,16
43.82

70.46
117.31

IO
MBe

12.94
48.03
98.03

301.98
444.53
618.66

B = 0.09656
C = 21.9306



Time of heating

Quenching temperature

Quenching solution

Reverse Direotion

Forward Direction

135

180 Seconds

6.0° Centigrade

SPECIMEN 106B

80 eo. Methyl aleohol in 450 oo. water

E
volts

1.30
3.87
6.37

11.33
16.12,

21.66
29.38

wolts

0.99
2.76
5.30

11.14
15.84
21.47

Table 81

I,= AE+BE?

X
Mmie.

1.89
6.88
12.48

26.20
43.44

€9.40
118.8

Table 82

8.42
28.90
63.08

146.3
226.0
333.

IB
Rie

1.63
5.84
11.17

26.41
43.76

7C.66
118.12

Hhe

8.68
28.94
62.19

148.76
224.98
321.56

B = 0,0985
G =8.7712
D =1.1746



Time of heating
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180 Seconds

SPECIMEN 106A

Quenching temperature 10.0° Centigrade

Quenching solution

Reverse Direat;cn

B
volts

l.28
3.84
6.30

11.33
16.10

21.68
29.36

Forward Direction

volts

0.92
2.54
4.83

10.79
16.24
20.62

Table 83

Io= AB+BE®

¢
na.

2.09
7920
12.98

25.80
43.58

68.63
116.2

Table 84

I°==CED

1
NAK.

9.60
35.48
71.87

180.0
278.8
414.3

IQ
mAe

1.81
6.30
11.71

26.11
43.91

69.69
114.65

10.12
35.46
71.59

186.30
278479
398.73

80 ec. Methyl alechol in 460 ce. water

B = 0.0888
€ = 11.11569
D = 1.1829



Iime of heating
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SPECIMEN 1074

180 Seconds

Quenching tempersture «12.0° Centigrade

Quenshing solution

Reverse Direction

Forward Direotion

100 cc. Methyl aleohol in 400 eco. water

E
volts

1.31
3.84
6.29

11.21
15.70

20.84
28.86

volts

0,70
1.70
3413

8.96
12.48
21.34

Table 85
— 2
Ic-AE*'BE
1 I,
na,. Bhe
1.3 l1.64
7420 6422

13.48 12.42

29.23 30.12
61.50 52.40

85.7 85.07
169.0 161.34

Table 86
I°==OED
I I
Mo u?

14.15 17.47
50.63 50.81
106.7 104.84

362.8 367.48
546.2 546.24
1060, 1036.03

o

i

o—

—3
—
=

1.0627
0.1449

26.8819
1.1931



Pimo of hesting
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180 Seconds

SPECIMEN 107B

Quenching temperature -12.0° Centigrade

Quenching solution

Reverse Direction

B
volts

1.29
S.84
6.29

11.21
15.73

20,88
28.93

Forward Direetion

volts

0.76
1.90
5.48

9,39
13.03
21.47

Table 87
= 2
1= AE+BE

I
ke

1.93
7.20
13.54

29.36
51.47

84.4
169.8

Table 88
Iy= GED

13.36
46.78
89.9

320.0
476.2
903,

100 oc. Methyl alcohol in 400

ma.
1.71
12.66

30,15
52.09

83.93
148,31

Io
RAe

16.33
46.86
96,97

320.28
475,12
867.10

cc. water
B = 0,1376
¢ = 21.6965
D= 1,2041



Time of heating
Quenching temperature

Quenshing solution

Reverse Direoction

B
volts
1.33

3.96
6.53

11.75
16.74

22.52
29.31

Forward Direction

volts

0.99
2.72
5.20

11.03
15.63
21.38

139

180 Seconds
0.0° Centigrade

Table 89

- 2
I,= AE+BE

1.43
4.92
8,95

18.856
31.45

51.47
8l.6

Table 50

Iy= CE

A«

8.42
29.90
64.63

154.0
234.0
345.3

SPECIMEN 108A

100 cc. Methyl sloohol in 400

Rl

9.12
29.93
64.11

165.29
233.95
329.28

cc. wakter

A = 0.7998
B = 0.0671



Time of heating

Quenching temperature

Quenching solution

Reverse Direction

Forward Direotion
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180 Seoonds

0.0% Centigrade

S°PECIMENR 108B

100 oc. Methyl alcohol in 400 oco. water

E
volts

1.33
3.97
8456

11.80
16.81

22.65
29.59

volts

1.07
3.03
5.86

11.49
16.44
22.34

Table 91
I4= AE +BE®

I
Bas

1.26
4.59
8.45

17.84
29.41

47.00
77.4

Table 92

1,=0EP

1
me.«

6.6b
23.48
51,32

110.3
170.0
286.0

maé

1.09
3.86
7.43

17.26
29.89

48.62
76.48

mA.

693
23.47
50.80

111.79
170.03
243.40

A=0.7188
B = 0.0630
C = 6.4139
D =1,1708



Time of heating
Quenching temperature
Quenohing sclution

Roverse Direction

Forward Direotion
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SPECIMEN 1094

180 Seconds

4.5° Centigrade

100 ec. Methyl alechol in 400 oco. water

B
volts

1.34
4.02
6.66

12.03
17.21

23.31
30.58

volts

1.01
2.81
5.39

11.24
16.02
21.51

Table 93
— 2
Io_ AE +BE

I
me»

1.00
3.56
6.49

13.562
22.70

36.67
68.18

Table 94

I =cEP
[+

1
ma.

7.90
27.60
80.77

139.5
214.3
327.7

Nl

0.91
3.17
5.97

13.48
23.00

37.07
67.89

8.26
27 .63
59.44

141.20
214.29
303.16

B = 0.0416
C=28,1758
D= 1.177%
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SPECIMEN 109B

Time of heating 180 Seconds
Quenching temperature 4.5° Centigrade
Quenching solution 100 cc. Methyl aloohol in 400 ec. water

Table 95
Reverse Dirsction Io= AB+BE A= 0.6646
B = 0.0506
E I I,
volts me. ma.
1.33 1.25 0.97
4.00 4.09 3.47
6.57 7.40 6.56
11.96  15.456 16,19
17.07  24.95  26.10
22.96  41.88  41.94
30.16  66.38  66.08
Table 96
Forward Direction I,=CE" ¢ = 7.7687
D = 1.1742
E I I,
volts ma. ma.
1.02 7.74 7.92

2.86 268,57 26.57
5.50 58.58 57.49

1l.28 132.0 133.62
16,17 204.0 204.01
21.88 S01. 290,94
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SPECIMEN 110A

Time of heating 180 Seoconds
Quenching temperature 10.0° Centigrade
Quenching solution 100 ooc. Methyl aleohol in 400 eo. water

Teble 97
Reverse Direction 1= AE + BE? A = 0.6795
B = 0.0666
E I I,
volts RR. me .
1.53 1.33 1.02
3.98 4.49 3.74
6.57 8.22 7.29
11.83 17.48 17.20
16.79 29.00 29.87
22.67 48.43 49.06
29.69 78.0 77..46
Table 98
Forward Dirsction I,= CE] C = 9.0718
D = 1.2682
E I I,
volts BR. ma.
0.97 8.86 8.71

2.66 31.22 31.21
4.98 69.02 69.49

10.78 184.6 184.61
15.06 299,6 282.50
20,09 468.8 407,50



Time of heating
Quenching temperature

Quenching solution

Reverse Direction

Forward Direetion
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SPECIMEN 110B

180 Seconds

10.0° Centigrade

100 ec. Methyl aleohol in 400 oo. water

B
volts

1.33
3.98
6,87

11.83
16,79

22.67
29.56

volts

1,00
2.79
5.38

11.21
16.91
21.53

Table 89
I,= AE+BE

1
- %

1.33
4.49
8.22

17.62
29.00

49.08
79.8

Table 100

1= o

I
Nee

8.06
28.00
6l.18

141.8
220.6
346.0

49.80
78.86

Ic
mna.

8.06
27.48
60.28

1456.08
220,58
316.80

A= 0.,6412
B = 00,0686
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SPECIMEN 1164

Tine of heating 180 Seconds
Quenshing temperature 64.8° Centigrade

Quenshing solution 12.56 oo. Methyl aloohol in 487.5 co.water
Table 101
Reverse Direction I,= A +BE? A = 0,06821
B = 0.00031
E I I,
volts ma. B
16.47 0.97 1.04
24 .52 1.67 l.61
32.856 2.26 2.26
41.20 2.92 2.92
49.70 366 3.66
Table 102
Forward Direction 1=cxP C = 0.07748
D =1.0812
E I I,
volts 7. ¥ Rie
16.46 1.81 .65
24,50 2.54 2.54
32.76 381 3.49
41.12 4.45 4.47

49.656 5.49 5.49
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SPECIMEN 116B

Time of hesting 180 Seconds
Quenching temperature 64.8° Centigzrade

Quenching solution 12.5 co. Methyl alcohol in 487.56 cc. water
Table 103
Beverse Direction I,= AR +BE? A = 0.07089
B = 0.00015
E I I,
volts na, ma.
16.47 1.18 1.20
24.62 1.86 1.82
32.86 2.44 2.48
41.20 3.27 3.17
49.70 3.83 3.88
Table 104
Porward Direction I,= OED C = 0.07399
D= 1.0888
E I Iy
volts mRe Ba.
16.47 1.67 1.66
24.50 2.44 2.41
32.76 .27 330
41.12 4.18 4.23

49.68 5.22 8.20
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SPECIMEN 1174

Time of heating 180 Seconds
Quenching temperature 64.8° Centigrade

Quenshing solution 258 oc. Methyl aleohol in 475 oo. water
Teable 108
Reverse Direotion I, = AE + BEZ A = 0.,02181
B = 0.00034
E X I°
volts na. na.
16.47 0.45 0.46
24.45 0.70 0.74
32,73 1.11 1.08
41.21 1.50 1.48
49.69 1.91 1.92
Table 106
Formard Direstion I =CE> ¢ = 0.01676
D= 1.3361
B I I,
volts mae BAe
16.47 0.70 0.71
24.45 1.18 1.20
32.73 1.81 1.77
41.12 2.44 2.38

49.72 3.08 5.08
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SPECIMEN 117B

Time of heating 180 Seconds

Quenching temperature 64.8° Gentigrade

Quenshing solution 26 oc. Methyl aloohol in 475 co. water
Table 107
Reverse Direction I = Ak+ BE? A = 0,04320
B = 0.00057
B 1 I
volts ma. me.
16.46 0.87 0.87
24,45 1.9 1.40
32,73 2.02 2.03
41.21 2.78 2,76
49.69 .65 3.58
Table 108
Forward Direction C = 0.06926
B I
wolts Ma. li?
16.87 1.67 1.68
24.40 2.61 2.64
32.65 3.76 3.69
41.12 4.80 4.79
49.60 5.91 5.94
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SPECIMEN 118A

Time of heating 180 Seacnds
Quenching temperature 20° Centigrade

Quenching solution 12.5 eo. Methyl aleohol in 487.5 oo. water
Table 109
Reverse Direction I,= AB+BE? A = 0,4633
= 0.0479
B I I°

wvolts na. A,

1.30 0.87 0.68

3.97 l.64 2.59

6.57 5.84 5.1l

11.70 12.45 11.98
16.80 21.18 21.30

22.77 34.80 36.38
29.87 56.856 56.57

Table 110
Forward Direction 1,=CEP C = 6.9166
D = 1,2047
E I I
volts ma. na?
1.01 7.00 6.99

2.86 256.23 24.65
B5.56 54.10 54.64

11.15 123.1 126.37
16.87 193.3 193.32
21.32 293.8 275.83
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SPECIMEN 118B
Time of heating 180 Seoonds
Quenching tempersture 20.0° Centigrade
Quenehing solution 12,6 co. Methyl aleohol in 487.6 co. water
Table 111
Reverss Direction I,= A+ BE® A= 0.3953
B= 0.0338
volts Moo Mo,
1.33 0.63 0.589
4.01 2.28 2.12
8.66 4,26 4.12
11.90 9.66 .48
16.93 16.30 15.64
23,20 26.90 27.23
30.58 43,63 43.46
Table 112
Forward Direction I,=CEP C— 5.3784
D= 1.1288
E 1 I,
volts Ra. na.
1.09 5.30 5.92

3.13 19.60 19.562
6.18 41.80 42.00

11.47 83.4 84.49
16.45 126.9 126.88
22,50 187.7 180.71
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SPECIMEN 1194

Time of heating 180 Seconds
Qusnohing temperature 64.8° Centigrade

Quenching solution 50 eo. Methyl sloohol in 450 co. water
Table 113
Roverse Direotion I°= AE+ BBz A= 0,020256
B= 0,00014
E I I°
wlts ne. B,
24.62 0.87 0.80
33.00 1.08 1.12
41.30 1.39 1.45
49 .87 1.86 1.81
Table 114
Forward Direction I°=GED = 0.01719
D= 1,2691
B I Is
volts nma. mae
24.53 0.97 0.97
33.00 1.39 1,40
41.30 1.91 1,91

49.87 2.37 2.36



Time of heating

180
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SPECIMEN 119B

Seoconds

Quenching temperature 64.8° Centigrade

Quenohing solution

Reverse Direction

Forward Direction

60 co. Methyl aleohol in 450 oo. water

B
volts

24.62
33.00

41.30
49,87

Yolts

24.83
33.00

41,30
49.87

Table 118
I,= AE+ BE?
1
ARe

0.77
0.97

1426
1.43

Table 116

1,= o8’

I
mle

0,91
.22

1.60
2.02

1
0.76
1.00

1.22
l.44

0.80
1.26

1.61
1.99

A= 0,03306
B= «0.000084
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SPECIMEN 1204

Tims of heating 180 Seconds
Quenehing temperature 40.0° Centigrade

Quenching solution 12,6 vo. Methyl Alcohol in 487.5 eo. Water
Teble 117
Eeverse Direstion I_= AB+BE A = 0,1888
B= 0,0087
B I I°
wlts TN nR.
1.355 0.28 0.27
2.71 0.63 0.568
6.853 1.74 1,74
10.87 3.2¢4 3.20
16.43 5.74 5,72
22. 17 9.23 9,33

30.83 15.08 15.04

Table 118
Forward Direstion I4=ceP C= 1.1543
E I I
volts Be. MB.o
1.29 1.63 1.62
2.59 3.38 3.29
6.44 8.90 8.92

10,35 14.90 16.03
15.40 22.85 23.26

21.60 335.40 33.71
29.17 46.76 46.88
38.05 63.00 62.76
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SPECIMEN 1208
Time of heating 180 Seoonds
Quenohing temperature 40.0° Contijrade
Quenching solution 12,6 eo. Methyl aloohol in 487.6 oc. water
Table 119
Reverse Direction 1,= AE+ BE? A = 0.1680
B= 0.00804
E I
volts mae n:?
1.36 0.28 0.24
2.71 0.63 0.5
6,83 1.67 1.82
10.96 2.78 2.80
16.32 4.94 4.88
22,80 8.15 8.01
30.93 12.80 12.89
Table 120
Forwsrd Direction 1= CE C = 0.9113
D= 1.05561
E 1 1,
wolts Nk RAe
1.31 1.22 1.24
2.66 2.80 2.62
6,567 6.78 6.64

10.66 11.00 10.986
16.76 16.80 16.71

22.10 24.06 23.89
29,90 32.63 32.86
39.16 42.90 43.67
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SPECIMEN 1214

Time of heating 180 Seeomis
Quenching temperature 40,0* Centigrade

Quenching solution 26 co. Methyl aloochol in 476 ec. water
Tablo 121
Reverse Direotion 1= AB+ BB’ A = 0.17025
B = 0.00823
B I I,
volts ma. MRe
1,35 0.17 0.24
4.09 0.70 0.80
6.81 1.32 1.45
1C.87 2.61 2.89
16.38 4.562 4.46
22.96 730 7.19

29.72 10.50 10.56

Table 122
Forward Direction 1,=CE’ ¢ = 0.7539
D= 1.0283
E 1 I,
volts ma. Nie
1.32 0,87 1.00
5.98 2.6  3.12
6.6  5.22  6.27
10.65 8.66  8.59

16.93 13.00 12.99

22.40 18.60 18.44
29.06 24.10 24.10
39.80 32.97 33.30
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SPEGIMEN 121B

Tine of heating 180 Seconds
Quenching temperature 40.0° Contigrade

Quenching solution 25 oc. Methyl aleohol in 475
Table 123
Eeverse Direstion I,= AB-+BE?
E X I
volts me. RAe
1,36 O.24 0.27
4,09 077 0.91
6.80 1.60 1.67
10.956 3.03 3.06
16.30 5.36 5.28
22.85 8.78 8.65
29.82 12,80 12.88
Table 124
Forwsrd Direstion Iq=CE’
B 1 I,
volts ne. b T
1.29 1.16 1.34
3.93 4.17 4,23
8.52 7.16 7T.12
10.50 11.70 11.68
16.76 17.65 17.66
22.10 25.086 25.08
28.67 32.40 32.73
39.18 44 .48 45.11

cs. Water
A= 0.1388
B= 0.0083

C= 1.0332



Time of heating

180
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SPECIMER 122A

Seeonds

Queneshing temperature 20.0° Centigrade

Quenehing solution

Reverse Direction

Forward Direotion

25 eo. Methyl aleohol in 476 cc. water

B
wilts

1.33
4.02
6.68

10.70
16.95

22.17
29.80

volts

1.22
3.64
8.02

9.57
14.23

21.80
30.00

Table 126

1,=m+axz

I
na.

0.63
2.16
4.11

7.50
13.27

22.22
35.85

Table 126

I - CE

I
B e

2.78
9.80
17.60

29.60
48.22

84.40
138.5

1
Nl

0.61
2.12
3.98

7.80
13.38

22.22
356.83

I

-]
MK

2.73
9.81
17.686

30.33
48.22

79 40
116.30

A = 0.4208
B= 0.0262
¢ = 2.18562
D=1.1687
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SPEGCIMEN 122B
Time of heating 180 Seconds
Quenching temperature 20.0° Centigrade
Quenshing solution 256 o0. Methyl aleohol in 476 os. water
Table 127
Reverse Direstion I, =AE+ BE? A = 0.5233
B = 0.043?
B ) 4 I°
volts ma. -7
1.32 0.84 0.77
5.98 3.06 2.74
6.60 5.74 5.36
10.62 10.62 10.49
16.70 18.80 18.99
21.76 31,60  32.06
28.90 $1.90 51.62
Table 128
Forward Direotion 1,=c&? ¢ = 4.3396
E 1 I,
wlts BA. ne.
l.12 4,84 4.9

3.28 17.10 16.38
5.40 29,96 29.88

8.62 50.26 51.03
12.66 79.20 79.20

19.46 131.35 129.45
29.07 221.0 206,00



Time of heating

Quenching tempersture
Quenching solution

Rewverse Direction

Forward Direction

180

20.0° Centigrade
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SPECIMEN 1234

Seoonds

§0 eco. Mhyl aleohol in 450 eo. water

B
volts

1.32
3.97
6.568

10.56
15.68

21.76
29.20

wolts

1.17
S.42
6.74

10.12
15.37

21.42
29.50

Table 129
I°= AR+ BEa

1
Ra.

1.04
3.59
6.44

11.36
19.28

30.80
48.16

Table 130

o= CE

) §
RAe

4.17
14.60
27.66

48.80
79.76

119.47
184.5

1
Mie

1.06
S.48
8.33

1).42
19.41

30.92
48.11

I

4.18
14.25
31.01

556.06
79.73

118.63
168.31

A= 0.7626
B = 0.0303
¢ = 5.4847
D= 1,14867
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180
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SPECIMEN 123B

Seconds

Quenching temperature 20.0° Centigrade

Quenching solution

Reverse Direotion

Forward Direotion

50-9c. Methyl aloohol in 450 cc. water

B
volts

1,32
3.97
6.58

10.586
15.68

21,67
28.90

volts
1.12
6.39

9.67
14.26

22.90
28.956

Table 131
I,= A+ BE?

X
MA

1.04
S.59
8.79

11.80
20,36

32.97
62.12

Table 132
I,= ce?

I
T T

5.16
14.46
37.90

658.93
95.456

164.7
229.0

I
Mo

1.03
6.42

11.84
20.56

33.19
51.96

Rile

3.82
14.46
33.54

66.61
91.17

164.70
220.61

B= 0.0368
€ = 3.3239
D= 1.24656



Time of heating

161

SPECIMEN 1244

180 Seconds

Quenching tempersture 20.0% Centigrade
100 seo. Methyl aloohol in 400 ec. water

Quenching solution

Beverse Direction

Forward Direction

B
volts

1.30
3.94
6.53

10.45
16.40

22.40
29.16

volts

0.84
2.28
4.28

10.23
14.43
20.28

Table 133
I,= AE+BE?

I
Wi

l.22
4.11
7.50

13.80
24.63

46.90
78.45

Table 134

I,= CE]

I
Ris

10.76
38.06
81.80

218.7
336.0
564.5

I
RKe

0.78
3.13
6.44

13.33
26.29

48,38
77.62

I
RRe

11.90
38.10
80.58

224.38
336.06
501,17

B= 0,0740
C = 14,6968
D= 1.1749



Time of heating

Quenching temperature 20.0° Cemtigrede

Quenching solution

Rewerse Direotion

Forward Direction

180

162

SPECIMEN 124B

Seconds

100 co. Methyl aleohol in 400 oo, water

volts

1.31
3.96
6.54

10.80
15.47

22.45
29.27

volts

0.97
2.68
65.14

10.90
16.50
21.90

Tadle 136
I,= A +BE?

1
Mie

1.11
3.83
7.17

15.10
23.75

45.40
76.60

Table 138

1, o

I
mAe

8.20
29.25
63.22

150.1
236.6
388.6

0.74
2.98
6.15

12.83
24.37

46.82
74.87

by
MR

8.74
29.27
63.44

164.98
236.46
365619

A= 0.,4740
B= 0.,0712
P= 1.1885
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SPECIMEN 125A

Time of heating 180 Seconds
Quenching tempersture 40.0° Centigrade

Quenching solution 50 co. Methyl alecohol in 450 eco. water
Table 137
Reverse Direotion I,= AE+ BEZ A= 0.2754
B= 0.016¢%
B I I,
wvolts Ra. ma,.
1.34 0.36 0.40
4.06 1,352 1.38
6.76 2.58 2.59
10.87 4.87 4.86
16,20 8.60 8.83

22.682 14.43 14,35
30.48 23.10 23.14

Table 138
Forward Direction 1,=cEP C= 1.2854
D= 1.097
E I 1
wolts na. nad
1.27 1.67 1.67
3.85 5.86 5.64
6.39 10,05 9.83

10.30 16.65 16.680
16.57 28.00 27.97

22.75 39.60 39.59
30.26 54.10 54.13
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SPECIMEX 1268

Time of heating 180 Secoonds
Quenching tempersture 30.0° Centigrade

Quenching solution

Table 139
Reverse Direction I o= AR +BBZ

B i o
volts MAe
1.35 0.28
4.07 1.11
§.78 2.19
10.87 4.18
16.26 7.6%

22.74 12,70
30.67 20.60

Table 140
Forward Direotlon 1= GED
E I
wolts BRe
1.27 1.67
3.84 5.99

6.37 10.40

10,25 16,80
16.60 27.90

22.77 38.70
30.28 51.98
39.45 68.30

50 co. Methyl aleohol in 450

I
Mo

0.33
1.16
2.21

4.18
7.52

12.67
20.62

Iﬂ
mhe
1.94

6.10
10.33

16.91

- 27.90

38.68
51.97
68.36

¢o. water
A= 0.,2271
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Appendix II

Appendix II is oomposed of the logl-logE graphs for the
forward current of sll rectifiers giwven in Appendix I. In these
graphs the straight line charaster of the logi~-logE funation is
well illustrated. The rise of the last one or two points above
the straight line is attributed to the heating of the reotifier
by the large currents. Constant terms are added to the logsrithm
of the ocurrent in order that there would be no confusion of the

points of the several funsctions given on the same page.
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