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4 Claims:  (Cl 204—64)

ThlS mvenuon relates to the production of titanium
metfal and more pamcmarly to production of high purity
ductile metal by an électrolytic method. More specific-
ally, it relates to an electrolytic method for producing
titanium metal of high purity from fitanium tetrachloride.

Titanium métal has heretofore beén reduced from a
salt, fof instahcé the tetrachloride, by direct chemical
reductxon employing a raétallic sedium or metallic mag—
nesindm reducing agent. Such methods are described in
the literature, for instance the Hunter Proce ss in Journal
of The Amerrc:m Chemical Scciety, volumé 32, pagé 330
et seq. in 1910, and the Xroll Process in U. S. Patent No.
2, 205 854. ‘'While theése methods Have produced metallic
ntamum mey suffer fron a_fundamental economic dis-
advantaze in that the cost of *he mietallic soditin or metal-
hc magnesmﬂ is relatively high and the processes are
eXpeiisive to operata. Aerually the reducing agént must
generally itself be first réduced to metallic form by an
electrolytvc process from eithér an oxide or a chloride
and this in turn usea for reduction of titanium tétrachic-
ridé, Theé total processing cost is therefore considérably
greater than if the titahium itself were reducéd électro-
ytically from a titanium salt.

Titanium tetrachloride is a non-conductor and cannot
be electrolyzéd. Therefore the use of a suitablé eléctro-
Iytic medium is necessary. Thée electrolysis of aqueous
solutions of tltamum tetrachlonde has to daté produced
ORly thin fifms of impure titanium teétal 'on thé ¢athode
and has béen - very unsatisfactory. The use of a riolten
salt electrolyte has been consrdered but titafitm teétra-
chldridé of itself is Dot solublé in such 2 fmediuii.  Ac-
Cording t6 the present invention however, the titanium
tetrachlorrde is easily converted eléctro }v*rca’ly to,r ced
titanidth chlorides which aré solublé in the molten $alt
electrolyte These reduced chloridés rnclude titanium di-
chioride #nd titanfum trichloride. T has further beén
found that these réduced titanium chlorides may be readlly
reéduced by electro! ysrs to titaninm métal. In this way it
is posmble o prodice titanfum ‘metal by a contmuous
electrolytlc process.

Itisa prmcrpal ‘ebject of this invénfion to ‘provide a
method whereby titaninm etal of high purity !may be
produeed electrolytically. -A further object of this inven-
tion is to provzde a ‘method for eiectrolytlc productlon ‘of
titanfum metal in convenient férm for re- ‘melting. A fur-
ther object 1is to provrde an econcmical direct method for
efectrolysrs ‘of fitaniuth tetrachloride. A still further ob-

ject is to provide a process which may be employed for -

contifiuous production of titanium nictal. Thiese and other
objects will become apparent from the following more
complete descnptlon of thisinventicn.

This invention in its broadest aspecis ‘contermplates ‘a
method for electrolyaeal y producing titanium mietal which
comnnses provrdmo a fused salt electrolyte in an eléétro-
Tyt cel] havmg an_anode and two cathodes. For con-
‘e the two cathodes are referred ‘to as the solubiliza-
'tron cathode and the deposmon cathode. By the term
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“solubilizaticn cathods” we mean a cathode which 4s

2
placed ini the vicinity where titanium tetrachloride i$ intro-
duced into ihé cell and solubilized by cathiodic rediiction
to a reduced fitanhim chloride such as TiCls or TiCl.
By the terin “deposition cathode” is measit 4 catiode 1 upon
thé sirface of which titaninm chlorides, such #s TiCly,
TiCls, of T1C12, aré réduced and deposited as metallic
titanium. Titanium tetrachlonde is intréduced info said
clectrolyte in proxiniity to the sclubilizition cathode.
Meanwhile eléctric current is passed betweedi each of said
cathodes and said anode, the amount of current addéd to
said cathodes being from 1to2 faradays at the sclubiliza-
tion cathods and fromi 2 to 3 faraddys at thé déposition
cathode for each mol of titaniuim tetrachiloride introdaced.
The titanium tetrachloride introdiced into said electrolyte
in proximity to the solubilizationi cathodé i reduced and
solubilized to titanium trichloride and titaninm dichloride.

Means are provided in the cell for sépariting the gasesus
product; e. g. chlorine, released at the anodé from contact
with erther of said cdthodes and for preventing contaét 6f
the titdnium dichloride and trichloride with the anode.
For convenience a porous diaphragm may be employed
in the salt bath, with a non: -porous gas barrier extending
upward from the bath surfacé. The so-formed rediced
titaniufn chlotides solubilized in the fused salt electrolyte
are transrerred through the electrolyte and are rediced to
metal and deposited 48 titdnium metal on the deposition
cathode. The entire process should be carried out for
efficient reSults so that the titanitim salts dissolved in the
eléctrolyte are preferably maintained within the molality
limits ‘6f nd gredter than 2.0 for titanium trichloride and
16 1ess than 0.05 for titanium dichloridé in proximity to
thé déposition éathode. ]

Iii the instant process titaniiim tétrachlctide is prefer-
ably bubbled into 4n eléctrolytic cell in proximity 1o the
solubilization Cathode and it is réduced substantially to
titaniuim dichloride by passing 1.7-2.0 faradays of elee-
tricity through the solubilization cathodé simultaneously
with the addition 6f éach mol of TiCls. The titaniuf
values solubilized in the fuseéd salt bath according to this
preferred procedure are present mostly as titanium di-
chioride although a small amount of titaniur trichloride
is aiso formed. Thé soluble titanium values formed by
the solubilization cathode are then transferred through the
electrolyte to the depesition cathede where they are re-
duced ‘o titadium metal and are deposited as metal on the
depeosition cathode by sifnultaneously passing a currefit of
2:0-2.3 faradays through the deposition eathode.

1t ‘has farther been discovered according to the process
of the instant invention that the character of the metd
produced, particularly the purity ‘of the metal, is affected
by the-concentrations of the titanitm dichloride and the
titaniym trichloride present in proximity to the deposrtxcn
cathode In order to preduce titanium metal of 4 type
sultable for commercial use it i3 necessary that the con-
centratlons of both titanium dichloride and titaniom tri-
chionde be held thhm certain limits in the €lectiolyte dur-
ing the process of this invention. It has been found that
titanfuin metal of high purity may be obtained if the
molality of the titanium trichloride is no greater than
2.0 and the rnolahty of the titanium dxchlonde is no less
than 0 05 in prowmmty 16 the deposition cathode. When
‘the electl‘olytrc process is ¢arried out within these limits
fitaniuth metal hay e préduced Which has a Bnnell'
hardness of less than 450. For pr roducing meétal of &%-
fremiély ‘high pority it 1 ‘desirable to mamtam ‘the miolality
of the titanium trichloride no greater than 0.25 ‘tinies ‘the
olality ‘of titanium dichloride aad the molahty of trtamum
dichloride no less than 0.1 in proximity t6 the d-"*poamoh
cathode. it is also usually advantafeous to miaiftain the
molality of titanium dichloride no greater thah 20 ‘adja-
cent to the deposition cathode. . Netal Prodiced by the
instant process under conditions which faH Wwithin Hése
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preferred concentration ranges will be ductile, coarse-
grained metal which possesses a Brinell hardness of less
than-200. Such metal is extremely valuable for fabrica-
tion into sheets, rods, and the like. It is not necessary to
maintain such critical limits of concentrations of both
titanium dichloride and titenium trichloride in proximity
to the solubilization cathode. It is, however, desirable to
maintain the molality of the titanium dichloride no less
than 0.1 in proximity to the sclubilization cathode; and
it is desirable to maintain a current density in amperes

" per square centimeter on the solubilization cathode no

more than the numerical molality of the titapium tri-
chloride.

"It has been found that when higher concentrations of
‘titanium values in the salt melt are present in the vicinity
of the solubilization cathode, current may be passed
through at an increased rate and the capacity of the cell
thereby improved. It has been found guite convenient to
operate at a titanium dichloride molality of about 10.
Besides increasing the capacity of the cell; the higher cur-
rent densities are advantageous in another way, that is,
they have the effect of heating the cell, and if the cell is
sufficiently large and the current density sufficiently high,
no other means for supplying heat need be used.

1t is not difficult to maintain the concentrations of both
titanium dichloride and titanium trichloride within the
limitations given above. It is, of course, possible to
choose and maintain a salt bath composition which meets
the limitations both for electrolyte in proximity with the
solubilization cathode and for electrolyte in proximity
with the deposition cathode. Tt is often desirable from
an operational standpoint, however; to operate in such a
manner that the electrolyte in the vicinity of the solu-
bilization cathode is of a different concentration with
respect to the reduced titanium values than the electrolyte
- mear the deposition cathode. - This may be accomplished
in many ways. One such method which has been proven
to be satisfactory is to divide the cell into two sections,
each section having a cathode. It is convenient to place

a porous diaphragm as the boundary between the two

sections. In this type of cell construction, the soluble
titanium values formed at the solubilization cathode pass
through the diaphragm and are reduced to titanium metal

and deposited on the deposition cathode in the second
chamber. The action of the diaphragm. will cause the
concentration of the titanium values in the second chamber
to be maintained considerably lower than the concentra-
tion of titanium values in the first chamber.  Another
method of obtaining the desirable differential between the
titanium concentrations in proximity to the two cathodes
is to provide a solid wail between the two cathodes to
form two separate chambers and to pump a small portion
of the solution from the solubilization cathode chamber
into the second chamber containing the deposition cathode.

Another type of apparatus which may also be employed
provides a single chamber containing both cathodes but
having the cathodes spaced at a considerable distance from
one another so that the diffusion of titanium values formed
at the solubilization cathode is slow enough to provide a
low concentration of titanium values at the deposition
cathodes. :

In order to define more clearly the process of the instant
invention the following drawings are presented in which

Fig. 1 shows a vertical -cross section of an electrolytic
cell in which titanium metal may be produced con-
tinuously,

Fig. 2, a horizontal cross section of the cell shown in

Fig. 1 cut across line 2—2,

Fig. 3, a perspective view of another type of electrolytic
- cell partially cut out.
Fig. 4, a front-view of the cell shown in Fig. 3 partially
cut out, and
Fig. 5, a cross section of the cell shown in Fig. 4 cut
along line 5-—5.
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Referring now to Fig. 1 an electrolytic cell is placed in
a suitable furnace which is provided with -heating means
such as gas burners 11. Disposed within the heated zone
is cell container 12 which is' made from corrosion-resistant
material such as fused impervious silica and preferably
protected externally by a metallic sheath 13, for instance
of stainless steel or other metal resistant to the heat effects
invoived. The ceil container 12 is filled, or partially filled
with electrolyte 14 in which are suspended cathodes 16
and 17 which may preferably comprise elongated plates
of a noble mstal such as tantalum. Cathode 16 is the
solubilization cathode while 17 is the deposition cathode.
The anode 18 may be formed of graphite rods, and is also
submerged in the electrolyte. The cathodes are separated
from the anode by a porous disphragm 19, which sur-
rounds the immersed portion of the anode 18 to form
an anode compartment.

In this particular design an additional porous diaphragm
28 surrounds the deposition cathode 17. Cover 21 is pro-
vided to enclose the top of the cell and contains means 22
for admission of inert gas, such as argon or helium to .
protect the surface of the molten electrolyte. - The space-
above the anode compartment is provided with means 23
as. pipes for carrying off the chlorine released at the
anode.. Titanium tetrachloride is added preferably
through tube 24 which terminates in the cell at a point
near solubilization cathcde 26.° The upper portion of
the diaphragm 19 which extends above the surface of the
electrolyte may be comsiructed of non-porous material,
e. g. an impervious sleeve 25 which will act as a non-
porous top section on the diaphragm if desired in order
to insure complete separatica of the chlorine gas evolved
during the entire electrolytic process.

Fig. 2 illustrates a horizontal cross section of the cell
shown in Fig. 1 cut along line 2—2.

In operating this cell the titanium tetrachloride is sub-
stantially completely reduced to titanium dichloride at
cathode 16. The titanium values produced pass through
the second mentioned porous diaphragm 20 and are
reduced and deposited as titanium metal on deposition
cathode 17. -

Another type of cell which may also be used with equal
efficiency is the type shown in Fig. 3. In this type of
cell the cell container 31 is also placed in a gas furnace.
The electrolyte 32 is placed in the container and anode

' 33 and two- cathodes 34 and 35 are submerged in the

electrolyte. Cathode 34 is the solubilization cathode while
cathode 35 is the deposition cathode. The anode is pref-
erably placed between the two cathodes.  In order to
separate the anode from the two cathodes, porous dia-
phragms 36 and 37 are inserted. - In operating this cell
titanium tetrachloride is introduced through tubes 38
which terminate near the solubilization cathode 34. The
melt containing the titanium values formed by cathode 34
is pumped through passageway 39 by pump 40 from the
chamber surrounding cathode 34 into the chamber sur-
rounding deposition cathode 35. ' The titanium values
arre reduced in the second chamber and deposited as
titanium metal on deposition cathode 35. The solution
partly depleted of titanium values in the second chamber
is pumped back into the first mentioned cathode chamber.
Fig. 4 is a front view of the same cell shown in Fig. 3,
and is given to supplement the description of Fig. 3.
. Fig. 5 is a horizontal cross-section of the cell shown
in Figs. 3 and 4, taken along the line 535 of Fig. 4, and
shows in addition to the features illustrated in Figs. 3
and 4, pump 42 and passageway 43 by means of which
the solution depleted of titaninm values is pumped back
from the chamber surrounding deposition cathode 35 into
the chamber surrounding solubilization cathode 34.
The type of electrolyte used in carrying out the process
of this invention must be chosen to accomplish certain
desired effects. The constituents of the electrolyte should
be selected with a view to melting temperature, corrosive
eifects, compatability and appropriate electrical character-
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isfics. The elécirolyts may comprrse meta} halides or
mixtures thereof; and it is preferred to employ fhé hahdes
of fh alkah metals and alk:lné earth metals mcludmg
magnesiiim and preferably the chiorides of such metals.
Mixtores which form Iow meltm<y _point eutectxcs are
d Ohne such mixture of atkati metal

décidedly ddvantagéous:
and alkaline earth metal chlo*rdes whrch has been part
larly satrsfactory in view of thé low i pomt Eitectic
; fixture of strontium chloride and sodmm chlorrde
¥t is partrcularly advantaoeous to employ a mixture of
73 paris of strontiim chlorrde and 27 part s of soedium
chloride by werght Such a mrxture has a meltrng point
of abbirt 560° C: and § ih addition appears to_affect bene-
ficially the character of the deposrted titanfum metaI
The draphragms used in the ¢cell may be constructed
of any porous electrrcally non- conductrve matenaI whlch
will wrthstand the temperature and corrosiveness of the
$alt bath and w111 permit the flow of ions but retard con-
vectronal mixing of drﬁerent portrons of the melt. Satis-
factory résulis have been obtained by the use of a smtered
alum 12 por 1S draphragm Draphragms Wthh are ¢a-
pabI of passrng partrcles of a maximum size between ong
micron and 20 microns in agueous media have beén pai-
ticularly successfully employed in the electrolync Process.
In order to accomphsh thé productmn of tltamum
metal ona contmuous basis, it is desirable to add curfent
o_f about 2 faradays per: mol of titanjum tetrachlonde intro-
duced to ach of the cathodes employed in.the cell by dis-

tnbutmg thé fotal '6f 4 fardddys per mol _of'trtamum tetra- iy
chlorlde mtroduced about evenly betwe

the two cath-
To avord

Y I G :
ch her ‘whick 1s ordmanly undesrrahle it is preferred
6 misintain a small amount of titanium tnchlorrde in the
salt mixture in this chamber, i. e. to add slighily less thin
two faradays on the solubrhzatron cathode pér mol_of
titanjum  tétrachlcride mtroduced ‘In actual practice,
however, small losses of curreiit etﬁcrency generally re-
sult in the retention of a small amount of titaninm trichlo-
ride in the meélt even when exactly 2 faradays are added
through the solubilizdtion ¢athodé for edch mol of titanium
tettachloride introduced, .

In some cases, dependmg upon the manner ik whrch
the cell is operated, minor proportions of the titaninm
tetrachloride introduced may be reduced to metallic titan-
ium at the solubilization cathode, or else small amounts
of titanium trichloride or dichloride may find their way
into the anode compartment, Infiltration of traces of
air may cause some of the reduced titanium values in
the cell to be partially reoxidized. And finally, a small
portion of the salt melt containing some titanium dichlo-
ride and trichloride values adheres to the deposition cath-
ode as it is withdrawn from the cell. Any of these eventu-
alities will obviously cause the total amount of current
fed through the solubilization cathode to exceed that which
would otherwise be expected for a given qantity of titanium
produced at the deposition cathode. Reduction of ti-
tanium tetrachloride through titanium trichloride and ti-
tanium dichloride down to titanium metal may be ac-
complished in a rapid manner by maintaining the concen-
trations of titanium dichloride and titanium trichloride
within the above-mentioned specified limits.

In order to illustrate more fully the instant invention
the following examples are presented:

Example I

A mixture of 7300 grams of strontium chloride and
2700 grams of sodium chloride was put into a cell of the
general type shown in Fig. 1, except that porous diaphragm
20 surrounded introduction cathode 16 instead of deposi-
tion cathode 17. The mixture was heated externally by
gas flame to 750° C. Titanium tetrachloride was intro-
duced at the rate of 177 grams per hour into the cell
through a tube which terminates in the cell at a point

10

25

30

b

50

60

85

(f;}

salts were leached ouf of

6

S‘xmultaneous‘ly glurm'g
0, & cutfent was supphed to this cath de at
thé rate of 50 amperés. Addifion’ of titdnium t
rrde and passage Of currént thioligh' thié solubil
cathode was confintied unif anafysrs Of thé sdlf melt &d-
jacént to the deposrtron cathode showed [the moIalrty of
titanjum dichloride t6 bé 0.5; and thaf of fifdiium trichlo-
ridé to be 0.1. ‘The salt meélt i inthe solubilization cathode
chamber was also _andlyzed at the same time and the
molality of titanium dichloridé in that chamber was found
to be 5,0, while the molahty of titdnium frichloride
1.0. Current was then passed through the deép
cathode for 12 hours at an average rate of 45 amper
durmg which trme titaniun’ fetrachloride addmon and
cutrent supply through the solubilizaticn cathode Were
continued at the Same rate as before . Thec crrcurts thr¢ gh
both cathodes wére conipléted through the common de
A total of 2,124 grams of titanium tétrachloride wére
added at a raté of 177 grams peér hour durmg thrs 12
hour period. The system was kept under an argon atmos-
phere by addrng 4 stréam of afgon oveér the électrolyte in
the solubrlrzatron cathiode chdmbér:

Chloring was evolved from the, anodé at a rate of 125
grams per hour and a total of 1500 grams of chlorme
Wl collected and condénsed: __Trtamum metal was de-
posited o the deposition cdthode, in the form of coarse
adherent crystals. The deposmng cathode was removed
from' the bath at intérvals of 1 Hour and replaced hy a
frésh cathodé. Th_e cathods removed from the bath was
cooled under an at osphere of argou and the adhermg
L the deposit with cold ditate
hydrochlorrc acid. The deposit of titanium metal was
then sc.aped off the cathode water washed dried and
welghed 425 grams of tlta were re oyered
oyer a perrod of 12 hours tol spond g to a yreld of
dbotit 80% of the tHeorétical quartity based or thé amount
of trtamum tetrachloride added durmg the 12 Hotir period.
At the end of the 12 hour penod the concentratron of
titanivi dichloride 48d titaninm tnchlorrde i both cath-
ode chambers were substafitially the sdnie s 4t the start
of the 12 hours. These titanium values were atlowed to
remain in the eell and were eventnally deposited in sub-
seéquent operation..

The molality of the trtamum drchlonde ad]acent to the
deposmon cathode was held between 0.5 and 1.5, while
the molality of the titanium trichloride was held between
0.1 and 0.3 during the entire run. The molality of titan-
ium dichloride ad]acent to the solubilization cathode was
held from 5.0 to 106.G while the molality of the titanium
trichloride adjacent to the solubilization cathode was held
form 1.0 t0 2.0. The current density on the solubilization
cathode was 0.5 ampere per cm.2. The titanium metal
recovered was coarse-grained and substantially pure.
After melting down to form an ingot it possessed a Brinelt
hardness of 180. This product possessed sufficient purity
and ductility for commercial fabrication into rods, sheets
and other fabricated products.

Example 11

A mixture of 730 kg. of strontium chloride and 270
kg. of sodium chloride was put into a cell of the type
shown in Figure 3 and the mixture was heated to 750° C.
by an alternating current voltage applied across auxiliary
heating electrodes (not shown in the figure). Titanium
tetrachloride was then introduced at the rate of 0.4 kg.
per hour into the cell through tubes terminating near the
solubilization cathode. While the titanium tetrachloride
was being added, current was supplied to the solubilization
cathode at the rate of 115 amperes until the concentration
of the titanium dichloride in the electrolyte was 0.32 molal,
at which time the concentration of titanium trichloride
was found to be 0.24 molal. Current was then supplied
through the deposition cathode at an average rate of 176
amperes and was continued for 24 hours. During the 24
hour period 9.6 kg. of titanium tetrachloride were added
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near the solubilization cathode at the same rate as before,
viz. 0.4 kg per hour, and current was supplied through
the solubilization cathode continuously at a rate of 114

amperes: - This corresponds to a current density of 0.15"

ampere per cm.? at the solubilization cathode, and 0.55
ampere per cm.? at the deposition cathode. Both circuits
were completed through the common central anode.

Throughout the addition period electrolyte was pumped
from the solubilization cathode chamber to the deposition
- ‘cathode chamber at a rate of 100 kg. per minute and
returned from the deposition cathode chamber to" the
solubilization cathode chamber at substantially the same
rate. The concentration of titanium dichloride in the
solubilization cathode chamber was 0.32 molal, and the
concentration of titanjum trichloride 0.24 molal. The
system was protected from the atmosphere throughout
the run by maintaining a helium atmosphere over the sur-
face of the salt bath.

- Chlorine was evolved from the anode at a rate of 0.30
ke. per hour and was collected. The deposition cathode
carrying the titanium metal deposit was removed from
the bath at 1 hr. intervals and replaced. The deposit
was cooled in an inert atmosphere, leached, scraped off
the cathode, water washed and weighed as in Example 1.

Over the 24 hour period of operation, 1.9 kg. of tita-
nium metal were recovered, corresponding to about 80%
of the theoretical yield based on the amount of titaniuvm
tetrachloride added during that period. The concentra-
tion of titanium values in the salt melt was substantially
the same as at the start of the 24 hour period, and the
dissolved titanium values were subsequently deposited in
another cycle. The metal produced was substantially pure
and sufficiently ductile for commercial fabrication.

As has been shown by the foregoing description and
examples the present invention provides a method where-
by titanium metal of high purity and ductility may be
produced electrolytically. Moreover, it provides an eco-
nomical method for producing titanjum metal directly
from titapium tetrachloride. Furthermore, it provides a
method whereby titanium metal can be produced contin-
uously on a commercial scale.

While this invention has been described and illustrated
by the examples shown, it is not intended to be strictly
limited thereto and other modifications and variations
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may be employed within the scope of the following claims.

We claim:

1. A method for electrolytically producing titanium
metal in an elecirolytic cell having a fused salt electrolyte
selected from the group comsisting of alkali metal halides,
alkaline earth metal halides, magnesium halides and mix-
tures  thereof, a non-consumable -anode, 2 solubilization
cathode and a deposition cathode, and separating means
for separating a product released at the anode from con-
tact with said cathodes, comprising: introducing titanium
teirachloride into said electrolyte in proximity to said
solubilization cathode, meanwhile passing electric cur-
rent between each of said cathodes and said anode, the
amount of current added through each cathode being from
1 to 2 faradays at the solubilization cathode and from 2
to 3 faradays at the deposition cathode for each mole of
titaninm  tetrachloride introduced, to produce titanium
dichloride and titanium trichloride in proximity to the
solubilization cathode, transferring the so-formed titanium
dichloride aad titanium trichloride to said deposition
cathode and depositing titanium metal on said deposition
cathode while releasing chlorine at said anode, and main-
taining the molality of the titanium trichloride no greater
than 2.0 and the molality of titanium dichloride no less
than 0.05 in proximity to the deposition cathode.

2. Method according to claim 1 in which the molality
of titanium trichloride is no greater than 0.25 times the
molality of titanium dichloride and the ‘molality of tita-
nium dichloride_is no less than 0.1 in proximity to the
deposition cathode. S

3. Method according to claim 1.in which the molality
of the titanium values is no less than 0.1 in proximity to
the solubilization cathode and the current density in
amperes per square centimeter on -said solubilization
cathode is no .more than the numerical molality of the
titanium trichloride. . -

4. Method according to claim 3 in which the current
density of the solubilization cathode is no greater than 2
amperes per square centimeter. ) . o
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