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kraft paper (a strong paper made from sulfate pulp) coated on the zinc
side with methyl cellulose containing mercurous(ic) chloride. The
mercury coates the zine (as with thz mercury from the electrolyte) and
inhibits its corrosion.

The basic anode reaction of the Leclanché cell is the oxidation
of zinc,

Zn

Zntt + 2¢~ . (2)
while the cathode reaction is the reduction of manganese dioxids,
+ - =
2Mn02 + 2H" + 2e" = ano3 + H,0 4 (3)

The standard reduction half-reactions and thermodynamic data for zinc

and manganese dioxide are (7)...

7ntt 4+ 2¢” = In aG® = 435.20 keal

E° = ~0.763 volts
MO + i + 2" —Mntt + 2H,0 8G9 = =55.733keal
2 : ° = 41.208 volts

The complete reduction of the MhOé is complicated and occurs in
a series of steps. The Mh203 is first formed, then MnOCH, and finally
Mh3°a (8). The removal of the MnOOH is considered to be the rate deter-
mining step of ths overall r=action (9). In acidie solutions, the re~
moval is effected by

2Mn0CH + 2H* = 0, + Mn"" + 2,0 ()

For neutral and alkaline solutions, protons and electrons diffuse into
the interior of the Mn02 particles, effectively removing the MnOOH. At
PH 3 to 6, both processes occur. In either case, formaﬁion.and the re-
moval of MnOOH is itself limited by the diffusion of protons.

Corrosion at the zinc anode (see Figure 4) in the Leclanché cell

is an important factor in its performance. Corrosion requires two



r=actions, a reduction and an oxidation. The oxidation or anode
reaction is zinc dissolution,

Zn = Znt + 207 (5)
One possible reduction, which occurs at cathodiec sites on the zine
anode, is that of hydrogen formation,

20" + 26 = H, , (6)
This necessitates venting, which allows a second reduction reaction,

that of oxygen, which may occur anywhesre in the cell,

0, + BHF + be™ = 2H,0 | (7)

solution )—7 @—-}@

meta o
tal @\@G |

Figure 4. Simplified illustration of corrosion. The oxidation
of zinc frees two slectrons which combine with hydrogen ions to
form atomic hydrogen. The atomic hydrogen then recombine into -
molecular Hz.




CELL DISCHARGE EXPERIMENTS

" The ihvéstigation of the effects 6f a magnetic fieldAon the
Leclanche cell was begun by measuring the energy output and<charge

passed by cells discharged with and without an applied field.
I. EXPERIMENTAL

Leclanché cells of size N ér D, chosén_at random from commercial
lots, were used. Either one. cell or sets of several cells of the same
kind were drained thioggh a known constant resistor at a constant
~ temperature. The voltage as a function of time was recorded using a
aoublc_penrvoitage-time recorder (Houston Instruménts Omnigraphic
2-3000). Two similar sets of cells ﬁére tested at the same time. One
set was drained in an applied magnetic field while the second set was
drained without the}field. The initial experiment had the hookup 1éads
soldered tc the sizé.N cells. “qusequent experiments uséd copper tabs
firmly taped £$ the cell.ends. or ugpd non-m;gnetic ailigator clips for
contacts.: With the size D cells, the steel contact plateg at both ends
were removed, since these Qould distort the agplied.magnatic fiéld.

The size N cells have their cans bare.aﬁd have a coﬁpe: contact preséed
ovef the cgrbon post. In all cases, the hookuv 1;§ds wore kept the same

'length'in the circuits of Both:sets{
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F;guge~5. Schematic electrical ciréuit for cell discharge
experiments. ‘The number of cells in series varied from one

to six. In one case (Experiment 9), the cells in the field

and tiose outside the field were in series across the resistance
load (see Figure 7).

- Tamparatura cnrtrol was provided by bars of alumlnum stock (at
room temoorature) or by ice-water baths. In-the former qase.'the two
calls or sats of cells were. held in rhysical contact wéth an aluminum
bar and were loeated at opposite ends of this bér. If the ice-water.
_bath was used the individual calls were sealed in plastic bags to '
prevent an echtrlcal short circuit through the water.

Orientation of the cells was either parallel or perpendicular to

the applied field.

——y direction of field
(a) o (B —

Fieura 6. Cell. alignment in the apvlied magnetic fiéld (a) the
applied field parallel to the axis of the cells, and (b) the
annlied field parpondicular to the axis of the cells.
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The resulting strip chart graph of voltage versus time was:
integrated numerically in time ihterval‘seghents to give the total

"amount of energy output from the cells.

o 2 ) L
- = = T’ + + ' 8
E= fRat %f‘vzdt Z(r vy, + V%) co®

wher- T 15 the time. interval used; R is the resistance leed. Vi is
the initial:voltagepof the segment considered, and‘Vf is the final volt-

age of the same segmant (see Appendix A for derivatlon) The summation
is over all time segmonts.
The amount of charge passed was calculated (Appendix A) from the

same strip chart graph according to.
1Yth-TZ(v +v) | - 9)

- One experiment was performed in a different ménner. In Experiment
9, the two sets of cells were connected together in series (see Figure

7). In this manner, the current through both sets ‘of cells is the same.

) ‘ 1 ohm
&_ —1 —0

two pen V, = cells outside . voltage-time
voltage- field " recorder
14z Al
time ~ ' Co :
recorder ' v -2 cells in .
| Y5 T rfiel 14 ohms

Figure 7. Schematic circuit of Experiment 9. The cells in
the field and those outside the field were connected in series
across a common resistance load. This load was made up of two
known resistances, one of which (R) had its voltage drop (V)
recorded. A two pen voltage-time recorder plotted the potential
}differences. V ‘and V,, versus time of the cells drained ‘with '
and without an appliea magnetic field respectively.
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The energy outout and charge passed for the set of cells in
©xperim-nt 9 drained without the field was calculated according to,
= ) = = T :
B, = JRat { vat = 2 (2VpsVyy + Vo Vyo *+ VpeVyy + 2VpeV o)
| | (10)

and for the charge passed,

§ 1dt ='Ei 5th = _”E.Z(Vm $ V) (11)

where VRi and VRf are the inltial and final voltage drops across R for

the time segmént considernd VAi and ka are the initial and final
potential differences of the cells for the same time segment. and T is
thes length of tho_tlme segment (see Appendix B). The energy output

and charée pqssed for the set drained with an aoplied magnetié field

is calculated simllarly;
IT. RESULTS |

The results of the.expeiimentS‘measuring the energy output and

’

/

.‘/'

charge passed by the Leclanche cells with and without an applied magnetic
field are given in Table I. : - S w/’//
Experiments are labeled 1 through 26. The type of cells 6/;d
w~re, for s;ge N. Mallory MI10OF and Eveready 904, and, for size D,
Burgess 210 gnq EVGready 950, The different typés of magnets supplying ‘
the field are listed as I, 11, IIl. IV, and V (see Appendix C fdr illus-

trations). The magnets are as follows:

I......Varian Associates, electromagnot model v-uon7 with six
inch pole pileces

- II.....Westinghouse. permanent hdrseshoe magnet

III....Bdmund Scientific, permanent ring magnet #30730.
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Ta3lZ I

RI5ULT3 OF CTLL DISC-ARGE EXPERIMENTS

FIELD | WAGNET [NOMBRR  [CELL SIZE |RESISTAXCZ  IDE  GRITWTATION | TSMPERATURE | ZNERGY | ENSAGY CEARGE CHARGE |
(6) T(PE |OF CZLLS |AND TYPE LOAD (zinutes) (of cells (°c) OU AT % INCREASE | PASSID $ INCREASE
1 | (ohms) in £ie1d) : (Joules) | WITH FIELD | (coulombds)| WITH FIELD
1 4.5 1 6 |w st | 60 17 670 arellal | o0 | 2,90 2% 1,060 5,08
.0 6 N, ¥919F 60 13 €0 2,590 1,010 ,
2 4 1 D, 210 4.6 15 1980 copmema. | 22| 12,900 +7.48 12,900 +4.9%
1] 1 D, 2 4.6 1x 1080 12,010 12,300
3~ B ™ T D, 200 | 4.6 13 120 oavpand. 22 10,590 -9.6¢ 11,290 -6.7%
0 1 D, 210 4.6 1% 1030 11,500 12,009
4 4.5 1 1 D, 210 4.6 1 1930 pqr;n'!. T T i ‘.2.0007 +3.4% 12,300 +1.7% :
o 1 D, 210 ' 4.6 1% 10%0 l 11,600 | 12,100
5 3.3 1 6 D, 950 , 4.6 1% 9%0 parallel 0 32,600 ' -0.3% ' 17,100 <_ug
0 6 10, 957 | 4.6 1% 930 | 32,500 13,800 ,
6 3.3 ' 1 6 1D, 95 o« 4.6 1if 1650 parallsl ] 35,500 274 20,390 +16% '
o | 6 1D, 950 |, L6 1F 1640 H | ¢B,000 17,500
— foeme e [ S H e e . : . e—
7 s 3.3 | I 6 D, 959 , 1.05 2€ 960 parallel | 0 , 11,900 4R - 19,000 +19%
H 6 D, 90 | 1.05 28 90 i 8,150 15,600 .
) R 1 6 D, 95 1.05 z& €0 parallel | 0 11,900 2% 17,400 47 |
H ) 6 D, 950 1.05 z# 620 i 9,600 14,900 i
—_— e - — - . —— e e e rm——
9 Y33 I 6 D, 950 15 1% 840 parallal } 0 44,700 +#47% 14,100
1 0 6 r D, 9959 340 H 30,400 14,100
S — —— - * - - - O — e —
10 1.5 hsd ! 3 "N, 904 30 1z 1030 parallsl 0 " 1,790 -0.6% 1,300 ~3.0%
i o 3 N, 0% 3 13 0 162 1,800 1360
1 P1s | oI 3 W, D 1% 2% arallsl o 1,730 -5.5% 1,130 | +0.8
i o L, 3 N, 904 39 13 600 1,830 - 1,170 |
12 {10 fIIL G 3 1K, 90 30 1% 1930 | parallel | 0 ' 2420 | -2.2% 1,680 | 358
] L 3 i N, 908 30 1% 1030 i 2,170 1,430 {
3 . otolmr | 3 1N 9% » g e TTparallal | 0 [ 2720 e Lo 2ok
. . : ! 1 ' '
— LN BN SN Rl Bl boagso oL 4
1% © 1.0 w2 SN, 9% 130 1% 1020 parallel 0 | 1,660 +0.6% . 1,360 5%
oo o2 ‘N, 9% | 30 i 1020 ' 1,630 1.340
15 l.s I 3 iR 9% | 1.02 1280 parallel 0 T L oa1d 7 1,660 5.8
y 0 3 PN, 9% § 1085 1030 Po195 I 1,580
16 1.9 1 6 'y, 9w Ve The  Terda 170 | 2,320 .43 €12 PNy
; | 0 6 N, 908 0.0 220 . 260 ) 586
Y 1.1 v 6 N, 9% 59.6 10m parallel | 22 4,750 V.61 1,550 | -1.3%
. 0 6 N, 9% €0.0 1107 4,63 1,570
I - I i
18 1.1 A 6 N, 97 59.6 T 720 pirallel 22 4,620 | -1.7% 1,860 of
0 6 N, £2.0 720 4,700 1,160
JUES P i
19 1.1 v 6 N, 9% 59.6 1000 ~zralial 22 4,790 | 1.8 1,570 %
0 6 N, 9% 60.0 197 4,860 ! 1 1,570
— - .- R — - - - - e s i .
20 2.5 v 3 N, 9% 30.2 1000 perpend. 22 2,370 | 4.3% ! 1,560 -0.7%
0 3 N, 90% 30.1 1000 2,340 . 1.570
21 2.5 v 3 N, 904 30.1 1000 per_and. 22 2,400 +1.3% H 1,560 . .3
] 0 3 N, 904 30.2 1030 ., 2,370 1,540
22 2.5 v 3 N, 904 30.1 1000 perpend. 22 © 2,450 +6.1% 1,50 ;3
o 3 N, 904 30.2 1000 2,310 1,540
23 2,5 v 3 N, 904 9,13 1000 perpend. 22 . 360 -1.4% 840 R [/
0 3 N, 904 9.14 1000 365 840
24 2.5 v 3 N, 904 59.6 1000 perpend. 22 i 2,990 .58 1,440 “2.9%
0 3 N, g0 60.0 1000 2,860 1,490
25 25 | v 3 W, 904 59.6 1000 perpend. 22 2,80 ¢ -0.7% 1,100 0.7%
0 3 N, 9% 60.0 1000 2,780 - 1,399
26 2.5 v 3 N, 9% 59.6 1007 | perpemd | 22 | 2,990 .28 1430 2%
0 { 3 N, 9% .0 1000 2,870 1,400

Resistors used in Experimsnts 1 through 14 are listed with their
percentage error. For Zxpsriments 15 through 26, the values listed are

those measured with a Canco Wheatstone bridge (¥85295) accurate to the
~czher of places given.

See Appendix E for error analysis.
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IVé..,.Edmund Scientific, two permanent ring magnets #30730
Y.,;...Laboratories For Science, permanent magnet model "Varifiux“ i
For Bxperiment 1, a vlot of the amount of charge passed versus time
for the cells drained with and wlthout an applied magnetic field is

given in Figure 8. The energy output of these cells versus tlme ‘is

plotted in Figure 9.

Experiments 5, 6, ? 8, and 9 were performed using ‘the same field
strength of 3.3 kG (kilegauss)._but fer yarious loadlresistances. For 3
these experiments, the amount of charge passed and th= energy output .
was recalculated for a common time of 620 minuteés. These values are
given in Table II. For these same experiments. graphs of chafge passed'
and energy output per cell versus the resistance load per cell have been

plotted (see Figures 10 and 11 respectively)

TABLE II

DATA COMPUTED FOR EXPERIMENTS
5 THROUGH 9. TIME IS
620 MINUTES

EXPERIMENl FIELD ~ NUMBER OF CELLS LOAD CHARGE PASSED ENERGY OUTPUT

(kG) ‘ (ohms) (coulombs) (joules)-

5 3.3 6 4,6 14,400 30,600

0 6 .6 10,600 19,100

6 3.3 6 4.6 14,700 32,600

0 6 4.6 12,800 26,000

? 3.3 6 1.05 16,300 11,900

0 6 1.05 13,300 8,580

8 3.3 6 1.05 17,400 12,300

0 6 1.05 14,900 9,900

9 3.3 6 15 11,800 39,400
0 6

15 11,800 29,700
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. Figure 8. The effect of a magnetic £ield on the amount.of chgrge paséed by Leclanché cells (Exp. 1).
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Figure 9. The effect of a magnetic field on the energy output of }Z,eclar}che’;_vcells (Exp. '1).
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10200

9600 -

IOAD PER CELL
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0.4 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2

Figure 19, Graph of charge passed versus the resistance
load per cell for Experiments 5, 6, 7, 8, and 9. Time for each
experiment was 620 minutes. Temperature was 0°C. . :



GNTRGY QUT
PFR CELL
(joules/ce

6500 -
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»

0
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om B
‘A A B

LOAD PER CELL
(ohms/cell)

Figure 11

N1 0.2 0.3 0.4 0.5 N.6 0.7 0.8 0.9 1.0 1.1 1.2

. Graph of the energy output per cell versus the resistance

load per cell for Experiments 5, 6, 7, 8, and 9. Tige‘for each
experiment was 620 minutes and the temperature was 0 C. The cells in
the axperiment at 1.25 ohms/cell were all in series (see page 10).
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During the operation of Experiment 8, a power fallure turned off
the electromagnet and opened'the Leclanché cell circuits. During this
interruption, the cells were able to recever. The experiment was inter-
rupted 3&6 minutesg after its start and the length of the interruption
was 534 minutes. The power was then reapplied and the experiment allowed
to’éontinue._ In Table III, there is listed the values of the voltages

across{each set before and after the interruption of the experiment.

TABL® IIT ,

VOLTAGES ACROSS EACH SET OF CELLS IN EXPYRIMFNT 8 BEFORE

AND AFT"R A 534 MINUTE INTRRRUPTION. EACH SET HAD BEEN

" CONNECTED TO A 1.05 % 2% OHM LOAD FOR A
PERIOD OF 346 MINUTES PRIOR TO THE
RECOVERY PERIOD
VOLTAGE BEFORE ~ VOLTAGE AFTER. % INCREASE -

CELLS WITH FIELD .322 volts .810 volts 150%

CELLS WITHOUT FIELD - .275 volts .570 volts - 105%

Experiment 9 is uniéue in that it was the only experiment run with

‘the two sets of cells in series (see Figure 7). The energy output and

charge passed were calculated in this experiment only'for the firet 840
minutes. This was due.to the voltage across. the cells drained without.'
an applied magnetic field dropping to zero atlthe end of this period
(see Figure 12). The experiment was allowed to continue be&ond this

point and for a period of 130 minutes the potential across the cells

' outside th- field was some unmeasured negative value. For the next 210

minutes, the potentinl across this set of cells was again positive. The -

experiment was then ended.
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VOLTAGE
(volts)

: Y \
-10 4

~ .upper 1line...cells with field
" lower line...cells without field

840 ~ T 970 1180 (minutes)

Figure 12. Rough-plot of voltage vérsus—alapsed time for Experi-
-ment 9. .The two sets of six cells were wired in series with a 15
ohm resistance load. The field used was 3.3 kG. The dotted.

line indicates the section where no. voltages were measured. '

‘During this period, the cells without an applied field were ‘acting

as an additional load for the set of - cells positioned in the

‘magnetic field.

It was statsd in the Introduction that the removal of MnOOH by
proton diffusion into the intefior of the M'no2 particle is considered to
be the rats determining step in the Leclanché cell. Therefors, a crude
determination of the diffusion distance (x) of tha,ﬁfoton was calculated
from the recovery time (t = 130 minutes) during which th= potential
across the cglls.in Experiment 9 without an Qpﬁlied ﬁagnntic"field was
negative., The diffusion constant (D) for protons is 1.2 x 10-18 cmz/sec
(10). Then the diffusion distanca (11) is L

A | ‘ x = Y2t | o (12)
= 1{5(1.2 x 10'15 cm?sec'l)(9.8 x.103 sec)'
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=1.5 x 10~7 om
‘Thisvvalue cofresponds to several molecular laysers.
These results indicate aa@péreﬁf increase in eﬁprgy output and
in the amcunt of charge passea when the cells are draineq in an applied

magnetic field. The total energy output of ihe Leqlahchg cells in

A Experiments 1 through 26 is 217 kilojoules for those drained in a field

" and 188 kilojoules for those without. This is a 15§ difference in

energy output. The percentage increase in the amount of ch#fge passéd
was 9.0% with é total of 149,000 coulombs passedgby thosé cells in the
field and 136,000 coulombs for those without. The total number of
Leclanche cells used in the 26 experiments was 202, with 101 baing
drained in an applied magnatic fieid and 101 without.

A marked difference is noted between the increased output of the

size D and size N cells (see Table IV),, The latter have a relatively

" small increase in energy output and in the amount of charge passed with

the abplied magnetic field. Another difference between the two cell
sizes lias in the ratios of the volume of the cathodié material (V)
to the surface area of the zinc (4) with which it is in contact. ‘Fbr
the sige N cells the approximate ratio is V

V/A = (2000 mn>/(800 m?) = 2.5
while for thp size D cells,

V/A = (30,006 rm?) /(5,000 m?) = 6

If the buik hydrodyngmicAmixing effects are negligible in thev

Léclanqhglcell. ihen one possiblé contribution to the greater efficiency
of the cell is the inhibition by the magnatic field of hydrogen evolution

at the zinc anode. This might be expected if proton moticn to cathedic



TABLE IV

ENERGY OUTPUT AND CHARGE PASSED FOR
SIZE N AND SIZE D CELLS SUMMED
~ OVER ALL EXPERIMENTS

SIZE | NUMBER OF NUMBER ENERGY (J) CHARGE (C) % INCREASE
EXPERIMENTS | OF CELLS FIELD - NO FIELD FIELD NO FIELD |ENERGY = CHARGE
N 18 136 45,000 | 44,300 24,300 24,100 1.6% 0.8%
3)) 8 66 .| 172,000 | 144,000 | 124,000 | 112,000 19% 114
all , i ) L
colls| 26 202 217,000 | 188,000 | 149,000 | 136,007 156 | 9.0%

12



sites on the anode is impeded by the field. The zinc-oxidation/ -
hydrogen-reduction mechanism d-es not directly influence the zinc-
oxidation/manganese dioxide-reduction couple, but it does indirectly
by increasing the amount of zine ions being produced. This last

4 inereases the zinc ion concentration gradient, reducingAits effective

mobility and increasing the resistance of the cell.



FURTHER INVESTIGATION OF THE LECLANCHE CELL

fhe positive relationship between an applied msgnetio field and an
increase in the energy output and in the amount of charge psssed has been -
shown. However, the reasons for this effect are still uncertain. As=
suming that the bulk hydrodynamic effect of mixing has been eliminated

or reduced, investigations of corrosion is Leclanohe cells with and w1th-

out the presence of a magnetic field were attempted.

I. HYDROGEN EVOLUTION

As seen in Table I; an apnlied-msgnetic:field of several kilogeuss
can increase.the amount of oharge passed by Leclanché cell through
various resistance loads. If this is at least p'rtly a result. of the
inhibition of hydrogen evolution. then . discharging cells in a field
should have measureably 1ess hydrogen. gas being discharged than cells
discharging undas the same oonditions.outside the field.

. Using the results of Experiment 1, a oifference of about 50
coulombs passed was calculated for two sets'of 8ix cells being drained
into oO‘ohms. This coireSponds-to | |

| 2H* +26" —> H, | (6)

(2 moles)(96,500 coolombs/mole)‘~—;e (1 mole)(2 grsms/mole of H,)

50 coulombs —s 0,0005 érams H,
o - = 6 ce H gas @ STP
...several cubic centimaters of hydrognn gas, assuming that the

greater amount of charge being passed in the cells inside the field is
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a result of the inhibition of hydrogen evolution. So if one:were to
seal ths cells in a container, with a method of measuring volume or
pressure change as the cells weras drained it should be possible to
test the thoory. , |

The basiec anproach was to seal the cells in a glass tube with

wire leads entering by way of a water filled tube (see Figure 13) and

'to detect a change of volume by a columm of water or mercury. A

nitrogen atmosphere-ﬂas used to suppregs‘the accompanying reaction .

p + WHY + Lo~ — 21,0 , A7)

Alternately, the load resistor itself could be sealed in with the cells.‘

No consistant results were obtained due to either 1eakage or lack of

sensitivity. and this approach was abandoned.

mercury beéd -.__"
ends s-aled after cell . Rl
(and resistor) placed
inside

water level : { III - /

resistance load

resistance

Figure 13. Bésig approaches to the detection of hydrogen
evolution. o : .
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IT. MASS. CHANGE

‘The .reduction of oxygen (which enters the cell thréugh theAcarbon
rod) also increases the_amounf.of zine corroded. |
Zn = Zn?t + 2e _ . .. (5)
j Oé + uHt + be~ = 2H,0 | “’ (7)
"Another possible explahation of the increased charge passed may -
" 1lie in less cell resistance due to an inhibition of the above reduction.
' To iﬁvestigate éhis posgibilit&. g8ize D cells.were stripﬁed,éf
‘their'paper jackets and metal»contact caps, andAcleahed. Cells were
placeé in ice-watér baths as in the celi discharge experiments and
drained into constant résistance loads. Mass measuréments were made
of ths cells before and #fter being_draiped but no consiétant data was
obtained.. Data is given in Table V. Differences in the number 6f
calls drained with and without an éppiied marnetic field reSulfed from

the discarding of cells that leaked electrolyte.

"TABLE V
- MASS CHANGE OF SIZE D CELLS (BURGESS 210)
DURING DISCHARGE AT 0°C. TIME
"WAS 108 MINUTES
« FIELD ~ LOAD  INCREASE IN MASS

4.5 kG 5 ohms.  +0.0067 grams

0 - 5. -0.0134

0 5 . " =0.0306

0 5 +0.0067

3.3 10 " 40,0075

3.3 10 =0,0047
3.3 10 +0,0096 -

3.3 . 10 +0.0060

-0 10 +0,0108

0 10 40,0782

0 10 +0.0038
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" IIT. EXTENT OF CORROSION

Hydrogen evolution is part of the corrosion proceés for zinc in
,theﬂLeclanchéﬁcell.(9 ). Therefore, a crﬁde'measﬁrement pf'the‘extent

of corrosion of cells draihéd"with andiwithout an applied field was .

" made.

Thirty-six Eveready 950 size D cells (see Tabla I exooriments 6,
3 and 8) had been drained ' S o until the cell wnlls

were pitted with holes. After discharging. the cells were cut apart

" and the cells flattensd out. The bottom ends were discarded as they

were'protected from_extenéive corrosion by a cupped kraft washer (sée
Figure 3), '

~ The flattened call walls were then uséd to‘obtain a photographic

contact p*int from which tha open area of the zinc .anodes was estimated.

This was done by using a plastic sheet which had a grid network photo-
graphicallyilaid on it. Theindividual squares on.this grid had an unlt
area of 0.011 cn’. The 18 cells drained without the field had a total

area of 11.9 cmz eaten away éompafed to 25.8 en® for'the.célls without

" the field (see Table Vi),

The increased area of corrosion of the cells ip the magnetic

field correlates qualitatively with the ircreased chérge passed (see

Tables I and'VI) Howevér. there iS‘né way presently to quantitatiﬁply .

connact the amount of open area corroded to the amount of’charge passed.

This last is necessary to determlne if there was’ an inhibition of .

' corrosion due to the magnetic field or if the amount of‘open'area is

just a result of the amount of charge passed.



TABLE VI
OPEN AREA OF LECLANCHS CELL CANS
CORRODED DUE TO DISCHARGE

‘EXPERIMENT ~ FIELD NUMBER OF . - LOAD TIME -  CHARGE. PASSED’ AREA

NUMBER - (KG)  CELLS = (ohms) (minutes) (coulombs)  (cm?).
6 3.3 6 4.6 1650 20,300 - 14.11

: 0 6 4.6 1640 ° 17,500  6.10

7. 3.3 6 1.05 960 19,000 5.01
0 6 1.05 960 15,600 - §.38
8 3.3 6 '1.05 620 17,400 6.75
0 6 1.05 620. 14,900 1.48

% INCREASE
WITH FIELD

766
7%

 280% -

- L2



INVFSTIGATIONS OF THE CORROSION OF ZINC
I. CORROSION EXPERIMWNTS

~In an eleotrochemical cell, interaction of the magnetic field with

processes at both anode and cathode are possible. Further work, there-

fore, was concentrated on'only one process, theo of corrosion at the
zinc anode, due to time limitations.

Specimens of zinc were allowed to corrode with and without an .
apprlied magnetic field in an electrolyte made up of anmonia chloride and
zinc chloride. These two chemicals are contained 15 the electrolyte |
used in the Leclanche cell. Change in mass of the specimens was -
measured to determine the effect of the magnetic field on the corrosion
process. |

The elsctrolyte was made up with one mole of §;ch of the above
chemicals olus enough de-ionized water to make one liter of solution.

In all cases,. the zinc epecimens for each experiment. were cleaned
and weighed in an identical manner. Four different experiments were

performed.

?xperimont A

Tighteen zinc discs (99.9% pure with respect to metallic impuri-
‘ties) were allowed to corrode in the NHu01-Zn012 solution. The discs
were 0,03 cm thick and 1.94 em in diameter. They were washed with
Labtone (Van Waters & Rogers, Cat. No. 21850-003). rinsed with wqter.

and .then placed in an ultrasonic cleaner with distilled water for 5 -

'
4
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minutes. Th= spscimens were then dried with a hot éir-gun. Nine @f the

discs were placed horizontally in & 15 ml beaker (Kimax #14000) with one

layer of Kimvipes material (Kimberly-Clark Corp., Stock No. 34150)
‘between each disc. The beakers were filled to fhe 10 ml mark with the
. electrolyta. The second group of nine discs were brepared in the same

way. One group was lefﬁ in a field of approkimately 2 kilogauss, while

the second group of nine discs was allowed to corrode without a magnetic

field. The magnet used was a Varian Associates model V-4004 electro=

magnet with 2 inch pole pieces.

2.68 em
-—>
< : = '
2. .10 ml mark 'pole ’ > pole
, _ Plece| || <=2 | piece
2.25 cm S

) beaker with
15 ml beaker . » - specimens
Kimax #14000 .

Figurs 14, ®auipment and positioning of Expefimont A.

The mass of the specimens was measured before and after the
experiment. Table YIIvgivesAtné results of this experiment. The total
change in mass is given with a bpsitive amount indicating an increase in

mass. Time for the experiment was 98% hours.

Experiment B . ‘
"Twenﬁyvfour rectangular zinc strips (99.9% pure with respect to
metallic impurities) of various dimensions were allowed to corrode. in

the elecﬁyolytic solution. The strips were arranged in three groups, .



EXPERIMERT-

(@]

@)

G453 CHALGE

FISLD  SPECIMENS
(kG) (type)
2 dises
0 discs.
2 top rectangles
2 bottom rectangles
0 rectangles
4.5 - _cans
0o - ~ cans
1.5 top rectanglés
9] rectanzles

OF THT ZINC 3PECILERS DUI TQ CORRUSICH

NIMBaER OF TOTAL *a33 CHanGE TIMe
SPTCIMERS (grams)
) -0.01276 " 98% hours
9 -0.01133 983 hours
8 -0.02518 ‘7 days
8 20.02337 7 days
8 ~0.12573 7 days
10 - . +0,0063 7 days‘
11 +1.0076 - 7 :days
oy -0.0151 7 days
b -0.0076 " ?

days

A SN
[o T2
(°C)

.22'

22

.22
22
22

22
22

bl

17

C

i
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esach of wﬁich.conteined the following zinc strips:
2 strips: 15.2 em x 1.27 cm x 0.7 cm '
2. strips: '15.2.cm x 1.27 em x 0.3 cm
4 strips: 15.2 ecm x 0.91 em x 0.3 em
Each group made up of the above sffips wafe cleane& es in Experi-
ment A and placed in a 25 ml graduated cylinaer (Pjpex #3@?5) with a
strip Qf Kimwipes material between each sfrip. The cylinders were fill-
ed with the electrolyte to one incﬁ aboie‘the top of the specimens. One
" group wae left to corrode with a field centered at the-bettpm edge of |
the strips, one with the field at the top edge of the strips. and the
remaining group with no applied magnotic field. '
 As mentioned before. the corrosion of zinc involvee an oxidatlon
and a redu*tion reaction. Two possible reductions are that of H+ and
of 0,. The latter would be influenced by the depth in the solution at
which the corrosion occuurei. The fleld was apolied at two rcgions of
thp zine strip to determine if there exists an interaction between the
,ield and Oy reduction. A difference in depth should, therefore, vary
the strength of such an interaction, if all other,feetors are unchanged.
Time was one week. The magnet used was a Vafian Associates model
V=404 electromagnet with 2 inch pole pieces. Field as approximately
2va. Resultevere given in Table VII and the-experimentalvequipment

is diagramed in Figure 15. : : -

E‘xperirm-'-nt. Ce

In this experiment the zinc containers from Eveready 9N cells

wore filled with 1 ml of tha NHuClz-ZnCl2 solution and tested for the

~ffect of a magnatic field on corrosion.
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1.85¢em . . - —_— _—
Je—]] . _ : pole | /Vy .| magnet positioned
1.53 plece | at top edge
18.4 cm
-‘.-.--_3 :;;éhéi-p051tloned '
' s , at bottom edge
o '

graduated cylinder ‘
Pyrex #3075 -

E;gggg_lﬁ. Equipment and position of magnetic field in

-Experiment B.

The cells used were cut open at the top and the inside materials
removed. The cans were then cleanedywith Lgbtone. rinsed, and then
placed in ggziﬁc cleaning solution for one ninute. ‘This ¢leaning
. solution was made up of.100 grams of chromic ;cid; 7% gr#ms of sodigm
sulphate, éS’ml of nitric acid and 475 ml of‘disyil}ed water. The zinc
cans were theﬁ‘re-rinéed and placed in an ulﬁrasonic cleaner with dis-
'tilled water and finally rinsed again in distilled water. The cans were
then each dried with a hot air gun for 10 seconds.

The can size was 7/16 inches in diameter and 3[4 inches high.

An aluminum bar was drilled with two sets of holes, one at elther end,
to serve as a heat sink and holder for .the cans. Once-divided into
two zroups and placed in either end of the aluminum bar, the cans were
filled with one ml of the electrolyte (using a 1 ml calibrated pipette).
One ml of- electrolyte £illed the. zine eans to a d~pth of approximately

1.0 em. A magnetic field was centered on the 21nc cans at one end of
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the aluminum bar while the other set of cans was 1eft-£o‘corro&e without
.an aoplied field. The magnet used was a Varian Associates model V-4007

with 6 inch pole pleces. The field strongth was U.S kG.

magnetic field -
zine can

— holes drilled to'

) ) hold cans
S oo oo aluminum bar
o a B )

r .

Figure 16. Position of apparatus in Exveriment C.

E After a period'of one week, the cans were removed; rinsed, placed
in an ultrasonic cleaner for 5.miqutes, and fe-rinSéd, all with dis-
tilled water.) Then each c;n was dried wiﬁh a hot air gun for 10 seconds
and re-weighed. 'In Table VIII are listed the indlvidual mass changes.
together with the mean, average deviation, and ‘standard deviation of
each group of cans.

At the complation of the experiment, the cans were cut open (see
.Figure 17) and inspected. A dividing line of variable clarity was
observed, separating the inside surface of thé zinc cans into two
‘regions, dne which was in contact with the eléctrolyte gnd the~oiher
ﬁhich wasréxposed only to air. In both groups, the'liquid;air line on

the flattened cans show a visual increase in width with'an-increase in



TABLE VIII

INDIVIDUAL DATA FOR ZINC CANS

IN EXPERIMENT C

INDIVIDUAL MASS CHANGES
(grams)

MESN VALUE -
AVERAGE DEVIATION

STANDARD DEVIATION

TOTAL MASS CHANGE

FIELD

-0.0051

'-0,0024

+0.0003
40,0008

40,0017

+0.0018
+0.0021
+0.0025
+0.0042
+0.,0044
+0,0006
+0.0025

+0.0030

+0.0063

. NO FIELD
© =0.0031

-0.0023
-0.0007
-0.0007
+0.0009
+0,0010
+0.0011
+0.,0012
+0.0013
+0.0019

+0.0001
+0.0014

+0.0016

+0,0006
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