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ABSTRACT

Seme evidence exists that organic films containing metallic

copper pigment sometimes may be expected to perform similarly

to a metallic conductor. The present investigation was designed
to uncover evidence to clarify this point of view., A number of
experiments are described in which efforts have been made to

study the electrical conductivity of anti-~fouling paint composi-
tions covering a wide range of pigment volumes. The data indicate
that at high pigment volume the conductivity of the film 4s of a
sufficiently high order as to accelerate the corrosion of steel

to which it is couvled through a metallic conductor, Further evi-
dence is presented to show that paint films which provide cathodic
areas blister and fail more rapidly than non-conducting films,
Additional experiments are recommended to expand this investigation
to include cuprous oxide paints.



INTRODUCTI ON

A, Authorization

1. This study was authorized by Bureau of Ships letter S19-1-(3)(336)
dated 2 December 1944,

B, DReferences

2. (a) Bureau of Ships letter S19-1(3)(336) of 2 December 1944.
- (b) Bureau of Ships letter S19-1(3)(60177)(336) of 9 March 1944,

(c) Woods Hole Oceanographic Ipstitution Monthly Revort dated
1 September 1944,

(d) International Nickel Company's Report on Specimens Removed
from Sea Water -Tests at Kure Beach, N. C,, May 1944,

(e) Young, G. H., Seagren, G, ., Zehner, J. C,, Ind, Eng. Chem. 37,
No.5 pp 461-4, 1945,

(f) Woods Hole Oceanographic Institution, Monograph on the Fouling
of Ships' Bottoms, Chapter 9 (in premaration).

C, Statement of Problem

3. TFrom observations on the rate of corrosion of steel in contact with
paint containing copper, some evidence appears that certain anti~fouling
paints rich in copper flake, perform somewhat as a metallic conductor.
Reference (a) reaquested this Leboratory to undertake a study to cetermine
the degree of conductivity of a number of anti-fouling paints contain-
ing covpsr flake pigment, It is felt that a better understanding of the
behavier of copper pigment in organic matrices during immersion in sea
water will go far in helping the formulators to produce more efficient
anti~-fouling paints.

D. Xnown Facts Bearine on the Problem

4. The galvanic corrosion of steel hulls induced by contact with
metallic copper has been known for a long time. Numesrous instances
of damage have besn recorded whers ships with hulls of copper sheath-
ing have been coupled accidentally with ships whose lls were made
of steel. The accelerated corrosion of the steel was phenomenal,
resulting in severs damage., As a result, maritime laws have governed
strictly the mooring of conver-bottomed ships in close proximity of
steel hulls,

5. Until recently, cuprous oxide was the princinal active ingredient
of the most successful anti-fouling formulations used by the Navy,

Due to the greatly expanded building nrogram of both Navy and Maritime
Commission, the supply of cuprous oxide was inadequate and a search was
insuzurated for additional toxic ingredients. The most readily avail-
able materials turned out to be covper flake and conner mowder, which
were known to provide adequate protection against the accumulation of
fouling organisms, However, their use had long been shunned for fear



of inducing galvanic corrosion. In some instances there was evidence

to indicate that loss of fouling resistance resulted vhen snti-fouling
paints containing high volumes of metallic conwper were placed in con-
tact with steel, It has been pointed out in refererence (c) that steel
strips, when bolted to either steel or wooden vanels painted with

covper flake anti-fouling formulations, reduce markedly the anti-fouling
proverties of the film, This phenomena is analogous to the performance
of a sheet of metallic copmer employed in a like role. Additional evi-
dence recorded in references (e) and (f) indicate that this effect
extends for a distance of several feet from the noint of metallic contact,
the distance and intensity being proportional to the ratio of metallic
conper to the resinous constituents of the Formulation.

6. Data remorted in reference (d) indicate that conper maints increase
the corrosion of bare steel areas above that caused by control vaints
containing no conper. It was also observed that near the edges of
bare areas intense fouling occurs. Some efforts have been made (ref-
erence (e)) to investigate the electrical conductance of metallic
cooper paints on the assumption that they wossess sufficiently low
resistance to support galvanic action, The results have pointed to

the fact that while accelerated corrosion does occur and fouling
resistance is impaired, the conductivity of the film is so low that
accurate measurements have been difficult.

7. From the references cited above, it is clear that some type of
electrical contact exists between the pigment particles of highly
pizmented anti-fouling paints and steel areas adjacent thereto. The
effects of such contacts have been observed and remorted in a number

of instances. GSeveral theories have been proposed as to the mechanism
by which the observed vhenomena has occurred, One theory (reference (e))
holds that copner, whether present in the paint film as cuprous oxide
or as the metal, nasses into solution in sea water from vwhich it subse-
aquently plates out in the form of metallic copper on the surface of the
metal beneath the paint film, This immediately sets up a galvanic
couple, the nature of which is well known. It is the purpose of this
study to investigate the properties of paint films containing copper
metal and its various oxides in their several forms with a view of
further explaining cbserved phenomena.

METHODS AND DATA OBTAINED

A, Materials

8. The steel used in vanel vrenaration consisted of 1/16" cold rolled
brizht plate. Ceare was taken to use only clean steel free from rust
and pits, Each panel was assembled and then solvent cleaned and sand
blasted, Steel rods (1/4") used for suvport of the penels were silver
soldered to the panel surface. The silver solder-steel junction un-
doubtedly set up galvanic action, but this action is entirely local
and does not affect the performance of the large steel-copper cell.

=T



Copper sheet was used for the vrevaration of all copper panels, to
vhich copper rods were soldered,

9. In order to study the vroperties of paint films when applied to a
nonconducting medium, lucite panels 1/8" or 1/4" thick were used.
Lucite was chosen because of its excellent insulating properties and
workability, All paints studied adhere well to lucite, which was an
added advantage,

10, For making electrical contact with the edges of the paint films,
duPont's Colloidal Silver Conducting Paint No. 4133 was used. Films of
this paint nossess resistance of 0.5 ohms when measured longitudinally
across a 2,0 x 0,8 inch strip at a thickness of 0.002 to 0,003 inch,

11, 4ll resistance measurements above 75,000 ohms were made with a Megohm
Bridge manufactured by the General Radio Corporation, This bridge is
operated by alternating current and is capable of measuring resistances
from 87,000 ohms to 1,000,000 megohms. Resistance values between 87,000
ohms and 1,000 megohms are accurate within 1,2%; those from 1,000 megohms
to 1,000,000 megohms are accurate within 4.5%. The 4.C. voltage impressed
across the resistance to be messured can be set at 100 or 500 volts, For
our nurnose the 100 volt potential was chosen and used in all measurements.

12, For measuring resistance values below 87,000 ohms a Weston ohmmeter
Model 665 was employed, Accuracy of readings made by this instrument,
which employs a notential of apwroximately 10 volts, does not vary more
than 1° over the entire range,

13. Since no fresh sea water is available at this Laboratory for exposing
specimens of this sort, resort was made to a bath containing artificial
sea water prepared according to a standard Navy formula., A welded steel
tank, size 60" X 30" X 18" was lined with 1/4" uncured neoprene and cured
in place, 4ll seams were carefully sealed to insure that no contact
existed between the water and steel., The tank was filled with approxi-
metely 150 gallons of sea water prepared according to the following
formula:

TABLE I

Constituent % vy Weizht
Sodium Chloride Crystal 2.45-2,55
Magnesium Chloride Crystal 1.08-1.12

(Mg012-6 B50)
Calcium Chloride Crystal 0.155-0.165
Sodium Sulfate Anhydrous 0. 390-0,410

Distilled Water Balamee



4 gear pump having a capacity of 20 gallons per minute was used to
circulate the water from one end of the tank to the other. 4t a

point just behind the outvut end of the circulatory system & stream

of air was injected into the water to insure a continuous supply of
dissolved oxygen, The circulating pumo was allowed to run continuously
during some exnosures, and was shut off during others. The complete
set-up is illustrated in Plate W, ||

B. Experimental

14, For descrivntive purmoses the exmerimental work mey be divided
conveniently into three parts as follows: ‘

(a) A study of the effect of sea water on the surface conductivity
of anti-fouling vaints vigmented with cooper flake.

(b) & determination of the galvanic effect of a standard anti-
fouling pdnt (AF-23) vhen coupled directly with bare steel
vanels submerged in srtificial sea water.

(c) A study of the effect on the surface conductivity of a copper
bearing anti-fouling film when immersed in sea water and
coupled with bare steel,

15, The surface conductivity specimens were prepared for immersion as
follows: Iucite sheets sire 3" X 3" X 1/4" were masked 1/2" alone

each edge after which they were given two soray coats of the anti-foul-
ing formulations, After drying, the masking tave was removed leaving

e 2" square of paint film exactly in the center of each panel, INo
attempts were made to hold the film thickness constant although the
spraying technique was identical in each case. To obitain dimensionless
resistance values, perfect squares of vaint surface were examined, When
thoroughly dry, two opposite edges were covered with the silver conduct-
ing paint which served as contact noints for measuring resistance. The
copper paints used varied in pigment volume ratio from 5% to 45% as
shown in Table II, The matrix consisted of a chlorinated rubber-rosin
blend commonly emnleyed in cold plastic anti-fouling formulations, The
exact composition of the vehicle is as follows:

9 by W,
Rosin 45
Hercolyn 32
Plioclite 12
Varsol 18

Turpentine 22

16, 411 panels premared as described zbove were vermitted to reach
equilibrium in a constant temnerature-humidity room maintained at
25% C., and relative humidity of 50%. Duvolicates were prepared for
each panel and conductivities were determined daily until a constant
value was reached, The data of Table II represents averages of dup-
licate determinations. 4an average period of between one and two weeks
was required for esquilibrium.

..4-
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17. Five sets of identical panels were prepared in order to provide
for removal at varying periods, The first set was renoved from the
Sea water tank after 45 hours with the others following at the inter-
vals indicated in Tabdle II, Upon removal all panels were thoroughly
washed with distilled water to disledge any loossly adhering salt
particles, and were returned to the constant temperature~humidity room
where they were allowed to come to equilibrium, at which time conduc-
tivity measurements again were made, DMeasurements were remeated until
constant conductivity values were obtained,

18, The second vhase of this investigation (see (b) of paragraph 14
above) consisted of a study of the galvanic effect produced by coupling
panels coated with standard cooper anti-fouling paint with steel
immersed in sea water., As a point of reference, steel and copper panels
of equal surface area were coupled and immersed simultaneously. A series
of panels was prepared using anti-fouling paint No. AF-23 pigmented with
two verieties of cooper flake as designated in Table III. In order to
avoid any uncontrolled factors which might be introduced by the presence
of a conducting panel, two lucite panels were painted and coupled to
steel in exactly the same manner as the comper sheet and painted steel
specimens,

19. The steel panels were carefully sand blasted, after which they
received two medium coats of AF-23 paint, Suobporting steel rods in
contact with the panels were heavily waxed over their entire length to
insure that no bare steel was exnosed to the sea water, The lucite
vanels were given no treatment prior %o apvlication by svray of two
coats of AF-23 Anti-Fouling Paint. Once the paints had dried thoroughly,
a copper strip 1/2" in width was bolted across the top of the panel with
care being taken to insure good electirical contact with the paint, A
copper rod was soldered to the comper strip, after which all metal parts
of the system were given one coat of aluminized spar varnish and then
heavily waxed to seal completely all met-1 parts from contact with the
sea water,

20. The painted panels, along with the bare copper controls were coupled
to & bare steel panel through a 10 ohm resistor. The gzlvanic or
corrosion current of the couvle was determined by measuring the IR drop
across the resistor, From this value the current was calculated readily.
The 10 ohm resistor was selected as providing a convenient value to be
measured vith equipment readily available. A more accurate measure of
the current might be obtained with the use of smaller resistors but the
IR drop would become so small as to require the use of much more elabo-
rate apparatus.

21. The current produced by the couples was measured periodically, results
of which are plotted in Plates I through VIII. Duplicate couples were
prepared for each paint as shown in Table III, While the shapes of the
curves produced for each set of counles are not exactly duplicated, a
good general agreement is in evidence. As noted on each plate, two

sets of data were obtained, with and without aeration and agitation.

s



TABLE 111

DESCRIPTION OF COUPLES INVESTIGATED

Counle No. Panel Materials AF-22 Pigments
1,19 Steel Cu Make VD750
ITL, IV Steel Cu Flake MD 8224

vV, ¥I Cu Metal None
Vi1, VIII Lucite . CuFlake MD 750

22, The #ird phase of the experimental work consisted of a stud of

the effect on thecanductivity of a convmer bearing anti~fouling film
when immersed in sea water and coupled directly with the steel. A4s

in the foregoing experiments lucite panels size 5" X 5" X 1/4" were
masked 1/2" on three sides and given two spray ccats of an anti-
fouling paint prepared at varying nigment-volume ratios. The pigment-
volume values are shown in Table V, and the vehicles were the same as
that described in parzgraph number 15, After thorough drying the
masking tape was removed and a copper strip 1/2" in width was bolted
carefully along the edge of the panel which had not been masked, &
copper rod had been soldered to the copper strip to serve as a means

of support as well as a conductor. After final assembly all metal
parts were covered thoroughly with two coats of aluminized spar varanish
followed by a thick ccat of heavy wax to insure against any electrical
contact between metal parts and the sea water. A film of the silver
conducting paint was applied to the edge of the panel opposite the
copper strip to serve as the other contact point for measuring resis-—
tance across the 4" scuare of paint., The assembly of all the panels
described in the three sections of the ewmerimentsl work is illumstrated
in Plates 9 and 10. The silver-covper paint junction is entirely

local and any galvanic effect would not eppear in the measurement of

. the large cell,

23, TFive sets of copver vaint-steel counles were prevared and immersed
in the sea water bath along with an uncounled control, The couples

were prepared in dunl1cate for each naint through a2 10 ohm resistance,
Pigment-volume ratios varied between 15% and 35%, as earlier experiments
had indicated that a critical value affecting the resistance of the film
occurred somewhere within this range. Currents resulting from the
couples were determined pertodically by measuring the IR drop across

the known resistance, DMeasurements were made over a total interval of
114 hours at which time no couvle prepared from a paint having pigment-
volume ratic below 30 showed any indication of producing a measurable
current. Thetmo sets of counles prepared from paints of 30% and 35%
pigment-volume ratio, respectively, reacted as indicated in Table IV.
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TABLE IV

GALVANIC CURRENT OF PAINT-STEEL COUPLES

Couple P/ Curr nmilliamps after so indicated:
Number Ratio 6 hours 23 hours 28 hours 45 hours
i1 70% 0 0 0 0 (No current
: after 114 hours)
12 . 30% 0 2,0 3.2 1.8
14 35% 0 2.8 3.8 - 1.5
15 35% 0 %2 5,2 1.5

24, At the end of 114 hours all vanels were removed from the immersion
bath. Adhering salt vparticles were removed from the paint films with
distilled water and the panels returned to the constant temperature-
humidity room where they were allowed to stand until constant resistance
values were obtained, These values are shown in the last column of
Table V, Figures showing the originsl resistance before immersion are
included for reference.

TABLE V

RESISTANCE OF SOAKED PAINT FILMS COUPLED WITH STEEL

Panel or P~V Resistance in Ohas

Couple No. Ratio Original After Soaking
1* 15% Infinite 1.5x1011
2 15% Infinite 2.0x1011
3 15% Infinite 2.8x%1010
4% 20% 1x1010 2.2x10°
5 20% 1.1x1010 1.35x109
B ) 207 7.8x10° 1.25%109
7 25% 1.75%108 1.2x108
8 25% 1.90x108 1.45x10°
9 25% 2.00x10° 1.20x10°
10%* 20% 6.0%107 1.2x1010
11 30% 6.0%10° 9.0x10°9
12 30% 5.5%107 2.5
13* 357 4,7x107 8.5%107
14 359 6.810" 60
15 354 - 5,4x10" 3

¥ Uncoupled controls.



DISCUSSION OF RZSULTS

25, The data of Table II gives rise to interesting speculation con-
cerning the conductivity of highly vigmented films, varticularly in
view of the findings revorted in reference (e), that all attempts to
measure & finite resistance in the plane of the film of even the most
conductive metallic anti-fouling paints were unsuccessful. Several
conclusions are cuite obvious from a close evamination of our data,
First, it is demonstrated that films of low pigment volumes, that is,
below 15~ are good insulators (infinite resistance) under the applied
notential of 100 volts, before they are allowed to soak in sea water,
However, after contimuous immersion in artificial sea water for a
minimum of 45 hours the resistance is reduced to such a point that it
may be measured easily. Prolonged sosking does not change significantly
the conductivity characteristics of the film. 4t pigment-volume concen-
trations above 20% soaking in artificial sea water does not reduce fur-~
ther the resistance of the film, but on the contrary a slight increase
is noted. This may be attributed to the formation of corrosion oro-
ducts or salts from the pigment particles themselves,

26. At some pigment concentrztion between 20 and 25% the resistance
of the film reaches a value that varies only slightly as the pigment
volume is increased. A minimum value is attained around 35° pigment
which is somevhere near the maximum employed in standard anti-fouling
formulations. It should be noted that vhile some of the values shown
vary considerably mumerically, they are in fair agreement relatively
(same order of magnitude) for values obtained by the described methods.
It is significant that between 20 and 30% pigment volume, film resis-
tance is reduced to a moint at which some Teadily measurable currents
might be expected to flow under vwotentials of a reasonably low value.
It was at this pigment-volume concentration thet the inactivating
effect obtained by coupling steel bars to metallic naints applied to
wood panels was noted by the Woods Hole investigators as revorted in
reference (¢), This data therefore nrovides additional evidence that
critical values for nigment volume concentrations of conwper vpaints
exists around the 20-30% level to insure adequate nerformance for con-
tinuing periods. Additional ewidence is vrovided by an examination of
other data discussed in the following narsgravhs,

27. The curves shown in Plates 1 throush 8 allow some interesting com-
parisons between the galvanic currents produced by counling a film of
highly nigmented conper flake paint (AF23, PV Ratioc . 37) to a steel
panel with similar currents that result from a copoer-steel couple
involving comparable areas, Data for the curves was derived in dupli-~
cate as indicated in Table III, Plates 1 and 2 renort the galvanic
currents produced on two independent couples prepared in exactly the
same manner, The agreement obtained in the first set of exneriments

is excellent except during the first few hours of immersion. It should
be noted that a relatively larger current was obtained in each case
where the sea water was aerated and agitated, The slopes of the curves

R



of duplicate experiments are in close agreement. The currents pro-
duced during agitation shows a tendenmcy to diminish at a more rapid
rate, but the eventual sloves are almost identical,

28. Plates 3 and 4 represent repeat exneriments in wiich the conper
pigment was substituted 'as shovn in Table III, The same generalizations
annly as before except that current values obtzined with the substitute
pigment were somewhat lower throughout,

29, A comparison of Plates 5 and 6 with 1 through 4 shows a striking
resemblance with the exception of the first few hours of immersion
Guring which the current was increasing in the case of the copper paints.
On plate 6 even this phenomenon is repeat-d by the copper steel couple,
Inasmuch as the slopes, shanes, and magnitudes of the curves for the
paint counles so nearly duplicate those for the commer-steel couples,

it is difficult to evade the conclusion thst the flakes of copper within
the matriv above 25% pigment volume are in sufficiently elose contact to
verform as a conductor in somewhat the same manner as copper sheet,

30. The possibility may not be discounted that some contact was made
vertically through the film to the steel plate beneath, thus bringing
into the system the effect of steel in contact with the covner flake in
the presence of sea water., At some voints in this system areas could be
set up which are ancdic relative to the steel, In order to eliminate
this possibility duplicate panels were prepared using lucite as a non-
conducting base. Results obtained are in fair agreement with those from
the copper steel counle (see plates 7 and 8) with the exception that a
time lapse of 25 to 50 hours occurred in the case of the painted lucite
before an appreciable current was produced, This indicates that some
venetration of the film by the solution is necessary before the resis-
tance between individual varticles of copner is reduced o 2 point where
a measurable current can be produced. It is also significant that in
the case of the film of copper paint on lucite larger current values
vere obtained than with the copper steel couple, Since the lucite panel
was painted on one side only the area of copper exposed to the sea water
vas twice that of the spvarent areas of paint film, However, due to the
flaky or uneven surface of the naint considerably more effective area
was probably present resulting in the higher current values observed.

3l. The assumption that individual niement particles are in contact,
thus providing straight line conductors throughout the plane of the
paint film would orovide immediate explanation for the facts observed,
Eowever, if this condition shonld cccur one would exvect resistance in
the plane of the film to diminish to a value comparable to that of a
sheet of copper. The values of Table II indicate that this does not
hanmen., ZReference (e) pronoses the theory that when paints containing
copver are submerged in sea vater commer ion first leaches into solu-
tion from which 1%t nlates out, in, or bemeath the paint film in which
it was originally contained. Thus, the nature or source of the orizinal
conper in the paint assumes secondary imnortance as long as a sufficient
quantity is oresent to contimue this secondary action. Such a theory
may offer an ewvnlanation for the lanse of annroximately 50 hours which

= T -



occurs before the anti-fouling films zpplied tc lucite begin to
develop apvreciable currents. During this interval comner is passing
into solution and subsequently plating out into the paint film or
beneath it.,

32, The experiment described in paragraphs 22 through 24 serves in part
to substantiate earlier observations that soaking in sea water lowers
the resistance of paints with low pigment content, whereas, it serves to
increase the resistance of vaint films containing medium concentrations
of pizment, The data of Tables IV and V, however, clearly indicate that
at high pigment-volume concentrations the resistance of naint films reach
such low values that appreciable currents are set up vhen counled with
steel that can be easily measured. Table IV presents data which indi-
cates that copper flake anti-fouling paints pigmented above 30 produce
films, which coupled to steel produce currents thet are readily measured.
Furthermore, the data indicates that the resistance of such films dimin-
ishes to values characteristic of good conductors,

33, Here, as in earlier exveriments, a high vigment concentration must
be obtained before low resistance values are reached. This critical
value is approached by the AF 22-23 series of paints; however, it is not
reached in the plastic type materials ordinerily used for ship bottom
protection, :

34, Of additional interest is the fact that the films showing high
resistance and the passage of no current develop the characteristic
green. or brownish green coler normally associated with films of this
type immersed in sea water, Upon removal the films were firmly
adhereing and were removed in the form of a powder when scraped with a
knife edge. On the other hand the films showing low resistance and
which developed appreciable currents when coupled with steel retained
a bright metallic appearance and blistered, loosing their adhesion to
the lucite panel., The film could bde removed easily in the form of
large flakes. The uncoupled controls behaved in exactly the same manner
as the coupled films of lower pigment concentration.

35, Thus, the data presented in Tables IV and V lend further evidence
to the theory that by increasing pigment concentration sufficiently a
condition may be reached in which the conductance of the paint film
becomes s¢ great that it is capable of transmitting galvanic currents
appreciable distances,’ ' ,

& 30 =



CONCLUSIONS

36. In the foregoing experiments it has been conclusively demonstrated
that highly pigmented films possess a finite surface conductivity which
can be measured over reasonable distances by means of instruments com-
monly used in the laboratory. On the other hand films of low pigment
volume possess an infinite resistance when measured in the plane of the
film, ‘

37. It has been shown that highly pismented copper flake paints act as a
cathode when ccupled through a metallic contact with steel. Currents are
produced which are of the same order of magnitude as those obtained for
copper sheet involving comparable aress. Therefore, it may be concluded
that highly pigmented films act in the same capacity as copper sheet when
in electrical contact with steel over limited areas.

38, Additional evidence is provided to substantiate the view that highly
pigmented covper films perform as electric conductors when coupled with
steel. The evidence so far does not conflict with the proposed theory
that copner first leaches from the film and subsequently plates out either
bensath or in the wiane of the film forming a deposit of metallic copver.
Additional exvariments will clarify further this view,

RECOMMENDATI ONS

29, It is urgently recommended that these 2¥periments be continued to
develop data which will define more clearly the mechamism by mesans of
which highly pigmenied copper films aopear to perform as metallic con-
ductors, These evperiments should include cuprous oxide pigment, in
addition to coppef powder.

40, Should additional laboratory ewperimentation appear to substantiate
the theories proposed to explain the observed vhenomena, it is recommended
that panels prepered from copper-containing peint be coupled to steel in
which sufficiently large areas will be involved in order that galvanic
currents arising from such couples may be measured accurately,
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