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ABSTRACT :° The protective acticn of white films formed on iron and steel
surfaces in sea water under conditions of cathodic protection was studied.
Three series of tests were performed with 16 Mn low-alloy steel, suppiied
by-the Peking-Ironant Steei-Institute. In the first series, specimens
were exposed either to natural sea water or to 3% NaCl solution, and
protected with a constant current. In the second series the specimens

were first exposed to stagnant or stirred sea water and for 3 days protected
with a high density, 40 ua/cm?, current to form uniform films and then
current applied periodically in 24-hr cycles. Specimens of the third series
were tested either in natural or artificial sea water with various current
densities, The artificial sea water contained either Mg and Ca (pH = 7.7),
Mg alone (pH = 7.8), alone (pH = 8.0), or no Mg and Ca (pH = 7.8).
Experimental results showed that protection can be achieved in natural

sea water at 25 ua/cm2 and in 3% NaCl solution at 35 ua/cma. Specimens
pretreated with a higher current can be protected at 3.5 ua/bm2. The

Jperiodically applied current should have a density of 15-20’ﬁa/cm2.
Polarization of Ca-Mg films is 5-8.8 times that of Ca or Mg films, while
polarization of Mg films is higher than that of Ca films., Polarization
.characteristics are affected hy current density applied in forming the

film, Film formation is more difficult on rusted metal surfaces and more
complete in stirred sea water. Films formed at a pH exceeding 10 provide
protection for metals; films formed at pH = 9 fail to protect.., The authors
conclude that calcium-magnesium films have a certain protectiv£ ability which
makes it possible to use lower current densities in cathodic protection and

a shorter period of current application. The dissociation of Mg(OH)2 in

films plays an important role in protection of metals when the current is
discontinued. The authors are deeply indebted to Hua Pao-ting of the Applied
Chemistgy Institute of the Chinese Academy of Sciences for reviewing the

PTDanW 0-90

: - — ) st cHa Bt T e o dn ~ R
e v o @*mwm’l'mmww!‘mvm%ﬂ’b‘ﬁ*mﬂ”}i M RO B SR a AWST  DPR e g

/
t'/ )




e e s A e e e T = —

s e o e e~ vm g

sl 1280

manuscript and valuable suggestions, to Chi Ming-hou of the
Oceanography Insiitute t'or showing interest and assistance, and to Fan
Shou-an for taking part in the experiment., Orig. art, has: §

tables and 6 figures., English Translation: 20 pages.

S SRS R AR e b 8 Y v 8




This paper attempts to study the composition and function of cslcium magnesium
coatings, their effectiveness, and their effects on the polarization characteristics
of steel samples. In addition, studies were also made of the surface structure of
the metals, and the effect of the speed of sea water current to the formation of the
coatings.

A. RELATIONSHIP OF THE SURFACE STRUCTURE OF STEEL SAMPLES,

COMPOSITION OF THE COATINGS AND CONDITIONS OF IHE MEDIA
WITH POLARIZATION AND PROTECTIVE ACTION.

I. Test Procedure
Sixteen Mn low-alloy steel? was used for testing. Samples of three specifica~-
tions were made according to the requirements of the experiment (see following
tables). All separation lines were sealed with acetylene. Surfaces of the samples
were polished with diamond sandpapers to such a degree that no scratch marks could

be seen with the naked eye.

1. Protection by electric current

Samples used were of rectangular shape (2 x 7 x 0.3 mm), placed separately in
1,000 cc of stable natural sea water and 3% NaCl solution to receive cathodic pro-
tection under a consteut electric current., The sea water was changed every three
days. After the test samples were acid~cleaned and dried, they were weighed. The
difference between these weights and the weights before the test was the amount of
weight lost. A comparison of the weight lost by protected samples and corresponding
samples indicated the degree of protection. The procedure for acid cleaning is as
follows: samples were put into an acid cleaning solution composed of 20% HCL and 12
hexa-methyl quaternary ammonium. They were cleaned with a bamboo scraper for three
minutes, and then neutralized in 5 Na,CO. solution; rinsed in water, two minutes in

273

202 Nanoz solution, then rinsed in distilled water. The sample was weighed after

drying for 24 hours. Corresponding samples went through the same acid cleaning pro-

2See page 18
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»y alterations could be noted. .

2. Intermittent protection.

Samples were cylindrical in shape (0.46 mm diameter, 7.0 ma long). A cathode
current of 40 uA/cm? was turned on for three days while the sample was immersed in
1,000 cc of stable or stirred-up natural sea water, until a white, even coating of
calcium-magnesium appeared over the surface of the sample, Then the sea water was
replaced with fresh sea water, and the electric current was reduced, or an intermit-
ent current was used every 24 hours for protection. Otherwise, the acid cleaning

procedure and the method used to determine the degree of protection were the same

as 1.

3. Study of the effect of the coating on

polarization characteristics

Area of sample: 5 cm2 (double face). Put separately in natural sea water and
artificial sea water of differemt compositions, using electric currents of different
intensities (other conditions same as 2), until the calcium-magnesivm precipitate
coating has formed, then measured cathode polarizations to plot curves. [ook read-
ings of electrical potential every 10 minutes when they did not exceed 2 mV. In the
secondary polarization curve, when differences in potential values of varicus refer-
ence points did not exceed 10 mV, mean values were taken.

All tests were conducted under a constant temperature of 25°C. Platinum elec~
trodes were used as auxiliary electrodes. Saturated mercury electrodes were used as
reference electrodes (all converted tc standard hydrogen electrode when plotting
diagrams). The potentiometer used was of the UJ type.

Artificial sea water was prepared according to Brujwicz's formula [4].
According to the requirements of the experiments, the calcium-magnesium content was
changed as follows:

a) both calcium and magnesium (pH = 7.7)

b) magnesium only, no calcium (pH = 7.8)

FTD -HT-67-233
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¢) calcium only, no magnesium (pH = 8.,0)
d) no calcium, no magnesium (pR = 7.8)

Any other shortage of elements was rectified by proper additions of NaCl. There

was no change in other elements.

II. Test Results

From Table 1, we can see that when the intensity of electric current reaches
25 pA/cw? in natural sea water, complete protection has been achieved. On the other
hand, it takes 35 uA/cm? to achieve the same degree of protection in 3% NaCl solu-
tion. The reason is that samples in natural sea water form a calcium-magnesium coat-
ing quickly, thereby requiring a smaller amount of protective electric current.

If a stronger current was applied to the surface of the sample to produce a lay-
er of calcium-magnesium coating, the protective current could be reduced, then the
intensity of electric current needed to achieve the same degree of protection can be
reduced to 3.5 uA/cd#Q (Table 2), only one-tenth of the amount required in the 3%
NaCl solution. If the electric current was cut off for 24 hours every 24 hours (pro-
tection to be provided by the calcium-magnesium coating alone), then the amount of
electric current is reduced to 15-20 uA/cmz. All these results, except the value
for the minimum protective current, are close to those in the references [3, 5, 9,
19]. (Reference only listed narrative descriptions without systemetic figures.)

All these seem to prove calcium-magnesium coatings do possess excellent protective
functions.

According to spectral analysis, the main components of precipitation from
natural sea water after cathodic protection are calcium and magnesium, plus a small
amount of titanium, borax and silicon. To study the effects of calcium and magnes-
ium (the main components) after their precipitation, on the polarization action of
steel samples, we prepared artificial sea water to measure the polarization of the
precipitations.

The cathode polarization curves of the precipitstions from both natursl sea

water and artificial sea water coincide with each other, except for static potential
4
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(Figure 2). But there are appreciable differences betseen these curves and the
polarization curves of single element calcium coatings and magnesium coatings. To
reach a standard polarization voltage of 0.6 V, both coatings formed by natural sea
water aad artifical sea water required 3 uA/cnz, with an average polarization effi-
ciency of 0.2 V/uA"cmz; coatings containing only calcium need 26.5 vA/c:ln2 with an
average polarization efficiency of 0.023 V/uA-cmz; coatings containing only magne-
sium need 15 uA/cmz, with an average polarization efficiency of 0.04 VIuA-cnz; cor-
responding blank samples need 30 uA/cmz, with an average polarization efficiency

of 0.02 V/uA-cmz. ‘The polarization of a combination calcium-magnesium coating in

S to 8.8 times that of just a calcium or magnesium coating.

. ’ . Ad
i psa/cm* ~04% G 50 7 0
pa/em?
Figure 1. Effects of calcium Figure 2. Cathodic polarization
and msagnesium on polarization curve of 16 Mn steel in different
characteristics. (1) cathode media after formation of coatings
polarization curve of steel (coating formation current 40

samples without calcium- 2
esivm ting; (1') anode pA/cm ; time required, 3 days.
nagn coating Media: (1) natural sea water (@);
polarization curve of steel
(2) artificial sea wvater with
samples without calcium-
. fa both calcium snd magnesium (X);
magnesium coating; (2) cathode (3) artificial sea vater with
polarization curve of steecl =

g samples with calciun mggnesiun aagnesium, no calcium (9); (4)

coating;(2') anode polarization artificial sca water without
curve of steel samples with calcium and magnesiva (X); (5)
calcium aagnesium coating artificial sea wvater with calcium,

no magnesium (4); (6) artificial
ses water with no coatings
(corresponding samples ) (0).
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Figure 3. Cathode polarization
curve -~ after coatings fo.med
using different coating-forming
current intensities (medium,
natural sea water). (1} coating-
forming current intensity, 46.6

uA/cm2 for 3 days; (2) coating-
forming current intensity, 40.0
uA/cuz for 3 days.

’°’L‘-—7-r7—'-
0 10 20 30 60 70

pafan?

Figure 4. Cathode polarization
curve -- after coatings formed
under different surface condi-
tions (conditions same as Figure
Z; the medium was natural sea
water). (1) cathode polarizastion
curve of 16 Mn steel sample after
coatings were formed -- bright
surface; (2) cathode polariza-
tion curve of 16 Mn steel sample
after coatings were formed --
surface showing corrosion; (3)
cathode polarization curve of 16
Mn steel sample before coatings
wvere formed -- surface showing
corrosion.

The electric current intensity during the formation of coatings has a great
effect on the polarizatjon characteristics of the coating. A coating-forming cur-
rent of 46.6 uA/cm2 is apparently higher in polarization characteristics than one
of 40 uA/en® (Figure 3).

It is more difficult to form coatings (Figurz 4) on samples with harder cor-
rosion shells. In stable sea water, the current intensity must be raised to 70
uA/cn2 and above in order to form a relatively complete calcium-magnesium coating.

The stirring conditions of the media aiso have direct effects on the formation

of coatings. I1f we stablilize the current intensity at 46.6 nAicmz, an, convert

the revolving speed of the stirring rod te a linear speed (assuming it is equivalent

9




to the fluid speed) of 80-90 meters/hour, we noticed a very different situation in
the. formation of coatings, even better than that which could be achieved in stable
sea water. Only a current intensity of 2.5 ws/cnz was needed toreach a polarization
voltage of ~0.6 V during , arization, waile 3.0 uAlcnz vas needed 1if the couting
vas formed in stable sea water. This is due to the fact that slow stirring im-
proves the ifonic diffusion requirement of calcium and nagnesium. But if the stir-
ring speed increased to the equivalent fluid speed of 470-520 meters/hour, then the
same current intensity could not form a good coatiang, and the sample corroded quick-
ly. This 1is because the pH value of the medium could not be quickly raised due to
stirring, and in the meantime, depolarization due to oxygen was speeded up. But if
the current was raised to 70 uA/cm2 and above, we could see the formation of good

coatings again.

B. OH PROTECTIVE ACTION OF CALCIUM-MAGNESIUM COATINGS.
I. Test Procedure

Sixteen Mn ~ylindrically shaped samples (0.46 cm diameter, 7.0 cm long), were
used. Direct current was introduced while sample was immersed in natural sea water
(or artificial sea water (1 liter) at 40 uA/cnz for 3 days, under a constant tem-
peerature of 25° C, until a white, even calcium-magnesium coating (thickness 0.1-
0.3 mm) vas formed. A scalpel was used to carve out small holes (diameter, 0.5~
2 sm) along the axis line and spaced 1 cm apart, so that the basic metal was expos-
ed. The sample was then immersed in fresh sea water, to observe its corrosion
status.

The sample was gently flirshed with distilled water, its calcium-magnesium
coating removed (coatings from the corroded and noncorroded areas in the game sam-
ple were taken separately to conduct separate tests), 5-10 cc distilled water was
added, and the coating was repeatedly stirred. After half an hour the pH value of

the upper part of the clear solution was tested.

10
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TABLE 4. POTENTIAL DIFFERENCE BETWEEN COATINGS ON STLEL
SAMPLE SURFACES AND THE SMALL HOLES

—— e e s e e e e st - — ey

Potential (Equivalent to
Standard Hydrogen

Type of Coating Electrode)

—— o At Small Hole Area | - Coating Area |
Calcium-magnegium coating (1) =-0.478 -0.479
(2) 0.487 -0.488
Clear Lacquer ~0.435 -0.436

11. Test Resuits

In the experiment concerned with drilling holes through calciuvm-magnesfunm
coatings on the sample surface, 8 tests were conducted and 40 holes were tested.
Of these, crly 3 revealed blue or yellow corrosion stains within 8 hours. The other
part of the sample did not reveal any corrosion stains within this period of time.
Furthermore, when stretched into longer periods, corrosion only developed at the
original places. Other areas retained their brighkt metallic sheen. On the other
hand, corresponding samples with three cozts of clear varnish, from ten tests of 50
holes, revealed yellow or blue corrosion stains in 47 hcles within 5 hours. In ad-
dition, when calcium-magnesium coatings were peeled off in patches to the point
vhere their areas were one-third of the totsl area of the sample, corrosion stains
began to occur within 2.5 hours. Therefore, it is not enough to explain this
phenomeno; from the viewpoint of physical shielding. The theory regarding the pro-
tective aftereffect of the coatings is also rather hazy, since it does not explain
the real reason for the protective aftereffect.

Caicium-magnesium coatings, in addition to their mechanical shielding action,
also exhibit other types cf protective action.

Because sea vater possesses good electrical conductivity, there are no appre-
clable differencer between the voltages of the coating area and the small hole

11
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ings of different compositions seemed to be conutant. pH values of coatings con-
taining magnesium aaintained a constant pH value of around 10.2, while coatings con-
taining only calcium maintained a constant pH value of around 9.1. This is close

to the pH values whken the coatings began to precipitate as stated in reference [3].
In addition, calcium-magnesium coatings that have shown corrosive stains on the sam-

ples maintained & constant pH value around 9.1.

C. DISCUSSION
1. Possible reaction on the surface of the steel when the electric current was

turned on:

0. + 4e 4 2H,0 — 4OH"

Mg** + 20H™ — Mg(OH),, Mg** + HCO; + OH™ -+ MgC0; + H0O
Ca*™ + 20H™ —~ Ca(OH),;, Ca**+ HCOG; + OH™ — CaCO; + HO

. L’CaX*Fey
Fe** + HCO; + OH™ — FeQO; + HO, 2Fe*** + 60UH™ — Fe 0y + 3HO

Because of these reactions, the surface of the steel was coated with a layer of
precipitated coating.

In Figure 1 we notice that the above-mentioned cathode precipitation mainly af-
fects the cathodic process and static voltage. When elactricity is turned on, it
esgentially performs the mechanical covering function, as stated in the references,
wvhich impedes the diffusion of oxygen, reduces the cathode area, and thus increases
the polarization efficiency, and saves appreciably on protective current (saves
about 9/10 of the protective current). It also affects the anodic process. The
presence of the coating prevents the outward diffusion of the metal ions.

The fact that a combined calcium-magnesium costing is 5-8.8 times higher in
polarization efficiency than a single coating of calcium or magnesium is probably
due to the following reascns. The mixture of differently~-structured precipitations

probably fcrms a tighter and denser coating than the precipitation of a single
14
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structure (gaps in structure mutually filled up), and thereby greatly increases pol-
arization efficiency.

2. Ve feel, however, that during the time of electricity cut-off, such calcium-
magnesium coatings possess OH protective action, in addition to their mechanical
protective-coating function. This kind of coating is porous, therefore, due to the
gradual decomposition of its hydroxides and carbonate salts; a solution of higher

pH fills these small pores.

MO Y, -o> Mg™® + 2001~
MgCO; + ) =~ Mg** -+ HUOy + OH”
CHOH, =~ Ca*t + 201

CaCOy 4 210 s~ Ca** + HCO5 + OH™

Therefore, even after the electricity cut-off, such coatings, due to their own
dissolution, can still release a certain amount of base, which affects the solution
in the pores and the thin layer of relatively stable solution on the surface of the
sample (approaching the pH value when the coating reaches decomposition equilibrium),
or can even form a new thin layer of precipitation around the cmall holes (we ob-
served that during the experiment'it could be formed by calcium carbonate) to pro-
tect the metal within the small holes.

The self~dissolution of the coating begins with the hydroxides of the magnesi-
um. At this time the pH value of the surface of the sample is always maintained
above 10 {shortly aiter the electricity cut-off, pH value should be higher than the
time of decomposition equilibrium due to the existence of excessive OH ), which pro-
vides protective action to iron and steel. When the hydroxides of the magnesium in
all of the local areas begin to dissolve, the calcium salts begin to dissolve. pH
value by this time drops to about 9.1, losing its protective action to iron and
steel, and corrosion in spots and larger areas begins to appear.

3. Krasnoyarskiy maintains that a calcium-magnesium coating exhibits a protec-

15
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Figure 5. Time versus voltage Figure 6. Change in the rela-
curve, when electricity was tive ratio of calcium and
cut off after steel sample was magnesium in the coating with
polarized for 48 hours under an the change of electric inten-
electric current of 25 uA/c 2. sity [according to Kra;noyar-
(1) 30 g/liter of NaCl; (2) skiy)}. Key: (a) uA/cm”.

3.74 g/liter of Mgso,, 2.76 g/
liter MgCl,, and 1.5 g/liter

CaCl, [according to Krasnmoyar-
skiy]. Key: (a) potential (ac~

cording to K, H,); (b) hours.
tive aftereffect, but this does not explain why a "protective aftereffect" still
exists in NaCl solution without the formation of a calcium-magnesium coating
(Figure 5) [7]. We feel this is due to the effect of electricity. A highly con-
centrated 0t~ layer is produced around the electrode, which makes it possible to
maintain protective action for a defi. ite pericd even after the electricity cut~off
vhen no calcium-magnesium coating has been formed.

In the meantime, we feel that Krasnoyarskiy's theory that cathode polarization
causes the protective aftereffect of a calcium-magnesium coating only explains the
superficial phenomenon. A fuller explanation should be: since a calcium-magnesium
coating contains a larger concentration of OH (excess and decomposed), it causes
the metal to maintain a higher negative voltage. The concentration of OH begins
to diminish with the passage of time, while in the meantime oxygen has permeated
through the coating to reach the metal surface. Both factors cause the change in
voltage, and eventually the sample loses its protective action.

4. For practical purposes, we hope the magnesium content of the coatiag can

be increased. The ratio of calcium compounds to magnesium compoundz depends on the

16
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intensity of the electric current. When we raise the current intensity, the rela-

tive quantity of magnesium compounds can be raized (Figure 6) [7].

D. CONCLUSION
The calcium-magnesium coating formed on the surface of iron and steel during i
cathodic protection in sea water posses distinct protective functioms, which can
save 9/10 of the protective electric current and half of the time required for pro-
tection. A calcium-magnesium coating is more densely constructed than simply a

calcium or magnesium coating, therefore it has a higher polarization efficiency. A

magnesium coating has a higher polarization efficiency than & calcium coating.

Many authors abroad maintain that this kind of coating only prcduces a mechan-
ical protective~coating action. The authors of this paper feel that such a theory
is noi complete. The correct explanation should be as follows: when the electric
current is on, it essentially produces a mechanical protective-coating action.

When the electric current is turned off, it still maintains protective action pro-
vided by OH . When the pH value of the ccating is maintained above 10 (equivalent
to the decomposition equilibrium pH value for Mg(OH)Z), the voltage is maintained

at the proper negative value, causing no corrosion of the iron. When the pH value
of the coating drops below 9 (equivalent to decomposition equilibrium pH vaiue of
CA(OH)Z), the voltage readings become positive, which causes corrosion to appear.

The OH protective action of the coating is provided by the decomposition of Mg(OH)z.
Calcium coating does 10t have protective action.

The surface condition of the metal, current speed of the sea water and the in-
tensity of the electric current also have strong effects on the precipitation of

the coating and its protective action.
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ting Hua, Applied Chemistry Research Institute, Academia Sinica, for proof-
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of this Institute for his great encouragement and assistance; Mr. Shou-an Fan
for participating in part of the experimen:cal work.

to p. 2. Acknowledgement and thanks are given here to the Iron and Steel

Research Institute of Peking for supplying the samples.
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