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Surface Characteristics of Calcareous Deposits Formed
by Using Pulse Current Electro—Deposition Method
in Natural Seawater

Kim, Kyung Pil

Department of Marine Engineering
Graduate School of Korea Maritime and Ocean University

Abstract

The sea, which occupies 71% of the surface area of the earth, has been used
as a place of fishing and transportation, but has recently progressed as an
area for reporting various types of marine development such as the
development of marine resources, energy production, and the use of space. As
a result, the importance of corrosion protection technologies such as those
applied in shipbuilding, ships, and port facilities which are constructed of
metal structures such as steel, i1s further increasing. Seawater is the most
environmentally corrosive electrolyte solution containing a large volume of
salts such as sodium chloride. Some anti-corrosion methods that are widely
used in offshore and underwater structures are as follows: painting, hot
dipping plating, and sacrificial anodes or cathodic protection by an external
power source method. Cathodic protection 1is a method of polarizing the

surface of the corrosive metal to reduce the corrosion rate.

When this principle 1s applied, the ionic component that is dissolved in

seawater can be deposited partially as a compound to coat an electrodeposited

- Vil -
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film on the metal surface. These electrodeposition films are called
calcareous deposits, which act as a physical barrier and reduce the density

of the cathodic protection current, which leads to an anti-corrosion effect.

The calcareous deposits are a type of biofilm and this film has the same
chemical substance constituents of organisms such as corals, clam shells, and
egg shells and this film is environmentally friendly. Seawater is abundant in
natural minerals such as Ca and Mg which can form such a calcareous coating.
It is considered that if the coating film can be uniformly formed by applying
the principle of cathodic protection to various structures and facilities
installed in seawater, it 1s possible to develop new environment—friendly
materials to replace the conventional plating method. Also it 1is possible to
mineralize a certain amount of carbon dioxide, which is caused by global
warming and ocean acidification. However, the calcareous film is influenced
depending on the surrounding environment during formation as well as the

components of the deposits, which are not dense or uniform.

In the meantime, many researchers have attempted electrodeposition of
calcareous films by employing several methods and chemically synthesizing the
films in various solutions. However, there is still a dispute as the
mechanisms concerning the formation of the calcareous films are neither
clearly nor conclusively established. Conventionally, the cathodic protection
system adopts a constant current (DC) as a power source to maintain the
cathodic polarization on the surface of metal, and a pulse current (PC) is
not adopted. Unlike the constant current that constantly feeds a constant
current, the pulse current has a characteristic of a blocked current flow,
which may adversely affect the corrosion protection performance. In the metal
plating industry, which follows a similar basic principle to that of the
cathodic protection method, DC was used initially. However, recently, PC
plating by controlling pulse current in this field has been widely used. The
PC plating improves the properties of the DC plating and increases the
efficiency by controlling various conditions. and it is possible to make the
plating layer that has various and suitable properties. In this study, we

focused on the features of this pulse current plating method.

As the main feature of pulse plating, it is possible to improve smoothness,

fine crystal grains, hardness, adhesion, covering power and to decrease the

- viii -
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amount of hydrogen occlusion as well as the internal stress and crack.
However, there is no clear mechanism for this feature. Moreover, there are
few cases of research studies on cathodic protection using pulse current in
seawater. And the validity of anti-corrosion by PC has not been clarified. In
other words, this method can be applied sufficiently to the calcareous film

electro—deposition method.

Therefore, in order to create new coating material that is environmentally
friendly, this study attempted to deposit calcareous film by pulse current in
natural seawater. Fundamentally, by applying the principle of cathodic
protection, we made various electrodeposit films with various pulse currents
and under different environmental conditions. The components and structures
are analyzed by SEM, EDS, and XRD. The amounts of formed film, adhesion,
corrosion resistance, etc. were evaluated to prove effectiveness. This study
validated the effectiveness of the pulse current electro-deposition method,
presented the optimum pulse current condition, and considered the formation
mechanism of the calcareous film through analysis and evaluation results. In
addition, this study -also confirmed the potential for improving the
performance of existing calcareous films that showed weak durability by
controlling pulse current. Finally, this study expected to present guidelines

on the practical application design of the research process.

KEY WORDS: Seawater Electroplating; Calcareous Deposits; Surface Properties;
Cathodic Protection; Pulse Current.
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Process

Calcareous deposits formed by
using electro-deposition method
in seawater

® Analysis of electro
chemical characteristics
& crystal growth
mechanism

Analysis
Measure of deposits amount
Morphology(FE-SEM)
Element composition(EDS)
Crystallization & Phase(XRD)

= Search of optimum
electrodeposition
condition

Cwiy

= Explication of
mutual relation

— -J‘“ . *-,

Evaluation

Adhesiveness(ISO 2409)
Polarization test

Analysis and evaluation of the surface characteristics of the calcareous deposits film
by pulse electrodeposition with controlling the crystal structure.

Fig. 1.1 Flow diagram of this study
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2.11 sfj<re] AHby EA

sl BehA 24 Y, A, Ad T wet oA dFEHAR 979
ZAH = 72 igelA Ao dAsrh Fg 212> 7S ¢34 =4e o
bl =3 HAs 4 lkg &l EAESE AdUEF S AE FeFe
Table 213 2tk 714 #1459 WEE 102-103 Moy, ANAEEE 2
0C oA 47.1x10 20 /cm? (B A&} : 21.2 Q-cm)o] T,

Sea salts Sea water

Water
68.83¢)
Sulphate /
T2 TS %‘
)
Calcium Magnesium
12%(041g) 3.6%(1.28g) Salt
Postassium Minor 3.5%(35.17¢)
1.1%(0.40g) constituents
0.7%(0.24g)

Fig. 2.1 Composition of reference seawater

Table 2.1 Salts content in seawater (20C)

. Amount Ratio to total
Name (f:ggnngfg contained in 1kg amount of

of seawater(g) salt(%)

Sodium chloride NaCl 24.447 68.96
Magnesium chloride MgCl, 4.981 14.05
Sodium sulfate NaxSO4 3.917 11.05
Calcium chloride CaCly 1.102 3.11
Postassium chloride KCl 0.664 1.87
Sodium hydrogen NaHCO; 0.192 0.54

carbonate

Postassium bromide KBr 0.096 0.27
Others - 0.053 0.15

Total amount 35.452 100.00
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as a function of temperature

(3 Mg % Ca =9 9%

A F Mg™ ol 7k @& Aol ol5el <s|HlElnhibiton= A 2
437 Hol ehgatel ZalolE ARE A@SA I o)z Qs x7]0)
AR Zaol|EE Zofu)F(cauliflower), HlES(needle), B ZZ | (broccol) 2
n}E R(rthombic) FEfe] EHA T ot vo|ERZ WM RE-AA3HA

ERF A3 v MRS F Mg 2 Caol = Aol Qs HEs =4

S & AUtk Fg. 2149 @+ dF3HFE At Mg/Cavls =

Aot £= W2 CaCoE FA F AAstel 1 AATz B4 A%E v

o2 =242 yehd Aotk o714 CaCOy= Mg/Ca®l ¢t 257} £&55 LA
E

oJJE FzoM olfmuelE WEE AHEo golst: AL & & Ytk
Mg:Ca= AUAA =& Mg 559 &97]d= CaCOs; AFAZ A ol

]S 7Fsle] NS FAsLy] o Pl

_30_

Collection @ kmou



of we} Mgs} Cael 5%

]

YAt %

el

_
o

=

1

o Fel o
4% A52H g4 w2t Mg} Caol s=7F |

1
) Y

Fig. 2.142] (b)

o

)
—_—
o

=
=

Z AR E

Ao

R

A

& FHel CaCOs7t A

o]

o},

Al
Nlo

o

% el @7l

Afololl 7t nlgho] gk

Sl

oo

o}
2

L
| .

o] oju}

o
larcy

s

Al €t o714

S

L
|

o] ff o]

178 &S s "o

[e)
= ©

g

A%

al

—_
o

jze]
o]
o

o

Cax} Mgl

A Mg ol&2] QI3|HE A¥x JFE mXA Hol 1 A

4

[e13
o

o EAe}

=

o

=

| shado) weh Shab
TN

X
)
Ho

!

]

Q

1=}
=

ol# g AWM

A
pud

b-u% &Evh Selt

5}

122

o

A

_L
-

_3']_

Collection @ kmou



Ca (mM) Mg (mM)
120 10 20 30 40 50y 60

6 T T T T 7

s IZIZ @aNoO 0O 4_5;:5\1%35[_ _- g Aragonite-rich

. Aragonlle—poov o
Aragonite

Sr

Mg/Ca Ratio
Y]

[ Calcite
1r 4 o

E = 4 500 Ferereneneennes ’
0 }‘ I u Lithification d g

I front
0 10 20 30 600
of

1000 2000 3000 4000
Temperature (°C) Sr (uM)

(@ Influence of solution Mg/Ca ratio and (b) Depth profile for Ca, Sr and Mg in
temperature on CaCOs precipitation site 1,000

Fig. 2.14 Change of CaCOs crystal structures according to Mg/Ca ratio and
temperature in seawater and contents of Ca, Sr and Mg according
to seawater depth
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Fig. 2.15 Calcareous deposit film thickness as a function of
nominal seawater velocity
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Fig. 2.17 Diagram of pulse current waveform ; (a) periodic reverse(PR), (b)
asymmetric sine(AS), (c) square
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A3 AF 4

31 AgHe &

2 APNA 55 5522 AHEH 73S Ak WAZT(cold rolled steel) o
2H AsaE 7hd, AR B Z4F A7)l 3 1—]3} A AEE e AA
oty &, 7)A AFHE 7FE 100mm X AE 70mm o] 7 0.5mm ¢ ¥
T8 W7k e ZIEKSD 3512, SPCOE AH&3tAth T3k o] AlgHe dAF

A= 918 717 A4 Imme F9hole)S 7Ha3ty e =4z 947
3P, =E2HEYE grtad FAE FdXE 39T Fig 3.1 A@H A
Azola, NdHe 538 =43 7|AH EAL Table 3.17 2t}

AY 2 w2e A7 1 F U}X](sand papen) 100W .2 vl § =5

F F 2% AHSL, JHNESE f ]*r'l—]' 258 AAR F Axstgnh
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v -

Fig. 3.1 Schematic diagram of a specimen

_45_

Collection @ kmou



Table 3.1 Chemical composition and mechanical properties of specimen

Cold-reduced carbon steel sheets and strip

Chemical composition [%] Mechanical properties

Fe 99.3 ~ Yield strength - 399

C ~0.12 [N/mm?]

Si - :

Tensile strenth 5

Mn -0.50 [N/mm] 10

P ~0.040 Elongation 34 ~

S ~0.045 (%]

- 46 -
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32 49 #AA & =4

321 43 BAA 74

02i

Fig. 322 2 A7 F Ad4ddA £33 47 FX9 BAEE eI Q)
o A7 2 AZE 9% A Az FAL AF AF7I(OWONAL
ODP3032 DC power supply) % H2x AHFZ]JISANG ELECTRICAHS]
DHP-R2009)E 7t7t Abg3tla, I AL dZ2d" 53 452 AgA
9 gAhEs o] &3sth OE17W A% AR Afdde Wi Jlss &8s
of AA9FPS YT F5 1, A2AAFIE FAFE 20~5000Hz 744 3
A F e 1485 2R o)k

l‘l

=

(DC & Pulse)

Sample plate Carbon
electrode

(a) schematic diagram of experiments by electro deposition method(E.D)

(b) photograph by DC E.D (c) photograph by pulse E.D

Fig. 3.2 Schematic diagram and photographs of film-preparation

experiment by electro deposition method
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Fig. 3.3 Schematic diagram and photographs of experiments by

electrodeposition method in open seawater
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33 43d ete] B4 £4 2 B}

331 ¥4 Ex=x #&F

A A AFee] ¥ EXZ Z X (morphology)e] #ES FWAMMAE FAA AL
A v (FE-SEM, field emission scanning electron microscope, MIRA-3, Tescan
Czech)& AH83slth AlPdHS 10~15kVe 7M&EHAdo =2 FAsked 500 ~
10,000 v &2 WA =2& #ZstA T Fig 342 £ A3@dA A8k FE-SEM
o] o ARRlE YERiT

Fig. 3.4 Photograph of FE-SEM
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332 Ao =4 d4& 4

AzE Azpere] 2AUL £4S IAGAE FAR AW B (FE-SEM, field
emission scanning electron microscope, MIRA 3, Tescan Czech)o| F2tH
EDAX(Energy dispersive X-ray spectrometer® AF&3}$th &, EDAXE 11 9
HA e Hapgle] Al gkgste] a9 XA o8] 1 o] 7= 9 353
Ng % gtk ol71AE 500 M€ 2 1,000 M gol A B
of M2tz =AS AFHLE E4Th Fig 35t & AdoAM AET

EDAX7} 238 A dAdn] 4 Aue 9@ Ade Jepir,

Fig. 3.5 Photograph of EDS(EDAX)
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Fig. 3.6 Photograph of HR-XRD(High resolution X-ray diffractometer)
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A7) A AZE kel BH- Ay

test HHHS

AbEStAT &, d=dte] A7}
#5351, Ho]H(taping ¥ HZAE 3
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7V 37 Y8l ISO 2409 Cross-cut

A% RUz @AY 2A7A
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ISO Class
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Fig. 3.7 Appearance of surface of cross-cut area
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335 EHAFEA B}

Azpete] i & EIHEAL 7ty B
(polarization) &34 &3 H71slATh 74 B2 =S 93 An|Ql ZE A
2 ~El(potentiostat)2 W= Gamry Instrument®] Interface 1000 =28 o] &3}
Atk EFAde 7L A5 I(working electrode)e] AlFH, FuiH=
(counter electrode)®] ®ra%-(carbon rod) T 7]F% S(reference electrode)2]
SCE(saturated calomel electrode) Ao 2 3t= 3dF AceldZ FASAT
A &4 27F 35% AIUHEF F&AS AHESIA, A@He FE9
Z A5k OCP(open circuit potential)7} ¥ & AlgS Y3t H ). Fig. 3.8
< EFAERA ] dF BAEE YERY AT

NaCl
3.5%

‘W.E : Working electrode
R.E : Reference electrode
C.E : Counter electrode

Fig. 3.8 Schematic diagram of polarization test
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Fig. 4.1 Diagram of pulse current applied to this experiment
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=

Fig. 4.2 Appearance of deposit films formed in natural seawater
with various current density conditions at duty cycle 10 %

: 2
Current wave form Current density (A/m°)

=
Current

[ R—
1 cycle

Duty cycle 50%

On
HE |3
1,000 | 3
I—IZ off . co;—déms B
Duty cycle 50% | e o i o Sl mi* i
* Hf : High frequency, Lf : Low frequency [ 3cm |

Fig. 4.3 Appearance of deposit films formed in natural seawater with
various current density conditions at duty cycle 50 %
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Fig. 4.4 Appearance of deposit films formed in natural seawater

under each current densities at low frequency 0.5Hz and

duty cycle 50 %
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Fig. 4.5 Appearance of deposit films formed in natural seawater

under each current densities at high frequency 1,000 Hz

and duty cycle 10 %
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Current Density - | Morplogy __ Weight gain
1.0 A/m? .q +0.03 g
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5.0 A/m? +0.61g
10.0 A/m? +1.12g
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L100um_J L20um |
Fig. 4.6 SEM images and weight gain of deposit films formed in natural

seawater under each current density at low frequency with duty
cycle 50 %
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Table 4.1 EDS analysis of deposit films formed in natural sea water under
each current densities at low frequency with duty cycle 50 %

Current
density | 1.0A/m®> | 25A/m?> | 5.0A/m?> | 10.0 A/m® | 50.0 A/m?
Element
0] 11.65 9.75 44.35 39.87 40.28
Na 5.64 2.84 141 0.95 1.95
Mg 2.65 0.96 39.01 35.15 52.68
Cl 0.81 0.55 2.21 3.36 3.70
Ca 0.26 0.12 2.65 2.65 1.38
Fe 64.52 83.63 - - -
C 14.48 2.16 10.36 18.01 -
Component [ E—_—" O\ m— | - L > pg -

A% 25 A/m?z7oA A3 =+e Fig,
o AFUE 502 10.0 A/m*ZAA A 23 1o

=

T =

AFL BT W, B 1 F95 F AFUVE 502 100
ke

= 4,
=7F &ehztol U’JrEP E}%*éol EX2A gy

Table 4.2= & A@=x2olA A= 2ol th EDS AE&4 23E HE
th 7|4 Table 419014 H<dt A FappolA AR w3t FASHA AR/

4
WEs} Eold4E Mg Aol Be vew AZHE Ao eyt
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2.5 Alm? +0.22 g
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5.0 AJm’ 1047 g

10.0 A/m? +0.83 g

SEM HV: 18.0 kv MIRAZ TESCAN  SEM HV. 16.0 kv WD 14.05 me
SEM MAG: 1.00 ks 50 ym Ky SEW MAG: 6,00 kx Det: SE

L_100um | L20um |

Fig. 4.7 SEM images and weight gain of deposit films formed in natural
seawater under each current densities at high frequency with duty
cycle 10 %
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Table 4.2 EDS analysis of deposit films formed in natural sea
water under each current densities at high frequency
with duty cycle 10 %

Current
density 2.5 A/m? 5.0 A/m? 10.0 A/m?
Element
O 48.47 43.88 42.87
Mg 45.47 48.76 41.12
Ca 2.86 - 1.14
Others 3.20 7.36 14.87
Component ‘5 ______ N ______ g S

Fig. 484 #FARE AFEE F9diolA A F30.5Ho)9k 11 F3<
(1,000 Hz)& AN Zek =toll gk M= =48RS 424 vlag 21& e
Atk F, A Fage F AFUE 3A/m* ZANAE Ao A ow FA
7] gFo} Fe Aol o AEHAG WA, 31 Fu¢ F AFLE 25 A/m?
102 AZE vt AfodE Fe AEL2 vA=E H1 A3d mute HEQ
Mg# Cai®el 2 ASHJTh =T olw IAE 2 1 aA= IA AL
AJNPEH 2 F2d FdFe Yeldoh 28 1 e =24 AR 94 Mg

TR i, CaRE=E 2~3% = HEHAT mepa] B2z B
A 5L FEY AFEEY Afde 1 Fugs 200w AHEste Zlo] ¥
o P EE NEYE O 5% AoE Asdn
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Fig. 4.8 Comparison of deposit films formed in seawater
by low and high frequency in similar current
density conditions
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Fig. 4.9 XRD analysis results of each deposit films formed in
seawater with each current densities and frequency
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Pulse current 2.5 A/m?, 1,000 Hz, Duty 10 % (x1,000)0 SEM & EDS

1279 Mg

Element Wit% At%
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Energy - keV/

Mapping image of each element

Na Mg (@)

Fig. 4.10 EDS component mapping analysis results of characteristic
composition of deposit films formed in seawater
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Table 4.3 Adequate current density per frequency

Current Ca Mg Deposit
_ Removal Recommend
density Appearance ) component | component | amount )
. of films ation
(A/m) (%) (%) ()
1.0 Rusty None 0.26 2.65 0.01 X
2.5 | Partly rusty None 0.12 0.96 0.07 A
5.0 Good None 2.65 39.01 0.61 O
Lf
10.0 Good Partially 2.65 35.15 1.12 O
50.0 | Rough film | Excessive 1.38 52.68 0.87 X
100.0 | Thin film | Excessive - < - X
1.0 None - - - X
2.5 Good None 2.86 45.47 0.22 O
5.0 | Rough film | Partially 0.00 48.76 0.47 AN
Hf
10.0 | Rough film | Partially 1.14 41.12 0.83 X
111.0 | 'Thin film | Excessive - - - X
159.0 | 'Thin film | Excessive - - - X
* Hf : High frequency, Lf : Low frequency
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Fig. 4.11 Schematic diagram of duty cycle 10, 30 and 50 % of pulse
current applied to this experiment
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Fig. 4.12 Appearance of deposit films formed in open seawater by
each duty cycle at adequate current density and frequency
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Morphology Morphology Morphology
Duty cycle
(X 100) (x500) (x1,000)
10 % '. 7 “, 4 '~‘&  % ‘ &, 3
30 % 03 i R "
50 %
Llmm iy “ L200um | o | L100um §

Fig. 4.13 SEM image of deposit films formed in open seawater under duty
cycle 10, 30 and 50 % at frequency 1,000 Hz and current density
2.5 A/m?
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Fig. 4.14 Weight gain and average current density of deposit films
formed in open seawater under each duty cycle at
frequency 1,000 Hz and at current density 2.5 A/m?
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Table 4.4 EDS analysis of deposit films formed in open
seawater under each duty cycle at frequency 1,000
Hz and current density 2.5 A/m?

Duty cycle
Elemont 10 % 30 % 50 %
O 48.67 47.04 49.16
Na 2.27 1.76 -
Mg 37.37 38.12 43.03
Cl 2.45 2.06 -
Ca 9.25 11.02 7.81
Fe - - -
B P — e
Ca @92 Ca W 1102 G B 78
Component o — s — o —
Others Others Others
1] 25 50 0 25 50 0 25 50

EF o174 MgOH), F& FEIACIE Z7hgol Wt YFARUEE /b8
WA EYHE UAYE Bol MSEEE Shsts FFol Utk o2
1

FAE o g3 AFFRE 08 2L He @S 3

s
Bttt o]A L Fuke OE‘?*EK‘W AFEE A719] FFHe] Azl A=
LA &, o]AL FE|Alo]Fo] /142 BEdY HAFFo] &7 wEd
th&A(porous) AR Tx7F AWl A =dIHdense) EF o2 AASA He A
o F AlsHTH
Duty cycle 10 % 30 % 50 %

Morphology

L20um |

Fig. 4.15 SEM image and morphology of the Mg(OH), films under duty cycle
10, 30 and 50 % at adequate current density and frequency
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Fig. 4.16 XRD analysis results of each deposit films formed in
open seawater with each duty cycle
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Fig. 4.17 A/B relative composition ratio under duty cycle 10,
30 and 50 %
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Fig. 4.18 Surface resistance properties for deposit films formed in open

seawater according to duty cycle 10, 30 and 50 %
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Fig. 4.19 Adhesion characteristics for deposit films in open seawater
according to duty cycle 10, 30 and 50 %
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Fig. 4.20 Appearance of calcareous deposit films formed at various
electrodeposition times in natural seawater
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Fig. 4.21 Weight gain of calcareous deposit films formed at
various electrodeposition times in natural seawater
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Fig. 4.22 SEM image of calcareous deposit films formed at various
electrodeposition times in natural seawater
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Table 4.5 EDS analysis of electrodeposit films formed at current density 2.5

Collection @ kmou

A/m? duty cycle 30% and frequency 1,000Hz at various

electrodeposition times in natural seawater 1L

Hour +1 hrs +2 hrs +5 hrs +10hrs | +20hrs | +45hrs

Element
0 33.08 42.4 45.03 40.62 44.69 48.54
Na 0.56 0.69 4.02 4.01 2.79 1.96
Mg 42.89 50.95 47.55 47.83 48.28 40.23
Cl 1.67 3.05 2.84 6.76 3.08 1.35
Ca 0.37 0.64 0.56 0.78 1.16 4.21
Fe 21.42 2.27 - - - -
?f * P ) = | e - "" g2l s
Component | 3=’ | & wmmm | Fpmpm | S | .
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Fig. 4.23 XRD analysis results of each deposit films formed in natural
seawater by deposition time
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Fig. 4.24 XRD spectra of Mg(OH), by various current densities
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Fig. 4.25 3D model analysis of the electrodeposited Mg(OH), thin films with (011) and
(001) preferred orientation
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Fig. 4.26 Growth mechanism of calcareous deposits by electro-deposition
method in natural seawater
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Fig. 4.27 Schematic diagram of the reaction process and the mechanism
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of crystal growth according to the duty cycle
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Fig. 4.28 High magnification morphology of calcareous deposits
with duty cycle 10, 30 and 50 %
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Fig. 4.29 Low magnification morphology of calcareous deposits
with duty cycle 10, 30 and 50 %
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