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Formation of brucite—Mg(OH); films by electro—deposition process

and their evaluation properties

Byung Gu, Kim

Department of Marine System Engineering

Graduate School of Korea Maritime University

Abstract

Sea water which occupies three quarters of the earth is the strongest
corrosive environment containing various kinds of chemical ions. For instance,
Cl ion in seawater accelerates metallic corrosion, on the other hand, other
ions such as Mg2+ and Ca”" can be very useful to protect metal from
corrosion by means of electrochemical techniques. The cathodic protection is
one of such methods. The interesting feature of cathodic protection is that Mg
and Ca ions in seawater have capability to form calcareous deposits on metal
surfaces. In general, cathodic current on metal applied by electro—deposition
as cathodic protection—application principle is assumed to increase the OH in
the solution neighboring to the metal surface and the increase pH at metal /
seawater interface cause precipitation of brucite crystal structure-Mg(OH): as
following formula; Mg?" + 20H — Mg(OH)s. This is typically the main
calcareous deposits—compound in electrodeposited coating films. The Mg(OH)s
film on metal are believed to promote a physical barrier against oxygen
diffusion. Especially, it is considered that Mg(OH), films on steel lower the
corrosion rate in seawater environment. However, both the slow depositions

rate and a weak adhesion between deposit films and metal substrate remains a



challenging  task. Based upon this assumption, environment  friendly
electro—deposited Mg(OH): films were formed by applying cathodic protection on
steel substrate submerged in various seawater conditions. The effect of anode and
current density on deposition rate, composition structure and morphology of the
deposited films were investigated by Scanning Electron Microscopy(SEM) and
X-ray Diffraction(XRD), respectively, The adhesion and corrosion resistance of the
coating films were evaluated in accordance with JIS code and by natural potential
test respectively. From an experimental result, the electro—deposited film under
using AZ31(Mg alloy) anode has the best physical properties because Mg(OH),
layers are coordinated octahedral by O-H groups with the hydrogen pointing in the
direction of the next layer. In addition, it is found that as cathodic current density
goes up, the weight gain of electro—deposit films increases. However, the adhesion
of electro—deposit prepared at 5 A/cm® current density 1s better than under
8~10A/cm® conditions. Finally, it is found that the formation time is reduced more
than others in the condition that oxygen gas is added to the substrate.

Concludingly, the study for the improvement of adhesion, corrosion resistance

and economic feasibility were proceeded as follows.

— Electro—deposited films according to the various sacrificial anodes ;
The formation of electro—deposition material affect the stability of product according to
sacrificial anodes by free—energy for cathodic protection. Therefore the study was carried

out how does the various anodes make effects on the electro—deposition film.

— Electro—deposition films according to various current densities ;
The study was tried to find optimum current density for making electro—deposition films

by the AZ31(Mg alloy) anode which was selected through the above mentioned experiments.

- Electro—deposition films according to various gases ;
The properties of electro—deposition films change because the chemical reaction process
1s affected under various solution conditions. Here, the films which was made according to

various dissolved gases in natural sea water were analyzed and evaluated.
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Fig. 2.3 Redution and Oxidation of molecular X
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(a) Formation of adoption atom of hydrogen(Had) by an electron reduction reaction

” \CCS - Had
. H,O S
. H;O* ; Vs H,O

(b) Formation of H2 by the second reduction reaction of next electron

at the same time

.

Cd A H2
\\ Had \\
o D&
£ 1,0
HLO" :

.
7
’
’
Y
iy
N
\

(b'") H2 by bonding of two Had

:jé 2 é

Fig. 2.4 Sequence of reaction for hydrogen formation
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Fig. 2.5 Exchange current densities of hydrogen generation according to metal electrode
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Fig. 2.6 Electrochemical reaction of corrosion
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Fig. 2.15 Distribution of dissolved carbon species in seawater as a function of pH.

Table 2.3 Analysis of calcareous deposits according to the change of

current densities

Current Density (mA/cm?)

Ion (%) 0.54 1.08 1.85 4.31
Na 0.72 0.85 0.78 1.03
Fe 3.78 3.46 2.60 2.12
Si 0.65 1.77 1.30 0.41
Cl 0.44 0.84 0.76 0.55
COs3 44.62 32.62 29.66 14.70
Ca 28.91 20.88 17.54 6.73
Mg 6.51 13.53 18.00 29.47
Sr 0.14 0.06 0.04 0.006
OH" 8.37 18.18 23.95 38.52
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Table 2.4 Selected values of solubility products of carbonates and

hydroxides
Solubility products at 35 % salinity (mol/kg seawater)
Compound 25 C 2 C
1 atm 400 atm 1 atm 400 atm
Calcite 46 x 107 |81 x 107 | 48 x 107 |10.1 x 10~
Aragonite 6.7 X 1077 - - -
Mg(OH). 4.5 x 107" - 2.8 x 1071 -
MgCO3-3H:0 3 x 10™ - - -
SrCOs 5 % 1077 - - _
600

400

Saturation %

200

Aragonite, N. Atlantic

Calcite, N. Pacific

Aragonite, N. Pacific

Calcite, N. Atlantic

Fig. 2.20 Degree of saturation as a function of depth for calcite

2.0

4.0

Ocean depth (km) .
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Fig. 3.1 Schematic diagram of a specimen
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Table 3.1 Chemical composition and mechanical properties of the test material

Materials Cold roll(es% galil))on steel
Chemical composition (wt. %) Mechanical properties
Fe 92.481 Tensile strength 275
C 0.120 (N/mm?) and above
Si - ) 37
Mn 0.500 Elongation (%) and above
P 0.040
Hardness 50 ~ 71
S 0.045 (Hgp)

32 4834 2 A% 27

APk @, FFA SFAAAD] b Al lstel FIFF Fel AR
s2/ Huz olF Aojsy] Aste] ARFL AT & Ut A4

¢
N

=Zo
12717 &9 AF™EE 5 A/mzi ek =2y
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Fig. 3.2 Schematic diagram of electrodeposition experiment in natural
seawater at room temperature.

Anode

Fig. 3.3 Schematic diagram of electrodeposition experiment in natural sea water
at room temperature using slat bridge between anode and cathode
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Table 3.2 Experimental conditions of electrodeposition methods

Current ) D it D it
“ e.n Anode |Salt Bridge e.p031 epost
density time temperature

Fe
/n
Al

Solution

Natural
seawater

5 A/m® 12 Hour 25°C

Carbon

Mg

O]

e vtgez Mg(OH):

2

sl NAPE} 2 e Byel $EAE 249 AZ-31 Wdd FFL
3.3

Sol mE 542 2497t s

Table 3.3 Experimental conditions of electrodeposition methods

Current Deposit Deposit Solution Anode
density(A/m?) | time(Hours) | temperature(°C)
1
- Natural AZ=31
5 12 25°C (Mg alloy)
seawater
8
10
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Fig. 3.4 Photograph of scanning electron microscope apparatus
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Fig. 3.5 Photograph of X-ray diffraction apparatus
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Anode
seperated

Fe Anode AZ31 Anode

7Zn Anode Al Anode Carbon rod

|15mm |

Fig. 4.1 Photographs of the electrodeposit films formed in 25°C natural
seawater(5 A/m? : Cathodic current density)
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Table 4.1 Weight gains of electrodeposition films formed at various anodes

for 12 hours in 25 °C natural seawater

Weight gain of electrodeposit films

Carbon | Separate

Anode Fe AZ31 Al Zn [+]
rod anode

Weight gain
3.397 6.667 7.101 6.523 8.695 6.667

(mg/cm®)

% electrodeposition condition : 5 A/cm?® 12 hours, 25°C S.W.

wo/3unyures YoM

4

Fe AZ31 Al Zn Carbon Separgte
Rod anode

Anode

"Separate anode""™ : AZ31 Anode was separated by using saltbridge

_57_



Separate
anode

AZ31 [+] /Zn Anode Al Anode Carbon anode

Fig. 4.2 Photos of the electrodeposit films after taping test for adhesion property

¢ electrodeposition condition : 5 A/cmz, 12 hours, 25 °C S.W.

nl*]

"Separate anode . AZ31 Anode was separated by using saltbridge

Standard of taping test
0 % Flake 5% Flake 5~15% Flake 15~35% Flake 35~65%Flake 65% 1 Flake

P E L)L Allspecimens
that it’s not
possible to
decide with the
examples

1 i L I

—
—

=
o

Il

—— e e f—

-
.
]

Fig. 4.3 JIS standard of the taping test for adhesion property
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30pm ' Electron Image 1

1 L T & T T
05 1 15 2 25
ull Scale 1625 cts Cursor: 1.618 (34 cts)

Spectrum processing @ «

N

HNumber of iterations = 3¢
Standard:+
0 502

Peak possibly omitted : 6.410 keVe

1-Jun-1999 12:00 AM¢
Na Albite 1-Jun-1999 1200 AM¢
Mg MgQ 1-Jun-1989 1200 AMe

S FeS2 1-Jun-1999 1200 AMe
€l KCl 1-Jun-1999 1200 AM¢

Ca  Wollastonite 1-Jun-1999 12:00 AM¢

Elemente | WeightZe AtomicZe ¢

e & o o

O K¢ 55.61¢ 66,33¢ e

Na K¢ 2,140 1770 e

Mg Ko 3130 29,14¢ o

S Ke 0.59¢ 0, 35¢ o

ClKe 3.95¢ 213 f

CaKe 0.59¢ 0,28¢ W

4% Totalge 100,00+ ¢ @

ey
by using

Fig. 4.4 EDS analysis results of electrodeposition films formed

anode for 12 hours in seawater
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Spectrum processing :
Peak possibly omitted : 6.439 keV

Processing option - All elements analyzed (Normalised)
Number of iterations = 3

Standard:

0O Si02 1-Jun-199912:00 AM
Mg MgO 1-Jun-199912:00 AM
S FeS2 1-Jun-199912:00 AM
Cl KCl 1-Jun-1999 12:00 AM

Element Weight% Atomic%
QK 56.13 6644
Mg K 4125 3214
SK 0.59 035
ClK 201 107
Totals 100.00

' Electron Image 1

0s 1 15 2 25 3 35 4 45
ull Scale 1969 cts Cursor: 1.618 (33 cts) keV

Fig. 4.5 EDS analysis results of electrodeposition films formed by using Zn

anode for 12 hours in seawater



Substrate : Fe
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,JL, o lA__J\ J\ '/L/M"’\“M’AT Anode
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rd — VI - | 1 1
JCPDS Card of Mg(OH),
1 2 2 3 3 4 4 5 5 6 6 7 7 8
5 0 5 0 5 0 5 0 5 0 5 0 5 0
B : Brucite Mg(OH), MO : Magnesium Oxalate (MgO) A @ Aragonite (CaCO5)

Fig. 4.6 XRD Analysis of the electrodeposit films formed in natural seawater
with 5 A/m® of cathodic current density according to various anodes
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1 A/m® 2 A/m® 5 A/m°® 8 A/m* 10 A/m®

15 mm
Fig. 4.8 Photographs of the electrodeposition films formed at various current

densities in 25°C natural seawater(Anode : AZ31)

Table 4.2 Weight gains of electrodeposition films formed at wvarious
cathodic current densities for 12 hours in 25 °C natural seawater

Weight gain of electrodeposit films

Ampere 1AM | 2A/m° | 5A/M° | 8 A/m® | 10 A/m®

Weight gain

2 0.714 2.142 6.667 10.476 12.619
(mg/cm”)

% electrodeposition condition : 5 A/cmz, 12 hours, 25°C S.W.

14
4""

8 /
el
4 //
2 /

0 T T T 1
LA/m 2A/m 5A/wW 8 A/W 10 A/

Current density (A/m’)

Weight gain
(mg/cm?)
[+)]
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Fig. 4.9 Photos of the electrodeposit films after taping test for adhesion property

(Anode: AZ31)
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25 °C 45 °C

5 A/m®

Fig. 4.10 SEM photos of the electrodeposition films formed at various current

densities in seawater (Fe anode)
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Fig. 4.11 SEM photos of the electrodeposition films formed at various current
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Spectrum processing ¢
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Processing option :© All elements analyzed (Monmalised)

Mumber of iterations = 3
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Idg MO 1-Jun-199912:00400
5 Fed2  1-Tun-199912:00AM
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10pm ! Elzictron Image 1

Ca Wollastonite  1-Jun-199912:00AM
=

Element Weight%s Atorn %%
0K 48,98 59.66
Ma K 083 0.7
Mg K 47.74 38.27
5K 0.60 0.37
cl K 1.61 0.89
Ca K 0.23 011

oz 4 & & w1z 1
Total s 100.00 Full Scale 3701 cts Cursar: 0.000 ke

Fig. 4.13 EDS analysis results of electrodeposition films formed at 1 A/m? in

seawater (AZ31, Mg alloy anode, 12 hours)
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Spectrum processing
Peak possibly omutted © 6,411 Ly

Processing option : All elements analyzed (Mormalised)

Mumher of iterations = 3

Standard

o 2102 1-Tun-199912:00AM
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Iz MgO  1-Tun-199912:00A11
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Element Weight%s Aot o
oK 45.11 58 8a
Ma K 0.55 047

Mz K 48 58 39.12
5K 079 04a
ClK 1.62 0.90

Ca K 0.34 017
Totals 1an.0n

Fig. 4.14 EDS analysis results of electrodeposition films formed at 2 A/m? in
seawater(AZ31 anode, 12 hours)



Spectrum processing :

Mo peaks omitted

Processing option © All elements analyzed (Mormalised)

Number of iteratons = 3

Standard ¢
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cl ¥ .01 056
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Totdls e Full Scale 3701 cts Cursor: 0.000 k|

Fig. 4.15 EDS analysis results of electrodeposition films formed at 5 A/m? in

seawater(AZ31 Mg alloy anode, 12 hours)
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Specttum processing |

Mo peaks omitted
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Mumber of iterations = 2
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Fig. 4.16 EDS analysis results of electrodeposition films formed at & A/m? in

seawater(AZ31 Mg alloy anode, 12 hours)
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Fig. 4.17 EDS analysis results of electrodeposition films formed at 10 A/m® in

seawater(AZ31 Mg alloy anode, 12 hours)
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Fig. 4.19 The unit cell of Brucite

Fig. 4.20 The electrostatic coordination in Brucite, showing the

diagonal mirror plane through the unit cell
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Table 4.3 Weight gains of electrodeposition films formed at various gas
conditions for 12 hours in 25 °C natural seawater

Weight gain of electrodeposit films

Anode AZ31
Gas Gas free|Gas free COq COgt Og or
Salt Bridge X O O O O

Weight gain

5 6.667 6.667 0.03 0.03 8.51
(mg/cm”)

¥ electrodeposition condition : 5 A/cmz, 12 hours, 25 °C S.W.

((wo/Swyured YIOM

4

Gas Free éGas Free CO2 COzt+Og O

No Salt | Salt | Salt | Sait | Salt
Bridge : Bridge : Bridge ' Bridge ' Bridge
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Fig. 4.28 EDS analysis results of electrodeposition films formed with Mg anode

by 5 A/m® of cathodic current density for 12 hours
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Fig. 4.29 EDS analysis results of electrodeposition films formed with Mg anode

using salt bridge by 5 A/m? of cathodic current density for 12 hours
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Fig. 4.30 EDS analysis results of electrodeposition films formed with Mg anode
seperated using salt bridge and Os gas by 5 A/m” of cathodic current
density for 12 hours
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Fig. 4.31 EDS analysis results of electrodeposition films formed with Mg anode
saperated using salt bridge and COs gas by 5 A/m? of cathodic

current density for 12 hours
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