Corrosion Behavior of Some Steels in lonic Liquids
Based on Choline Chloride
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The corrosion behaviour of special steels (OL44, OL52, $51.4571) exposed to choline chloride (ChCl) based
ionic liquids, has been investigated by polarization curves method at 80°C. Micrographic images before and
after corrosion were obtained. The corresponding corrosion parameters in ChCIl-Oxalic acid and ChCI-Malonic
acid were calculated. The crystal structure was studied before and after the corrosion process by using X-
ray diffraction method. The specific magnetization was investigated by ponderomotive method.
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In the conditions of the aggressive environment impact,
for example of humid climate and high chloride contentin
the atmosphere, metallic materials that do not possess
satisfactory corrosion resistance, quickly lose their external
appearance, and then completely destroy. The result of
the low-quality materials use is the necessity of frequent
repairs of existing constructions or replacement of disabled
parts. Currently, there are a number of industries in which
the use of corrosion-resistant and heat-resistant steels and
alloys on the basis of iron and nickel has no alternative.
Alloyed steels are resistant to general corrosion, but they
are inclined to various types of local one, such as pitting
and intercrystalline corrosion. Therefore, modification of
already available grades of stainless steels is necessary in
order to increase the resistance to local corrosion types.
Nickel-based alloys have not only higher implement of
alloying elements in solid solution than other stainless
steels and iron-based alloys, but preserve a good
metallurgical stability. These factors have caused the
development of production of nickel-based alloys with
multiple alloying additions to provide a wide variety of
applications in aggressive environments.

The results of investigation studies indicate the
prospects of this direction [1-7], but a number of questions
cannot be solved without a complex study of the crystal
structure, magnetic properties and corrosion resistance of
stainless steels for special purposes.

The term ionic liquidis most often used for salts with a
melting temperature below 373 K [8]. lonic liquids (ILs)
are a new class of electrolytes with special properties and
with many applications in various fields: media for
electrodeposition of metals [9-11], fluids for thermal
storage and exchange in solar concentrating power plants
[12], use as solvents for chemical synthesis [13,14],
supercapacitors [15,16], electrolyte for electrochemical
devices such as battery [17]. ILs are ideal solvents for green
chemistry, metals electrodeposition and recovery from
electric and electronic waste [18-20]. The ILs involvement
will minimize the environmental pollution, and synchronizes
with the international technological development.
However, reports on the corrosivity of ILs against
engineering alloys are few in the technical literature. In all
these applications ILs come into contact with different
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materials and therefore must know the chemical activity
and their interaction effects. Over the years the corrosion
of metallic materials is a fairly studied in ILs [21-23],
Uerdingen et al. [24] investigated the corrosion behavior of
carbon steel, austenitic stainless steel, nickel based alloy
C22 copper, brass, and aluminum in seven ILs with different
chemical structure under flow conditions at temperature
up to 363 K. Reddy et al. [25] investigated the thermal
stability and corrosivity of various ILs against 316 stainless
steel and 1018 carbon steel by electrochemical techniques
at room temperature. Perissi et al. [26] studied the
corrosion behavior of several metals and alloys (copper,
nickel, AISI 1018 steel, brass, Inconel 600) exposed to a
typical ILs, namely the 1-butyl-3- methyl-imidazolium bis-
(tri-fluoromethanesulfonyl) imide ([C,mim][Tf,N]) by
electrochemical and weight-loss methods. However, the
question of interaction of ILs with the many metallic
materials remains open.

In this study, we report the results of influence of
corrosion process on different steels (OL44, OL52,
SS1.4571) after long-term interaction with some ChCl
based ILs.

Experimental part
Materials

Inthis study, we investigated the following steels: OL44,
OL52 and SS1.4571. The steels as OL44 and OL52 (STAS
500-68 and SREN 10025-2) are carbon steels for general
use and SS1.4571 an austenitic stainless steel with titanium
stabilization (EN 10088-1) The chemical composition of
these steelss is: OL44 (0.17% C, 0.65% Mn, 0.04% S, 0.04%
P, 99.1% Fe), OL52 (0.2% C, 0.5% Si, 1.6% Mn, 0.05% P,
0.05% S, 97.6% Fe) and SS1.4571 (16.5-18.5% Cr, 0-0.08%
C, 2-2.5% Mo, 0.05% Si, 0-0.05% P, 10.5-13.5% Ni, 0.4-0.7%
Ti, 0-0.03% S, 0-2% Mn, Fe balance).

Samples preparation

Samples were prepared for corrosion study according
to ASTM-G31 standard practice. The sample preparation
was done by polishing with abrasive paper of increased
granulation, degreasing with acetone and rinsing in double
distilled water,then with 50% sulfuric acid solution at a
temperature of 323 K for 1-2 min, followed by washing
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again with double distilled water and finnaly directly
immersed in the test solutions.

Potentiodynamic polarization measurements

Corrosion behavior of the samples (steels) was
evaluated through potentiodynamic polarization tests in a
standard three-electrode cell. The polarization tests were
conducted in two systems of ILs ChCl-Oxalic acid (1:0.5
molar ratio) and ChCl-Malonic acid (1:2 molar ratio) at 353
K, using a Princeton Applied Research model PARSTAT 2273
potentiostat/galvanostat with a Power Corr software [27].

Both ILs used were prepared in our laboratory by mixing
the choline chloride (Aldrich 98%, dried for 24-120 h at 353
K) with oxalic acid (Aldrich 99%) or malonic acid (Fluka
98%), heating in a baker the two components in 1:0.5 or
1:2 molar ratio at above 333 K for 30 min, until a
homogeneous and colorless liquid was formed. We made
no further purification on the substances used taking in
account that water traces in hydrophobic ILs surprisingly
proved to exhibit unusual corrosion inhibiting behavior by
protecting copper and nickel under aerobic conditions [28].
The physico-chemical properties (density, viscosity and
electrical conductivity) of the used ionic liquids were
determined in previous published papers [29, 30].

A thermostatic glass cell was used for electrochemical
corrosion tests. A 1 cm? surface area of the samples was
used as the working electrode (WE); the counter electrode
was a Pt plate (Radiometer) and as reference electrode
Ag/AgCl (0.5M AgCl Radiometer) was used. The cell
assembly was located at a Faraday cage to prevent
electrical interferences. The samples were immersed in
the electrolyte before the tests start and were allowed to
reach equilibrium, which usually took around 20 min. Linear
polarization curves were obtained by sweeping the
electrode potential in the range of £20 mV versus OCP
starting from cathodic region, after a constant value of OCP
was achieved. Tafel polarization experiments were
performed with a constant scan rate of 0.166 mVx=s?, while
the potential was shifted within £250 mV versusEk ., [31].
To achieve reproducible results, each determination was
made three times.

Structure and micrographic characterization

The crystal structure of stainless steels was
characterized by X-ray diffraction (XRD) using X-ray
diffractometer (model DRON-2) with Cu-K -radiation
(A=0.154 nm) working at 2 kW at room temperature. X-
ray patterns were obtained by the automatic recording of
reflection intensities using a 0.03° scanning step and 2-3 s
time per step. The obtained XRD data were analyzed with
the Rietveld-type refinement FullProf program. The average

size of crystallites (d) was calculated using the Debye-
Scherrer equation [32, 33]: B(20)=kxA/d>cos6, where k
is a constant taken as 0.94, A is the wavelength of the X-
ray radiation (Cu-K_=0.15406 nm), © is the diffraction
angle and B is the fine width at half maximum height
(FWHM) [34,35]. Dislocation density, &, is determined by
equation: d=1/c.

The micrographic images with x100-x800
magnifications were obtained with a metallurgical
microscope (New York Microscope Comp.) with camera
aquisition.

Magentic characterization

The temperature dependence of the specific
magnetization was studied in the temperature range of
77-1100K by the ponderomotive method in the field of 0.86
Tesla [36].

Results and discussions
Electrochemical test results

The open circuit potential (OCP) of OL44, OL52 and
SS1.4571 steels is expected to be dependent on the
characteristics of resulted oxide, such as oxide thickness,
composition, conductivity, structure, etc. After 7-10 min
time ofimmersion at 80°C in the ILs corrosive environment
the studied steels present OCP potential values varying
from -0.029V for SS1.4571 sample in ChCl-Oxalic acid to -
0.250 V for OL52 sample in ChCI-Malonic acid. The OCP
values are listed in table 1.

Figure 1 show the Tafel plots obtained from the
polarization curves of the steel samples in the two ILs
used. Corrosion potential (E_ ) and corrosion current
density (i) derived from the polarization curves using
Tafel extrapolation are summarized in table 1. Corrosion
rate (CR) expressed as penetration index in millimeter per
year was calculated from the product: 87.6 xi_ /(p.z.F),
where r is the steel density (8 gxcm?), z=2"humber of
transferred electrons and F is the Faraday constant.

The plots and the corrosion data indicate that all steels
studied have good corrosion protective properties with
corrosion rates ranging from 0.1-27.3 pum/yr. The SS1.4751
sample has the lowest corrosion rate in both ChCl-Oxalic
acid and ChCl-Malonic acid. From the shape of Tafel curves
we can see existence of the passivity and transpassivity
domains for all types of steels. Steels OL44, OL52 show
more intense corrosion, which highlights the fact that the
passive films deposited on these samples are very thin.

The stainless steel SS1.4571 has a good corrosion
resistance so it can be said that the passive layer formed
on its surface is more stable and resistant. Regarding the
aggressiveness of these ILs we can mention that the ChCl-

Corrosive media Sample Eoce Ecm Lo CE
Ay W) (uA-cm?) {pm-year)
ChCLOxalic acid (103 orgd 0,155 0201 {75600 1730 Table 1
molar ratic) iy 0302 D188 503 41 1159 Fggiﬁ?;?%fégﬁgf&
§S14571 0029 0753 513 0.10 IONIC LIQUIDS AT 80° C
CHCL-Malonic acid oL 0346 02263 {30500 1768
(1:2 molar ratio) OLs2 0350 02268 TIEAD 10734
SS14571 0053 0110 7748 064

Epcp=rest potential; Eqon=corrosion potential; teop=corrosion current density; CR=corrosion rate
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Microscopic study

Microscopic images in figures 2 and 3 show that OL44
and OL52 steels have a compact and homogeneous
surface before corrosion and after corrosion the surface of
these samples shows some changes due to the
corrosiveness of ILs.

X 100 o X800
Fig. 2. Micrographic image of OL44 sample: a) initial stage;

b) corroded in ChCI-Oxalic acid; c) corroded in ChCl-Malonic acid.
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The microscopic images show also that for both
samples OL44 and OL52 the corrosion in ChCl-Oxalic acid
is stronger. For the images in figures 2c and 3c we believe
that the identified colored phase originates from ILs itself
due the fact that the samples were not well washed from
the ILs. On the whole, microscopic data are in perfect
correlation with electrochemical results.

For the SS1.4571 steel sample the microscopic images
before corrosion (fig. 4a) present a surface that is not
homogenous, even with formation of degradation products
that can generate corrosion points. The SS1.4571 austenitic
steel contains an addition of molybdenum and titanium
that gives it improved in corrosion resistance. This is
particularly aparent for pitting and crevice corrosion in
chloride environments. The images of this sample after
corrosion in ILs (fig. 4b, 4c) show that in the warm
environment (80" C) of choline chloride-carboxilic acids,
the crevice corrosion is produced. However the corrosion
is not very different in ChCl-Oxalic acid or ChCl-malonic
acid, results which are in good agreement with
electrochemical corrosion data.

XRD diffraction analysis for crystal structure

X-ray diffraction patterns of OL44 and OL52 stainless
steel samples before and after corrosion action are shown
in figures 5 and 6 respectively. The analysis showed that
the two samples have the same crystal Im 3m type
structure with the presence of a significant proportion of
the iron phase, that correlate with chemical composition
of these steels. Reflexes of diffraction patterns were
indexed according to ID 06-0696 of PCPDFWIN data base
(V:2.00, 1998) (a=0.2866 nm). The unit cell parameter (&)
is equal to 0.2868 nm for OL44 and OL52 steels. After
corrosion action on X-ray diffraction patterns is not
observed the appearance of new lines, this means that is
not revealed the crystal structure changing. In case of
stronger ChCl-Oxalic acid corrosion action the crystal cell
parameter is equal to 0.2870 nm for OL44 steel and 0.2869
nm for OL52 steel.

Fig. 3. Micrographic image of OL52 sample: a) initial stage;
b) corroded in ChCl-Oxalic acid; c) corroded in ChCl-Malonic acid.
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x 100 o  x800
Fig.4 Micrographic image of SS1.4571 sample: a) initial stage;
b) corroded in ChCI-Oxalic acid; c) corroded in ChCI-Malonic acid
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Fig. 5. XRD spectra of OL44 sample before and after corrosion
at80°C

X-ray diffraction pattern of SS1.4571 stainless steel
sample is represented in figure 7. This sample also has a
similar cubic unit cell, but a different space group (Fm3m).
Reflexes were indexed on basis of FeNiCr phase according
to ID 33-0945 (a=0.3554 nm). Unit cell parameter a is
equal 0.3599 nm. In this case the presence of chromium
and nickel in steel does not lead to the appearance of new
lines accordingly to the crystal structure change. A
redistribution of the intensities of the diffraction lines is
observed. This may indicate the presence of a textured

REV.CHIM.(Bucharest)¢ 69¢ No. 10 ¢ 2018

oLs2

corrosion in ChCl-Malonic acid

corrosion in ChCl-Oxalic acid

Intensity / a.u.

before corrosion

Fe (110)

= Fe (200}

b— e (211)

= Fa (220)

> Fe (310)
Fe (222)

T T T T
20 40 60 80 100 120 140
Diffraction angle 20 / degree

Fig. 6. XRD spectra of OL52 sample before and after corrosion at
80°C.
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Fig. 7. XRD spectra of SS1.4571 sample before and after corrosion
at80°C

state due to deformation of crystal cell as a result of doping
by nickel and chromium. As in case of OL44 and OL52, the
corrosion action of ChCI-Malonic acid and ChCl-Oxalic acid
does not has a significant influence on stainless steel
samples crystal structure. For §51.4571 stainless steel
crystal the cell parameter a is equal 0.3600 nm after
corrosion action of both ILs.

The crystal parameters of all investigated steels before
and after corrosion action are presented in table 2. After
the corrosion process one can see from figures 5-7 and
table 2 that there are no significant changes in the XRD
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Sample Uit cell Average size of Dislocations a7 Te
parameter crystallites density, (A-m? kgl E)
& (nm) d (nm) 3107 (nm?)
OLiq (VETT 1580 E I0850 a73
OL4A L) (VEN{] 1680 3% T1000 0835
Table 2
OL44 {11 0% 1718 343 T1030 o3 CRYSTAL
- PARAMETERS AND
oL 0IE6Y 1503 443 200 ugl MAGNETIC
or3Im 01869 1678 33350 205 ag3 PARAMETERS OF
STAINLESS STEELS
0L 0IE6Y 1781 3739 0330 uay
BETAFTI* 03550 1337 1608 RN 743
SSTASTII 03600 077 1314 BT T8
ST 03600 7334 1833 B0 805
*_before corrosion, (Il-corrosion m ChCl-Oxalic acid, (II)-corrosion m ChiCl-halonic acid
patterns, unit cell parameter, average size of crystallites or
dislocations density, which means that the used ILs do not o T — 5 s
e Qrgng o

exceed an important corrosion process on these steels.

This XRD study confirmed that for steels OL44 and OL52
the main phase is iron, while for SS1.4571 is a Cr-Ni alloy.
This fact explains the corrosion data, as iron is very
susceptible to corrosion. Presence of nickel and chromium
increases corrosion resistance of austenitic steels in acidic
solutions that is proved by results of corrosion
measurements.

Magnetic properties

Figure 8 presents the comparison of specific
magnetization vs. temperature dependences for OL44,
OL52 and SS1.4571 steels before and after corrosion action
of ILs during heating at 827 C. The OL44 and OL52 steels
have a similar character magnetic confirming the presence
of free iron. At liquid nitrogen temperature the specific
magnetization (o) is 209 A . m? . kg for OL44 and 200 A .
m? . kg* for OL52. It should be noted that cooling and
heating dependences o=f(T) of the two samples are
identical. The Curie temperature, defined from
dependences o?=f(T), is 975 K for OL44 and 980 K for
OL53.

For SS1.4571 stainless steel there is another character
of the temperature dependence of the specific
magnetization. At liquid nitrogen temperature the value of
ois8.1A.m?.kg?, and the Curie temperature is 795 K.
Heating of this sample up to 1000 K and subsequent
measurements of samples with slow cooling led to
decreasing of the specific magnetization to a value about
3.0A.m?. kg* at room temperature.

The magnetic curves from figure 8 show that such
influence of corrosivity of ChCl-Malonic acid and ChCl-
Oxalic acid ILs has only surface influence and has not
significant effect on specific magnetization values of these
samples. The parameters of magnetization curves are
presented also in table 2.

Correlating XRD, magnetic and corrosion data, one can
say that the OL44 and OL52 steels exhibit higher corrosion
rates in both ILs (the presence of Fe from XRD diagrams
confirm this fact), while SS1.4571 stainless steel has a
low corrosion rate due to the presence of FeNiCr
combination which gave a good corrosion resistance.

2646

Magnetization, o f A.m hkg”

Magnetization, = / A-m" kg
=
=

Magnetization, o [ A m’ kg
=

200
180

140
120
100
80
80
40
0
[/

- s o o= R B2
U - T Rl @ O B oo B3
2 o 2 2 o 2 2 o o 9 o

1680 4

Chic-Malonic aced

¢ u*
woo{ O, ® 7
[ |
L
a0 e o Tk
. |
4000 LT ] o
s 5
2000 ue %
L)
s ", x
0 MT-K .
B50 1000 1050 -,

L -

T T T T T T . T T T Y
0 100 200 300 400 500 GO0 TGO BOO GO0 1000 1100
T/IK

a)

W befe CofmosEon
ChCH-Cralie weid
ChCa-Malonic sckd

.

@

=

0
0

-
100

T T T T T T T T T '
100 200 300 400 500 600 700 800 %00 1000 1100
TIK

b)
W pefare COMoScn

& ChCHCuaks ackd
@ ChikMaloric acid
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before and after corrosion action of ionic liquids
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Conclusions

The study of crystal structure and specific magnetization
of OL44, OL52, SS1.4571 steels before and after corrosion
action of ChCl-Malonic acid (1:2 molar ratio) and ChCl-
Oxalic acid (1:0.5 molar ratio) ionic liquids was
successfully carried out.

XRD data confirm that the main phase of OL44 and
OL52 steels is iron and of SS1.4571 steel is Fe-Cr-Ni alloy.

All investigated OL44, OL52, SS1.4571 steels are
ferromagnets with a phase transition temperatures of 975,
980 and 795K, respectively. The OL44 and OL52 steels are
resistant heating up to 1100 K, while the heating of
§S1.4571 steel reduces 2.3 times the specific
magnetization at room temperature.

It is revealed that corrosion action of ChCl-Malonic acid
and ChCl-Oxalic acid ILs not have a significant effect on
the crystal structure and specific magnetic characteristics
of studied steels.
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