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Anomalous pitting sensitivity of titanium in ammonium bromide solutions was detected. Under
saturation conditions pitting was not observed visually after anodic polarization and positive hysteresis
loop was not recorded. Electrochemical impedance spectroscopy (EIS) shows an increase in resistance
with time without an inductive element in the equivalent electrical circuits. This anomalous behavior
may be related to changes in the molecular structure of the OH bonds under saturation. In dilute
ammonium bromide solutions, a pitting attack was observed visually after anodic polarization and cyclic
polarization had shown a positive hysteresis loop. EIS shows an inductive loop related to the active pits
that exist on the anodic surface.

Keywords: Titanium, pitting, Ammonium Bromide, saturation, EIS, polarization.

1. INTRODUCTION

Titanium and titanium alloys are attractive metallic materials widely used in medicine,
dentistry, and aeronautical applications due to their corrosion resistance, mechanical properties/density
ratio, and biocompatibility [1-3].Titanium and its alloys present a high corrosion resistance even in
aggressive environments such as halide solutions, because of spontaneous formation of a chemically
stable thin passive titanium dioxide (TiO2) film. According to the literature, titanium alloys are
extensively used in bromine production plants, wet chloride media, and diluted or concentrated
chloride and bromide environments [4].

A previous study reported that titanium exhibits a much greater sensitivity to localized
corrosion in bromide compared to chloride environments [5]. This behavior is attributed to a
significant decrease in the anodic breakdown potential under bromide environments [6,7]. The
phenomenon was also related to the higher polarizability of bromide compared to chloride ions.
Therefore, bromide ion is a better electron donor compared to chloride, enhancing a higher electrical
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conductivity of the passive film. Hou and Meng suggested that pit initiation of unalloyed titanium in
bromide solutions is related to the absorption of Br™ at the oxide/solution interface, which eventually
forms bromide nuclei such as TiBr [8]. It is suggested elsewhere that in bromide media a surface
defect in the metal matrix encouraged localized growth of the passive film [9]. These defects appear as
an area for a pit nucleus at which a halide ion mass transfer occurs and favoring the formation of
titanium tetrahalide or oxyhalide.

Electrochemical studies based on electrochemical impedance spectroscopy (EIS) suggested a
relationship between spectra features and pitting steps such as: incubation, propagation, and relaxation.
According to these studies, in the early stage of the pitting pathway an inductive loop had been
observed under low frequencies, indicating the incubation stage [10]. The propagation of the pitting
process as a result of a longer period of exposure is usually characterized by a shift of the extreme in
the Nyquist diagram to the direction of the origin (leftward). When the pits became electrochemically
inactive the inductive loop disappeared and two capacitive loops could be observed [11]. The first
capacitor is related to the passive layer and the second is related to the new interface created by the
pitting activity [12,13]. The time of relaxation zin the pitting process is expressed by:

1

T —
W=

Where w* is the value of the frequency in the minimum of the inductive loop. Lower
frequencies indicate longer time of relaxation [14].

Agueous concentrated bromide solutions are commonly used as electrolytes in electrochemical
machining of titanium, and due to their high density they are also used as fluids in the oil drilling
process [15,16]. Few studies deal with the behavior of concentrated brines as well as saturated brines
as electrolytic media or as corrosion environment [17]. The molecular structure of such media has been
studied by Raman spectroscopy [18]. The lack of H,O molecules in the concentrated brine solutions
leads to a change in the OH" bonds, which further modifies the chemical activity of the concentrated
solutions and may lead to unexpected results.

This article deals with the full spectrum of concentration from 1M of ammonium bromide to
the saturated solution at ambient conditions, containing 7M ammonium bromide. Blasco et al.
investigated the behavior of titanium in concentrated LiBr solution that is used in absorbing air
conditioning machines [19]. They found that the pitting corrosion susceptibility of titanium increased
with the LiBr concentration. Madore and Landolt studied the electrolytic polishing of titanium in 5M
NH,Br solution at 25°C [15]. They reported that at 2V vs. Hg/Hg,SO, reference electrode, pitting
dissolution occurred and the surface became rough. A smooth surface was obtained at potentials above
5V vs. Hg/HQg,SO,. In their study, cyclic polarization measurements or EIS were not reported and the
main findings were related to the electrochemical machining of titanium as a photoresist.

Titanium, as a passive metal, is usually attacked in localized corrosion such as pitting or
crevice formation [4,20]; This sensitivity is augmented by the presence of bromide ions in aqueous
solutions. However, in alcoholic media it may result in stress corrosion cracking SCC [21,22]. The
present research evaluates the pitting sensitivity of titanium grade 2 in NH4Br aqueous solutions using
EIS technique, cyclic polarization measurements, and SEM observations.
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2. MATERIALS AND METHODS

The tests were performed in a three-electrode cylindrical cell using platinum as a counter-
electrode and standard Ag/AgCl (3.5M KCI) as a reference electrode as shown in Fig. 1. The working
electrodes were made from unalloyed titanium grade 2 with maximum content of 0.3wt% Fe, 0.1wt%
C, 0.25wWt% O, and 0.03wt% N. The area of the working electrode was 4.5cm?. The working electrode
samples were cut from 2 mm width plate. Prior to exposure, the tested coupons that acted as working
electrodes were polished with SiC paper to 500 grit, rinsed with de-ionized water and dried with
acetone. The electrochemical cell was designed to stimulate pitting attack combined with crevice
development under the Teflon gasket [23]. The apparatus exposes a large area of the working electrode
located parallel to the counter-electrode. Both electrodes have the same size. In this cell the electrical
field is homogeneous and the direction of the electrical field is perpendicular to the surface exposed to
the environment under the anodic conditions. Test solutions contain NH4Br in the following
concentrations: 1 M, 4 M, and saturated solution of 7 M. The aqueous solutions were prepared from
commercial solid NH4Br and de-ionized water. Polarization and AC impedance measurements were
carried out on a Versa stat 3 potentiostat system under computer control using V3 studio software.
Cyclic potentiodynamic polarization curves were made using a scan rate of 1mv/s. Electrochemical
impedance spectroscopy was made using frequency range between 10,000 Hz and 0.01 Hz with 100
uA RMS amplitude using potentiostatic technique at ambient conditions. The EIS were made on
titanium plates exposed in one run and then inspected by SEM. Three samples were used in each
solution: passivity at 0.3 V vs. Ag/AgClI and over the break-down potential at 1.4 V vs. Ag/AgCI. EC-
Lab® V10.0 software was used to adapt equivalent circuits to the experiments.

Ag/AgCl
reference electrode

Ti 2 — working electrode Pt— counter electrode

Figure 1. Three electrodes cylindrical cell using for electrochemical tests.

3. RESULTS AND DISCUSSION

The cyclic potentiodynamic polarization results presented in Fig. 2 show monotonic behavior
up to 4M bromide and anomalous changes when the content of ammonium bromide reached saturation.
The sensitivity to pitting indicated by the positive hysteresis loop increases with changes in the
concentration from 1 M to 4 M NH,4Br. Similar behavior could be seen when analyzing the other
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parameters presented in Table 1. It can be seen that a minor increase in corrosion rate (equivalent to
icorr) Was detected when the ammonium bromide content was increased up to 4 M. However, a decrease
in the chemical activity was observed during the saturated solution analysis. As a result, Tafel
extrapolation, in the polarization diagram, showed a decrease in corrosion rate in the above
environment. Cyclic polarization curves in all cases show active-passive transition. The breakdown
potential (EBp) in 1 M and 4 M was ~1.2 V vs. Ag/AgCl, and the pitting potential (Epit) was about 0.9
V vs. Ag/AgCI. Oscillation in the anodic curve could be seen especially when the scanning started to
be cathodic in the range of 1.8-1.6 V vs. Ag/AgCl. This behavior is emphasized in the case of 4 M
ammonium bromide, where the pitting sensitivity is very clear. These oscillations indicate instability in
the surface composition and the electrical resistivity of the surface.

In the case of saturated solution, the sharp increase in current density at anodic potential of 0.95
V vs. Ag/AgCl is attributed to anodic reactions such as formation of Br;, or the formation of oxygen as
described herein:

(1) Bromine formation: 2Br~ —2e — Br,

(2) Oxygen formation: 2OH - — 26 s %Oz +H,0

The formation of elemental bromine could be clearly seen by a change in the color near the
anodic surface and near the Teflon gasket. When this occurs, the anodic potential is equivalent to the
redox potential of the bromine formed. It should be emphasized that in all cases anodic polarization
above 1.1 V vs. Ag/AgCl induces red-brown color appearance near the anodic surface, meaning the
anodic surface became electrically conductive and permitted the oxidation reaction to occur on the
surface.

A sharp increase in current density is mainly related to the breakdown of the passive film. The
electrical conductivity of the passive film became more significant in the saturated solution and this
does not result in pitting features as discussed above as a positive hysteresis loop. Most of the current
density causing the formation of bromine and oxygen and the minor part of the current density may be
related to anodic dissolution as presented in Fig. 2c. Pitting occurs under 1.4 V in 1 M ammonium
bromide solution, unlike the pitting-free surface of titanium grade 2 under 1.4 V in saturated solution.
Saturation conditions may lead to unexpected behavior whose chemistry and molecular structure
changes are still not sufficiently understood. It can be assumed that during saturation, a lack of H,O
molecules participates in the electrochemical process, which may contribute to the drastic change of
the monotonic behavior that was identified in the diluted ammonium bromide solutions. The change in
the monotonic feature led to the anomalous behavior of the pitting phenomenon. A new approach to
the evaluation of the uses of titanium in the environments containing bromide ions by this anomaly
may be suggested. It can also be assumed that similar effects will be detected in other saturated
electrolytic solutions that have to be further investigated.
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Figure 2. Cyclic potentiodynamic polarization curves for: (a)1l M NH;Br (b) 4 M NH,4Br (c) saturate
NH4Br solution

Table 1. Electrochemical corrosion parameters of Ti grade 2 as a function of NH4Br concentration at
ambient temperature

[NH4Br] Ecorr icorr pa Pe Egp Epit
Molar [mV] vs pAcm™ [mV] [mV] [mMV]vs | [mV]vs
Ag/AgCl Ag/AgCl | Ag/AgCI
1 -332.17 2.31 239.86 259.95 1200 980
4 -394.58 2.80 258.91 292.35 1190 900
Saturation -499.98 1.22 192.90 168.93 -- --

Detailed EIS results are presented in Figs. 3-5 and Tables 2,3. When the anodic potentials were
in the passive range, Nyquist diagrams clearly show two semi-circles in all cases (Fig. 3), meaning two
capacitors had been detected in the equivalent circuit. The first semi-circle is related to the double
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layer capacitor, and the second semi-circle is related to the passive film dielectric material composed
of TiO,. The total impedance was between 80 and 85 kQ:cm? in all cases as summarized in Table 2.
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Figure 3. EIS spectra for passivity range of Ti-2 as function of NaBr concentration: (a) Bode diagram

(b) bode phase diagram (c)Nyquist diagram (d) equivalent electrical circuit

Table 2. Equivalent circuit parameter for titanium in NH4Br solutions at passive range (0.3V vs

Ag/AgCl)

1M 115.20 -0.11‘10'l 14751.0 -0.19'10'l 70857.0

4M 71.55 -0.1010° 7857.0 -0.7210°  76558.0

saturated 46.89 -0.1210° 6592.0 -0.6810°  73408.0
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Increasing the anodic potential above the critical value of the current density leads to the
appearance of a coil in the EIS analysis. This electrical element is typical of unsaturated and relatively
dilute solutions with a concentration up to 4M. Hence, this element was not observed in the saturated

solution as shown in Figs. 4,5.
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Figure 4. EIS spectra for Ti-2 in 1M and 4M NH,Br at the transpassive area: (a) Bode diagram
(b)Bode phase diagram (c) Nyquist diagram (d) equivalent electrical circuit match to the both
of the present concentration.

Table 3. Equivalent circuit parameter for titanium in NH,Br solutions under anodic potentials higher
than the typical breakdown potential (under transpassivity)

1M 109.10 -9.76‘10'! 938.0 3941.0 16.43 11884.0 913.40

iM 6.51 -44.0310° 120.70  94.48 0.35 804.30 57.13

Saturate  21.14 50.7010° 257.00 1417.0 37.03 --- ---
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Figure 5. EIS spectra for Ti-2 in saturated NH4Br solution at the transpassive area: (a)Bode diagram
(b)Bode phase diagram (c)Nyquist diagram (d) Equivalent electrical circuit

The inductive coil represents the electrical activity during the anodic dissolution and
propagation of the pits on the anodic surface. The EIS technique measures the activity on the surface
and only active pits will be characterized as inductive coils. Generally, when the anodic dissolution is
terminated, EIS cannot respond as a coil and only capacitors are detected.

When we compare the appearance of w* we can conclude that high bromide concentration
causes the inductive coil to appear at lower frequencies. In 1 M the peak exists at a frequency of 0.074
Hz and in 4 M the peak exists at a frequency of 0.023 Hz. This shift indicates a longer period for
relaxation. It means that in 4 M solution the pit activity takes place over a longer period of time
compared to 1 M solution, which results in severity of the pitting attack. The electrical equivalent
circuit shows inductive coil acting in parallel with a single capacitor combined with Rtd element (Fig.
4d). The Rtd electrical element is identified in the Bode diagram by an increase in the ohmic resistance
within the range of the lower frequencies. This indicates a diffusion control process that may be related
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to the solid state diffusion process taking place during the passive film development when applying the
anodic potential [24-26]. t value represents the period of time that the Rtd element remained dominant
before the breakdown. It is clearly seen from Fig 4c and table 3 that the time (t) increases with
decreasing bromide concentration, meaning that the thickness of the passive layer in 1 M ammonium
bromide is greater compared to that in 4 M NH4Br solution.

X58 Seewmm B15Z 18 zZ8 SEI : X589 S8Bmm B15Z2 23 17 SEI

Figure 6. SEM observations for Ti-2 in NH4Br solution in different concentrations: (a)reference
sample (b) 1M (c)4M (d)saturated solution

When dealing with the saturated ammonium bromide solution, a significant change of behavior
is observed when anodic potentials above the breakdown were applied, as presented in Fig. 5a-c. As is
clearly seen, an inductive coil is not observed and the Rtd element remains dominant under low
frequencies. This behavior indicates a stable passivity with no breakdown phenomenon.

When we want to calculate the relative permittivity in the case of a saturated solution we use
the following equation. The capacitance C of plate capacitor of area A and distance d is expressed by
the equation below:

_ EprEg-d
- d
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r= relative permittivity of the dielectric material between the plates. From the literature,
parameter d in the case of TiO, formation under 1.4 V vs. Ag/AgCI equals 8 nm [27]. As mentioned,
the exposure area is given as 4.510* m?. In accordance with the equivalent electrical circuit, the

capacitance is 50.70'10° Farad (taken from Table 3). Given the above values, ¢+ equals approximately

102. According to the literature, the typical range of values of °r for TiO; is between 85 and 173,
depending on crystalline direction [28]. SEM observations in Fig. 6 show the surface morphology after
exposure to different ammonium bromide solutions. It is clearly seen that after increasing the
concentration from 1 M to 4 M the pitting has become more severe, but in the saturated solution the
pitting attack cannot be identified. This finding supports the idea presented by the polarization analysis
and EIS that no breakdown phenomenon can be detected under saturated NH,4Br solution.

4. CONCLUSIONS

1. Anomalous pitting sensitivity of titanium in ammonium bromide solutions was
detected. Under saturation conditions pitting was not observed, even the anodic electrical field was
above breakdown.

2. Under conditions of saturated ammonium bromide, cyclic anodic polarization does not
show a positive hysteresis loop. Current increase, mainly related to bromine and oxygen formation,
was recorded.

3. Pitting sensitivity was detected when the ammonium bromide content in the aqueous
solution was up to about 4 M. EIS indicates the formation of anodically active pits by the appearance
of an inductive loop.

4. Under transpassivity in saturated solution EIS shows an increase in resistance with time
without an inductive element in the equivalent electrical circuits. This also supports the idea that
breakdown phenomenon and pitting attack do not occur under saturation.

NOMENCLATURE:
L inductor element related to the initiation of the pitting process
M Molar

Qdl  metal double layer CPE capacitance (Farad)

Qpl  passive film CPE capacitance (Farad)

Rct  resistive component (ohm) of charge transfer

Rp resistive component (ohm) of polarization

Rs resistive component (ohm) of the solution

Rtd  resistive component (ohm) time dependent

w*  value of the frequency in minima of the inductive loop
T time of relaxation

€0 permittivity of air, 8-8541-10"*Farad / meter
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