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Abstract

Corrosion of titanium heat exchangers in the processing of sylvinite ore is undesirable from
economic, safety, and process sustainability perspectives. Triggered by an industrial case, we
investigated the extent of corrosion during simulated contact with sylvinite ore (in dissolving
lye) in relevant conditions. Detailed characterization of the failed tubes and corrosion
products was carried out to understand the mechanism of failure. Corrosion of titanium
(Grade 2) tubes was investigated at room temperature, 60, 70, 80, and 90 °C. After
electrochemical and surface morphology analysis, we found that pitting corrosion of the
titanium tube material sharply increased above 80 °C in the simulated sylvinite ore
environment (pH 7.1). The failure analysis revealed extensive degradation by transgranular
cracking through both the oxide and metal matrix, likely caused by a combination of the high
temperature, pressure, possible vibrations, the build-up of lye deposits causing crevices, the
high salt content of the lye, and possibly metal (copper, iron, zinc) impurities/deposits in or on
the titanium metal, which can catalyze hydrogen evolution.
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Introduction

Titanium metal and alloys are widely used in chemical processing industries for applications
in any aggressive media because of their high corrosion resistance [1]. At the same time,
titanium is very sensitive to certain environmental conditions. For example, titanium
equipment can fail due to exposure to hydrogen leading to hydrogen embrittlement [2, 3]. The
presence of iron (Fe) can serve as a catalyst for the evolution of hydrogen [4]. Also, abrasive
wear is a common cause of failure [5-8]. Previously, titanium heat exchanger tubes failed due
to fatigue [9] and even due to fluid-induced vibrations [10].

A titanium condenser tube with seawater at the tube side and hydrocarbon (low-
pressure steam) at the shell side was found to fail by cracking due to fouling, erosion
corrosion (due to turbulent flow and suspended solids), and overheating [11]. Titanium alloys
of Grades 2 and 5 suffered crevice corrosion in seawater at temperatures of 80 °C and 200 °C,
respectively [12]. For titanium of Grade 2, film breakdown/repassivation transients indicated
a temperature threshold, around 65 °C, for the initiation of crevice corrosion in 0.27 mol/L
NaCl [13]. The authors of [14] noted the initiation of corrosion within one year of operation
of a titanium heat exchanger in nitric acid (with a maximum temperature of 107 °C).

Here, we investigated a corrosion failure in a shell and tube type heat exchanger made
of titanium (Grade 2) at one of the largest mining enterprises in the world (the Starobin
deposit nearby Starobin (Belarus), which is the second-largest processing ore body in the
former Soviet Union countries). Belarus accounts for 16% of the global production of
potassium [15]. JSC “Belaruskali” gives a fifth of the world’s volume of total potash
fertilizers according to data of the International Fertilizers Association [16]. Here, some of the
titanium heater tubes inside the heater component were found to fail with severe degradation
after less than 5,000 h of operation.

The aim of this study was to investigate this corrosion case of a titanium heat
exchanger exposed to KCI-NaCl containing dissolving lye for the processing of sylvinite ore
at high temperatures up to 120 °C. This was accomplished by failure analysis and
complementary electrochemical measurements at varying temperatures in simulated lye.

Methodology

Heat exchanger characteristics

The heat exchanger (material: titanium VT-1-0 according to GOST 19807, in
Germany 3.7034 or Ti2, Grade 2, in England IMI125) is intended for operation in existing
heating schemes for dissolving lye (tube space) using saturated water vapor or superheated
condensate as a heat carrier. As a result, the lye is heated up to 120 °C under a pressure of
0.6 MPa. The heat exchanger is schematically depicted in Fig. 1. Its total surface area was
179 m2. The orientation of the heat exchanger was horizontal. The shell of the heat exchanger
had a temperature disc lens compensator. The pipes were sized 38 mm x 2.0 mm (inner
diameter is hence 34 mm) according to VT-1-0 GOST 22897-86. The location of the
investigated corrosion is shown in Fig. 1. The location of the corrosion failure was where the



lye reached its maximum temperature before exiting the heat exchanger.
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Fig. 1. Picture of outlet showing lye deposits (left) and schematic of shell and tube type
titanium heat exchanger (right)

The warranty period for the heat exchanger was 24 months from the date of
commissioning. The guaranteed service life of the tubes of the tube bundle, excluding the
occurrence of corrosion failure in the heat exchanger, was at least 5 years from the moment
the apparatus was put into operation.

Characteristics of the heated dissolving lye

The flow rate for the pumped lye was 300-600 m®h in these pipes with an inner
diameter of 34 mm. The lye had a density of 1.22-1.24 g/cm? and a boiling point of 108 °C at
atmospheric pressure. The chemical composition of the pumped lye was 9-18 wt.% KCI, 15~
19 wt.% NacCl, up to 4.5 wt.% MgCl, + CaCly, and 0.1-0.12 wt.% CaSOa, with the remaining
part being H20. The temperature was 60-100 °C (with a maximum of 121 °C), the pH was
6.0-7.5, and the insoluble residue content was up to 150 mg/L. The medium is corrosive,
abrasive, and prone to crystallization. For the electrochemical tests, the lower concentration of
the indicated concentration range intervals (15 wt.% NaCl, 9 wt.% KCI, 2 wt.% MgCl,, 2
wit% CaCly, 0.1 wt.% CaSOg4, pH 7.08) was used.

Heating agent characteristics

The heating agent was water vapor with a working pressure of 0.4-0.6 MPa, at a
temperature of 140-172 °C.

Analysis of bulk composition, surface, and corrosion products

The surface morphology, elemental composition and elemental distribution of the
corrosion products were investigated by means of a JEOLJSM-5610LV scanning electron
microscope (SEM) equipped with a chemical micro-X-ray spectroscopic analysis system
(EDS) with an accuracy and detection limit of 0.1 wt.%. The magnification was up to 2,000
times. A cross-section was additionally analyzed with a light optical microscope (LOM, an
ALTAMI instrument (Russia)).

X-ray diffraction analysis of the obtained samples was carried out on a D8 Advance
Bruker AXS X-ray diffractometer (Germany) with the detector being a scintillation counter.
The recording was performed in the range of 10-80 degrees (20). The obtained X-ray
diffraction patterns were identified using the HighScore Plus software and the PDF-2
database.

Specimen preparation

For analysis of corrosion products and pits of the corroded areas, specimens were cut
from affected areas of the titanium tubes.

For electrochemical investigations, titanium specimens were cut from unaffected
locations of the tube, with dimensions of 20 mm x 20 mm. They were then abraded with
emery papers down to FEPA P 1200# SiC grit and polished using short synthetic DP-Nap and



diamond pastes (down to 1 um, DP-Stick P Struers). The specimens were thereafter rinsed
with distilled water, degreased by acetone and ethanol (for 5 min each), and dried by nitrogen
gas at room temperature (= 21 °C). All titanium samples were kept in a desiccator at room
temperature for 24+2 h prior to testing to allow a comparable growth of surface oxide.

For cross-sectional analysis (surface morphology, elemental composition and
mapping), titanium specimens from affected areas were polished and cleaned, as described for
the electrochemical investigations.

Electrochemical studies

A Metrohm Autolab PGSTAT 302N potentiostat/galvanostat with three-electrode cells
(100 mL), a Ag/AgCI reference electrode in saturated KCI, a Pt grid counter-electrode, and
the titanium specimen (exposed area 0.785 cm?) as a working electrode, prepared as described
in the section “specimen preparation”, were used for the electrochemical measurements
(including open circuit potential (OCP), potentiodynamic polarization, and electrochemical
impedance spectroscopy (EIS) evaluations). All measurements were performed at room
temperature (=21 °C), 60, 70, 80 and 90 °C and repeated at least two times in the simulated
lye solution. The solutions were not deaerated. Electrochemical measurements started with a
1200 s open circuit potential (OCP) scan, followed by electrochemical impedance
spectroscopy (EIS) at OCP in the frequency range between 0.01 Hz and 100 kHz at 7 points
per decade and a 10 mVms amplitude. Then, potentiodynamic polarization was run with a
scan rate of 1 mV/s from —200 to +1,200 mV relative to the open circuit potential, which was
first determined for 20 min.

For statistical analysis of any differences between corrosion parameters extracted from
duplicate measurements of potentiodynamic polarization, a Student's t-test for unpaired data
with unequal variance (KaleidaGraph v. 4.0, Synergy, US) was used. Differences were
counted as statistically significant for P<0.05. Impedance fitting was performed using the
ZView 4 software.

Results and discussion

Fig. 2 shows photographs and SEM images of corroded titanium tubes of the heat
exchanger used to heat dissolving lye. The photographs (upper two rows in Fig. 2) show
millimeter to centimeter-sized holes. The corrosion started from the inside of the tube.
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Fig. 2. Photographs (upper row) and SEM images (lower row) showing millimeter and
micrometer-sized cracks and visible corrosion and failure

The nominal bulk composition of the titanium tube, as provided by the supplier,
complied with the composition of titanium Grade 2, Table 1.

Table 1. Composition (wt.%) of the investigated titanium tube sample (according to the
technical sheet from the supplier) and the standard composition for titanium Grade 2
Element Sample  Titanium Grade 2 Standard

H 0.0002 <0.01

o 0.13 <0.2

C 0.006 <0.07

N <0.001 <0.04

Al 0.017 Could be <0.7
Si 0.005 <0.1

Ti bulk 99.2-99.7
Fe 0.10 <0.25
Cu+Ni 0.022 —

Cr+Mn 0.022 -




Based on our previous work [17] in a corrosion failure case for stainless steel,
inappropriate cleaning treatments may cause corrosion. However, according to information
from the owner of the heat exchanger, the cleaning procedure just included a mechanical
descaling.

In order to investigate which substances took part in the extensive corrosion of the
titanium tubes, the corrosion products were analyzed. SEM images are presented in Fig. 3 and
corresponding EDS results are shown in Table 2.

Fig. 3. SEM images of an unaffected titanium tube (a), corroded area (b), and sediments
(c-d) with corresponding (to d) EDS mapping results (e-k)

The composition of corrosion products, by means of EDS analysis, is shown in Fig. 3
and in Table 2. EDS analysis showed a higher value of Fe for the titanium metal of an
unaffected area than did the chemical analysis provided by the supplier (Table 1), suggesting
some preferential deposition of Fe impurities from the dissolving lye. Fe, as well as copper
(Cu) and zinc (Zn) can catalyze cathodic reactions on titanium metal [18]. Fe, Cu, and Zn are
even more enriched in the corroded area (Fig. 3b, Table 2). Deposits (Fig. 3c, Table 2) contain
small amounts of these and other impurities, and mainly the dissolving lye main insoluble
components (Ca, S, O).



Table 2. Composition by means of EDS analysis (average) of corrosion products shown in
Fig. 3.

Fig.3a Fig.3b Fig.3c

Element — o at%  wt%  at%  Wwt%  at%
0 _ _ 26 50 44 66
Al - - 0.33 0.38 1.0 0.89
Si - - 0.43 0.48 0.51 0.43
S - - 1.9 1.8 12 9.1
cl - - 0.03 0.02 0.16 0.11
Ca - - 5.4 43 27 16
Ti 98 99 60 39 12 6.2
Fe 1.6 1.3 43 2.4 0.27 0.12
Ccu - - 0.70 0.35 1.4 0.54
Zn - - 1.8 0.88 0.72 0.26

Because SEM/EDS only provides measurements from a comparably small area, XRD
investigations were also performed for a specimen from a corroded area, with dimensions of
30x30 mm (Fig. 4).
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Fig. 4. XRD diffractograms of corrosion products and bulk titanium (for comparison)

XRD patterns of the corrosion products showed peaks of titanium metal (hexagonal
crystal system and P63/mmc space group), rutile (tetragonal crystal system and P42/mnm
space group) and sylvite (cubic crystal system and Fm3m space group), Fig. 4. The main
content of the corrosion products was titanium dioxide (rutile). Sylvite was found in the
corrosion product samples in a minor concentration and some deposited crystals of calcium
sulphate were also found.

To determine whether intergranular corrosion and stress corrosion cracking could have
played a role, the cross-section of the corroded specimen was mapped by EDS (Fig. 5).
Cracks passed through the titanium oxide and continued into the metal, which is unusual for a
corrosion-induced cracking type. Likewise, chlorine was not concentrated at the crack tips or
along the cracks. This suggests that the titanium metal could have been embrittled by
hydrogen and/or that there were large stresses, facilitating a rapid propagation of the cracks.
The distribution of Fe did not imply the participation of Fe (itself) in the corrosion process,



but it could have been a catalyst for the evolution of hydrogen and, therefore, increased
hydrogen embrittlement. To conclude, neither intergranular corrosion nor stress corrosion
cracking or oxide-induced stress corrosion cracking seemed to be the dominant corrosion
propagation mechanism, and a rapid cracking propagation was found. It should be noted that
there were no vibrations or other loads during operation of the heat exchanger. There were
also no frequent or large temperature variations. When disrupting the processing for
maintenance (once every 3 months), only mechanical cleaning and further rinsing with water
were used.

Corrosion
products

. Corrosion
products

Corrosion’
products

Titanium~

Fig. 5. Cross-section by SEM (a-d), cross-section and corresponding EDS mapping (e-h),
and optical microscope images (k and I)

For a more complete understanding of the nature of initial corrosion, electrochemical
studies were carried out. For these, a simulated dissolving lye solution was used.
Representative curves of OCP, PD and EIS are presented in Fig. 6. Corresponding corrosion
parameters are presented in Table 3 and Table 4.
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Fig. 6. Representative curves of OCP (a), potentiodynamic polarization (b) and EIS (c)
at room temperature, 60, 70, 80, and 90 °C.

Table 3. Corrosion potential (Ecorr), corrosion current density (icorr), anodic branch current
density (ian), here defined as the current density at a potential +400 mV vs. Ecor, and pitting
potential (Epit), respectively. Mean and standard deviations of measurements on two
independent samples are shown.

Temperature, °C Ecor, MV icorr, LA/CM? iab, LMA/CM? Epit, MV
Room -128+13.0 0.0235+0.00345 3.85+1.84 Not reached
60 -13.1+37.7 0.162+0.00367 5.05+1.94 Not reached

70 17.9+£7.30 0.189+0.0302 2.91+0.505 973+25.5

80 -34.8431.2 0.876+0.0520 2.34+0.943 929+26.2

90 -351+167 6.967+7.872 39.1+£37.720 -25.5+450

The corrosion potential (and OCP) first increased slightly with temperature
(statistically significant for room temperature compared with 60 and 70 °C) and decreased
then (above 80 °C). An increase is probably related to a more rapid oxide growth at higher
temperature. The corrosion current was smallest at room temperature and increased with
temperature. This was statistically significant for the difference between room temperature
and 60 °C. The difference was largest between room temperature and 90 °C (380-fold), while
it was a smaller difference for all lower temperatures — with a 20-fold increase between room
temperature and 80 °C. Up to 60 °C, there was no pitting breakdown under the tested
conditions, while this was the case for the higher temperatures. In order to compare passive
and active conditions in this study, we defined an anodic branch current density as the current
density 400 mV positive to the corrosion potential (we could not call this a passive current
density, since the material was clearly not passivated). This current density increased with
temperature, with relatively small differences (statistically significant between 60 and 70 °C)
of 4-fold increase from room temperature to 80 °C, while it increased 150-fold from room
temperature to 90 °C. The pitting potentials were high and consistent at 70 °C (955 and 991
mV) and at 60 °C (947 and 910 mV) for duplicate samples, while they sharply decreased to
293 and -344 mV at 90 °C.

All these corrosion parameters point towards a serious breakdown of passivity at 90
°C, while there are minor differences up to 80 °C.
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Table 4. Solution resistance (Rs), charge transfer resistance (R¢), constant phase element (Q),
phase constant element (n), and effective capacitance (Cetf), as determined from EIS
measurements.

STl

Temperature, °C  Rs, Qcm? R, kQcm?  Q (CPE-T), n(CPE-P)  Ceff, uF cm™

(Q-cm?)

Room 5.3+0.2 555+85.8 (8.07i0.034)-:|.0'6 0.770£0.005 0.401+0.016
60 85.2+4.9 87.3+0.7 (54.311.66)-10'6 0.812+0.002 15.5+0.095
70 3.8+0.6 54.9+52.0 (43.817.64)-10'6 0.795+0.020 4.89+2.53
80 4.2+0.0 45.4+4.7 (44.810.065)-10'6 0.729+0.112 5.94+0.05
90 2.3+0.0 0.440.1 (222.7i9.82)-10'6 0.666x0.005 4.9+£0.066

The shape of the Nyquist curve (Fig. 6¢) at 90 °C, as compared to the other
temperatures, suggests a change from a protective surface oxide to an oxide with possible
diffusion.

The strong influence of the temperature above 80 °C suggests that the temperature
difference between the corrosion-affected outlet zone (maximum temperature of heat
exchanger) and the rest of the titanium tubes of lower temperature might play a role in the
rapid corrosion propagation. The relatively small area of higher temperature could have been
activated and the relatively large area of lower temperature could have fueled the anodic part-
cell corrosion process by providing the surface area necessary for the cathodic reactions.
These data are in good agreement with paper [12], which noted crevice corrosion of titanium
alloys of Grades 2 at 80 °C in seawater. Another study on titanium of Grade 2 in 0.27 M NaCl
found a film breakdown and repassivation transients at a temperature threshold of around 65
°C, initiating crevice corrosion [13].

In all, our investigations suggest that this severe and rapid corrosion failure was
mainly caused by the high temperature at the affected area, the temperature difference
between affected and non-affected areas, as well as a rapid cracking process, which could
have been accelerated by vibrations, pressure-induced stresses, and hydrogen absorption due
to the deposition of Fe, Zn, and Cu from the dissolving lye. There were minor temperature
variations during operation and no rapid temperature changes, which means that temperature-
induced stresses (due to expansion) were probably not part of this corrosion failure. Other
facilitating factors were the transported solids resulting in abrasion and difficulties to
repassivate, as well as crevices and heat due to deposits. A similar situation was mentioned in
[11] where turbulent flow with solids, deposit-induced overheating, and deposit/oxide-
induced stresses have been reported as important factors in a corrosion failure of a titanium
heat exchanger exposed to hydrocarbon and seawater.

During the maintenance once in three months, the condition of the pipes was checked
only visually. In the problem area, this visual inspection should be complemented by non-
destructive methods such as ultrasound (to measure the thickness of the pipe), acoustic testing
(to distinguish brittle from ductile metal and detect cracking), and electrochemical
measurements (to detect the onset of active corrosion by a lower than usual potential).
Further, frequent removal of corrosion products from process streams is essential to avoid the
formation of crevices and thick deposits that cause overheating. Such Fe-containing deposits
may lead to a greater hydrogen evolution and a greater extent of cathodic reactions [4],
resulting in greater hydrogen-induced cracking. Surface modification of titanium tubes by
pickling, passivation and thermal oxidation can be considered to minimize corrosion attack
and hydrogen-induced cracking [7, 14].
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Conclusion

This study presented a corrosion failure of a titanium (Grade 2) heat exchanger used to
process dissolving lye (to process sylvinite ore) with high salt content and suspended solids
under a flow and pressure and a temperature of up to 121 °C. At the dissolving lye outlet, the
location of highest temperature, the tube corroded rapidly within 5,000 h of operation,
through rapid cracking starting from the inside of the pipes. EDS analysis suggested a
preferential deposition of Fe from the dissolving lye on the titanium surface, which could
result in increased hydrogen evolution. Affected corroded areas showed a rapid cracking
process progressing through both oxide and metal and not dominated by intergranular
corrosion or stress-corrosion cracking. This suggests the involvement of hydrogen
embrittlement and external stresses. Electrochemical measurements showed a clear onset of
active corrosion above a temperature of 80 °C, suggesting that the high temperature and the
temperature difference to the remaining surface of the heat exchanger could have played a
major role. The flow with suspended solids and the high extent of deposits causing crevices
and possibly overheating could have been participating factors. Non-destructive testing of the
most heated area, more frequent cleaning, and a protection against abrasive solids are
suggested measures to prolong service life in future.
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