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A sample iron molybdenum alloy with 3.4 wt.-% (2 at.-%) molybdenum, and pure iron, are
exposed to hydrogen sul de saturated saline solution for u 56 d. In addition, their be-
haviour under anodic polarization in the same electrolytesiinvestigated. The initially fast

dissolution of the iron molybdenum alloy slows down signiantly over time, while iron cor-



rodes with a constant rate. The observed slow down of the cosmion rate can be described
well with an exponential decay of the instantaneous corram rate with a time constant of
(0:15 0:03) d *, which implies stop in corrosion in practical terms after 2 w. Relation-
ships are discussed between the instantaneous corrosiotefand the time-averaged integral
corrosion rate. Dissolution under anodic polarization ofhie iron molybdenum alloy is slower
than for pure iron. While at certain times, pyrite, Fe$, is found as corrosion product, the
main corrosion product is mackinawite, FeS. The latter likg contains a certain fraction of
molybdenum in case of the iron molybdenum alloy. On iron mabdenum, corrosion prod-
ucts forming a sealing layer are observed, which slow dowrrther corrosion. The corrosion

products on iron molybdenum show better adhesion to the baseaterial surface.

Keywords: iron; molybdenum; polarization; sour gas; hydgen sul de; corrosion rate; inte-

grated corrosion rate; weight loss; chloride

1 Introduction

Molybdenum is a metallic element commonly used as alloy elent in steel and cast iron,
as it enhances hardenability, strength, thoughness, andsistance to corrosion. The amount
of molybdenum which can be alloyed in cast iron or iron-basedaterials is limited due to
the precipitation of intermetallic phases, leading to emhitlement of the material. Detailed
data about the thermodynamics of the iron-molybdenum syste is available in the literature
[1, 2]. Molybdenum is also an important component in staings steels [3]. Molybdenum is
known to provide excellent corrosion resistance in oxidimy environments under conditions
of aqueous corrosion, as it participates in strengthenindn¢ passivating Im formed on the
surface, along with chromium and nickel. It is also importanto note that already small
amounts of molybdenum ( 2 wt.-%; all percentages in composition given here are wt.-%

unless noted otherwise) led to a signi cant bene t [3]. With he help of anodic polarization



studies, molybdenum has been shown to have the particular et of raising the pitting
potential [3].

Sul de stress cracking (SSC) is observed when a material igp®sed to the combined
action of mechanical tensile stress and corrosion in the gence of aqueous hydrogen sul de,
H,S. SSC is a form of hydrogen stress cracking and plays an imgaok role in the gas and
oil industry under conditions of sour service [4{6]. In thiscontext, general principles for
selection of cracking-resistant materials from the classef carbon and low alloy steels, as
well as cracking-resistant alloys (CRAs), are given in the NAE MR0O175 (ISO 15156) [7].

SSC prevention was observed when molybdenum was added to a% 3hromium steel
[8]. Moreover, alloying of molybdenum, copper and nickeldeto an overall better corrosion
resistance towards carbon dioxide, C{ and hydrogen sul de [8, 9]. Also for microalloyed
steels, molybdenum was found to improve corrosion resistan[10{12] as a consequence of
the formation of ne carbides during tempering [10, 13, 14JFor microalloyed steels with high
sulfur content ( 0.025 %) resistance toward cracking increased with incréag molybdenum
content. The highest resistance has been obtained with 0.3 #tolybdenum [15, 16]. In
case of high-strength, low-alloy steel, SSC resistance vedso found to increase when 0.3 %
molybdenum were added, both in combination with chromium ahwithout chromium [17].
The observation was explained with a changes in the microstiture of the materials upon
molybdenum addition. The modi cation of a standard steel byincreasing the molybdenum
amount to 0.75 % showed also superior high cycle fatigue resistancehydrogen sul de
environment [18].

The corrosion of iron-molybdenum binary alloys up to 40 % waalso studied in aque-
ous hydrogen sul de solutions at high temperatures [19]. Ehcorrosion rate decreased after
molybdenum addition to iron. However, the reduction of the awosion rate was reported to be
independent of the molybdenum amount used [19]. The e ect afloyed molybdenum on the
activation of anodic dissolution by reduced sulfur compouws have been investigated on iron-

nickel-chromium-molybdenum alloys using electrochemicgechniques [20]. Current studies



using iron-nickel-chromium-molybdenum alloys showed imgved corrosion resistance, i.e. re-
duced stress corrosion cracking, SCC, and pitting corrosioin the hydrogen sul de/chloride
environment due to the addition of molybdenum [21]. The autbrs discussed the possible
mechanism on the basis of a reductive desorption: sulfur?,ridging molybdenum atoms
is unstable and reduced to hydrogen sul de. The same mecham was used to explain the
higher passivation current densities of 316L stainless stecompared to 304L obtained from
potentiodynamic measurements in sul de-containing elexlytes [22]. An extended review
of literature and experience on the roles of hydrogen sul d@ the behavior of engineering
alloys is given by [23].

When the molybdenum content added to an iron-based alloy ineases above a certain
threshold, ferrite is formed, which has a negative e ect onhie SSC resistance [3, 24].

In this work, the corrosion of a binary iron molybdenum alloywith 3.4 % molybdenum
was investigated in hydrogen sul de saturated aqueous stilons by comparing mass loss and
electrochemical data. The comparison between mass loss abectrochemical measurements
was motivated by the fact that a binary alloy may dissolve by dalloying, leading to enrich-
ment of one component near the surface in the process [25].ninkel-base alloys, dealloying
of molybdenum has been found to be the decisive corrosion mma&esism under certain condi-
tions [26{28]. However, the situation is reversed in iron-ls&d alloys: molybdenum is slightly
more noble than iron [29, 30], but the di erences are smallpghat it is not clear if signi cant
di erences in dissolution rate and consequent enrichmenf snolybdenum are to be expected
[25]. On stainless steels, iron and molybdenum have beenriduo dissolve together, leaving
copper behind [31]. Also under active-passive transitiong stainless steels, no special role
of molybdenum was found [32]. An enrichment of one componentakes electrochemical
data hard to interpret without detailed surface charactesation. Corrosion products where
consequently analysed by scanning electron microscopy (8f X-ray di raction (XRD) and
Raman spectroscopy. The detailed characterisation led to suggested explanation for the

improvement in corrosion resistance of iron due to the addin of molybdenum.



2 Materials and methods

2.1 Materials

A binary iron alloy containing 3.4 % of molybdenum (referredo as FeMo in this work)

was prepared in house by standard metallurgical processeslloys were used as prepared,

l.e. without dedicated thermal or mechanical postprocesgl. The content of carbon was
0.0023 %. As comparison, Armco iron was used.

Both iron and molybdenum have a bcc structure with molybdenm having an atomic
radius of 1.40A (iron: 1.26 A) [33]. A symmetric XRD -2 scan in the range of 10{ 75° of
2 showed a shift in the re ections of the collected patterns fothe binary alloy compared
to database values for pure iron. The position of the re eabns point to the presence of
a structure where molybdenum atoms are replacing iron atoms a bcc lattice. The data
was tted using Maud (http://maud.radiographema.com/) using the 110 and 200 re ections.
The bigger molybdenum atoms lead to expansion of the lattidéor iron, lattice constant a

= 2.8695(6) A, while in the FeMo binary alloy a = 2.8760(4) A].

2.2 Electrochemical and corrosion experiments

For free corrosion experiments, samples were ground with@B3iC grinding paper, cleaned,
and placed inside a PTFE holder. The holder, including the saptes, was placed in a glass
vessel with an overall volume of 3 L. The area exposed to eleiyte was 8.8 cnt. NACE
A standard solution was used as electrolyte (5 wt.-% sodiuntloride, and 0.5 wt.-% acetic
acid) [5]. Chemicals were obtained from Merck and used as ee®d. Ultrapure water for
solution was used from a USF ELGA Purelab Plus UV water puri cabn system (Ransbach-
Baumbach, Germany). Solutions were de-oxygenated for atalg 1 h prior to experiments
by purging with nitrogen. Subsequently, the solutions werpurged for 1 h with hydrogen
sul de gas (1 bar). Titration with thiosulfate and starch sdution after addition of iodine to

the hydrogen sul de purged solution was used to determine ¢hamount of hydrogen sul de



in solution. Hydrogen sul de content was determined once bafe and once after the end
of exposure of the samples. The pH of the solution was also reeged during experiments.
Hydrogen sul de purge was maintained throughout the experients to ensure a constant
hydrogen sul de concentration and minimize ingress of oxgg. Samples were exposed to
the solution for exposure times of 96, 168, 336, 672, and 13%4{44 d, 7 d=1 w, 14 d=2 w,
28 d=4 w and 56 d=8 w).

After the end of exposure, samples used for further analyseé35M, XRD, Raman) were
washed with distilled water and placed in a chamber with comuous nitrogen purge to dry.
Samples used for determining mass loss were weighed befgposure to determine the mass
at time t=0. After exposure, samples were dipped in inhibited hydrodbric acid (10 wt.-% of
hexamethylenetetramine in 2M hydrochloric acid). Residwgeof corrosion products were also
removed mechanically using a soft brush. After removing th@oosion products, the samples
were weighed again. From the di erence in weight, mass lo¥g for the di erent samples
was determined. This mass loss was used to calculate timeseged integrated corrosion
rates CR(t) up to the time t of exposure a<CR(t) = W= At. UsingW in mg, metal density

in g cm 3, sample areaA in cm?, and exposure timet in h, with the conversion factor

8760 ha'! 10 ?yields
W
At

CR(t) = 8760 2 10 2 (1)

CR(t) in mm per year, mm a . It is worth noting that CR(t) is related to the instantaneous
corrosion rater (t) as would be measured e.g. in a linear sweep voltametry (LS\®periment
by 7

CR(t) = t r(t9dt® (2)

0

—~

For the electrochemical experiments, including a determation of the polarization re-
sistanceR,, of layers formed by free corrosion, a three electrode setumsvused, with a
carbon rod (Mueller and Roessner, Troisdorf, Germany) as water electrode, a commercial

Ag/AgCI/3M KCI (Metrohm, Filderstadt, Germany) in a Luggin cap illary as reference elec-



trode, and the sample of interest as working electrode. Thetsip consisted of a home-built
air-tight PMMA cell with area of exposure for the sample of @85 cn?, and an electrolyte
volume of 500 mL. For such experiments, purging with nitrogeand subsequently with hy-
drogen sul de was performed for approximately 30 min each. As potentiostat a Gamry
PCIV/Series G Family (Gamry Instruments) or a PGU 1A-OEM was ugd.

Potentiostatic polarization experiments were conductedtgotentials positive of the cor-
rosion potential E o, +200 mV aboveE..,. LSV was used to investigate products from free
corrosion experiments. For LSV, a potential range of 30 mV aroundE,, and scan rate of
0.1667 mV s?! were used. When investigating corrosion products formed byotentiostatic
polarization, a potential range of 120 mV aroundE.,, and a scan rate of 1 mV s! were
used. Kinetic parameters have been extracted using the SteGeary analysis [34].

All experiments were carried out with three repeats.

2.3 Characterization

The resulting surface morphology was observed using a Zdis® Gemini 1550 scanning elec-
tron microscope (SEM; Carl Zeiss NTS GmbH, Oberkochen, Germgrnwith energy (EHT)
of 10 kV. In this work, energy dispersive X-ray spectroscopy [ES) was not reasonable to use
as an analysis method, because molybdenum and sulfur showXInes at similar energies
and are consequently hard to distinguish.

Grazing incidence XRD experiments were performed on a Bruk&8 Advance dirac-
tometer with Cu K radiation and a Sol-X solid state detector. The diraction mtterns
have been collected at an angle of incidence= 3° within a range of the scattering angle
2 of 10 < 2 < 75 in steps of 0.08 with an integration time of 60 s per step. Resulting
patterns were evaluated using the DIFFRACplus EVA package. Eact peak positions for ne
analysis where determined by tting the respective di racton peak with a single Gaussian
peak function and using its maximum.

For the identi cation of the corrosion products via Raman spctroscopy, an alpha300M



(WITec, Ulm, Germany) confocal Raman microscope was used, tvian excitation wavelength
of 532.1 nm. lllumination and detection was performed thragh a microscope objective of
100 , numerical aperture 0.75. Details on the stabilisation ofte corrosion products against
oxidation are available elsewhere [35].

A cross-section of the surface with sul de layer has been pa&red using a FEI Helios

Nanolab 600i dual-beam FIB/SEM instrument.

3 Results

Both free corrosion experiments as well as potentiostatiofarization experiments led to the
formation of black precipitates on the metal surface. In soencases, LSV scans have been
additionally conducted before and after Im formation, fran which polarization resistance
Rp, Ecor and other electrochemical parameters were calculated. Haxge, performing LSV
on a bare metal prior to free corrosion experiments could lg@ao changes in the surface

properties and the formation of di erent corrosion producs during the process.

3.1 Free corrosion experiments

Long-term exposure under regular monitoring of the concemattion of hydrogen sul de and
pH have been conducted for pure iron and FeMo samples. In akperiments, the hydrogen
sul de concentration was in the range of 2300 { 2800 ppm; theHowas increasing during the
experiments and reached a nal value of 3.8. The initial pH of the electrolyte was 2.6, which
increased to 2.9 after hydrogen sul de saturation before swle exposure. SEM micrographs
show the progress in the Im formation of the corrosion prodets (Fig. 1 and Fig. 2). Non-
uniform coverage of the surface in the beginning, some bésing e ects (7 d) and formation of
huge crystals of iron sul des (after 28 d) are features obsed for the pure iron samples. XRD
data indicates the presence of mostly mackinawite as cryfitae phase, but a small amount of

pyrite was detected in the initial phase of the corrosion pe®ess (Fig. 1f). The FeMo sample



showed di erent morphologies, forming a dense layer of cosion products on the surface
already after 7 d. With increasing time, cracks developed &ift drying. Consequently, part
of the corrosion products spalled o the surface. For FeMo, atkinawite was found to be
the main corrosion product. Pyrite was also present, but itemount was decreasing with
increasing reaction time. After 28 d, no pyrite was detectedng more (Fig. 2f).

CR is plotted versus time in Fig. 3. CR around (04 0:05) mm a ! were detected in
the case of pure iron throughout the experiments. A much higih CR was initially observed
for the FeMo alloy. However,CR rapidly decreased with time, leading to lower values of 0.2
{ 0.3 mm a ! compared to pure iron after longer exposure times (28 and 58. drhis shall
be discussed in detail in section 4.1.

A FIB cross section of the corrosion product layer formed aft€8 d on a FeMo substrate
Is shown as inset in Fig. 3. A corrosion product layer with an evall thickness of 50 m
was observed. The inner part, 35 m in thickness, was very porous, while the top 12 {
13 m layer was dense.

In separate experimentsR,, of layers grown for 7 d under the same conditions was deter-
mined using data from LSV measurements. The value in case afrp iron was signi cantly
higher [(336 35) cm ?] than the one of the FeMo alloy [(121 6) cm 2], but the order
of magnitude is the same. Also a signi cant decrease B, Was observed for pure iron,
while the value did not change for FeMo (see Fig. 4). A compaos of the Tafel plots of
both materials show higher anodic and cathodic current deiigs for the layer formed on the

FeMo substrate (Fig. 4).

3.2 Potentiostatic growth of corrosion products

Potentiostatic polarization was used in this work to enhare anodic metal dissolution and
thus increase speed of formation of corrosion products. Asosin previously for pure iron,
no passivation of a surface was reached using this method][36ecause the formed Ims

are spalling o the substrate allowing the formation of furber corrosion products. Typi-



cal transients from potentiostatic polarization experimets at potentials aboveE,, and the
corresponding current densities over time for the materiglof interest are shown Fig. 5. Re-
sults showed much lower current densities over time when rgbdenum was present (Fig. 5a).
Moreover, the mass losses after the experiments were sigiintly lower when polarizing FeMo
instead of pure iron (Fig. 5a inset). Fig. 5b and c represent thesults of LSV measurements
for both materials before and after a layer of corrosion pradts has been synthesized using
potentiostatic polarization. The Tafel plots show similaities, pointing to similar properties
of the electrochemically formed layers, which were not sigrantly in uenced by the presence
of molybdenum. However, cathodic currents were much highehen corrosion products were
synthesized on a FeMo binary alloy, indicating higher amots of hydrogen being produced
during the process. Electrochemical parameter&f,,, corrosion current densityicoyr, Ca-
thodic . and anodic , Tafel slopes, andR,) determined from the experiments are compiled
in Tab. 1.

The corrosion products formed after potentiostatic polazation on FeMo were black in
colour and possessed a morphology which is similar to the oobserved after 4 d of free
corrosion. Plate-like crystals with gaps between each otheovered the surface (Fig. 6). The
thickness of the layer was determined to be7 m. Raman spectra of dried corrosion prod-
ucts always transform to hematite as a consequence of lasight heating in the presence
of oxygen [35]. Fig. 6d shows a Raman spectrum of the corrosiproducts formed on the
FeMo surface when the sample is still covered by a thin wateayler during the measure-
ments, protecting the sample from possible transformatiodue to laser heating [35]. Some
minor beam damage was observed after longer exposure timas,shown in the inset of the
Raman spectrum. Two sharp Raman bands were detected in the aseirements at at 209
cm 1 and 290 cm? (shoulder). The bands are similar in position to those obsexd on bare
iron and discussed in detail elsewhere [35]. These bands seen as an indication of micro-
crystalline mackinawite [37{39]. The XRD pattern of the corosion products also pointed to

the formation of mackinawite (FeS), which has been also olrsed for the pure iron sample
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[36]. In this case, a 0.052 shift in the position of the main 001 re ection of mackinawie
(ICCD nr. 01-086-0389) was observed, corresponding to anparsion of the crystal lattice
by 0.016 A. Additionally, re ections arising from sodium chloride impurities and the metal

substrate (F&.97M0g.03, ICCD nr. 03-065-7296) were observed.

4 Discussion

4.1 Free corrosion experiments

This discussion shall start with the corrosion rates. It is wrth noting that due to the nature
of the measurement ofCR, initially high values will continue to a ect the values at later
stages (compare eq. 1 and 2). Therefor€R can never reach 0, even if corrosion was to stop
completely. If after 7 d for the FeMo sample corrosion was tease,CR after 28 d would be

0.18 mm a?l, and after 56 d 0.1 mm a®. The actually determinedCR remains slightly
above these values. So, let us quantitatively discuss thelagonship between the integral
corrosion rateCR(t) which determines mass loss and the total amount of formed rcosion
products, and the instantaneous corrosion rate(t) which determines how much material
transforms at a certain time. The latter quantity would detemine i, and also a ect Eq.
Table 2 shows how di erent instantaneous corrosion ratayt) transform into time-averaged
integral corrosion ratesCR(t).

A constant corrosion at all times would obviously lead alsata constant integral corrosion
rate (example 1 in Table 2). If corrosion stops completely t&f a certain time to (example 2
in Table 2), CR(t) will decay with 1=t. A similar decay is observed if there is an exponential
decay with a reciprocal time constant ! short compared to the duration of the experiment
(limit for large t in example 4 in Table 2). A power law decay im(t) will lead to a power
law decay inCR(t) with the same exponent (example 3 in Table 2). If an exponeal decay
in r(t) is observed with a reciprocal time constant ! on the order the duration of the

experiment(s), a slightly more involved functional shapesiobtained (example 4 in Table 2).
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SEM images show a growth of corrosion products on the matddasurface after longer
exposure in free corrosion experiments. Likewise, the cosion products became more promi-
nent in the XRD analysis. On pure iron, the corrosion rates [lib r(t) and CR(t)] were
constant. On FeMo, CR(t) [and consequently alsa (t)] was initially much higher than on
iron, however, a signi cant drop inr(t) must have occurred on FeMo, leading to the observed
reduction in CR(t).

The electrochemical measurements after 7 d of free corrasghow that R, on pure iron
is almost three times as high compared to FeMo. Becaus@t) / icor /' 1=R,, r(t) after 7 d
of exposure is still higher on FeMo than on iron. Consequewtlthe main drop in corrosion
rate must therefore occur after that time. For more quantitdve information, the data for
CR(t) displayed in Fig. 3 was tted to the di erent models relating r (t) to CR(t) shown in
Table 2. The results of tting are shown in Fig. 7. First, the dat were analysed on a double
logarithmic scale to verify if a simple power law of the fornCR / t would be observed
(Fig. 7a). The result is a mediocre t, where an exponent = (0:66 0:09) was obtained.
This result rules out the second model of Table 2. Overall, n@ver, the curve looks to be
of more complex shape than represented by such a model. It de¢o be stressed that both
time range and range iInNCR are on the lower limit to be suitable for this analysis, as babt
of them span approximately one order of magnitude only.

Fitting the observed data to an exponential decay im(t), i.e.
CR(t) = ? 1 e' 3)

results in the t shown as solid line in Fig. 7b, which describethe observed data su ciently
well. The extracted parameters were = (0:15 0.03)d *and A = (1:2 0:2) mm a %
With these parameters, the curve for(t) was calculated and added to Fig. 7b as dotted line,
which is compared to the constant corrosion rate in iron. TRiline shows that after almost
10 d, r(t) decays to a level reached for iron. After 30 { 40 d,(t) reaches values below 0.01

mm a !, which in practical terms are quite low.
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A possible explanation for the observed drop in corrosionteafor FeMo is the formation
of a protective corrosion product. Fig. 2 shows a homogeneams/erage of the surface with
corrosion products. The inset of Fig. 3 shows a cross sectidmdugh such a corrosion
product layer on FeMo, with a dense outer and a porous innenjar. The layers will in any
case become a barrier for mass transfer. On the other hand, protective corrosion products
were observed on pure iron: signi cant amounts of corrosigoroducts spall o the surface.
These products were not detected in the nal surface analysi

XRD patterns show that in the experiments under conditions ofree corrosion, the iron
sul de pyrite, FeS,, was a prominent corrosion product, especially in the inai stages. Later,
the iron sul de mackinawite, FeS, became the dominating corsion product. This is di erent
from previous observations, where nanocrystalline maclawite was already identi ed as the
initial corrosion product after much shorter exposure time than the shortest used here [36,
40]. Overall, an initial, possibly nanocrystalline mackiawite then typically recrystallises to
form crystalline mackinawite [35, 37, 38]. A thermodynamianalysis of the system showed
that pyrite is the expected, thermodynamically stable cowsion product in certain ranges
of the predominance diagram [36], in general at higher eleatle potentials and lower pH

compared to mackinawite. A reduction of pyrite according to

FeS,+H,!  FeS+H,S (4)

by hydrogen formed in the sour gas corrosion process is alsosgible. It is furthermore
possible that an already formed layer of pyrite is covered biyeshly forming mackinawite,

which is then set to determine the XRD signal.

4.2 Potentiostatic polarization experiments

Anodic polarization enhances the dissolution reaction, anghould hence speed up the over-

all disintegration of the material; it can be seen as a modebif the processes in the anodic
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region of the freely corroding surface. Current densities the chronoamperometric measure-
ments during potentiostatic polarization decreased to rahly one half by introduction of

molybdenum, which indicates a slow-down in dissolution rat The comparison can be made
quantitatively. The chronoamperometry data can be used toltained average dissolution

current densities of 730QA cm 2 on iron, and 4200uA cm 2 on FeMo. Using

W= o (5)

with molar massM of iron, Faraday constantF and valencyz = 2 yielded expected mass loss
from electrochemical data. After polarisation times of 2 h ah6 h, mass losses of 12 mg and
36 mg, respectively, were calculated for iron, and 7 mg and 2ig, respectively, for FeMo.
These values agree well with experimentally determined ngsosses. The measured mass
loss was lower for FeMo compared to iron, by about the amounkgected from the current
densities.

While the dissolution rate was lower for FeMo, the dissolutiowas constant after an initial
phase of decrease, and did not decrease further, i.e. no pagsn of the surface was observed.
An overall constant dissolution rate is furthermore a hint toa constant composition of the
surface region: if the composition was changing signi cdmgt the dissolution rate should also
change.

The Tafel plots on both iron and FeMo after polarization werequite similar, indicating
that the main anodic and cathodic processes occur in a similashion on iron and FeMo.
The cathodic branch showed an increased current density aftpotentiostatic polarization,
indicating a higher activity for hydrogen evolution. The corosion products on FeMo may
hence have more active sites for hydrogen evolution. SEM magraphs of the corrosion
products on FeMo after potentiostatic polarization for 6 h sowed similarities to the corrosion
products observed after 4 d of exposure under free corrosiamditions.

The XRD pattern showed a shift in the position of the 001 re edbn of the mackinawite

corrosion product, even though the position of the 001 re ¢éion of mackinawite has been
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found in previous studies of the authors to be quite stable R This shift may be caused by
the slightly larger molybdenum atom replacing iron atoms ithe FeS mackinawite lattice, so
that the corrosion product is actually an molybdenum-dopedhackinawite. Such a corrosion
product may form directly from the substrate, which shows alpase with some molybdenum
in the iron lattice as well. XRD and Raman spectroscopy show revidence for the presence
of a corrosion product of pure molybdenum, e.g. Mg®r Mo,S;. The Raman spectra show

no peak at 1300 cm?, indicating that no oxidation of the corrosion products to& place [35].

5 Summary and conclusions

Initially, the FeMo alloy corroded fast in free corrosion egeriments, but dissolution stopped
almost completely after 2 w. Under potentiostatic polarization, the FeMo alloy disswed
also slower than pure iron. An analysis of the corrosion prodts shows that after longer
exposures, the FeMo alloy formed a dense layer at the surfaadnich is obviously bene cial
for slowing down dissolution. There is some evidence thatehmainly mackinawite-based
corrosion products in case of the FeMo alloy contain molybdem, possibly replacing iron
atoms. Likewise, there is no evidence for the formation of rrosion products containing
purely molybdenum sul des. The corrosion products obserdehere are likely also metallic in
nature [36], which implies that they do not act as an e cient karrier for charge transport. On
FeMo, the corrosion products adhere better to the surfacedh on pure iron. Consequently,
lattice strain between base material and corrosion produds lowered by the presence of
molybdenum, which is likely the main reason for the observddwer corrosion rates in the

presence of molybdenum.
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Graphical abstract

Molybdenum has been used to reduce the susceptibility of ta&n steels to sour gas corrosion,
i.e. corrosion in hydrogen sul de, HS, containing environments. This work uses a model alloy
to show that addition of molybdenum stops the dissolution oifon almost completely under

sour gas conditions.
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Figure 1: SEM micrographs showing the coverage with corrosigproducts of the pure iron
surface after (a) 4 d (96 h), (b) 7 d (168 h), (c) 14 d (336 h), (d28 d (672 h), and (e) 56 d
(1344 h) of exposure to the hydrogen sul de saturated eledtyte. (f) XRD patterns of the
corrosion products showing FeS (mackinawite, m) as the magorrosion product, and minor
amounts of Fe$ (pyrite, p). The re ection at 45° 2 arose from the used metal substrate.
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Figure 2: SEM micrographs showing the coverage with corrosiproducts of the FeMo binary
alloy surface after (a) 4 d (96 h), (b) 7 d (168 h), (c) 14 d (336)h(d) 28 d (672 h), and (e)
56 d (1344 h) of exposure to the hydrogen sul de saturated eteolyte. (f) XRD patterns of
the corrosion products showing the presence of Re@yrite, p) and FeS (mackinawite, m)
with changing ratio over time.
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Figure 3: Time-averaged integrated corrosion rateSR(t) calculated using eq. 1 from mass
loss data for samples corroding under conditions of free omgion. R, extracted from LSV
measurements (see Fig. 4) for a reaction time of 7 d (168 h) aralicated as numbers. The
inset shows a side view of a cross-section prepared from a Be8ample after 28 d (672 h) of
exposure to a hydrogen sul de saturated saline solution.
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Figure 4. Tafel plots from LSV experiments for (a) pure iron ath (b) FeMo binary alloy.
Straight (dotted) curves represent measurements withoutw(th) layer of black corrosion
products obtained after 7 d of free corrosion. A shift on the giential axis of the dotted
curves (dashed lines) serves for better visualization ofdhdi erences before and after Im
formation.
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Figure 5. (a) Chronoamperometric transients from potentidatic polarization experiments
at 200 mV above initial E¢r. Inset: mass loss after polarization. (b) and (c) show the
Tafel plots extracted from LSV measurements for pure iron ahFeMo, respectively. Lines
correspond to the same samples as indicated in Fig. 4.
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Figure 6: (a) Image of an FeMo substrate after potentiostatipolarization. (b), (c) SEM
micrographs showing the morphology of the observed corrosiproducts. (d) Raman spec-
trum of the formed layer before drying (Raman band of water at 3350 cm ! still present).
(e) XRD pattern for the dried sample, showing the presence ofaokinawite as the only
crystalline corrosion product, and NaCl impurities from theelectrolyte. Inset: the main 001
re ection (solid line) of mackinawite is shifted by 0.082 from the expected position (dashed

line).
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Figure 7: (a) Linear t of FeMo CR(t) on a double logarithmic scale. (b) Fit of FeMo data
to eq. 3 for exponentially decaying (t). Using the parameters from the t for CR(t), the
curve forr(t) was calculated and is shown as dotted line. For comparisathe result of a t
of CR(t) to the equation for a constantr (t) to the data of pure iron is shown as dashed line.
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Table 1: Electrochemical parameters extracted from LSV mearements of iron and FeMo
before and after the electrochemical formation of corrosigroducts.

Material ,/V dec ? c/Vdec ! Egnr/mVv icor /Acm 2 R,/ cm ?2
iron 0.050 0.116 -617 4.25 10 ° 258
0.025 0.072 -553 3.8110° 172
FeMo 0.064 0.127 -598 7.61 10 ° 172
0.044 0.042 -528 9.21 10° 78
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Table 2: Examples of four di erent time dependences of ingtéaneous corrosion rate (t) and
the integrated counterpartsCR(t) calculated by inserting the equations in the third column
of this table into eq. 2.

r(t) is ... r()=:: CR(t) = :: CR(t) is ...
1 constant A A constant

constant, with complete A 8t6 t e AO . .

stop at time tq 0 8t>t, Ato=t = A=t  decaying with 1=t
3 decaying with a power law At -t =A% decaying with a power law
4 decaying exponentially Ae ! 21 e') forlarget decaying with =t
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