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CORROSION BEHAVIOUR OF STAINLESS STEEL IN HOT CONCENTRATED SULFURIC ACID – EFFECT OF FLUORIDE
IMPURITIES

KOROZYJNE ZACHOWANIE SIĘ WYSOKOSTOPOWYCH STALI W GORĄCYM STĘŻONYM KWASIE SIARKOWYM – WPŁYW
FLUORKOWYCH ZANIECZYSZCZEŃ

The study of corrosion behaviour of stainless steels L904 (0,05C, 1,5Mn, 0,27Si, 0,21Cr, 25,1Ni, 4,4Mo, 1,6Cu) and A211
(0,07C, 2,0Mn, 5,0Si, 18,5Cr, 21Ni, 1,2Mo) were performed in pure concentrated sulfuric acid (96% H2SO4, at 90◦C) and in the
presence of potasium fluoride impurities (5ppm and 10ppm F−). The following techniques were used in the study: linear sweep
voltammetry (LSV), chronoamerometry, complimented by scanning electron spectroscopy (SEM) and X-ray photoelectron
spectroscopy (XPS) analysis. These kinds of steel are extensively used as structural materials in chemical processing and
production of sulfuric acid. Corrosion resistance of these steels depend on alloying elements (presence of silicon) and structure
of surface layer.
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Przeprowadzono badania korozyjne stali chromowo – niklowych, L904 (0,05C, 1,5Mn, 0,27Si, 0,21Cr, 25,1Ni, 4,4Mo,
1,6Cu) i A211 (0,07C, 2,0Mn, 5,0Si, 18,5Cr, 21Ni, 1,2Mo) w czystym stężonym kwasie siarkowym (96% H2SO4, przy
temperaturze 90◦C) oraz w kwasie zanieczyszczonym fluorkiem potasu (5ppm i 10ppm F−). Stosowano elektrochemiczne
techniki polaryzacyjne (woltamperometryczne i chronoamperometryczne) uzupełnione analizą powierzchni przy pomocy metod
spektroskopowych, skaningowej spektroskopii elektronowej (SEM) oraz rentgenowskiej spektroskopii fotoelektronów (XPS).
Stale te stosowane są jako materiały konstrukcyjne na urządzenia w procesie produkcji kwasu siarkowego. Odporność korozyjna
stali zależy od dodatków stopowych (głównie obecności krzemu) i budowy warstwy pasywnej.

1. Introduction

In production lines of sulfuric acid based on roast-
ing gases, the pollution like fluoride ions penetrate the
installation as a result of defective work of the wash
centre. Until now, very little attention has been paid to
the effect of halides ions on the passivation of stainless
steels and alloys in the environment. Previous reports
[1-2] shows that the presence of chloride ions makes
the passivation of stainless steel in concentrated sulfu-
ric acid more difficult. However, the fluoride and iodide
ions do not have this influence. Fokin and Gula‘ev‘s
[3] proved the inhibiting effect of fluorides on corrosion
of austenitic Cr-Ni stainless steel in 67% (14,8M) and
93% (17,3M) sulfuric acid at the temperature of 70◦C.
No inhibiting effect was seen on pure chromium and
ferritic (martensitic) steels with Cr content of 13-28%.
The study of the influence of fluoride ions on the anodic

passivation of 316 stainless steel in 64% (10M) sulfu-
ric acid shows that increasing concentration of fluoride
ion cause a respective increase in current required for
passivation [4]. It has been reported that the effect of
F- ions depends on concentration and temperature. At
lower temperatures (about 24◦C) the lower concentra-
tion of fluoride (ok. 1M) seems to protect the metal
from corrosion, but at higher concentration or at higher
temperature fluoride accelerates attack on the alloy. Ac-
cording to later publication [5, 6], fluorides enhance the
local corrosion susceptibility of stainless steels.

Our results indicate the significant effect of compo-
sition of stainless steel on its behaviour in concentrat-
ed sulfuric acid containing halides impurities [7]. The
presented study was conducted to determine the effect
of alloying elements on passivation ability of stainless
steels: Cr-Ni-Mo-Cu (L904) and Cr-Ni-Si (A211) in hot
concentrated sulfuric acid and the influence of fluorides

∗ AGH – UNIVERSITY OF SCIENCE AND TECHNOLOGY FACULTY OF FOUNDRY ENGINEERING, DEPARTMENT OF CHEMISTRY AND METALS CORROSION, 30-059 KRAKOW, 23 REY-
MONTA STR., POLAND



306

on it. These alloys are usually used to the construction
of equipment in the manufacture of concentrated sulfuric
acid.

2. Materials and methods

The chemical composition of examined stainless
steel are shown in Table 1. The specimens before polar-
isation were polished using abrasive paper in decreasing
order up to 1200 grain size. Subsequently, the samples
were washed with distillated water and anhydrite ethanol.
The electrochemical measurement were carried out in
96% (17,9M) H2SO4 solution containing 10 or 5 ppm
of fluorine (as KF), at 90◦C. No precaution was tak-
en to eliminate air from the experiments. Polarization
was performed using PGZ 301 Voltalab, using the linear
sweep voltammetry (at potential scan rate -10 mV/s) and
chronoamperometry techniques.

TABLE 1
Chemical composition of studied alloys (in wt. %)

Sample Concetration [wt.%]

Fe Cr Ni Mn Mo Cu Si C Co Ti

A211 55.2 17.74 19.17 0.6 0.33 1.83 4.94 0.01 0.04 0.007

904L 45.97 20.37 24.67 1.6 4.53 1.66 0.57 0.03 0.01 0.23

A platinum wire was used as reference elec-
trode [3]. The measured electrode potential from its
platinum-based scale was converted to a standard scale
(HNE).

The morphology and chemical composition of the
samples surface before and after polarization was exam-
ined by scanning electron microscopy (SEM) and X-ray
dispersion detector (EDX).

In order to obtain complementary information about
chemical compositions of surface films after polarization
XPS analysis was carried out.

The XPS spectra were recorded using Al K21,2 radi-
ations (1487 eV) from X-ray source operating at 13 kV
and 100 mA. Binding energies were referred to the C 1s
band from the carbon at 284.8 eV. The relative element
content was calculated from the formula (1) according
[8].

Ck =
Ik/σk

∑

i
Ik/σk

, (1)

where: Ck – relative concentration of element k,
Ik – intensity of line k,
σk – elementary photoionization section.

Composition of layers on the stainless steel were ob-
tained by Ar+ ions sputtering the surfaces, using a ion
gun mounted in the analysis chamber, under the follow-
ing conditions: an ion beam voltage 2 kV and a current
density of 1 µA/cm2

3. Results and discussion

It is well known that corrosion behaviour of stain-
less steels in sulfuric acid depend on their passivation
ability. Fig. 1, shows the linear sweep voltametry curves
for the anodic oxidation of both (A211 and L904) al-
loys in hot (90◦C) and concentrated (96% H2SO4) sul-
furic acid. These curves did not show a sharp current
peak, typical for active – passive transition. The domi-
nant characteristic of the both alloys is the wide plateau
on the polarization curves (until ∼1.0V), with limit-
ing anodic current (about 0.5mA/cm2). Only at high-
er potential values (at above 1.0V) the distinct anodic
current peak appears on polarization curves, in partic-
ular for L904 alloy. The peak – separate of primary
“pseudo-passive” range from the second one. Similar
sharp peak, have been already observed during polariza-
tion of austenitic (X1Ni31Cr27Mo3Cu) [9] and duplex
(Cr22Ni5Mo3) stainless steel [10]. Until now, the na-
ture of the peak is not quite clear. It may be connected
with the oxidation of Fe(II) to Fe(III) and the transfor-
mation of sulfates into oxyhydroxides or oxides [9,10]
and/or reoxidation of sulfur species (S(0), S(-II), S(IV)),
which have been formed during cathodic partial reaction
[11]. Furthermore, no transpassivity was observed at the
potential below 2 V, and no oxygen was evolved. This
finding agrees with those of Tong [12] who studied the
anodic behavior of austenitic stainless steels 304 and 316
in 99% H2SO4 at the temperature of 30-120◦C and found
no transpassive region at potential below 4 V.
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Fig. 1. The linear sweep voltammetry (LSV) curves of examinaion alloys (A211, L904) in 96% H2SO4 at 90◦C

It is important to pay attention to the difference be-
tween the reverse scan of the polarization curves for both
alloys. The reverse curve for L904 alloy shows the sharp
anodic peak in the active region, which is attributed to
the susceptibility to intergranular corrosion [13].

The open-circuit potential (Ec) of A211 alloy as well
as L904 are located within the plateau visible before
the anodic current peak (in the primary “pseudopassive”
range).

The shape of the chronoamperometric curves is
shown in Fig. 2. The graph shows that corrosion prod-
uct remains on the surface and restrains the dissolution
of both alloys. The value of anodic current density (be-
tween 0.4 and 0.2mA/cm2) and their oscillation indicate,
the formation of porous passive layer over the surface of
both alloys, during anodic polarization.
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Fig. 2. Evolution of current density versus time of A211 and L904 alloy in 96% H2SO4 at 90◦C and at E = 0,6 V
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A small contents of fluoride ions (5ppm6 F
610ppm) was sufficient to deterioration in the passiva-
tion ability of both alloys (A211 and L904) (Fig. 3, 4,
5, 6). They cause the increase of anodic current densi-
ty in LSV transient, in the whole potential range (Fig.
3, 4). Furthermore, the higher anodic peak is observed
on the reverse curves for L904 alloy, in the presence

of fluorides. It is in accordance with some work [5, 6],
which found the increase a local corrosion susceptibility
of stainless steels and Ni-Cr alloy, in the presence of flu-
orides. In addition, higher current oscillations appear on
the chronoamperometric transient for both alloys (A211
and L904), (Fig. 5, 6).
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Fig. 3. Influence of fluoride on the linear sweep voltammetry (LSV) curves of A211 alloy in 96% H2SO4 at a tememperature of 90◦C
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Fig. 4. Influence of fluoride on the linear sweep voltammetry (LSV) curves of L904 alloy in 96% H2SO4 at a tememperature of 90◦C
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Fig. 5. Influence of fluorid on the chronoamperometric curves of A211 alloy in 96% H2SO4, at 90◦C, and at E = 0,6 V
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Fig. 6. Influence of fluoride on the chronoamperometric curves of L904 alloy in 96% H2SO4, at 90◦C, and at E = 0,6 V

Current oscillation observed during anodic polari-
sation of iron (and a few austenitic stainless steels) in
sulfuric acid solutions are extensively studied [14- 20].
According to early suggested [14] a simple periodic cur-
rent oscillations (at Flade potential) arise as a result of
the periodic passivation - activation of Fe electrode oc-
curring due to local pH changes. This basic mechanism
was improved by considering the effects of IR – drop and

ferrous salt formation [15]. Recently, it has been shown
that small amount of halides induce complex periodic
and aperiodic current oscillation for Fe/H2SO4 system
[16-18]. The complex oscillation is explained by con-
sidering the occurrence of local (pitting) corrosion. The
local corrosion may be associated with dissolution of
the passive oxide film through the formation of solu-
ble surfaces complexes catalyzed by either H+ or other
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chemical species [19]. Another reason of the oscilla-
tions (particularly in pure sulfuric acid) may by arise
from the difference in over-potential of cathodic reac-
tions on the oxide or sulfate and on the pure surface of
alloys [20]. For that reason, two competitive processes,
the formation of a protective film and dissolution, during
anodic oscillation, may be proceed according to different
mechanism. The current oscillation, in the alloys (A211,
L904) / H2SO4 system, my be arise from difference in
over-potential of cathodic reactions on surface film and
on the pure surface. In the presence of fluoride, a lo-
cal corrosion of the surface film has bin additionally
occurred, according to local thinning mechanism [21].

3.1. Surface analysis

SEM analysis were performed on both alloys (A211
and L904) after mechanical polishing (rough surface),
(Fig. 7a, b) and after exposition (at 0.6 V and 1.9V)
in hot pure concentrated sulfuric acid (Fig. 8a, b and
9a, b) The optical visible indicated that the surface of
stainless steel containing silicon (A211) was coated with
thick layer of corrosion product (Fig. 8a). Whereas, the
surface layer on L904 alloy was thin and underwent to
local corrosion (Fig.9a). The preferential attack of grain
boundary can be observed at 0.6 V (Fig. 9a) and sub-
grains at 1.9 V (Fig. 9b).

a

b

Fig. 7. SEM images of rought surfaces of examinated alloys (a) A211, (b) L904
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a

b

Fig. 8. SEM images of A211 alloy after polarization in 96% H2SO4 at 90◦C (a) E = 0,6 V; (b) E = 1,9 V
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a

b

Fig. 9. SEM images of L904 alloy after polarization in 96% H2SO4 at 90◦C (a) E = 0,6 V; (b) E = 1,9 V

The chemical composition of surfaces layers deter-
mined by SEM/EDX is given in Table 2. The surface
layer on A211(Fe-Cr-Ni-Si) alloy, formed in pure sul-
furic acid, at 0.6 V, mainly consist of silicon oxide. It
follows from high contents of oxygen (about 14 at.%)
and small amount of sulfur (about 0.8 at.%) and also

from atomic ratio of elements (Fe:Cr:Ni:Si). The atomic
ratio of this elements on the rough surface is about 1:
0.33 :0.30 : 0.19, while the ratio after polarization is 1:
0.30 : 0.31 : 0.27, as shown in Table 2. The comparison
of these two indicates the enrichment of the surface in
silicon.
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TABLE 2
Chemical composition of the sites reported in Fig. 7-9 obtained from SEM/EDX examinations (in at.%)

Sample
No of
fig./
area

Concetration [at.%]

Fe Cr Ni Si Mn Mo Cu O S F

A211 7a/1 54.47 18.43 16.51 10.42 0.16 0 0 0 0 0

A211-
H2SO4 8a/1 44.88 13.45 14.30 12.26 0.23 0 0 14.04 0.85 0

A211-
H2SO4

+5ppm F−
9a/1 51.35 16.24 13.43 9.59 0 0 0 4.10 0.50 4.79

A211-
H2SO4
+10ppm

F−
9c/1 43.43 15.07 13.13 10.21 0.27 0 0 7.08 0 10.80

L904 7b/1 44.78 23.02 24.49 1.34 0 0 0 6.37 0 0

L904-
H2SO4

8c/1 44.19 22.11 19.53 2.37 0 0 0 6.57 5.23 0

L904-
H2SO4

+5ppm F−
9b/1 35.53 17.09 18.11 2.78 0.43 1.45 2.36 6.51 1.26 14.46

9b/2 46.26 22.42 19.17 2.58 0.40 1.25 2.93 2.96 0 2.03

L904-
H2SO4

+10ppmF−
9d/1 43.81 18.86 20.79 0 0 0 0 8.03 3.42 5.09

9d/2 37.40 15.37 17.08 0 0 0 0 17.08 4.72 8.35

L904-
H2SO4

1500mV
8d/1 45.32 21.88 19.47 0 1.48 3.19 1.99 11.72 0 0

A211-
H2SO4

1500mV
8b/1 20.53 6.57 4.83 19.25 0 0.34 1.42 47.06 0 0

8b/2 19.31 6.79 3.91 24.06 0.33 0 0.68 44.91 0 0

The layer on L904 (Fe-Cr-Ni-Mo-Cu) alloy con-
sist of sulfates. This support a relatively small oxygen
(6,5at%) and much more sulfur content (about 5at.%)
(Tab. 2). Compare with composition of rough surface,
the layer is additionally characterized by small impover-
ished in nickel.

The thickness of the corrosion products on both
alloys visibly increases along with the potential above
anodic peak, E > 1.9V (Fig. 8b, 9b and Tab. 2). The
rise of oxygen content and the lack of sulfur are visible.
The latter supports the hypothesis that the anodic peek
appearing at the potential above 1.0V may by connect-
ed with the reoxidation of sulfur species, S(0), S(-II),
S(IV), formed at lower potential values as the cathodic
component of the process [11].

The XPS measurements (Fig. 10a, b and Tab. 3) as
well as SEM/EDX analysis confirmed a high enrichment

in silicon of passive layer formed on A211 alloy. More-
over, they supported that the layer is mainly consisting
with silicon dioxide.
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a

b

Fig. 10. XPS spectra of alloys surface after polarization E = 1,9 V in 96% H2SO4 at 90◦C (a) A211 alloy, (b) L904 alloy

TABLE 3
Chemical composition of A211 and L904 alloys surface after polarizaion at E = 1,9 V, in 96% H2SO4, at 90◦C from XPS analysis

Element Concetration

Fresh surface, [at.%]
After etching t=15 min.,

[at.%]
After etching t=30 min.,

[at.%]
A211 L904 A211 L904 A211 L904

Fe 0,688705 5,084746 2,452316 7,317073 16,96429 24,03846

Cr 0,413223 4,237288 1,362398 4,878049 3,826531 10,09615

Ni 0 1,694915 0,13624 2,439024 1,27551 9,615385

O 67,21763 74,57627 62,80654 75,60976 53,44388 48,55769

Si 31,68044 8,474576 32,97003 8,130081 23,85204 2,403846

Mo 0 5,084746 0,27248 0,813008 0,510204 4,326923

Cu 0 0,847458 0 0,813008 0,127551 0,961538
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Result of both analyses indicates the change of com-
position of the layer on L904 (Fe-Cr-Ni- Mo-Cu) alloy,
formed above anodic peak (at 1,9V). Similarly to layer on
A 211 alloy, no sulfur was found on the surface (at 1.9V).
This layer is mainly compound with oxides of iron,
chromium, silicon and molybdenum with small amount
of nickel and copper (Tab. 3). The formation of oxides

at high potential correlate with higher affinity of metals
to oxygen in reaction with sulfuric acid [7]. The affinity
fulfils the following row: Si>Cr>Fe>Mo>Ni>Cu.

The surface morphology both alloys, after polariza-
tion in sulfuric acid containing fluoride ions (5ppm and
10ppm), show figures 11a, b and 12a, b.

a

b

Fig. 11. SEM images of A211 alloy after polarization at E = 0,6 V in 96% H2SO4 at 90◦C (a)+ 5ppm F−, (b) + 10ppm F−
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a

b

Fig. 12. SEM images of L904 alloy after polarization at E = 0,6 V in 96% H2SO4 at 90◦C a)+ 5ppm F−, (b) + 10ppm F−

The corrosion behavior of these alloys in hot and
concentrated sulfuric acid containing fluorides impu-
rities depends on chemical composition of alloys and
structure of passive layer.

The addition of fluorides to hot and concentrat-
ed sulfuric acid causes strong dissolution of the layer
formed on A211 alloy (Fig. 11a, b, Tab. 2). Instead, the
local corrosion of L904 alloy, in the presence of fluo-
rides become intensified (Fig. 12a, b). The susceptibility

of alloy L904 to local corrosion was emphasized by a
sharp anodic current peak on reverse polarization scan
(Fig. 1, 4).
The effect of fluoride ion (5ppm6 F 610ppm) on disso-
lution of A211 alloy is connected with no thermodynam-
ical stability of SiO2 in the present of fluorides and dis-
solution with formation of SiF4 (g) or fluoro-complexes.
HF is a weak acid, hence following reactions may occur,
in sulfuric acid containing KF:
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KF →K+ + F−

H2SO4 + H2O↔ H3O+ + HSO−4 K0
1 = 10−1, 45

H+ + F− ↔ HF K0
2 = 1, 3x10−3

HF + F− ↔ [HF2]− K0
3 = 0, 104

SiO2 + HF → SiF4(g) + 2H2O
SiO2 + 6HF→ [SiHF−6 ] + 2H2O + H+

SiO2 + 3[HF−2 ] + 2H+ → [SiHF−6 ] + 2H2O .

In accordance with J.S. Judge [22], at the pH below
of 1, the concentration of [HF] is higher then [HF2]−
ions , hence dissolution of silicon dioxide mainly occur
according to reaction with HF participation. The chem-
ical dissolution as well as the film formation is favored
at irregularity of the surface, such as scratch, crack or
edges of oxide islands respectively (Fig. 11a, b, 8a, b).

The presence of small amount fluoride ions
(5ppm6F6 10ppm) in the sulfuric acid intensifies lo-
cal (inter-granular) corrosion of L904 alloy (Fig. 12
a, b). The local corrosion in the presence of fluoride
ions due to their adsorption on the grain boundaries,
as show SEM/EDX analysis (Fig. 12a, b, Tab. 2). and
their catalytic effect on local corrosion, which probably
proceed according to local thinning mechanism [22]. The
stronger local corrosion (subgrain corrosion) is observed
at the presence of 10 ppm fluorides (Fig. 12b).

4. Summary

The stainless steel containing silicon (A211alloy) in
hot concentration sulfuric acid (90◦C, 96%) coated with
a relatively stable layer of corrosion products. The main
compound of the layer is silicon dioxide.

Small content of fluoride ions (5ppm6 F 610ppm)
in this environment causes a strong dissolution of the
surface. It is due to chemical dissolution of SiO2 with
formation of fluoro-complexes.

The L904 alloy (Fe-Cr-Ni-Mo-Cu) in hot and con-
centrated sulfuric acid (90◦C, 96% H2SO4) undergo lo-
cal (inter-granular) corrosion. The fluoride contamina-
tion (5ppm6 F 610ppm) have been adsorbed on grain
boundaries and accelerate the local corrosion according
to local thinning mechanism.
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