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Mixtures of hydrofluoric (HF(aq)) and nitric acids (HNO3) used for the pickling of stainless steels to remove thick oxide scale
generate waste liquids with a high HF concentration. The oxide formation during production annealing and the subsequent
pickling response in mixed acids have been studied. A cost reduction and a procedure optimization can be achieved by the use
of the proper concentration of mixed acids and a low pickling temperature. In this work, new mixtures of both with a high
pickling efficiency for solutions designed for duplex stainless steel are checked. The experiments were carried with mixtures
consisting of mass fractions 0.5–4.0 % HF(aq) and 12.5–22.0 % HNO3 at room and elevated temperatures. The goal of the
presented work was to determine the optimal pickling time with respect to the temperature and the acid mixture concentration.
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Me{anice fluorovodikove in du{ikove(V) kisline z visoko koncentracijo fluorovodikove kisline se uporablja za lu`enje
nerjavnega jekla, ko po `arjenju ostanejo na povr{ini visokotemperaturni oksidi. Raziskovali smo tvorjenje visokotemperaturnih
oksidov pri `arjenju in posledi~no vpliv kislinskih me{anic pri odstranjevanju le-teh. Z optimizacijo postopkov uporabe
kislinskih me{anic in procesov, povezanih s tem, ter uporabo najprimernej{e me{anice pri najni`ji temperaturi lahko zelo
zmanj{amo stro{ke, povezane s kon~no pripravo nerjavnih jekel. V predstavljenem delu smo preiskovali, kako in katere
kislinske me{anice fluorovodikove (HF(aq)) in du{ikove(V) kisline (HNO3) so najugodnej{e za lu`enje dupleksnih nerjavnih
jekel. Preiskave smo naredili pri me{anicah 0.5–4.0 % HF(aq) in 12.5–22.0 % HNO3 pri sobni in povi{anih temperaturah. Cilj
predstavljenega dela je bila povezava med sestavo oksidne plasti na povr{ini DSS 2205 in hitrostjo odstranjevanja le-te v
povezavi s temperaturo in sestavo kislinske me{anice za optimalno dekapirno raztopino.

Klju~ne besede: dupleksno nerjavno jeklo, lu`enje, oksidna plast, HF, HNO3

1 INTRODUCTION

Stainless steels are widely used materials and they
have many different applications.1–9 Duplex stainless
steels with a ferrite/austenite volume ratio of about 1:1
have been recognized as good corrosion-resistant
materials in various aqueous environments. For this
reason, these steels are often exposed to different and
relatively aggressive media. Different oxides can be
formed on the steel surface and these, often complex,
oxides may affect the processing and change the
mechanical, chemical and physical properties of the
material10–14. The alloy selected for this study consisted
of the following mass fractions: 22 % chromium, 5–6 %
nickel, 3 % molybdenum, 2 % manganese and nitro-
gen-alloyed duplex stainless steel (DSS 2205). The
oxidation and corrosion resistance of the stainless steel
have already been the subject of several studies9,13,15–18.
The corrosion resistance of stainless steel is known to be
due to a passivation layer of chromium oxide (Cr2O3) on
the surface, which acts as a protective layer against
corrosion and has low volume diffusion constants for
oxygen and metal ions. It was found that the stabilizing
effect of molybdenum on the surface of the passive film

enhances the formation of a layer on duplex stainless
steel with a higher Cr/Fe ratio.19–21 A well-prepared
surface of stainless steel shows its superiority over other
steels in terms of the possibility of self-preservation with
a protective oxide layer with an excellent ability of
re-oxidation after damage22–24.

On the other hand, it was found that the high-tem-
perature oxide layer, which forms during heat treatment
or welding, has inferior protective properties due to the
rapid growth, and the chromium content in such a layer
is lower than in the scale formed during high-tem-
perature soaking.1 The high-temperature oxide layer
lowers the surface quality and increases the non-unifor-
mity of the surface to the corrosion process. Thus, a high
quality of pickling is required. Pickling is the procedure
of removing the oxide scale formed over steel surface,
mostly during soaking and the hot rolling and forming
processes that take place in pickling baths. The bath is
exhausted when the metal concentration rises up to 5
wt% of the total liquid; however, this value depends on
the acid mixture and the steel composition. The pickling
rate efficiency decreases progressively and the pickling
bath must be substituted with a fresh acid mixture. Thus,
fresh acids are added to make up for the HF and HNO3
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consumed in the pickling process. For this reason, it is
important to measure frequently and preserve the opti-
mized individual acidic concentrations of the pickling
liquid. For a quantitative analysis of the HF and HNO3

concentrations in the pickling liquid, the method deve-
loped by Galvez et al. 25 is used. This treatment is more
efficient than other scale-removing processes, but it
generates a great volume of dangerous and toxic wastes:
air pollutants (hydrogen fluoride and NOx), solid wastes
(metal fluorides with descaled chromium oxides) and
exhausted pickling liquor are generated16,25–32. Nitric(V)
acid oxidizes and dissolves the Fe(II)–oxides scale,
while hydrofluoric acid is used because of its great
reactivity and the stabilizing capacity of metals in
solution with complexes formation in the process.

The pickling process is carried out by submerging
steel plates in an aqueous solution of hydrofluoric and
nitric acids, pickling baths. The scale-dissolution mecha-
nism depends on the oxidation reactions with nitric acid
and it is catalyzed by Fe3+, as shown in the simplified
reaction scheme (Figure 1).33

The aim of the present work was to investigate the
thick high-temperature oxides on the steel DSS 2205 in
order to determine the acid mixture for descaling. For the
analysis of the scale, energy-dispersive x-ray spectro-
scopy (EDS) was used.

2 MATERIALS AND METHODS

The DSS 2205 with the composition shown in Table 1
was obtained from the steel plant Acroni. The chemical
analyses were performed using an ICP-AES Perkin
Elmer 3300. Before annealing, the stainless-steel slab
was soaked at 1200 °C for 3 h, hot-rolled to plates of
thickness of 28 mm, and annealed at 1100 °C for 2 min
to obtain the certified microstructure. The specimens

were used as received from the steel plant, where these
were cut out from plates and already sandblasted. The
test specimens were cut into squares of 25 × 25 mm,
sunk in pickling solutions with different concentrations
of HF and HNO3 for different times at room and elevated
temperatures up to 60 °C. All the as-prepared samples
were analyzed by FE-SEM JEOL JSM 6500 F
SEM/EDS/WDS. The SEM was operated at primary
beam energies of 15 and 5 keV in the EDS mode,
corresponding to probing depths of approximately
0.8–1.5 μm and 0.25–0.5 μm in layers with predomi-
nantly the Fe/Cr/Ni/Mn-oxide composition. In samples
of layer thickness well below 1 μm, the average layer
density decreased considerably, due to the oxide nature
of the layer. A lower primary beam energy was used
because it produced better compositional information
from the layer only. All the chemicals used were p.a.
quality from Merck, Darmstadt, Germany.

3 RESULTS

Secondary-electron image of the cross-section of the
oxide scale on the DSS 2205 is shown in Figure 2. The
scale is not homogeneous and has many cracks that offer
the possibility of penetration of the pickling solution to
the interface scale/metal to accelerate the pickling
process. The figure also shows the rugosity of the inter-
face oxide layer/metal in the range of 10 μm to 20 μm.
The scale has on the same areas a clear two-phase
microstructure, as shown in the backscattered-electron
image in Figure 3. A careful observation shows that the
white phase is equal to the base metal and this suggests
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Figure 2: SEM image of cross-section of the oxide scale on DSS 2205
Slika 2: SEM slika pre~nega preza oksidne plasti na DSS 2205

Figure 1: Chemical pickling mechanism proposed by Galvez et al.33

Slika 1: Mehanizem kemijskega lu`enja, ki ga predlagal Galvez s
sodelavci.33

Table 1: Chemical composition of the duplex stainless steel in mass fractions w/%
Tabela 1: Kemijska sestava preiskovanega dupleksnega jekla v masnih dele`ih w/%

Cr Ni Mn Si P S C Mo N Fe
w/% 22.52 5.14 1.47 0.43 0.032 0.001 0.029 3.17 0.17 balance



that the gray phase is oxidized metal, very probably it is
mostly chromium oxide. In areas with less or without
white inserts the content of iron is probably higher. This
conclusion is made by the high Gibbs energy of for-
mation for the Cr2O3, while it is much lower for oxides
like FeO, Fe2O3 and Fe3O4 and still lower than for NiO,
which are presented on Ellingham-Richardson diagram.1

Figure 4 shows the EDS mapping, which shows the
distribution of elements on the cross-section of the scale.
The distribution of oxygen is shown on the second-top
image. As expected, oxygen is found only in the oxide
layer. The third-top image shows the chromium distri-
bution with an increased chromium concentration in the
thin layer in the contact with the metal matrix. In this
layer, chromium is enriched; iron and nickel are depleted
at the metal of the interface

In the top layer of the oxide scale the chromium
content is, as shown later, very similar to the content of
chromium in the steel. The lower content of chromium
may increase the scale solubility in the pickling solution.
It also indicates that the difference in the Gibbs free
energy of formation for chromium and iron oxides is
efficient and stronger in internal parts of the scale, where
the effect of the diffusion of the oxygen is lower. This
explanation is confirmed by the image Fe K, which
shows the distribution of iron in the scale with a higher
content of iron on the upper part and a gradual decrease
of iron towards the steel surface and the increase of
chromium content in the opposite direction. This
demonstrates the competition of these two elements in
forming the oxides inside the oxide layers, which is due
to the difference in the Gibbs free energies1. The last two
images of nickel and manganese show the distribution of
these elements and no particular pattern is shown. An
increase in the manganese content is found in the
intermediate layer between the metal and the oxide,
probably due to its diffusion characteristics.

Figures 5 and 6 show the pretreated surface with
sandblasting just before the stainless-steel sheets were
placed in the pickling baths. Sandblasting in the Acroni
steel plant is used to reduce the time and consumption of

acid pickling solutions. Figure 5 shows the aim of
sandblasting of the surface – the formation of the cracks
that are marked in Figure 5, the complex oxide scale on
stainless steels consisting of Fe2O3, Fe3O4, FeCr2O4,
Cr2O3, CrO3, FeCrO3 and MnO2, as confirmed in our
previous work34–37 and allowing a faster reaction of the
acid mixture with the oxides in the scale and more
importantly, the acid mixture penetrates between the
scale and the steel surface, making possible a rapid
dissolution of a thin layer of steel that separates the
un-dissolved scale from the metal. Figure 5 also
confirms, as reported by Riquier17,38, that if the DSS
2205 is normally cooled down, the top layer of duplex
stainless steel consists of more austenite grains than the
matrix material where the ratio of austenite to ferrite is
1:1. Its presence shows that the share of oxidation of the
chromium is greater than that of iron, as expected from
the difference of the Gibbs free energy for the formation
of the oxides of both metals. This layer has to be
removed with the pickling process to gain the certified
properties of DSS 2205.
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Figure 5: SEM image of cross-section of oxide scale on DSS 2205
after sandblasting
Slika 5: SEM slika pre~nega prereza oksidne plasti na DSS 2205 po
peskanju

Figure 4: BE image with additional EDS mapping (O, Cr, Fe, Ni and
Mn) of the scale on the DSS 2205
Slika 4: BE slika z EDS povr{insko porazdelitvijo elementov (O, Cr,
Fe, Ni in Mn) na pre~nem prerezu oksidne plasti na DSS 2205Figure 3: BE image of cross-section of oxide scale on DSS 2205

Slika 3: BE slika pre~nega prereza oksidne plasti na DSS 2205



Figure 6 shows a sandblasted surface of DSS 2205
just before the stainless-steel sheets were placed in the
pickling baths to decrease the pickling time and the
consumption of the pickling solutions. The surface is
rough and from the analyzed areas in Table 2 it is con-
cluded that the top layers were not completely removed
since the content of iron is high. From the results in
Table 2 it can be concluded that after sandblasting the
remaining scale contains oxygen iron, chromium and
nickel in different contents. From the data in Table 3 it is
concluded that with sandblasting approximately the
upper half of the scale layer in Figure 5 is removed.
From the data in Table 2 we can also conclude that the
increase in manganese up to more than twice is an
artifact that was also observed in our previous works.35,36

Table 2: Content of elements on the sandblasted sample, as received
from the steel plant in mass fractions w/%. The areas of the EDS
analyses are marked in Figure 6.
Tabela 2: Vsebnost elementov na povr{ini peskanih vzorcev iz
jeklarne po peskanju v masnih dele`ih w/%. Analizrana podro~ja so
ozna~ena na sliki 6.

Spectrum O Si Ca Cr Mn Fe Ni Mo
Spectrum 1 25.19 0.61 0.94 27.13 2.33 37.45 6.35
Spectrum 2 25.80 0.76 41.57 28.27 2.11 1.49
Spectrum 3 25.59 0.46 0.42 24.61 1.82 43.45 3.65
Spectrum 4 19.51 0.57 0.52 46.68 1.27 28.34 2.09 1.02
Spectrum 5 28.60 0.50 0.56 38.68 1.94 26.41 3.31
Spectrum 6 15.72 0.61 0.57 47.21 1.55 31.76 2.58

Data in Table 3 show that the removal rate of the
high-temperature scale from the DSS 2205 depends on
the pickling solution’s composition and temperature.
From the data in Table 3 it is concluded that even a slight
increase in the pickling temperature shows a large
increase in the pickling effect. This is even stronger
when the solution is already used and/or the
concentration of the acting media is reduced. From
Table 3 it can also be concluded that the acting agent in

the pickling of stainless steel is HF, while HNO3 is
important in the processes after the oxide scale removal
with the role of passivation of the DSS 2205 surface.

4 CONCLUSIONS

The role of hydrofluoric acid in the pickling of scale
from the surface of duplex stainless steel is essential, as
it bonds excess Fe3+, so forming fluoride complexes.

A continuous layer of scale formed by the soaking
and rolling of slabs of duplex stainless steel is present at
the surface. The scale consists of an outer layer of
mainly iron chromium oxide that is easily spalled, and an
inner layer of oxide with a higher content of chromium.

It was found that sandblasting removes the upper
scale layer and forms cracks that increase the surface for
acid mixture action and makes possible the penetration
of the acid mixture into the interface metal oxide that
accelerates the separation of the layer of scale from the
steel surface. The results obtained in the present investi-
gation confirm the importance of sandblasting and the
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Table 3: Effect of the temperature and composition of the pickling
solution on the removal rate of the scale of DSS 2205

Tabela 3: Hitrost odstranjevanja oksidne plasti z jekla DSS 2205 pri
razli~nih temperaturah in sestavah kislinskih me{anic

HF / g/L HNO3 / g/L 25 °C /h 40 °C /h 60 °C /h
40 220 2 0.75 0.5
40 200 2 0.75 0.5
40 175 2 0.75 0.5
40 150 2 0.75 0.5
40 125 2 0.75 0.5
30 220 3 1.25 0.75
30 200 3 1.25 0.75
30 175 3 1.25 0.75
30 150 3 1.25 0.75
30 125 3 1.25 0.75
20 220 5.5 2 1
20 200 5.5 2 1
20 175 5.5 2 1
20 150 5.5 2 1
20 125 5.5 2 1
10 220 15 3.5 1.25
10 200 15 3.5 1.25
10 175 15 3.5 1.25
10 150 15 3.5 1.25
10 125 15 3.5 1.25
5 220 32 5 2.5
5 200 32 5 2.5
5 175 32 5 2.5
5 150 32 5 2.5
5 125 32 5 2.5
2 220 >100 8 3.5
2 200 >100 8 3.5
2 175 >100 8 3.5
2 150 >100 8 3.5
2 125 >100 8 3.5

Figure 6: SE image of the sandblasted surface of as-received sample
Slika 6: SE slika peskane povr{ine prejetega vzorca



proper selection of the pickling solution composition and
temperature for steel plants using pickling for high-tem-
perature oxide scale removal.
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